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Preface
This volume contains the proceedings of the 4th international Workshop of the EARSeL SIG “Geological
Applications” titled Remote Sensing and Geology that took place in Mykonos Island in May 24th and 25th in
conjunction with the 32nd EARSeL conference.
Scientists from eleven countries have presented thirty papers. Twenty two oral presentations and eight poster
presentations divided in 7 different sessions were carried out.
The volume of the proceedings follows the general structure of the Workshop topics. The topics covered
during the two days of the workshop were: Hydrology-Hydrogeology, Remote Sensing and GIS applications
in geology, Geohazards, Geological Mapping, Tectonic Geology, Hyperspectral and Mine Monitoring. For
those who could not manage to attend all the sessions, this volume provides a brief overview of the research
presented at the workshop in Mykonos.
I would like to thank Mrs. Gesine Böttcher from the EARSeL Secretariat, Dr. Rainer Reuter ex-chairman of
EARSel and my colleagues Professor Konstantinos Perakis and Athanasios Moysiadis from the University of
Thessaly for their help to the preparation and organization of the Workshop. My acknowledgements also to
all the sponsors.
On behalf of the organizing committee I would like to thank all the participants for their presence in the
Workshop, as well as all the authors for their contributions in the present volume. Their cooperation gives us
the courage to look forward and plan the next Workshop.
The chairman of the EARSeL SIG “Geological Applications”
Dr. Konstantinos Nikolakopoulos
Assistant Professor
University of Patras
Department of Geology
Sector of Applied Geology & Geophysics
26504 University Campus
Rio Patras, Greece
Tel.: +30-2610-997592,
email: knikolakop@upatras.gr
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The use of Remote Sensing and GIS to delineation of flooded and floodprone areas. Application in Stratoni area, Greece.
Dimitrios Oikonomidis1, Maria Pappa1 and Antonios Mouratidis2
1. Aristotle University of Thessaloniki, Laboratory of Remote Sensing and GIS Applications,
School of Geology, Thessaloniki, Greece; oikonomi@geo.auth.gr
2. Directorate of Earth Observation Programmes, ESA/ESRIN, Frascati, Italy

ABSTRACT
The present study was carried out in order to describe the floods that took place in early-mid February 2010, causing numerous damages. The study area is the village of Stratoni, which is located
in the Central Macedonia Region-prefecture of Halkidiki, Northern Greece. Advanced Synthetic
Aperture Radar (ASAR) satellite imagery combined with multispectral satellite images and Geographical Information Systems (GIS) were used in order to evaluate the susceptibility of the area to
flood events and to delineate the flooded region. The first part of the study concentrates on the
construction of susceptibility map of the area in flooding, by combining susceptibility factors, using
the Analytical Hierarchy Process/ AHP. The 4 major factors of a flood, taken into account were topography, lithology, land cover and vegetation cover. These factors were co-evaluated in order to
produce the final map, which categorizes the area into zones of susceptibility to floods. In the second part of the study, the delineation of the flooded areas took place. For the above purpose ENVISAT/ASAR images were used, provided by the European Space Agency. Finally, a comparison
was performed between the results of the first and the second part of the study.
Keywords. Floods, Envisat, GIS.
INTRODUCTION
When the discharge of a stream becomes so great that it exceeds the capacity of its channel, it
overflows its banks as a flood. Floods are among the most deadly and most destructive of all geologic hazards (1).
Concerning the flood event in the village of Stratoni and the broader area, this was caused partly
because of the heavy rainfalls the days before the flood, there were 36.4, 39.8, 17.6 και 0.0 mm of
rainfall during 6, 7, 8 and 9 of February 2010, respectively. But the rainfall of February 10, was
163.4 mm within a few hours during the afternoon, corresponding to 1/3 of the annual rainfall of the
area. The rainfall had such intensity that reached 70 mm per hour. Thus, a devastating flood event
occurred, resulting in extensive damages in the area (Figures 1 and 2).
LOCATION AND PHYSICAL BACKGROUND OF THE STUDY AREA
The study area is the broader area around the village of Stratoni, which is located in Central Macedonia Region-prefecture of Halkidiki, Northern Greece (Figure 3.) The broader Stratoni area covers
an area of 208,3761 km2. Geologically speaking, it consists of recent deposits, mine debris, limestone and marbles, phyllites, amphibolites, alluvial deposits, explosion breccias, gneisses, diorites,
granodiorites, ultrabasic rocks, porphyries and ferricrust. The area belongs to the Mediterranean
Climate Type, Csa (2), that is, it is characterized by hot and dry summers and mild and wet winters
and a big part in the study area is covered by agricultural land and natural vegetation. The study
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area is allocated into three geomorphological units or types of relief, according to heights’ classification: Plain areas (35,27%), hilly areas (57,08%) and semi-mountainous areas (7,603%).

Figure 1 (left): The flooded area of Stratoni village. Figure 2 (right): Disasters in the roads of the
village.

Figure 3: Location of the study area.
MATERIALS-METHODOLOGY
The following data were used:


Geological maps of 1/50.000 scale. Sheets: Arnaea, Stavros, Ierissos, Stratoniki (3)



Landsat-5/TM satellite image, free of charge, (4), date acquired: 15/08/2011.



3 ENVISAT/ASAR radar images, 25 m spatial resolution (ESA/Cat-1 Project: 8425) with
acquisition dates: 03/11/2009, 08/12/2009 and 16/02/2010.



A Digital Elevation Model/DEM from ASTER satellite (ASTER/GDEM), horizontal spatial
resolution 30 m, free of charge (5).
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All the above data are georeferenced to the UTM/WGS84 projection system and have been entered to a Geographical Information System/GIS environment. The ENVI 4.7 and ArcGIS 9.3 softwares have been used for the digital image processing of satellite images and GIS, respectively.
The first part of the study concentrates on the construction of flood susceptibility map, using the
Analytical Hierarchy Process/ AHP (6). The 4 parameters causing floods, taken into account were
topography, lithology, land cover and vegetation. The above factors were chosen after processing
the available thematic maps (topographic, geological), the DEM and the available satellite multispectral Landsat 5+TM image. These factors were co-evaluated in order to produce the final map,
which categorizes the area in zones of susceptibility to floods.
A range of image processing techniques was used for the extraction of the flooded areas including,
False Colour Composition (FCC) and implementation of arithmetical operations. For the above
purpose, 3 ENVISAT ASAR images were used (two acquired before flood and one acquired after
flood).
FLOOD SUSCEPTIBILITY MAP OF STUDY AREA
As foresaid above, four factors were co-evaluated in order to create a map that categorizes the
study area into zones of flood susceptibility. Topographic wetness index, roughness – land cover,
permeability and Normalized Difference Vegetation Index (NDVI) maps (Figures 4-7) were created
for that purpose and finally, a susceptibility map (figure 8) was created.

Figures 4-7: The 4 flood-causing parameters, taken into account: permeability, roughness–land
cover, Topographic Wetness Index, and vegetation cover (NDVI).
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Figure 8: Susceptibility map of the study area.
RADAR-IMAGE PROCESSING-DELINEATION OF THE FLOODED AREAS
The procedure continued with the digital image processing of the 3 ENVISAT/ASAR Radar images,
using ENVI 4,7 Software, in order to extract as many qualitative and quantitative information, as
possible. 3 radar images (ENVISAT/ASAR) were used with acquisition dates: 1) 03/09/2009 (fig.9)
(before flood), 08/12/2009 (fig.10) (before flood) and 3) 16/02/2010 (after flood) (fig.11). Speckle
filtering, Coregistration, False Color Composition (FCC) and application of arithmetic operations
between the spectral values of pixels, were performed.
Speckle Filtering
Every radar image contains initially a characteristic type of speckle that gives the image “unclear”
appearance. This speckle twists and reduces the information taken from the radar image. For the
speckle suppression of the radar images of our study area, we used ENVI 4.7 software. Then, with
multiple applications of combinations of filters and mainly with the Enchanced Lee Filter, the images were corrected concerning speckle.
False Colour Composition
Multitemporal false colour composition is the technique of superposition grey-scale radar images,
acquired at different time periods (multi-temporal technique) and view them in color output of red,
green and blue colour guns/exits, for the construction of a false colour image, an image that is colored but in which the colours do not represent the actual colors of objects. FCC multitemporal images are useful in the revelation of changes in the time interval between the acquiring dates of the
images. All these changes will be presented with specific colours. Therefore, in accordance with
the rules of interpretation of images for a false colour image the following are in effect:
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The characteristics that remain same (that did not change) are presented black and white
(grey- scale).



Any change (expressed with change in the backscatter) from a picture in the other is presented with colour (7).

The above technique was applied on the 3 available radar images aiming at the detection of differences between the images of dry conditions and the image of the flood, using the following
FCC: R = 16/02/2010, G = 08/12/2009, B = 03/11/2009 (figure 12).


In areas where there is no change, each pixel has 3 times the same backscaterring value,
in the red, green, and blue spectral channels, respectively. So in the case where R, G, B
are equal, the resulting color is always a shade of ash (grey tone), i.e. from completely
white to completely black. The result is exactly the same as that of each image separately.



In areas with low backscatter in the image of the flood (dark gray to black/possible presence of water), the result is a cyan colour (Green+Blue).



In areas with higher backscatter in the image of the flood (light gray to white/possible increase in humidity), the result is a reddish colour, (image assigned in R channel).

Figures 9,10,11 (from left to right): The three initial radar images that were used in the study.
Change detection by performing arithmetical operations.
The technique of detecting changes through arithmetical operations, offers a precise and direct
approach to detect changes between pair of images that represent an initial and a final state. Initially, all three registered images were put together into a new multiband file, using the application
Layer Stacking of ENVI software (8). With the help of the application Spectral math of ENVI software, arithmetic operations were applied between the spectral values of selected zones of the
above file. The arithmetic operations that were performed between the radar images, were the following:
1. image 16/02/2010(after flood) – image 03/11/2009(before the flood)
2. image 16/02/2010(after flood) – image 08/12/2009(before the flood)
3. image 03/11/2009(before the flood) – image 08/12/2009(before the flood)
4. image 16/02/2010(after) - (03/11/2009 + 08/12/2009) / 2)
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The best image for finding changes is shown in figure 13 and that is because it uses the average of
the two dry images. Therefore, major differences between the dry images that can give false results in cases 1-3, are regularized (smoothed) in this image. In figure 13 we see the changes that
occurred after the flooding in the study area, with grey tones. The positive changes occurring in the
image of the flooding represented by light gray tones, the negative changes in dark grey tones,
while intermediate grey tones represent areas where no change has been noticed.

Figure 12: False Colour Composite of the radar images
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Figure 13: 16/02/2010-(03/11/2009 + 08/12/2009) / 2)
After the performing of the arithmetic operations, the technique of false-color display took place, in
order to have a better optical result (ToolsColor MapingEnvi Color Tables Rainbow
Black(reversed)). Figure 14 shows the results of the above procedure.
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Figure 14: Image 13, after applying the “Rainbow black” colour table.

Negative change



No change



Positive change

Figure 15: Color table ENVI Rainbow + black
In the above falsecolor image, negative changes (in black and white images correspond in black
color) are represented in black color with red outline (figures 15, 16 and 17), though positive
changes (in black and white images correspond in white color) are represented in black color with
purple outline (figures 15, 16 and 18). In-between colors (orange, yellow, green, cyan), correspond
to areas with little or absence of changes (Figure 15).

8

Dimitrios Oikonomidis, Maria Pappa and Antonios Mouratidis: The use of Remote Sensing and GIS to delineation of
flooded and flood-prone areas. Application in Stratoni area, Greece

Figure 16: Negative changes (left/deep water) and positive changes (right/soddeness), taken from
Figure 14.

Figure 17: Delineation of areas with considerable negative changes in the study area (black color
with red outline).
CONCLUSIONS
For the delineation of flooded areas, two methodologies were used: 1) The FCC of radar images
acquired at different dates, before and after the flood, and 2) arithmetic operations between the
radar images and application of a colour palette/table on the resulting image. From the comparison
between them, it turned up that the second methodology produced the most precise results.
For the construction of the flood-susceptibility map, four factors were taken into consideration:
Topographic wetness index, roughness–land cover, permeability and vegetation cover (NDVI). The
digital image processing of the radar images, delineated the areas that were flooded, in February
2010. These areas coincide in a great extent with the high-risk areas of the GIS model. Therefore,
the final map created, can be used by local authorities (municipalities and prefectures) while planning the protection measures against floods, so that they will be able to concentrate their efforts
and money on the high-risk areas.
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Figure 18: Delineation of areas with considerable positive changes in the study area (black color
with purple outline).
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ABSTRACT
This paper presents a research project, which integrates technological tools for developing a
complete system for monitoring and determining irrigation demand on a systematic basis in Cyprus
such as multi-spectral satellite remote images, energy balance algorithms, evapotranspiration
models and 3rd generation mobile phones. The main aim is to estimate evapotranspiration in
Cyprus and furthermore to undertake the required measures for an effective irrigation water
management in the future in the island. Evapotranspiration is difficult to determine since it
combines various meteorological and field parameters while in literature quite many different
models for estimating ET are indicated. The authors have managed to establish a connection with
a pilot group of 30 farmers for providing them with the required crop water requirements on a
systematic basis. The proposed method will assist in saving water resources in macro-economic
level while in micro-economic level will assist farmers to reduce irrigation cost The results of the
paper refer to year 2012 and show the daily water requirements of the specific crop for the dates of
the satellite images.
Keywords. Irrigation, Monitoring, Cyprus, Mobile phones, evapotranspiration.
INTRODUCTION
There is no bound method to obtain an accurate measure of ETa due to the variability and
complexity of climatic factors and biophysical variables involved in the process. Evapotranspiration
(ET) estimation is important for hydrologic modeling and irrigation scheduling (1,2,3).
Actual Evapotranspiration ETa is one of the most useful indicators to explain whether the water is
used as “intended” or not. ETa variations, both in space and time, and from different land use
classes are thought to be highly indicative for the adequacy, reliability and equity in water use; the
knowledge of these terms is essential for judicious water resources management. Unfortunately,
ETa estimation under actual field conditions is still a very challenging task for scientists and water
managers. The complexity associated with the estimation of ET has led to the development of
various methods for estimating this parameter over time (4,5).
Remote sensing based agro-meteorological models are presently most suited for estimating crop
water use at both field and regional scales (6). Numerous ET algorithms have been developed to
make use of remote sensing data acquired by sensors on airborne and satellite platforms (7). This
study demonstrates the application of a remote sensing algorithm, the Surface Energy Balance
Algorithm for Land (SEBAL) in (6,8,9) that is applied employing the necessary modifications and
adaptations regarding the crop canopy parameters such as Leaf Area Index and Crop Height. The
SEBAL model has been used in several studies (10,11,12,13). SEBAL was originally applied in
Egypt (8) and then in Turkey (9) and in Greece (12). Cyprus is in the crossroad of these countries
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and it would be very interesting to test its reliability in a country with close but very particular
conditions.
In this paper, the evapotranspiration of groundnuts (Arachis hypogaea, L.) in the area of interest
located in Cyprus, was determined as the residual of the energy balance equation using the
measured net radiation (Rn), the soil heat flux density (G) and the estimated sensible heat flux
density (H). The plots cultivated with groundnuts, used in this paper, had quite same canopy
characteristics such as age, height, ground cover, leaf area index (LAI), since the only available
period for cultivating them is from May to August. Phenological stages of the crop were identified
(table 1) in order to follow the phenological cycle and be as accurate as possible. The objective of
this paper was to compare the observed ETa values with those reported in Cyprus in the past
using the Epan method (14). The results of the paper refer to the year 2009.
METHODOLOGY
Groundnut is a traditional crop cultivated in Cyprus and especially in the Paphos district, since it
requires mild meteorological conditions and certain type of soil (well-drained, loose, friable medium
textured soils). Its growing period is 90 to 115 days for the sequential, branched varieties and 120
to 140 days for the alternately branched varieties. Groundnut is considered a day-neutral plant and
day length is not a critical factor influencing yield. For good yields, a rainfed crop requires about
500 to 700 mm (table 1) of reliable rainfall over the total growing period (15).
Table 1: Main phenological stages of groundnuts

0

Crop stage
Establishment

Days
10-20

1

Vegetative

25-35

2

Flowering1

30-40

3

Yield formation (including pod
setting and pod filling)
ripening

30-35

4

10-20

The study area is located in the area of Mandria village, in the vicinity of Paphos International
Airport (Figure 1). The selected area is a traditionally agricultural area with a diversity of annual
cultivation and is irrigated by Asprokremnos Dam, one of the biggest dams of Cyprus. The area is
characterized by mild climate which provides the opportunity for early production of leafy and
annual crops. An advantage of the area of interest is that there is little cloud or cloud free during
the year especially on spring and summer time. This fact enables and empowers the use of remote
sensing techniques in the area. Another advantage of the area is the existence of a national
meteorological station, situated very close (500 meters away from the plots). The area is flat and at
the sea level while the surface can be considered homogenous and only annual leafy vegetables
are cultivated at the area. Weather during the specific period can be described as hot, humid and
cloud-free (more than 80%).
SEBAL model is applied for the first time in Cyprus. In order to be as accurate as possible, all crop
related parameters for SEBAL were adapted to the soil, geomorphological and meteorological
conditions of the island. Then SEBAL methodology was employed to estimate ETa of groundnuts
at the places of interest.
Five Landsat images of the island were used and transformed into ETa maps. The images were
acquired during specific dates in the irrigation period of groundnuts. The irrigation period starts in
12
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May and ends in middle of August. The results of the paper are compared to those of Epan
method. Then, statistical methods are applied to check if deviation is statistically reasonable.

Figure 1: Landsat-5 satellite image of the area of interest (26 March 2009)
SEBAL computes a complete radiation and energy balance along with the resistances for
momentum, heat and water vapour transport for each pixel (8,9). The key input data for SEBAL
consists of spectral radiance in the visible, near-infrared and thermal infrared part of the spectrum.
So, the model can be applied using satellite sensors having a thermal band. Landsat 5 and 7
images were used in this study. In addition to satellite images, the SEBAL model requires weather
parameters (wind speed, humidity, solar radiation, air temperature). These meteorological
parameters were used as inputs for the algorithm and they were provided from the national
meteorological station next to the area of interest. Evaporation was calculated from the
instantaneous evaporative fraction, and the daily averaged net radiation, Rn24. The evaporative
fraction was computed from the instantaneous surface energy balance at satellite overpass on a
pixel-by-pixel basis:

G

ER
H
n
0

(1)
-2

-2

where: λE is the latent heat flux (W m ), Rn is the net radiation (W m ), G0 is the soil heat flux (W
m-2) and H is the sensible heat flux (W m-2).
The latent heat flux describes the amount of energy consumed to maintain a certain crop
evaporation rate. The surface albedo, surface temperature and vegetation index are derived from
satellite spectral measurements, and are used together to solve Rn, G0 and H. The instantaneous
latent heat flux, λE, is the calculated residual term of the energy budget, and it is then used to
compute the instantaneous evaporative fraction Λ:


E

E


E

HR
nG
0

Λ


(2)

The instantaneous evaporative fraction Λ expresses the ratio of the actual to the crop evaporative
demand when the atmospheric moisture conditions are in equilibrium with the soil moisture
conditions. The instantaneous value can be used to calculate the daily value because evaporative
fraction tends to be constant during daytime hours, although the H and λE fluxes vary considerably
(16,17). The difference between the instantaneous evaporative fraction at satellite overpass and
the evaporative fraction derived from the 24-hour integrated energy balance is marginal and may
be neglected (18,19). For time scales of 1 day or longer, G0 can be ignored and net available
energy (Rn - G0) reduces to net radiation (Rn). At daily timescales, ET24 (mm/day) can be computed
as:
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where: Rn24 (W m2) is the 24-h averaged net radiation, λ (J kg-1) is the latent heat of vaporization,
and ρw (kg m-3) is the density of water.
Finally, project’s results are sent via sms, using 3G network, to a group of 30 producers cultivating
groundnuts at the area of interest.
RESULTS AND DISCUSSION
The SEBAL method derives the evaporative fraction from satellite data. Actual evapotranspiration
can be easily obtained from the product of the evaporative fraction and the net radiation. The
SEBAL remote sensing technique is not restricted to irrigated areas, but can be applied to a broad
range of vegetation types. Data requirements are low and restricted to satellite information
although some additional ground observations can be used to improve the reliability (20). SEBAL is
essentially a single source model that solves the EB for LE as a residual. Rn and G are calculated
based on Ts and reflectance derived values for albedo, vegetation indices, LAI, and surface
emissivity. H is estimated using the bulk aerodynamic resistance model and a procedure that
assumes a linear relationship between the aerodynamic near surface temperature air temperature
difference (dT) and Ts calculated from extreme pixels. It provides for some bias compensation for
errors in Rn and G. At the pixel with cold condition, H is assumed nonexistent ( Hcold = 0), and at
the hot pixel, LE is commonly set to zero, which in turn allows Hhot = (Rn - G)hot. Then dTcold = 0,
and dThot can be obtained by inverting the bulk aerodynamic resistance equation. The dT is
expected to compensate for bias in surface temperature estimates due to atmospheric correction.
SEBAL has been tested extensively in different parts of the world (8, 21). It is noticeable that in
SEBAL algorithm empirical equations are used to describe parameters that need to be directly
measured. Using empirical modeling, direct measurements are avoided. For the application of
SEBAL in Cyprus, two empirical equation describing LAI and Crop Height were used. According to
(22) LAI is best described from Weighted Difference Vegetation Index (WDVI) (23) while crop
height from soil-adjusted vegetation index (SAVI) (24) presented in (figure 2 and 3) .
REGRESSION LAI-WDVI FOR GROUNDNUTS
3,5
y = 0,0037e11,788x
R2 = 0,9446

3

LAI

2,5
2
1,5
1
0,5
0
0,000

0,100

0,200

0,300

0,400

0,500

0,600

WDVI

Figure 2: The regression analysis equation describing LAI using WDVI
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The maps of ETa show the daily value of ETa on the date of image acquisition. Figure 4 presents
the ETa map (Landsat 5 image) of a groundnut study plot for the 07/07/2009, in mm/day. These
maps were employed to infer the value of ETa of groundnuts in all available images at that time
from Landsat 5 and Landsat 7 satellites (Table 2). The value of ETa refers to the mean value of the
four plots of groundnuts at the area of interest which follow the same fenological cycle. Finally ETa
values of groundnuts were compared to the Epan method results that found in the past (14) in
(figure 5).
Regression Crop height-SAVI

Crop height

0,5
0,45

y = 0,0817e2,4774x
R2 = 0,811

0,4
0,35
0,3
0,25
0,2
0,15
0,1
0,05
0
0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

SAVI

Figure 3: The regression analysis equation describing crop height using SAVI

2-4
4-6
6-8

Figure 4: Example of ETa map for groundnuts plots in the area of interest (7-7-2009)
a in mm/day
In Table 2 the results ofETSEBAL
and the results of E pan method appear. These data were found
using the Epan method, a direct method, from a research paper of the Agricultural Research
Institute of Cyprus [14] and refer to a period of three years (1992-1995). The results found from
classic SEBAL and have an average deviation of 0.4 mm/day and are correlated with r 2=0.54
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(p=0.05). It is obvious that the regression has a low value of determination coefficient. Of course
this is logical since the Cyprus meteorological conditions have changed dramatically the last
decade. T-test analysis was employed to test if there is significant difference between SEBAL and
Epan method results. The results have indicated that there is no significant statistical difference for
the results derived from Epan and SEBAL method. Observed t (0.5) had a lower value than the
statistical t (2.365) found from the tables (t obs < t stat.) ensuring that there is no significant
difference between the results of the reference based method and the results of SEBAL.
Table 2: Results of ETa (mm/day) for the different methods
Satellite image

SEBAL

Epan

12 July 2008

5,6

5,5

28 July 2008

5,7

5,5

13 August 2008

5,1

4,2

29 August 2008

4,2

4,2

29 June 2009

3,8

2,3

7 July 2009

4,8

5,5

15 July 2009

6,1

5,5

23 July 2009

5,4

5,5

16 August 2009

3,3

4,2

7
y = 0,9605x
R2 = 0,5434

6

Epan

5
4
3
2
1
0
0

1

2

3

4

5

6

7

SEBAL

Figure 5: Correlation between ETc values sourcing from SEBAL algorithm and Epan method
The results of the project are finally sent to ground nut producers (Figure 6), via sms, using 3G
mobile phones. The producers utilize the opportunity that remote sensing and mobile telephony
technology offers and by applying the crop water requirements that are found based on a scientific
method are now more effective. Since producers are always irrigate more than the proper
requirements their irrigation costs are always high. The group of producers that were receiving sms
regarding their daily irrigation needs have shown an extra profit, retrieved mainly from reduction of
irrigation costs.
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CONCLUSIONS
The application of SEBAL algorithm in Cyprus has provided new opportunities in irrigation water
management. It is the first time when the specific algorithm is employed for estimating ET in
Cyprus. From a technical point of view, SEBAL adapted to Cypriot conditions can be a very useful
tool in the hands of water policy makers in order to support decision making on water policy
matters.
It was expected that if SEBAL was modified by field measurements to support the empirical and
semi-empirical equations used in the algorithm, it would provide more accurate results. Indeed, the
algorithm has adopted successfully the few modifications regarding the crop canopy factors and
reacted with more accurate results.

Figure 6: Results dissemination at the area of interest using 3rd generation mobile phones
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ABSTRACT
Natural hazards are historically a substantial threat to the progress and development of human
communities. Floods hold a dominant position among these specific phenomena due to their
frequent occurrence as well as their large spatial spread. Certainly, the aforementioned facts
become more visible under the light of the assessment of the dramatic effects brought about by
their occurrence. Consequently, the need to deal with the impact of floods on human communities
with an effective way leads to a systematic involvement of the international scientific community on
the subject of "Management of Natural Hazards." The present study describes an attempt to model
surface runoff in a typical ungauged basin, which is directly related to catastrophic flood events, by
creating a system based on GIS technology. The main object was to construct a direct unit
hydrograph for an excess rainfall by estimating the stream flow response at the outlet of a
watershed. Specifically, the methodology was based on the creation of a spatial database in GIS
environment and on data editing. Moreover, rainfall time-series data came from Hellenic National
Meteorological Service were processed in order to calculate flow time and the runoff volume. Apart
from the meteorological data, background data such as topography, drainage network, land cover
and geological data were also collected. A high resolution DEM was of great importance in order to
achieve the final result. The study area is the sub-basin of Archaia Olympia in Greece, and the
examined event occurred on February 5th, 2012.

INTRODUCTION
Floods are one of the most common types of natural disasters that can be caused by many
different naturally-occurring events such as thunderstorms, hurricanes, tidal waves and melting ice
or snow. Floods can have several positive and negative effects on the environment. One of the
negative effects is the huge amounts of damage that can cause to man-made structures. The
occurrence of this catastrophic phenomenon is directly related to population pressures which is the
climate change and the environmental impact of human activity.
In Greece, flood events occur mostly in small - to medium-sized catchments drained by ephemeral
water courses. Usually, disasters, in these flash flood prone basins, are mainly caused by highintensity rainfall falling over a short period of time. Several regions in Greece suffer from frequent
and extreme flood that is a phenomenon that generally caused by intense rainstorms (1).
The majority of drainage basins in Greece are relatively small with steep slopes, configured by a
torrent with braided main channel morphology. These systems became particularly active during
extreme flood events and this may be a source of significant damage to human infrastructure.
Despite the importance of these floods, the hydrological analysis of catchments in Greece has
been especially difficult due to the lack of precipitation and discharge gauges. Generally, floods in
the Mediterranean area are linked to storming events, but there are additional factors that can
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intensify flooding such as the pattern of the drainage network, the morphology of the catchment
and the human interventions (2).
It has been shown that a catchment’s morphometric variables control its hydrologic response.
Understanding a basin’s response to extreme rainfall based on geomorphological indices can be
valuable when studying flood hazard in catchments (1).
One of the most prevalent ways to assess this runoff that is generated by rainfall is the unit
hydrograph introduced by Sherman in 1932. This theory has played a prominent role in runoff
routing computation for several decades and assumes that the basin response to rainfall input is
linear and time invariant. Moreover, the unit hydrograph combined with the excess rainfall, can give
the discharge at the basin’s outlet. In the recent years, the use of Geographic Information System
(GIS) facilitates the estimation of the runoff from watersheds, and this is the reason why it has
gained increasing attention. Development of GIS software allowed rapid and accurate calculation
of geometric basin parameters and improved results in hydrograph derivation methods that
required spatial analysis (3). Melesse and Graham (2004) (4), unlike previous approaches (5, 6, 7)
proposed a routing model that is related with the travel time. This model can develop a direct
hydrograph for each spatially distributed rainfall event without relying on developing a spatially
lumped unit hydrograph. The sum of travel times of cells along a flow path is the travel time from
each grid cell to the watershed outlet. The direct runoff flow was defined by the sum of the
volumetric flow rates from all contributing cells at each respective travel time (4).
The model is based on raster data structures. Grids such as elevation, land use, soil type, are used
to describe spatially distributed soil parameters. Moreover, hydrologic features of each grid, like
slope, flow accumulation, flow direction and flow length, can be calculated using standard function
included in GIS (4).
Several previous studies have tried to establish methodologies that have been developed for
instantaneous unit hydrographs derivation based on morphometric parameters (among others, 1,3,
5, 6,7,8)
The object of the study is to present the impact of a severe flood event occurred on February 5th,
2012, in Ilias prefecture and to model surface runoff by creating a system based on GIS
technology. Particularly, a unit hydrograph is constructed for the excess rainfall by estimating the
stream flow response at the outlet of Olympias’s sub-basin, which is included in Alfios River basin,
located in western Peloponnese.
EVENT
On the 5th of February, 2012, the Western Peloponnese was struck by one of the most extreme
storms that had ever occurred in the meteorological history of the prefecture of Ilias (9).
Specifically, on Saturday 4th in February 2012, a low barometer moved rapidly from Italy to the
east, causing heavy storms in the northern Ionian and Epirus at midday and the western Central
mainland as well as the central and southern Ionian Sea in the afternoon. At night, it affected the
northwestern prefecture of Ilia where it had rapid transit. On Saturday midnight, it started to affect
the cities of Pyrgos and Archaia Olympia, where it literally "stuck" for more than eight hours (9).
In the study area, 151.4mm of water were recorded in about eight hours from 00:30 to 8:20 from
which 106,5mm (70% of total precipitation) were recorded in the first 3.5 hours. The long storm,
accompanied with hail caused a lot of problems in the municipalities of Pyrgos and Archaia
Olympia as the size of the losses from floods and landslides were great. Moreover, there was huge
damage to infrastructure networks, rural crops, livestock and properties of the local population.
However, the most dramatic consequence was the loss of a human life (9).
STUDY AREA
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The Alfios River is the longest river in the Peloponnese and the ninth longest river in Greece. It
drains an area of almost 2575km2 and the drainage basin is elongated along an almost S-W
trending axis. The main channel follows an S-W flow direction for about 110km in Western
Peloponnese. It discharges at Kiparissiakos Gulf in Ionian Sea and its source is near the village
Dorizas. Its catchment encompasses different types of terrain, including steep mountain slopes,
narrow valleys and bedrock canyons. The main channel (seventh order branch by Strahler)
traverses a wide, flat valley (10).
This study focuses to Olympia’s sub-basin, which is included in Alfios basin area (figure1). The
selected sub-basin as it was proven from the assessment of this flood disaster was affected the
most. Olympia’s sub-basin is elongated for about 103,7km. It drains an area of 32,28km and its
maximum height reaches 618 meters in the northern part. Moreover, the area consists of Neogene
sediments. More specifically, the bulk consists of Pleistocene deposits, whereas in areas with the
densest flow alluvial deposits are found. The majority of the study area is rural except for some
central parts with forests and the southern part in which the city of Archaia Olympia is located and
thus it can be characterized as urban. The greatest percentage of the sub-basin’s area presents an
altitude of 30 to 200 metres (47%). The 32% of sub-basin’s area has an altitude of 200 to 400
meters and the 21% area presents an altitude over 400 meters. Most steep slopes can be found in
the northern region where the highest altitudes are identified.

Figure 1: Study area
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The geology of the selected sub-basin follows the deposition of the Neogene sediments. The entire
area was subject to intense uplift, and further movement along existing faults. During this period
alluvial erosion was concentrated along tectonic boundaries and deeply incised the Neogene
sediments, creating the deep and wide river valleys (10,11). The less resistant Neogene sediments
are prone to mass movement, including landslides and creep. These processes tend to normalize
the relief created by the deep incision of the earlier periods by lowering the higher points and
smoothing the steepness of the cliffs and can provide important sediment sources for subsequent
fluvial transport. They also cause major problems for the stability of settlements in combination with
the high seismicity of the area (10, 11, 12). This process tends to reinforce catastrophic flood
phenomena.
Northwest Peloponnesus experiences a typical Mediterranean climate. The average annual rainfall
over the area is around 821.9 mm, and it is very close to the average annual rainfall over the
country, which is 821.3 mm. Rainfall, is distributed relatively unevenly with about 75% of it
occurring between the months of October and March. The average temperature is around 17ºC but
during the summer, it ranges from 35.8 ºC to 45.8 ºC. The average relative annual humidity is near
68.7%, which is considered normal (10, 2, 13).
METHODS AND DATA
The topography of the land surface is one of the most fundamental geophysical measurements of
the Earth, and it is a dominant controlling factor in virtually all physical processes that occur on the
land surface. Consequently, topographic information was the most important data used at the
current study. This information came from ASTER GLOBAL DEM which is a joint product
developed and made available to the public by the Ministry of Economy, Trade, and Industry
(METI) of Japan and the United States National Aeronautics and Space Administration (NASA). It
is generated from data collected from the Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER), a spaceborne earth observing optical instrumenta. Its high spatial resolution
which is 30 meters, contributes to the extraction of a great quality of spatial information. As a
result, particular geomorphological and morphological characteristics such as slope map, flow
direction, flow accumulation and flow length layers as well as hydrological basins and the drainage
network were estimated for the study area. ArcGIS ver. 9.3 and especially spatial analysis
extension contributed to this procedure.
Another layer that was important for the study’s purpose was the land cover map. This map was
derived from the CORINE program of the European Union and includes information on land cover
for Greece in 2000. Although its scale, which is 1:100.000 is quite small compared with the DEM’s
resolution, it can be defined as suitable for the analysis of hydrologic basins for this kind of scale.
Finally, geological data were also used for the study’s purposes. They have been collected from
Water Resources Master Management Plan (according to Water Framework Directive 2000/60) by
the Ministry of Development.
All these derived maps were used for the construction of the runoff model for the flood event that
was described previously. Consequently, the collection of the meteorological data, which have
been provided from Hellenic National Meteorological Service, was an important part of the study.
These data refer to Archaia Olympia’s station which is the nearest station to the selected basin.
The most important steps in order to simulate the real rainfall event were the calculation of the
travel-time layer which indicates the time needed for the water to reach the outlet of the basin, as
well as the extraction of the isochrone map which are lines of equal travel time to the outlet of
a

http://www.jspacesystems.or.jp/ersdac/GDEM/E/4.html
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basin. Subsequently, a routing model which combines all the above maps was created in GIS
environment. The estimation of the direct runoff at the outlet of the catchment was produced by
assuming that the extreme rainfall event was a spatial homogeneously distributed phenomenon.
This phenomenon lasted 8 hours and during this time the amount of water that ended to Olympia’s
basin was 151,4mm.
Thus, the channel flow travel velocity was estimated for the pixels with high values of flow
accumulation according to the combination of Manning’s equation with the contiguity equation by
using the following formula:

V represents the channel flow velocity, S is the slope of the cell (m/m) Q is the cumulative
discharge (m3/s) and n is the Manning coefficient. In the above equation the coefficient K is
assumed to be equal to 1.
In order to calculate Q the following equation was used:

The value of manning coefficient was determined from the values published in the literature for the
appropriate combination of land cover and geology b. Specifically, due to the fact that the geology of
the study area only consists of Neogene sediments, the value of n for the geology was considered
the same throughout study area and was 0,035. Land use data, which came from Corine 2000,
were firstly grouped into three categories: discontinuous urban fabric, agriculture and forest areas.
In order to calculate the n value for each category some assumptions had to be made. The n value
for urban data was estimated 0,013 which is the same with the n value of cement, mortar and
unplanted areas. Agriculture areas appear in most cases in the literature to have a value about
0,035. Finally, forest areas appear to have a value that reaches 0,092. It has to be mentioned that
these are the normal values from the n table that is given in the literature. The final layer of the n
value for the selected basin was based upon the combination of the n value of geology and the n
values of land cover. Particularly, the mean value of both n values was calculated with an
exception in urban data where geology didn’t admeasured and the value remained 0,013.
Since V was calculated for each cell off the basin, the travel time in each cell was computed from
cell velocity and the travel distance (flow Length) as:

Tc 

FL
V

The final step in order to create isochrones map, is the classification of the travel-time layer. This
final map leads to the calculation of runoff volume per time and per isochrone area, and it was the
one that contributed to the construction of the unit hydrograph.
RESULTS AND DISCUSSION
The application of the routing model within GIS environment and the hydrological analysis
concluded to the travel-time layer (figure 2). This layer indicates that the water which is nearest to
the outlet needs less time to runoff. Particularly, the most remote point in the basin needs 1.278
seconds to reach the outlet. In addition, the flow-time layer was classified in order to produce the
isochrones map (figure 3). This map is separated in 4 intervals, which depict areas of equal travel

b

http://www.fsl.orst.edu/geowater/FX3/help/8_Hydraulic_Reference/Mannings_n_Tables.htm
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time. The defined interval is 300 seconds (5 minutes). The total area of each isochrones was
calculated. This result was then used to estimate the volume of water that fell every hour in each
isochronous. After this procedure, the values of the Pulses were defined. For example, the Pulse 1
represents the volume of water following the first 5 minutes in the first isochronous. Pulse 2
represents the volume of water that fell the next 5 minutes in the first isochronous and the first 5
minutes in the second isochronous etc. It was found that 99 Pulses were needed until the water
runoff. These calculations were the final step for the creation of the hydrograph.

Figure 2: Travel-time area

Figure 3: Isochrones map
The shape of the hydrograph produced is typical of a flash flood. The diagram shows that the
basin’s response to the precipitation was very quick. The peak of the discharge (667,80 m3/sec)
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was noted on February 5th, 2012 at about 02:20 am, almost 2 hours after the beginning of the
rainfall. It is quite interesting that the 52,6 % of the total precipitation occurred during this time
period. Moreover, the diagram proves that each time a peak in precipitation occurs, after while a
peak in discharge occurs, too. This is happening due to the fact, as it mentioned previously, that
the basin is torrential and permits quick runoff response. Figure 4 presents, the discharge and the
precipitation of the rainfall in relation to the time parameter.

Figure 4: Discharge and precipitation versus time
The analysis of the model-derived hydrograph for the Olympia’s sub-basin shows that the
response of the basin to intense rainfall was immediate.
CONCLUSIONS
This study presents the process of modelling surface runoff, which is directly related to a
catastrophic flood event. The approach developed for this analysis has a simple structure and can
easily be performed in GIS environment. It uses only DEM, land cover, soil type, and rainfall data,
which are becoming more and more available and the most parameters that are needed for this
method can be derived from these data. The time-area method provides a unit hydrograph, which
requires spatially constant excess rainfall data, ignoring the spatial variation of precipitation. This
model is illustrated through a unit hydrograph which presents information about the maximum
value of discharge and the peak time of the event.
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The present analysis can be useful for several reasons. Initially, it may be used in order to predict
areas, which are vulnerable to intense flood events. Consequently, such models could contribute to
the economic and environmental protection of a potential affected area. Finally, these models can
be used as tools for the construction of artificial dams (i.e. containment barriers). For all the abovementioned reasons, Rainfall-Runoff models are integrated systems of assessing possible impacts
for severe flood events.
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ABSTRACT
The subject of this paper is how the semivariogram of a simple band ratio u=x/y is controlled by the
statistical parameters and spatial variation of the individual bands x and y, as well as the
correlation coefficient ρ between the bands.
The study of the semivariogram γu of the band ratio is based on the following assumptions:
a) the histograms of bands x and y may be modeled by simple positively skewed distributions, b)
the variances of x and y are small enough in order to linearise the variance of u in terms of the
variances of the individual bands and c) the spatial variation of x, y and u is weak stationary.
Based on these assumptions, approximate mathematical expressions for the semivariogram and
the correlogram of the simple band ratio were derived. These expressions show that the sill of the
semivariogram γu increases with the ratio of variance of x to variance of y. On the other hand, as
the correlation coefficient ρ increases, the sill decreases. The spatial variation of u for various
distances h between pixels depends on r1, r2 and ρ.
Experimentation with satellite images over areas with spatial variations on the vegetation cover
and lithology was carried out to compare the theoretical predictions with real data. In qualitative
terms of behavior of the semivariograms and correlograms, a certain agreement between
theoretically calculated and actual curves was observed. This shows that the proposed
methodology may be useful in assessing the efficiency of spectral bands and vegetation indices in
geological and environmental research.
INTRODUCTION
A simple measure of the efficiency of a band ratio can be the standard deviation of its histogram.
An image of a spectral band ratio with a big standard deviation is expected to have a broad
histogram and a good tonality contrast, so that targets of interest may be expressed clearly. The
standard deviation of the band ratio x/y depends on the standard deviations of the images of
spectral bands x and y. Introducing proper distributions p(x) to describe the histogram of each
spectral band, we have developed a probabilistic approach on the problem of how the histogram of
the band ratio is connected with those of the spectral bands (i).
A rather simple and positively skewed distribution to describe the histogram of a band x, may have
the form (i):

p( x)  2ax. exp( ax 2 )

(1)

x is the brightness value or reflectance of band x. Parameter y may be introduced in relation (1),
instead of x, in order to describe the histogram of band y. Parameter a is inversely proportional to
the variance of x, or of y (i).
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In Figure 1 the distribution p(x) is presented.

Figure 1: A graph of distribution p(x), which describes the histogram of band x. A similar graph may
describe the histogram of band y.
The band ratio u is defined by:
(2)

u = x/y

Assuming a weak correlation between the spectral bands, it can be proved that the histogram of
the band ratio can be described by the distribution g(u), which is given by (i):

g (u ) 

2u
(u 2  1) 2

(3)

Parameter λ is defined by:
2

 stdev ( y ) 
Var ( y )
 
  
Var ( x)
 stdev ( x) 

(4)

Parameter λ controls the shape and the standard deviation of g(u). Therefore relation (3) shows, in
quantitative terms, how the standard deviations of individual spectral bands influence the standard
deviation and tonality contrast of the band ratio.
This methodology has been used to study the statistical behavior of various vegetation indices and
band ratios (i), (ii), (iii), (iv), (v).
It is well known however (vi) that the image histogram and its standard deviation is not efficient to
describe the image spatial variation. The semivariogram of the band ratio u could be appropriate
for such an assignment. During the last 25 years, the behavior of the semivariogram of satellite
images with different spatial resolutions and over different landcover types has been extensively
studied (vii, viii, ix, x, xi, xii, xiii). The mathematical models which have been proposed by the
above mentioned authors try to show how the distribution of objects at ground surface influences
the image semivariogram.
Recently (xiv), we have proposed a different approach on the problem of the spatial variation of a
spectral band, which focuses on how the spatial variation of a simple band ratio is controlled by the
statistical parameters and spatial variation of the individual bands which produce the band ratio.
For this purpose, the previously developed probabilistic methodology (i) has been modified, in
order to take into account not only the image histogram but the semivariogram as well. A weak
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correlation between bands x and y has been assumed, in order to simplify the mathematical
analysis.
It was found that the semivariogram γu1(h) of the arctan of the simple band ratio u=x/y may be
described by the following approximative expression:

 u1 (h)  0.2732 

Var ( x)
Var ( y )



2
 h / r1

1

e

 (1  e h / r2 )

2
4
  2 Var ( x)  

1




4 Var ( y ) 


(5)

h is the distance between two pixels. r1 and r2 are the ranges of bands x and y, respectively.
u1 is given by:
(6)

u1 = arctan(x/y)

u1 is a function of u=x/y, therefore, according to the error theory (xv) the semivariograms γu1(h) and
γu(h), of u1 and u, respectively, since they are variations of u1 and u, are associated by the relation:
2

 du 
 u1 ( h )   1    u ( h )
 du 

(7)

Since du1/du = (actan(u))’ = 1/(1+u2), relation (7) may be written as:

 u1 (h) 

1
  u ( h)
1  u  2

(8)

Mean value <u> has replaced u, since u values are supposed to vary around a constant mean
value.
The mean value <u> is given by (14):

 u 



(9)

2 

Combining relations (5), (8) and (9) and solving for γu(h), the following expression for the
semivariogram of u is derived:

 u (h)  0.273 


Var ( x) 
2
 1  exp( h / r1 ) 
 [1  exp( h / r2 )]
Var ( y) 
4


(10)

Relations (5) and (10) describe the spatial variation of the spectral band ratios arctan(x/y) and x/y,
assuming a negligible correlation between x and y tonalities. Such an assumption, however, is not
valid in many cases and the correlation coefficient has to be taken into account in order to make a
more reliable and comprehensive description of the semivariogram of the band ratio.
The subject of the present paper is to study how the correlation coefficient ρ between the two
bands x and y controls the spatial variation of the band ratio u=x/y. One may intuitively think that a
high band correlation does not favor a strong variation between u values. The opposite is expected
to hold for a weak correlation. Taking into account the probabilistic methodology which has been
already developed (i, xiv), a mathematical expression for the semivariogram γu(h) is derived.
Based on this expression, the role of the correlation coefficient, as well as other statistical
parameters of bands x and y, is studied. Finally the semivariograms of satellite images over two
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areas of greek territory are compared to those calculated by the mathematical expression for γu(h),
in order to test the validity of the proposed methodology.
THE SEMIVARIOGRAM OF THE CORRELATED BANDS RATIO
In order to derive a relatively simple, and inevitably approximate, mathematical expression of the
semivariogram γu of the simple band ratio, the following assumptions have been made:
A) The images of bands x and y may be described by the relation (1).
Relation (1) expresses a positively skewed histogram (mean value greater than mode value),
which may appear in an image over an area (xvi). a is not expected to be the same in distributions
p(x) and p(y).
B) The variances of x and y are small enough to neglect terms of order higher than one in the
Taylor expansion.
The above assumption is quite common in error theory (xv, xvii). If the standard deviation is an
order of magnitude less than the mean value (say one tenth), the first order Taylor expansion is
expected to be reasonably accurate.
Based on assumption (B) the band ratio u(x, y) may be written as:

u ( x, y)  u ( x ,  y ) 

u
u
( x  x ) 
( y   y )
x
y

(11)

Symbol < > indicates mean value.
Since u may be expressed as a linear function of x and y, then, according to probability theory
(xviii) its variance Var(u) is given by:

u
Var (u ) 
x

2

( x   x )

2

u

y

2

( y   y ) 2

(12)

Covariance Cov(x, y), between bands x and y with a correlation coefficient ρ, is given by:

Cov(x, y) = ρ.stdev(x).stdev(y)

(13)

C) The x, y and u variables are weak stationary at geographical space.
With this assumption, which is quite common in geostatistics, the semivariogram γx(h) of x may be
defined, according to the relation (xix):

 x ( h) 

1 N
[ x( pi )  x( pi  h)]2
2 N i 1

(14)

γx(h) is actually the mean value of the squares of the differences x(pi)-x(pi+h). pi is the position of
a pixel with a certain reflectance value at band x. pi + h is the position of a pixel at distance h from
that at position pi. N is the number of pairs of pixels at distance h each other. The concepts of
stationarity and weak stationarity are thoroughly discussed in (xx). It is important to point out that
according to the weak stationarity assumption, the semivariogram of x may be defined by the
relation (14) and the mean value of x remains constant at every part of the image.
The semivariograms γy(h) and γu(h) of y and u may be defined in the same way, by replacing x with
y or u, in relation (14). The mean values of y and u also remain constant at geographical space.
In order to derive an expression for γu(h), a semivariogram model should be chosen to describe
γx(h) and γy(h). The exponential model is quite simple and makes the algebraic manipulation
easier. It is not the only suitable, but it is convenient to use it.
31

Georgios Aim. Skianis, Aristidis D. Vaiopoulos: The spatial variation of a spectral band ratio with a considerable
correlation between the bands

According to this model, the semivariogram of x is described by the relation (xxi):

 x (h)  Var ( x).1  e  h / r

1



(15)

The semivariogram of y is modeled by the relation:

 y (h)  Var ( y).1  e  h / r

2



(16)

r1 and r2 are the ranges of the semivariograms of x and y, respectively.
According to assumption (B) and relations (12) and (13), the mean square of the difference u(pi) –
u(pi + h), which can be seen as the variance of the u values of pixels located at distance h each
other, may be written as:

(u ( pi )  u ( pi  h))

2

u

x

2

( x( pi )  x( pi  h))

u
u
2 

x
y

2

u

y

2

( x( pi )  x( pi  h))

( y ( pi )  y ( pi  h)) 2 
(17)
2

 ( y ( pi )  y ( pi  h))

2

Taking into account the relation (14), according to which the semivariogram function is defined,
relation (17) becomes:

u
 u ( h) 
x

2

u
 x ( h) 
y

2

 y ( h)  2 

u
x

u
y

 x ( h)   y ( h )

(18)

Taking the derivatives of u for x and y and combining the relations (15), (16) and (18) gives:





1
 Var ( x).(1  e h / r1 )  u  2 .Var ( y ).(1  e h / r2 ) 
2
y
2  u    stdev ( x)  stdev ( y )
 [1  exp( h / r1 )]  [1  exp( h / r2 )]
 y 2

 u ( h) 

(19)

Mean value <y> is defined by:

 y   y. p( y)dy
R

(20)

R is the integration interval, which can be between 0 and a power of 2, if y is expressed as a digital
number, or between 0 and 1, if y is expressed as a reflectance value. Combining relations (1) and
(20) and taking into account a tabulated integral (xxii), it can be found that:

 y 

(3 / 2)
a

(21)

Γ is the Gamma function. Parameter a is related to Var(y) by (i):

a = 0.2146/Var(y)

(22)

Combining the relations (9), (19) and (21), the following expression for γu(h) may be derived:



 
2
(1  exp( h / r2 )) 
Var ( x) 0.2731  exp( h / r1 ) 
4
 u ( h) 


 
Var ( y ) 

 0.858 [1  exp( h / r1 )]  [1  exp( h / r2 )] 

(23)
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Relation (23) describes the semivariogram of the simple band ratio u = x/y. Instead of u, the
quantity u1 = arctan(u) is also used as a band ratio. Combining the relations (7) and (23) and taking
the derivative of u1 for u, the following expression for the semivariogram γu1(h) of u1 may be found:

Var ( x)
Var ( y )



 
2
 (1  exp( h / r2 )) 
0.2731  exp( h / r1 ) 
4
 u1 ( h ) 


 
2
  2 Var ( x)  


1 
  0.858 [1  exp( h / r1 )]  [1  exp( h / r2 )]

4 Var ( y ) 


(24)

Comparing relations (10) and (23) one can see that a negative correlation coefficient ρ produces a
semivariogram γu(h) with higher values than those of a semivariogram which is formed by the ratio
of two non correlated bands. A positive correlation produces a semivariogram with lower values
than those of a non correlated band ratio. If bands x and y are non correlated (ρ equal to zero)
then relation (23) is reduced to relation (10). The same remarks may be made for relations (5) and
(24), which describe the semivariogram of u1 for non correlated and correlated bands, respectively.
For ranges r1 = r2 = r , the relation (23), which describes the semivariogram γu(h), may be
expressed as:

 u ( h) 

Var ( x)
 (0.947  0.858 )  (1  e h / r )
Var ( y)

(25)

In Figure 2, semivariograms γu(h) for different correlation coefficients ρ between x and y are
presented. It can be observed that the sill of the semivariogram decreases as long as the algebraic
value of ρ increases. The slope of the semivariogram for small distances (near zero) also
decreases when ρ increases, therefore ρ controls the overall variance of the u image, as well as
the spatial variation of the u values.

Figure 2. Semivariograms γu(h) for various ρ values. Var(x) = Var(y). r1 = r2 = 1.
For a finite value r1 and a much smaller r2 (tending to zero), equation (23) takes the form:
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 u ( h) 


Var ( x) 
2
 0.273  [1  exp( h / r1 ) 
]  0.858 1  exp( h / r1 ) 
Var ( y) 
4


(26)

In Figure 3, various semivariograms of u are presented, according to relation (26). It can be
observed that a nugget effect is produced at h = 0, which does not depend on ρ. Actually, it only
depends on the ratio Var(x)/Var(y). On the other hand, the sill reduces as long as ρ increases.

Figure 3. Semivariograms of u for various ρ values. Var(x) = Var(y). r1 = 1, r2 tends to zero.
For r1 finite and r2 much bigger than r1, which means that r2 tends to infinity, relation (23) becomes:

 u ( h) 

0.273Var ( x)
 [1  exp( h / r1 )]
Var ( y)

(27)
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Figure 4. The semivariogram of u for a very big range r2. Var(x) = Var(y), r1 = 1.
In Figure 4, the semivariogram of u for a very big range r2 is presented. According to relation (27),
the semivariogram does not depend on the correlation coefficient ρ. The sill depends only on
Var(x)/Var(y).
The mathematical analysis showed that for finite and other than zero ranges r1 and r2, the sill and
slope of the semivariogram of u depends on the correlation coefficient between x and y bands. For
a very small r2, a nugget effect is produced, which does not depend on ρ. The sill depends on ρ, in
the same way as in the case of the finite and none zero ranges of x and y (the sill decreases as
long as ρ increases). For a finite range of x and a much bigger range of y, the semivariogram of u
does not depend on ρ.
The semivariogram of u1, which is described by relation (24), has a similar behavior with that of u1,
in terms of dependency on ρ.
EXPERIMENTATION WITH SATELLITE IMAGES
In order to test the validity of relations (23) and (24), the semivariograms of the band ratios of three
different multispectral images were produced and compared to those which are predicted by
theoretical considerations.

Figure 5. A false color composite (421) of ALOS image over Parnitha mountain (Attica, Greece),
before the fire of 2007 (July 2006).
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Figure 6. The horizontal semivariogram of the NIR band of the ALOS image of figure 6 and its
model.

Figure 7. The semivariogram of the band ratio u1 (4/3), of the image of Figure 5, compared to the
theoretically calculated semivariograms, assuming correlated and uncorrelated bands.
In Figure 5, a 421 ALOS image composite over Parnitha mountain, before the fire of 2007, is
presented.
In Figure 6, the horizontal semivariogram of the NIR band of the ALOS image of Figure 5 is
presented, with the thick line. The horizontal semivariogram does not differ much from the vertical
one. This semivariogram was fitted by an exponential model curve (dashed line) with parameters
Var(x) = sill = 120 and r1 = range = 80 pixels (or 800m). The horizontal semivariogram of the Red
band of the same image was also calculated and fitted by a model curve with parameters Var(y) =
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sill = 1100 and r2 = range = 250 pixels (or 2500m). The correlation coefficient between the two
bands is ρ = 0.62. The values of the model parameters were put in the mathematical expression
for γu1(h) (relation (24)) and the theoretical (predicted) semivariogram of the band ratio u1 = arctan
(x/y) was calculated. The theoretical semivariogram u1 assuming a null correlation was also
calculated, by relation (5). Finally, the actual semivariogram of the band ratio u1 of the ALOS image
was computed, and the three curves are presented in Figure 7.
It can be observed that the theoretical semivariogram which is calculated by relation (24) is much
closer to the actual one, than the theoretical semivariogram which was calculated by relation (5),
assuming a null correlation between the bands. This is an indication that if the band correlation
coefficient is taken into account in the theoretical considerations, theoretical predictions may be
closer to reality.
Working in the same way, the theoretically predicted semivariograms u1 assuming correlated and
non correlated band zones were also calculated and compared to the actual variogram of the
ALOS image of the same region of Parnitha, one year after the fire of 2007. The multispectral
image is presented in Figure 8. The burnt region is expressed with dark tones, in the middle of the
image. The correlation coefficient between the NIR and Red band is ρ = 0.62. The exponential
model parameters of the NIR and Red band semivariograms are Var(x) = 231, Var(y) = 1615, r1 =
800m, r2 = 1000m. The two theoretically calculated semivariograms, according to relation (5) (non
correlated bands) and relation (24) (correlated bands), together with the actual semivariogram of
the ALOS image, are presented in Figure 9.
It can be observed, once more, that the theoretical semivariogram for correlated bands is much
closer to the actual one, than the theoretical semivariogram for uncorrelated bands. On the other
hand, the deviations between the theoretically predicted semivariogram values (correlated bands)
and the actual semivariogram values are much smaller than those of Figure 7. It is inevitable to
have deviations between theory and reality, since real histograms are quite more complicated than
those of Figure 1. Band semivariograms cannot be precisely described by the exponential model
and expressions (23) and (24) are first order approximations, which simplify the problem of the
spatial variation of the band ratio.

Figure 8. A false color composite (421) of ALOS image over Parnitha mountain, after the fire of
2007 (July 2008). One can see the burnt region in the middle of the image.
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Figure 9. The semivariogram of the image of Figure 8, compared to the theoretically calculated
semivariograms, assuming correlated and uncorrelated bands.
In Figure 10 a Landsat ETM image of Milos Island (Aegean sea) is presented. In the framed part of
the island there is an intensive hydrothermal activity (xxiii, xxiv, xxv), therefore it is interesting to
see the behaviour of the ratio of band 5 to band 7, since it is sensitive to hydrothermal alteration
zones.
In Figure 11, the band 5/band 7 image of the framed part of the Landsat image is presented. The
horizontal semivariograms of band 5 and band 7 may be seen in Figures 12 and 13, respectively.
The vertical semivariograms of band 5 and band 7 are presented in Figures 14 and 15,
respectively. Comparing the semivariograms of the two spectral bands, it can be seen that there is
a strong anisotropy in the spatial variation of the ratio u = 5/7. The spatial variation bands 5 and 7
is also quite stronger than that of bands 3 and 4 of the ALOS images over Parnitha. This is
expressed by the quite small ranges of bands 5 and 7, which do not exceed the 20 pixels (which
are equal to 300m, since the spectral bands are fused with the panchromatic channel, with 15m
spatial resolution). The correlation coefficient between the two bands is ρ = 0.97.
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Figure 10. A natural color composite (321) Landsat image of Milos Island (Aegean Sea). The area
in the red frame is characterized by strong hydrothermal activity.

Figure 11. The ratio band 5/band 7 of the framed part of the Landsat image.
All the semivariograms of the individual bands were fitted by the exponential model. Since the
actual semivariograms present a strong ascending tendency at big distances h, the exponential
model describes successfully the parts of the semivariograms which correspond to small
distances.
In Figure 16, the horizontal semivariogram of the ratio u = band5/band 7 is presented. In the same
graph, the theoretically calculated semivariogram, according to relation (23) may be seen. It can be
observed that the theoretical semivariogram is in a good agreement with the actual one, for
distances smaller than 400 pixels. For greater distances, large deviations between the two curves
occur, because of the behaviour of the semivariograms of the individual bands.
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In Figure 17, the theoretically calculated and actual vertical semivariogram of the ratio u = band
5/band 7 are presented. Here there are higher deviations between the theoretical and the actual
semivariogram values, which could be attributed to the fact that the vertical semivariograms of
band 5 and band 7, which may be seen in Figures 14 and 15, present a certain linear ascending
tendency, which can not be described efficiently by the exponential model, even for small
distances h.
The experimentation with the satellite images showed that the probabilistic methodology, according
to which the semivariogram of a band ratio with a considerable correlation between the spectral
bands is described by relation (23) or relation (24), may make predictions which are in a certain
agreement with real data. The better the semivariogram of the spectral band is fitted by the
exponential model, the better is the agreement between the theoretically calculated and the actual
semivariogram. Furthermore, the introduction of the correlation coefficient in the mathematical
description of the spatial variation of the spectral bands ratio, improves considerably the validity of
the theoretical predictions.

Figure 12. The theoretical and actual horizontal
semivariogram of band 5.

Figure 13. The theoretical and actual horizontal
semivariogram of band 7.

Figure 14. The theoretical and actual vertical Figure 15. The theoretical and actual vertical
semivariogram of band 5.
semivariogram of band 7.
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Figure 16. Theoretically calculated and actual horizontal semivariogram of ratio u = band 5/band 7.

Figure 17. Theoretically calculated and actual vertical semivariogram of ratio u = band 5/band 7.
CONCLUSIONS
The mathematical analysis shows that if the ranges r1 and r2 of bands x and y, respectively, are not
much different each other, the correlation coefficient ρ between the two spectral bands may
influence the sill and the slope of the semivariogram of the simple band ratio u, or u1. A negative
correlation favors the production of a semivariogram γu with a high sill and a strong spatial variation
at small distances h. The contrary occurs for a high correlation coefficient. The correlation
coefficient controls the sill and the spatial variation of γu in the same way, when the range r2 much
smaller than range r1.
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For r2<< r1, however, a nugget effect is produced. The nugget does not depend on the correlation
coefficient ρ.
For r2>> r1, no nugget effect is produced and the semivariogram γu does not depend on ρ.
Experimentation with satellite images showed that the theoretical predictions where the band
correlation is taken into account (see relations (23) and (24)) are much closer to the actual
semivariograms than the predictions which assume a negligible correlation (see relations (5) and
(10)). Therefore, introducing the correlation coefficient in the theoretical considerations, improves
the reliability of the predictions. Even so, however, considerable deviations between theoretically
calculated and actual γu values may be observed, as long as the exponential model (or another
simple one such as the gaussian or the spherical, which are often used in geostatistics) can not fit
adequately a much more complicated semivariogram of the spectral band. For a good f it, the
deviations between predicted and actual values maybe less than 10%. For a not good fit, the
deviations may exceed the 100%. Furthermore, real histograms are quite more complicated than
those of Figure 1, and relations (23) and (24) are first order approximations, which simplify the
problem of the spatial variation of the band ratio.
In spite of the deviations between theoretical predictions and real data, the methodology which is
developed in this paper gives reasonable predictions about the behavior of the semivariogram γu
and it may be useful in assessing the efficiency of spectral bands and vegetation indices, which are
used in geological and environmental research. If more complicated semivariogram models are
introduced, in order to fit better the semivariogram of the spectral band, the proposed mathematical
approach is expected to improve and describe more accurately the physical reality.
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ABSTRACT
Modern software packages offer unlimited potentials in civil engineering practice. Specifically, the
Geographic Information Systems (GIS) are forming a complete set of tools for the collection,
storage, recovery and plotting of spatial information, and additionally a significant tool for the
design of a geotechnical project. At the present work, the case study of the Kristallopigi landslide in
Egnatia Odos Motorway is presented, with the use of an open-source geographic information
system (QGIS) that combine data base with spatial information, giving a very flexible tool in the
engineer hands. Main goal of the study is the production of an interactive geological/geotechnical
map of the landslide area, in addition to a three dimensional geological model (produced by
Rockworks) of the area, highlighting the use of the new technologies in the design and
management of geotechnical works.
Keywords: Geotechnical problems, GIS, landslide, open source, spatial data, 3D modeling
INTRODUCTION
Nowadays, the use of spatial information is increasingly becoming part of the activity in a big
variety of companies, professionals and institutions. The increasing volume of this spatial
information has led to the completion of systems that are capable of storing, managing, recovering
and visualizing data in an effective way.
Among those systems, is the Spatial Data Base (SDB) system that has been used in this research
work, consisting of the PostgreSQL data base and its extension of the spatial functions PostGIS.
The en question free software systems tends to be used along with an OfficeGIS, commonly the
QuantumGIS (QGIS), for the purpose of visualization of the data and its interference in this graphic
environment. Whole over, the system comprises a complete set of tools for managing spatial data.
Their use is giving the chance to take advantage of a cost effective method of analyzing and
presenting spatial information even in difficult geological environments such as the landslide of
Kristallopigi in Egnatia Odos Motorway that is examined as a case study.
The main objective of this research work is to investigate the application of the free Spatial Data
Base software, such as the QGIS, as a complete tool in order to store, manage and recover spatial
information, and its critical role in a possible set of decisions and solutions that eventually
contributes to the safe progress of the work itself.
Finally, the case of special needs concerning the display of geometrical data in space (three
dimensions) is examined. Although the GIS software normally does not provide real 3D geological
models, it can be used as a study tool to aid the planning, organization and visualizing of the
geotechnical data on this purpose. A three dimensional geological model was produced, with the
use of an additional software (Rockworks).
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METHODS
Software
QGIS open source
The QuantumGIS (QGIS) is an Open Source Geographic Information System, born in May of 2002
and established as a project the same year (1). Contrary to the traditionally expensive proprietary
GIS softwares, the QGIS is free of cost, can be freely modified and is a viable prospect for anyone
with basic access to a PC, currently running on most Unix platforms, Windows, and OS X. By that
means, QGIS aims to be an easy-to-use GIS program, providing common functions and features.
The initial goal was to provide a GIS data viewer, although it is now commonly used for daily GIS
data viewing needs. QGIS supports a number of raster and vector data formats, with new format
support easily added using the plugin architecture.
Rockworks
RockWorks is mostly oriented in geotechnical and mining industries for subsurface data
visualization, providing popular tools such as maps, logs, cross sections, fence diagrams, solid
models and volumetrics. Although it is not included in the category of the sheered GIS software
(such as QGIS), deals with relational data base with topological elements and is capable of storing,
processing and analyzing spatial data too. Therefore, it is oriented to be used as a designer’s tool
in the geotechnical practice focusing on the management of individual projects while is managing
vector data in three dimensions (X, Y, Z) (2).
Research Αrea
The area of the Kristallopigi landslide is located on the western section of Egnatia Odos Motorway
and extends from ch. 25+270 to 25+860 approximately. The width and the length of the main
landsliding body were estimated to be approximately 600m and 1000m respectively.

Figure 1: IGME geological map of Egnatia Odos Motorway
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The landsliding mass had an average depth of 50-60m while at some points extended to 100m.
The elevation difference from the foot of the landslide to the highest point of the terrain was 300m.

Figure 2: View of the landslide from SW

Figure 3: View of the landslide from NW

Geological - Geotechnical and Geo-morphological conditions of the landslide area
According to the geological design, the project area consists of the typical formations of the Ionian
Geotectonic Zone.
On the surface the area is covered by tertiary formations which, due to their formation mechanism,
include landslide materials encountering over a considerable thickness (which often exceeds 4050m). These materials are characterized by increased non-uniformity and are predominantly
granular, consisting of limestone scree originating in the uphill limestone and limestone (tectonic)
breccias, or predominantly silty to clayey derived from transported materials of flysch subsoil,
which are either fully altered into soil material or have a residual structure (at certain locations).
In the top part of the landslide mass, scree materials with limestone blocks are mainly
encountered. Blocks of a size of several cubic meters are dispersed on the surface of the slope
and at deeper levels, while such blocks were also detected deep in the ground by the boreholes.
Below the landslide materials, the subsoil is made of flysch of the Ionian zone, material of the
flysch-limestone transitional zone and intensely karstified Eocene limestone, which are highly
tectonised and have a brecciated structure.
At the landslide base (in the plain), alluvial formations are encountered on the surface, while the
subsoil consists of Pleiocene - Pleistocene lake deposits (mostly clayey marl).
The surrounding morphological terrain of the area is a typical natural mountainous landscape that
forms mainly medium and locally intensive morphological inclinations, high erosion of the
formations and combined tectonic structure. The area has not reached the state of balance directly
affected by the intense tectonic and mainly neo-tectonic displacements that had unfavourably
acted upon the instability conditions in combination with the considerable pore pressures
developed underground. In addition, zones of water outflow into the surface have been found (3).
Monitoring of the landslide area - Evaluation of site readings
Extensive monitoring, investigation and determination of the geological and geotechnical regime
along the alignment have been carried out by geotechnical instruments installed according to the
geological study of the project. 35 inclinometer, were installed in the landslide area to monitor the
ground displacement, 20 standpipe piezometers, to check the variation of the groundwater level
throughout the year and the ground permeability with the elevation shift of the freatic water table
and 21 Casagrande piezometers, to determine the hydrostatic pressure of the pores (u) at critical
interfaces between different geological formations.
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The piezometeric readings showed strong and distinct changes in the water level, while, the
inclinometric readings have given considerable indications of movements in the area, at the top
layers down to a depth. Moreover, site observations were an indication that the landslide did not
move as a single unit, but in parts (4).
The complexity of the geology and the hydraulic regime, combined with the recordings of the site
monitoring, highlight the demand of an advanced virtualizing and data processing method for the
complete management of the problematic case including decisions for possible remedial measures
(5).
Data Input
The methodology used for the input and processing of the available geological data consisted of
the following steps:
- A map document (project) was opened. In this document geographical data is not recorded, but
only links to the relevant documents
- The shapefiles selected to be ‘loaded’ to the map were boreholes, cross sections, longitudinal
sections and the horizontal plan of the area (the latter has been printed from the drawing file,
scanned and georeferenced to be used as raster background)
- The borehole sample photos and the respective logs have been linked to the borehole layer (as
hyperlinks)
- The faults, the cross sections, and the longitudinal sections, existed as drawing files. The
converter plug-in (dxf2shp) has been used to insert drawing files and convert them to shapefiles,
finally linked to their scanned files as hyperlinks
- For the alignment, the cad drawing of the final highway design has been selected to be used, so
that the earthworks (embankments or cuts) could be easily identified.

Figure 4: Borehole data
RESULTS
The final result is a multifunctional interactive geological/geotechnical map that can combine all the
available spatial data and descriptive attributes for the landslide area.
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Figure 5: Final interactive map
Map Display – Data Output
The effective use of the QGIS reflected also at the presenting ability of the results and the final
product from the processing of the available data, including:
i) appropriate symbols for the qualitative and quantitative characteristics of the spatial information
ii) extraction of the results in digital form and in a readable format from other programs iii)
extraction of statistical data as numbers or diagrams iv) creation of new files with secondary data
and v) use of the spatial analysis results in reports and reviews.
DISCUSSION - ANALYSIS
Data Management
One of the main merits of the Spatial Data Base (SDB) managing systems is the use of the
language for the data looking for, with the name of SQL (Structured Query Language). Therefore,
the QGIS prove to be sufficient for query, based in geological elements (faults, boreholes,
geological layers etc.)
The simplest case of query to a GIS data base has to do with the geometric information of the
shape and place of a specified topological graphical item to the referring system or to other
specified items. The display of the specified items in a GIS output includes the whole of the saved
information in the respective data bases. The same counts also for the descriptive data that are
visualized in different colours, type of striping and lines or spot symbols (6).
At the following images, a way of attribute and spatial data selection is given, according to the
connection of their characteristics.
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Figure 6: Selection based on attributes

Figure 7: Selection based on spatial relation

Some of the queries that is possible to be answered are the following:
-

Which of the boreholes have been carried out (depth, instruments, box number etc.) in a
specific distance (buffer) from structures (named), junctions etc

-

Give the borehole (ID) in a specific section

-

Give the boreholes that have installed instruments in operation (inclinometers or piezometers)
in a specific distance from structures (named), junctions, etc

-

Find out any faults in a specific area, cross sections and longitudinal sections (from the
scanned records that open as hyperlinks).

3D Geological Model
In the research of Kristalopigi landslide there were special needs concerning the display of
geometrical data in three dimensions. By using a software that it is capable of storing, processing
and also analyzing spatial data such as the Rockworks software, a 3D geological model has been
created, oriented to be used as a designer’s tool in geotechnical practice.
The software provides a borehole Manager, with the ability of inputting different data (ID,
coordinates, lithology, stratigraphy, casing, installed instruments etc.). After the input of the
borehole data (ID and coordinates) from an appropriate formatted excel worksheet, the
stratigraphy of each borehole has been recorded, as it has been produced by the existing borehole
logs. At the borehole database, a complete piezometer and inclinometer measurement history has
been also recorded (date, water level, movement depth, instrument depth). It has to be clarified
that the input process at the en question software systems is time consuming and demands special
attention, for the avoidance of possible errors.
At last, the final 3D geological model is produced and presented in different ways as shown in the
following pictures.
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Figure 8: 3D stratigraphy model – exploded layers

Figure 9: 3D fence stratigraphy

Figure 10: 3D water flow – hydraulic regime

CONCLUSIONS
Although the use of mathematical methods for the ‘modelization’ of natural phenomena (such as a
landslide) or geomorphological formations includes also the tricky possibility of using them without
any deep evaluation from the scientist, the successive use of the new information technologies
forms a part of an inextricable tool at the hands of a geotechnical engineer and designer.
The use of software that combine geological - geotechnical spatial data and simultaneously is
visualizing it in space (either on two or three dimensions), works sufficiently and gives a real boost
in the productivity of the designs and the perception ability in general, reaching high levels. The
complexity of a difficult geotechnical environment such as a major landslide has been visualised
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satisfactorily in a clear and flexible way such as to facilitate critical engineering decisions regarding
safety rehabilitation or even possible remedial measures.
In conclusion, it becomes definite that the new specialized software packages are a useful tool,
especially at the design of big construction projects, and can be combined with traditional ways of
working. The technical adequacy of such a design can sufficiently reduce the construction time and
cost of significant projects, in addition to their better management as a whole.
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ABSTRACT
This paper describes a new method for improved estimation of the parameters of a semi-empirical
land uplift model of Fennoscandia, introduced by Tore Påsse. The behavior and the basis of the
land uplift model parameters are also evaluated. The ongoing land uplift in the Baltic Sea region is
due to the rebound of glacial stress caused by the most recent ice age 115 000-10 000 years before present (BP). The improved methodology for the land uplift model parameter estimation presented in this study is based on regional variations in bedrock properties and download. The parameters were computed using ancient shore level positions and information about prehistoric
population in Finland. Because of the uncertainties and inaccuracies in the radiocarbon dating and
the shore level estimations, Monte Carlo simulation was employed for the estimation of the parameter distributions. The resulting parameter estimates show that there exist local variations in land
uplift in Finland.
Keywords: Land uplift model, Monte Carlo simulation, post-glacial, radiocarbon dating.
INTRODUCTION
Post-glacial crustal rebound (see Figure 1) is a phenomenon affecting, for example, the nuclear
waste disposal sites in Fennoscandia. Sustainability of the nuclear waste disposal facilities for over
10,000 years and beyond must be evaluated and therefore realistic crustal rebound models need
to be developed. They will be combined with the present digital elevation model (incl. the seabed)
as well as hydrological and biosphere modelling to derive scenarios for the future development of
the landscape.

Figure 1. Absolute annual land uplift in millimeters in Fennoscandia The figure has been modified
from (4).
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Two different approaches can be taken to model the post-glacial crustal rebound: the model may
either be based on the knowledge about the detailed geological processes causing the crustal rebound (1, 2) or, alternatively, simple curve-fitting techniques may be applied. It is commonly accepted that the geological processes are not well enough understood or are too complex to yield a
feasible larger-scale crustal rebound model. For crustal rebound modeling by curve-fitting, a suitable mathematical function must be selected first and the parameters of the function must be determined based on the data available on the land uplift and coastline displacement as it has happened in the past. The most commonly used method for modeling crustal rebound in Fennoscandia employs an arctan-based function (3). The parameters of the function have been given
a physical meaning as follows: 1) deformation of the crust due to the ice load, 2) crustal inertia,3)
timing of the ice sheet recession. However, the physical meaning of the parameters is more or less
explanatory and does not rely on any physical model but rather on the behavior of the chosen function by its attributes.
In this paper we have refined the crustal rebound model incorporating archaeological data to finetune the model parameters. The model parameters were determined by finding the local minima of
the error between the land uplift as described by the model and by the available data points. After
facing several discrepancies we concentrated on analyzing the behaviour of the error surface. It
became obvious that with respect to the 'ice load parameter', the error surface tends to be flat
missing a single minimum. This means that there is no unambiguous solution for a certain parameter combination. In addition, the 'crustal inertia parameter' does not correlate properly with the latest lithosphere data. For the analysis of shore level displacement, data on the eustatic sea level is
needed. The eustatic model employed in (3) is generic and does not take into account all the eustatic oscillations of the Baltic Sea during the last 10,000 years.
The aim of this paper is to discuss the drawbacks and contradictions involved in the arctan-based
crustal rebound model by analyzing the behavior of the model error with respect to the available
data.
THE REFINEMENT OF THE LAND UPLIFT MODEL
Påsse’s uplift model
In Påsse’s model (3) the vertical shore level displacement is expressed as:

S  Us U f  E

(2-1)

where S is the shore level displacement, U is the total glacio-isostatic uplift, Us is the slow component of the glacio-isostatic uplift, Uf is the fast component of the glacio-isostatic uplift, and E is the
eustatic sea level rise (all in meters). The components of the model are illustrated in Figure 2 (lefthand side). In the figure the altitudes corresponding to the components of the model are shown
instead of the rate of change. This can be done given that a certain reference level is chosen. The
figure follows the convention used in (3) of setting the reference point at the altitude of the sea level in AD 1950, common also in carbon dating (e.g. before/after 'present', BP/AP).
Estimation of eustatic sea level rise
Påsse derived an arctan-based function using an iterative process, where the difference between
hypothetical uplift curves and empirical shore level curves was calculated (3). In this study an alternative eustatic model is used and the results compared to those obtained using the eustatic
model presented in (3). The alternative model is based on water level data from several sources.
The main component of the model for the previous 10 000 years is an eustatic curve by (5) where
the oscillations in the water level in the Baltic Sea area have been described. Radiocarbon-dated
coral data collected by (6), (7) and (8) and information about the past lake phases in the Baltic Sea
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area (9) are used to extend the model beyond 10 000 BP, however, the main focus in this study is
on the period covering last 10 000 years.
It is well known that within the past 15 000 years there have been two periods during which the
Baltic Sea has actually formed a lake being separated from the oceans. These periods are called
lake phases. These lake phases include the Baltic Ice Lake and the Ancylus Lake. Påsse (3) discussed the effects of the lake phases on determining the parameters of the shore level displacement model but concluded that the evidence is insufficient and that the influence of these lakes
might be negligible in long-term studies. This is true if only the future land uplift is of interest and
the parameter values are fully known. However, in order to use the observations from those lake
periods, a correction to the eustatic curve is necessary.
Two curves, one presenting the model suggested in (3) and another obtained by approximating
the coral data from the three mentioned sources and taking into account the effects of the lake
phases, are shown in Figure 2 (right-hand side). The approximation was done using a polynomial
function and the values from (5) and (9) were inserted for the segments corresponding to the two
lake phases and water level oscillations. The alternative eustatic model is referred later in the paper as Punning et al.’s eustatic model. It can be seen from the figure that during the lake phases
the water level remained significantly higher compared to the global sea level until the connection
opened again.

Figure 2. Left-hand side: An example of shore level displacement, slow and fast uplift and eustatic
sea level rise following an illustration in (3). Right-hand side: Sea and lake level estimates. The
blue curve is the eustatic rise according to (3). The red curve is the alternative eustatic model obtained by combining the data from (5-9).
Parameters describing the slow uplift
The slow uplift Us includes three parameters: As, Ts and Bs:
Us 


T
As arctan s
 
 Bs
2


 T  t  .
  arctan s


 Bs 

(2-2)

As can be interpreted as half of the total isostatic uplift and Ts is the time of the maximum uplift
rate correlating with the glacial retreat (10). The estimate of Ts (ice sheet recession time) according to (11) is presented in Figure 3 (left-hand side).
The third slow uplift parameter, the inertia factor Bs, has been derived using different concepts in
Påsse’s publications. Påsse has tested several correlations between the inertia factor Bs and different mantle based thickness parameters, such as Mohorovičić discontinuity (Moho depth) and
lithosphere thickness in (12), (13) and (3). In (12) the uplift mechanism is modeled using three different parameter combinations (A1, B1, T1), (A2, B2, T2) and (A3, B3, T3). Påsse states in (12)
that “Resemblances exist between this (Moho) map and the map showing the variations in the val-
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ues of the declining factor B1.” The parameter values B1-B3 are shown as computation results
and there is no effort to connect them to Moho depth.
In (13) the fast and slow uplift mechanisms are described. Also, a connection is found between the
parameter Bs and the Mohorovičić discontinuity map. This function is presented in (13) where ct is
the crustal thickness (Moho depth) of the earth. Påsse used the Moho map from (14) which is
quite similar to the latest more detailed Moho map presented in (15) (Figure 3, middle). Påsse
changed the Bs correlation from the Moho map to lithosphere thickness in (3) where the maximum
lithosphere thickness is estimated to be around 200 km. Påsse has taken the lithosphere thickness
data from (16) where the map data has been taken from (17) and originally from (18). In these
analyses the local maximum of lithosphere thickness resides near the Gulf of Bothnia. Also in (19)
it was estimated using P-wave data that the local maximum in Bothnian bay might be 160-180 km.
However, (18) was criticized in (20) for that the surface wave data was not able to detect the lowvelocity 'asthenospheric' layer under the thickest lithosphere area in Fennoscandia. In (21) it was
estimated using the body wave data that the boundary between lithosphere and asthenosphere
(lithosphere thickness) might lie in 250 km’s depth. In (20) it was also found using several different
analysis methods (seismic, petrological and temperature) that the lithosphere thickness in Fennoscandia area might be 160-250 km. They concluded that petrologically the thickness of the lithosphere is at least 240 km in eastern Finland. This also supports the latest studies (22, 23) where
the local lithosphere thickness is estimated to be around 200-250 km and the nearest local maximum locates near Moscow, Russia. Therefore, in the context of the latest data, the lithosphere
thickness does not explain properly the inertia properties as is not a good basis for determining the
parameter Bs of the land uplift model. For these reasons it was decided to relate the inertia factor
Bs to a Moho map of Europe (15) (Figure 3, middle).
SOURCE DATA IN MODEL PARAMETER ESTIMATION
Lake basin data
The data set consists of 133 points obtained from (10). Estimation of the isolation time of the particular locations from the Baltic Sea was based on core samples taken from the bottom of the lake
basins. The layer where the freshwater algae replaced the saltwater algae was radiocarbon-dated.
Also the estimate of the water level at the isolation time was determined based on observations
from the surrounding landscape. The location of the data points in this set is shown in Figure 3
(right-hand side: blue points).
Archaeological data
The data set consists of 258 data points obtained from (24). The data sets includes house and village sites, graves and ancient fireplaces. The archaelogical data points represent the upper limit
for the water level. The location of the points is shown in Figure 3 (right-hand side: red points).
Refinement process
Both data sets involved the usage of 14C radiocarbon dating procedure. The “OxCal” software
presented in (25) was used to convert the 14C radiocarbon dating results into calendar year taking
into account the underlying uncertainties. The dating procedure yields a quite complex-shaped error distribution for the age of each data point. Another source of uncertainty is the elevation value
of the data points. This uncertainty was taken into account by applying Gaussian distribution (of
standard deviation 3 meters, which was considered to be a sufficient value for uncertainty in terms
of, e.g., erosion related to lake tilting) to each elevation datum in the data sets. Monte Carlo simulation involving 1000 realizations was then used to obtain the probabilistic estimate of the As and
Bs parameter values of Påsse’s shore line displacement model.
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Figure 3. Ts (ice recession time, BP) map (10) (left-hand side), Moho depth map (middle) in Baltic
Sea region (modified from (15)) and location of the data points (right-hand side).
The model parameter estimation process proceeded as follows (see Figure 4 for the flow chart).
The first task was to find the neighbouring points for the data point for which the As and Bs parameters were about to be calculated. The 10 nearest points (including the point in question), with the
restriction that there exist at least 3 points from the lake basin data set, were selected. As the starting point, the {As Bs} parameter value pair from the model and data of (3) and (15) was taken. The
value for the Ts parameter was taken from (11). The optimization process for the As and Bs parameters was carried out using orthogonal least squares optimization where a region in the {As Bs}
parameter space was defined where the true parameter values were supposed to lie according to
the data. This region was assigned a cost function so that the less probable the obtained parameter values were, the higher was the cost. The point of minimum cost was dependant on the initial
parameter values of (3) and (15) for the particular site, i.e., it was assumed that (3) is at least approximately right in the larger scale. An optimization procedure was then initiated so that from all
the possible parameter value pairs corresponding to the data obtained from the data set that of
minimum cost was selected. The curve fitting was done in the MatLab computation environment
using the fminsearch-function, which is based on the Nelder-Mead method presented in (26).
As the prehistoric population data set presents archaeological data on human residence, the corresponding sites should locate above the sea level at the particular time. If the parameter values
{As Bs} from previous step indicated the opposite, the parameter values were changed step-bystep until the resulting land uplift curve remained below the elevation obtained based on the selected neighbouring data points. An adjusted parameter value pair was obtained as the result. If no
correction was needed, i.e., the elevation of the prehistoric population data was higher than the
sea level at the particular time based on initial parameter values, this prehistoric data was ignored.
As a reference another method, based on the present land uplift rate (see Figure 1) and the modelling function itself, was used for parameter selection. We call this method derivative based estimation. The Bs parameter was fixed to the value obtained at previous step and the As value satisfying
the known land uplift rate in 2008-2009 (4) was selected, giving another parameter value pair. The
applied procedure was drawn from (10). The estimation of parameters was performed in a statistical framework using a Monte Carlo method. In this way, the resulting parameters were actually
represented by probability distributions. The calculation neighbourhood was defined for each data
point so that the particular data point occurred in the centre of the neighbourhood. The resulting
probabilistic parameter value pair was assigned to the location of the data point around which the
neighbourhood was located.
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Figure 4. Flow chart describing the estimation process.
RESULTS
The estimation procedure was carried out using both eustatic models shown in Figure 2. Therefore, the results include two versions of As and Bs parameter values calculated as described in
section 2.3.
Figure 5 (maps 1 & 2) show the interpolated raster datasets of the As parameter value obtained as
the most probable value from the distributions resulting from the above presented probabilistic estimation procedure. The results for the As parameter calculated using only the derivative-based
method as described in (10) are shown in Figure 5 (maps 3 & 4).

Figure 5. Maps 1 & 2: As value maps in the area of Finland. Maps 3 & 4: estimated As values calculated using the derivative-based process described in (10). Maps 1 & 3 are calculated using
Påsse’s eustatic model and maps 2 & 4 using Punning et al.’s eustatic model.
During the estimation process it became clear that the download factor As, the ice sheet recession
parameter Ts and the inertia factor Bs have a strong relationship. This can be seen from the error
surface in Figure 6 (left-hand side). The error surface is shaped like a diagonal canyon without a
single minimum. In Figure 6 (left-hand side) the parameter Bs is fixed and the error between the
model and the data is shown as a function of the parameter values of As and Ts. The relationship
between the slow uplift parameters seems to be almost linear. To yield a more realistic view on the
model error, some a priori knowledge can be implied to guide the optimization procedure. For example, it is known that the ice sheet recessed within a certain time window, so this parameter cannot be arbitrary. The estimated ice recession parameter was used for guiding the estimation of
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other parameters that were assumed to be statistically gaussian. With this a priori knowledge an
error surface shown in the right hand side of Figure 6 was obtained.

Figure 6. Left-hand side: an error surface describing the behavior of the model error with respect to
As and Ts with Bs fixed. Right-hand side: an error surface created taking into account a priori
knowledge.
CONCLUSIONS
The aim of this study was to refine the parameters of Påsse’s land uplift model taking into account
previously unavailable data and an alternative model of the eustatic sea level rise. Our particular
interest was to find out if variations from the rather symmetric form of the earlier models of the land
uplift can be detected based on the available data and modeling methods. When comparing our
results for the As parameter value (Figure 5, maps 1 & 2) to those presented in (4) it can be seen
that the area where the largest As values are located (and, consequently, the average rate of land
uplift has been the highest) is shifted towards Central Finland. This behaviour can be linked to the
Moho depth map in Figure 3 (middle). It seems that the Bs parameter has a major influence on the
estimation of the As parameter value. In general, the results for As and Bs parameters do not differ
significantly when using either Påsse’s or Punning et al.’s eustatic model.
In addition to (4) it is also interesting to compare our results to those proposed in (10). In this report the land uplift model parameters have been estimated based on current land uplift rate using
a difference-based method. For comparison, the interpolated raster of As parameter values, estimated using the difference-based method, is presented in Figure 5 (maps 3 & 4). The raster datasets produced from the results of the difference-based method follow in shape the As parameter
presented in (4), however, the values are significantly larger.
When looking at the As raster presented in Figure 5 (maps 1 & 2), sharp changes in the parameter
values throughout Finland can be noticed. It is difficult to say if these kinds of anomalies are
caused by some discrepancy in the data or if it reveals real differences in the land uplift rate. A
comparison for the possible differences is found in (27), where the observed land uplift rate based
on three precise levellings in Finland has been presented. From the observed land uplift rate it can
be noticed that there exist some local variations in land uplift in Finland. It is well known that the
bedrock does not form a uniform layer but has rather a fractioned structure. Therefore, it is well
possible that the uplift rate has sharp local differences. Further investigation involving additional
data is needed here.
As a conclusion, the proposed procedure for the estimation of the parameters of Påsse’s land uplift
model gives more detailed information about the spatial variation of the uplift process. Other advantages of this approach are the usage of more accurate eustatic model as well as incorporating
source data not previously employed.
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ABSTRACT
The aim of this study is to estimate the ground deformation over the settlements (cities and villages) of Thessaly prefecture in Central Greece, for the time period between 1995 and 2008. Detect the role of surficial lithology on ground deformation. Dataset, including a total of 24 images C
band SLC (Single Look complex) SAR, acquired from European Space Agency (ESA).Between
1995 and 2008 of ERS1 and ERS2 along Ascending Track 143, and 15 ERS- between 2003 and
2008. Co-registration between the two datasets has been done. Two separates processing techniques have been applied, the first one is Differential Intreferometric Synthetic Aperture Radar
(DINSAR), and the second technique is Persistent Scatters Interferometry (PSI).GAMMA S/W,
2010 has been used. The deformation rate pattern for thirty settlements of the prefecture of
Thessaly has been detected with DINSAR technique. Additionally many of point’s candidates
have been detected with the PSI technique. In order to investigate the effect of the lithology on
the estimated ground deformation rates, the geological formations were grouped into 13 categories taking into account the lithology, the type of the rocks they consist of, in some cases the age
of its formation and their relative compactification. The geological formations as well as the lithological types of the broader study area was acquired from geological maps at a scale 1:50.000
obtained from the Greek Institute of Geology and Mineral Exploration. The deformation rate estimated after application both techniques, has been analyzed and presented and were correlated
with the surficial lithology of the settlements. The uplift rate (Phase rate) of the DINSAR Ascending was between 0.764 mm/year for Oxalia,where the type of lithology is Alluvial deposits, and
3.276 mm/year for Larissa, the type of lithology is alluvial deposits. The deformation rate subsidence was between -0.224 mm/year for Eleftherion, the type of lithology is alluvial deposits and
-1.947 mm/year for Itea, the type of lithology is alluvial deposits.The uplift rate of PSI Ascending
is between 1 mm/year which are distributed almost with all the points candidates , and 42
mm/year , this point is near the city of Larissa about 2,011 Kilometers from the city the type of
lithology is Alluvial formation.Since there are no significant differences of the lithology of most of
the settlements, extreme rates or variation through time can be attributed to the aseismic slip
along faults buried under the alluvial deposits. Variances of subsidence rates between the se ttlements, which are occupied by loose alluvial sediments, are possibly the result of different natural compaction rates of the fluvial sediments due to grain size alternations or groundwater pumping.

INTRODUCTION
Ground deformation (subsidence or uplift) is the surface expression and various subsidence or
uplift is the result of different natural phenomena such as seismic activity, mass movements,
earthquakes, landslides and volcano eruptions , and natural compaction of sediments or the result of anthropogenic such as water pumping, oil pumping , mining .the best method until now to
investigate land deformation with its time series depends on the data set of the radar images is
SAR Interferometry with its two techniques conventional SAR Interferometry Deferential Synthet-
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ic Aperture RADAR (DInSAR) , and the second one is the Persistent Scatters Interferometry (PSI)
.During the last two decades the SAR Differential Interferometric (DInSAR) technique based on
radar satellite data has become a useful tool for monitoring ground deformation (1,2).Radar interferometry is based on the use of phase information that is obtained by Synthetic Aperture Radar
(SAR). SAR interferometry is an Effective technique to map elevation as well as to map elevation
changes with differential interferometry (DInSAR).The application of DInSAR regardless of the
applied method (three passes or two passes plus Digital Elevation Model) is limited by a number
of parameters such as, large baselines which lead to low correlation due to spectral shift for distributed targets, loss of coherence due to long temporal separation between acquisitions and difficulties to unwrap of interferograms with large baseline due to low correlation and high fringe
rates , the atmospheric artifacts due to troposphere water vapor and ionosphere electron density
(3,4).Inside technique of DISAR, many pairs of interferograms could be get inside the stacking
depends on the size of data set and many other parameters which are playing an important role
for the size of the pairs of interferograms as mentioned above.
The result is in mill metric target displacement along the line of sight (LOS) directions can be d etected allowing the measurement of slow terrain motion (5).Persistent Scatterers Interferometry
(PSI) is a technique used to calculate fine motions of individual ground and structures points over
wide areas. These reflectors should remain stable (interferometric phase stability over time). Interferometric Point Target Analysis (IPTA) is a specific method of PSI to exploit temporal and spatial
Characteristics of interferometric signatures collected from point. Targets to map scatter deformation history (6).
The goal of this paper is to monitor and identify and detect the correlation between the land deformations either subsidence or uplift with the type of litho logy, For the study area in the north
part of Thessaly basins (central of Greece), applying the two techniques DINSAR and PSI, The
GAMMA s/w using a dataset of ERS-1 and 2 scenes and ENVISAT.
METHODS
The dataset that was used for the SAR interferometric processing and analysis consists of Single
Look Complex SLC data obtained from the ESA (European Space Agency) For the purposes of
this study a a total of 24 ERS–1/–2 C-band SAR (SLC) scenes along Ascending track 143 between 1995 and 2000, for ERS1and ERS 2 respectively and from ENVISAT satellite 15 scenes
SAR Single Look Complex (SLC) VV- polarization from ENVISAT satellite along Ascending track
143 between 2003 and 2008 have been used.
The initial estimates of the interferometric baselines were calculated from the available precise
orbit state vectors acquired from the Delft Institute (NL) for Earth-Oriented Space Research (7).
External DEM data at a spatial resolution of 90 m that were provided by SRTM V3 were used to
simulate and remove the topographic phase contribution. This DEM data were also applied for
Geo-coding the resultant InSAR products from range-Doppler coordinates into map geometry
corresponding to the Universal Transverse Mercator (UTM) coordinate system.
As mentioned above the data sets were from two satellites the first one from ERS and the second
one from ENVISAT, therefore the first step to do it was co-registration between them the first of
all the experiments verified oversampling by a factor of 10, and led to the conclusion that a particular 4-parameter transformation was sufficient for sub pixel co-registration of ERS SAR tandem
data (8). Firstly the reference image the track 143 ERS-ENVISAT resultant SAT along Ascending
the reference image it was from the ERS1, 1995 and its orbit number was 20672. Therefore the
co-registration with 4 modes has been done between ERS1&2 to get the same geometrical characteristics and then according to the (8) the co-registration for ENVISAT- ERS was done. In order
to calculate the deformation rate of an area for many years for the same area and to avoid the
atmospheric path delay term, the accuracy of the deformation estimated from individual differen62
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tial interferograms is mainly limited by the atmospheric path delay term. A well established method to reduce this error is interferogram stacking; the basic idea of interferogram stacking is to
combine multiple observations into a single result. With the selection of the perpendicular baseline with the range of 0-200 meter the first result of interferograms are 140 pairs. from 140 interferograms from the first result of the creation of interferograms (step of unwrapping with precise
baseline ) from the total of these interferograms just 29 items have been selected to do the
stacking with reference point range & azimuth 2296 172 with an indication of this reference point
has not been selected in the step of unwrapping but has been selected in the step of stacking
,therefore the step of unwrapping the reference point has been chosen automatic by the program
in the upper left corner for the image, the average of coherences of this point is 0.865. Iterferometric Point Target Analysis Following the standard procedure, as the one proposed by(5) in
the 37 scenes were accurately co-registered to the common master scene ENVISAT September
2004 on a sub pixel basis, achieving standard deviations of final model fit standard deviation In
range and azimuth. Generation of differential interferograms was then straightforward, with the
use of SRTM3 data for the Digital Elevation Model (DEM). Precision orbit files associated with
each scene were extracted either from DELFT or from ESA DORIS, as been explained before in
DINSAR . The explain of the procedure of IPTA in this case study have been used (6) to be clear
almost all the steps of IPTA that have been done in this case study .
RESULTS
The geological of the study area Grouped into three classes accorded their lithology, their conso lidation, their origin, their age and their susceptibility in ground deformation. As shown in figure 1
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IGME Code
settlements.

Normal Faults.

Thessaly

Figure 1. Geological map of Thessaly. the map is modified from IGME and the fault from
(9,10,11,12)
Figure 2 shows the result of the stacking. And figure 3 shows the PSI result and point’s candidate’s distribution. In the beginning a total of 17 settlements that developed in one type of lihtology have identified to recognize the effect of lithology the ground deformation, almost all the se ttlements developed over an alluvial type of lithology. Figure 4, 5 shown the correlation between
lithology and deformation rate from the stacking of subsidence of uplift, in the same time table 1
shows the maximum and minimum of the subsidence and uplift of the 17 settlements. All result
from the Ascending Track.
In the beginning a total of 17 settlements that developed in one type of lihtology have identified to
recognize the effect of lithology the ground deformation, almost all the settlements developed
over an alluvial type of litho logy. The result of PSI has done for all the study area but will display
just two points inside the biggest city of study area of Larisa. Because there are many points’
candidates therefore the decision was to choose the points which have minimum and maximum
deformation rates. Inside the processing of PSI it is very important to choose the Control point
(Reference point), the conditions of selection this point must to be stable and has not deformation
and its plot should be refers to the zero or near from zero for all the data set inside the time series
of the processing figure 6 shows the plot of the reference point.
Minimum deformation rate of PSI.
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Larissa The point which showed the minimum deformation rate after the application of the PSI
technique was point number 46536. This point is located on the northeastern part of Larissa. It
lies on the hanging wall of a trending normal fault about 1.10 Km from the fault trace. The plot of
the Figure 7 depicts the extreme deformation values for this point. The minimum subsidence was
-0.346 mm and was observed on August 2005 while the maximum subsidence was observed on
June 1995 and has value of -26.122 mm. On the other hand the minimum uplift of this point was
0.771 mm on December 2006 and the maximum was 1.859 mm on February 2004. This point is
located on alluvial deposits. Thus, the influence of the lithology on the deformation of this point is
obvious. However, the position of this point on the hanging wall of the normal fault and its di stance from the fault trace can not be ignored. The observed uplift maybe attributed to the effecting of others factors.
Maximum deformation rate of PSI. estimated after the application of the PSI technique.
Larissa point number is 31912.Location of this point on the southeast of Larissa. And it is loca ted in the north and west of two faults in the side of hanging wall with distance 0.402, 0.701 Km
respectively. The plot of this point depicts subsidence with high slope the minimum of it was 3.185 mm September 2004 and the maximum was -301.818 mm June 1995.and the minimum
uplift of this point was 1.048 mm August 2004 and the maximum was 67.334 mm December
2006. It is clear here the effect of lithology on this point however in the same time it can not ignore the distance of this point from the normal faults and its location in the hanging wall. However
the uplift maybe from the effecting of others factors or it is location in the south of other fault in
the side of footwall with distance 1.534 Km that means that maybe with the period of su bsidence
the faults were active and with period of uplift this activity has decreased to appear the activity of
other fault to effect on the uplift because the point in the side of its footwall as mentioned above.
Figure 8 shows the time series plot of this point.
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Figure 2.Ground deformation rates along the LOS direction deduced by interferometric stacking, for the considered time intervals 1995-2008 and the different acquisition Thessaly Ascending Track In background the corresponding average multi-looked SAR intensities. The selected reference point is shown in (Green Star).
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Figure 3. Distribution of the points candidates of the Point Scatters Interferometric. Mean displacement rates
“between” 1995-2008. Ascending Track143. Movements are in the satellite line-of-sight direction.
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Effect Of Lithology On Ground Deformation (Subsidence)
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Figure 4 Minimum and Maximum of Subsidence.
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Table 1 Minimum and Maximum uplift and subsidence values.
Minimum
SubsidMaximum
Lithology
ence
Subsidence
Minimum
Maximum
Settlements
IGME code
(mm)
(mm)
(mm)Uplift
(mm)Uplift
Larissa
al
-0,46
-2,961
0,545
6,636
Ginanouli
al
-0,131
-3,574
0,729
4,171
Xalki
al
-0,208
-2,842
0,42
4,317
Eleftherion
al
-0,225
-0,225
0,556
3,526
Falanna
al
-0,05
-2,34
0,539
3,691
Melissoxwrion
al
-0,126
-1,713
0,567
3,278
Galini
al
-0,066
-0,066
0,694
3,692
Platukampos
al
-0,138
-3,027
0,527
3,463
Glafki
al
-0,874
-0,874
0,146
3,67
Itea
al
-0,131
-4,313
0,463
2,946
Fullon
al
-0,006
-1,108
0,326
3,502
Palamas
al
-0,216
-1,676
0,348
3,306
Marathea
al
-0,664
-1,545
0,211
2,891
Nikaia
al
-0.75
-0.75
0.217
4.269
Terpsithea
al , pl-pt
0
0
0.218
4.384
Turnavos
Pt2
-0,178
-1,447
0,14
2,504
Rodia
Pt2
-0,036
-0,752
0,284
3,109
Mandra
Pl-Pt
-0,086
-1,587
0,127
1,316
Elftheria
Pl-Pt
-0,347
-0,347
0,267
3,365
al= Alluvial. , Pt2= Fluvio lacustrine deposits. pl-pt= Terrestrial fluvio-torrential deposit.

Figure 6 Phase regression for two points with a
separation of 180 days for Ascending Track 143.

Figure 7 Minimum deformation rate of PSI. of
point number 46536
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Figure 8 Maximum deformation rate of PSI.
of point number 31912

CONCLUSIONS
As shown from the result there are no doubt that the lithology has an important effect on the land
deformation. However it does not easy to isolate just the effect of lithology on the land deformation the reason that there are not only this effect , there are other parameters or factors are
playing the important role of effecting on the land deformation. Result of DINSAR as the rate of
subsidence for almost all the settlements which have an alluvial lithology shown its effect, and it
was clear the effect of the normal faults on this subsidenece. In the same time all these settlements have an uplift this uplift either from the effect of the normal fault or other effecting of parameters or reasons , therefore it is not easy to isolate or to identify the effect of any parameter
on the land deformation without any statistics correlation this is the first thing , and the other important thing should analysis all parameters together to investigate its effect on the land deformation , it is worth mentioning that the result of DINSAR was as deformation rate of an area for
every settlement , however with the other technique PSI it was as a point therefore it was better
and from the other side it was more details for the time series of the land deformation but with
DINSAR the stacking was just one result of the deformation rate.
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TIME SERIES SATELLITE DATA FOR SEISMIC PRECURSORS ASSESSMENT
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Abstract. Rock microfracturing in the Earth's crust preceding a seismic rupture may cause local
surface deformation fields, rock dislocations, charged particle generation and motion, electrical
conductivity changes, gas emission, fluid diffusion, electrokinetic, piezomagnetic and piezoelectric
effects. Space-time anomalies of Earth’s emitted radiation (radon in underground water and soil ,
thermal infrared in spectral range measured from satellite months to weeks before the occurrence
of earthquakes etc.), ionospheric and electromagnetic anomalies are considered as pre-seismic
signals. Satellite remote sensing data provides a systematic, synoptic framework for advancing
scientific knowledge of the Earth complex system of geophysical phenomena which often lead to
seismic hazards. The GPS data provides exciting prospects in seismology including detecting, imaging and analyzing signals in regions of seismo-active areas. This paper aims at investigating the
TEC ionospheric and geomagnetic precursors during one of the greatest major earthquake in
Tohoku area, Japan, 11th March 2011, based on time series solar, geomagnetic and ionospheric
Total Electron Content data provided by NOAA, WDC Australian, Space Environment Information
Service Japan, British Geological Survey and World Data Center for Geomagnetism, Kyoto.
Keywords: Earthquake precursors; geospatial data; ionospheric disturbances; lithosphere–
ionosphere coupling; Tohoku March 2011 earthquake.
INTRODUCTION
Earthquakes are seen as consequences of plate tectonics. Plate motions are controlled by the
complex dynamics of mantle flows, which depends on the thermal states and chemical composition
of the mantle. Upwelling of hot plumes and down welling of colder, denser materials keep running
the cycles of vertical mantle flow over geologic time. Therefore, it is only natural to expect that
plume upwelling and propagation below the plates may have significant effects on the seismic activities.
According to classical earthquake theory, small earthquakes should continue to grow into large
earthquakes until they spread all along the fault line. The mechanical processes of earthquake
preparation are always accompanied by deformations, afterwards complex short- or long term precursory phenomena can appear. Crustal deformation produces a wide variety of landforms at the
surface of the Earth and their size depends on the duration of the process involved in their formation. Co- and post-seismic deformations take place over periods of a few seconds to several
days, and produce fault scarps and surface displacement ranging from a few centimeters to several meters in magnitude. Along active deformation zones, earthquakes cause short-term and localized topography changes which may present additional hazards, but at the same time permit, to
quantify stress and strain accumulation, a key control for seismic hazard assessment (1).
Earthquake prediction has two potentially compatible but distinctly different objectives: (a) phenomena that provide information about the future earthquake hazard useful to those who live in
earthquake-prone regions and (b) phenomena causally related to the physical processes governing failure on a fault that will improve our understanding of those processes.
Have been proposed several models for upwelling and spreading of radioisotope-rich magma below the plates, which leaves its signature in the erratic radon concentration fluctuations, as ob-
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served before, during and after some earthquakes in China, Japan and India (2),(3). With these
models, the geomagnetic field intensity change as a precursor to some earthquakes can also be
explained. Based on the validity of the model, radon concentration and geomagnetic field intensity
variation give a direct measure of the velocity field and chemical composition of magma upwelling
and propagation below the plate, from which the prospect of an intermediate-term prediction of an
impending large earthquake can sometimes be improved.
Most earthquakes have precursors (defined as changes in the Earth physical-chemical properties
that take place prior to an earthquake). Earthquake precursors emerging as a strong earthquake
approaches are fuzzily differentiated by the characteristic lead-time between precursor and the
strong earthquake: long-term (LT), tens of years; intermediate-term (IT), years, short-term (ST),
months; and immediate (Im), days and less. This gradation reflects a more general phenomenon:
unfolding of seismicity in a cascade of earthquakes’ clusters, culminated by a strong earthquake
(4).
Recently was observed (5) that a possible mechanism for the generation of electromagnetic waves
in the lithosphere was identified through the microfracturing process of rocks. These microfractures, in turn, involve the breaking of a large number of atomic bonds, i.e. the covalent or ionic
bonds giving rise to the crystalline structure of the rocks. The formation of unbalanced charge distributions, of opposite sign, on the opposite sides of the microfractures is to be expected and, consequently, the onset of strong local electric fields which is explaining geoelectric and geomagnetic
fields anomalies as well as development of strong ionospheric perturbations preceding strong
earthquakes.
Several authors showed that ionospheric perturbations are produced by lithosphere–atmosphere–
ionosphere coupling. During earthquakes, continuous vertical ground displacements generate atmospheric waves that propagate at infrasonic speeds in the atmosphere. The propagating surface
seismic waves induce high- frequency acoustic wave as well as low-frequency gravity wave that
propagate horizontally and upward, away from the source (6), (7).
The mosaic pattern of the strain field in the epicentral zones creates a specific obstacle to the detection of precursory events and determination of the spatial scale of the earthquake preparation
zone. Obviously, the size of the zone largely depends on the earthquake magnitude.

USE OF GEOSPATIAL DATA
Recent advances of information technology had allowed the development of tools and techniques
to handle geological geospatial data and/or derived. With differences in scales, datum, projections,
formats, or resolution, the data are often difficult to handle and even more difficult to integrate.
During last decades the remote sensing data have been widely used for the assessment of prior
and after strong earthquakes changes as well as for the mapping of post earthquake damages (8).
As earthquakes (EQs) are large-scale fracture phenomena, associated fracture-induced physical
fields allow a real-time monitoring of electromagnetic (EM) emissions in a wide frequency spectrum
ranging from kHz to MHz which are produced by opening cracks. Those emissions can be considered as the so-called precursors of general fracture.
These pre-signals suggest the existence of a strong coupling between the dynamics of lithospheric
processes land atmospheric-ionospheric anomalies associated with seismic processes.
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Based on multisensor satellite remote sensing continuous monitoring of land, ocean, atmosphere,
and ionosphere parameters, have been strongly evidenced pre- earthquake changes in land,
ocean, atmosphere, and ionosphere parameters (9), (10).
With the advent of space-based observations, geoscientists can extend that use in three important
ways: the advantage of large area or synoptic coverage allows them to examine in single scenes
(or in mosaics) the geological portrayal of Earth on a regional basis; the ability to analyze multispectral bands quantitatively in terms of digital numbers (DNs) permits them to apply special computer processing routines to discern and enhance certain compositional properties of Earth materials; the capability of merging different types of remote sensing products (e.g., reflectance images
with radar or with thermal imagery) or combining these with topographic elevation data and with
other kinds of information bases (e.g., thematic maps; geophysical measurements and chemical
sampling surveys) enables new solutions to determining interrelations among various natural properties of Earth phenomena (11), (12), (13).
Space-based remote sensing earthquake prediction observations can help solve the earthquake
prediction dilemma allowing for the monitoring of broad areas of the surface of the earth where
strong earthquakes can be expected to occur.
In this paper, changes before and after the Tohoku earthquake in the ionospheric and geomagnetic
parameters have been investigated on the basis of the analysis of time-series geospatial and field
data.These changes show a complementary behavior in terms of the various land, ocean and atmospheric parameters, further showing strong evidence of coupling between land, ocean, and atmosphere associated with the Tohoku earthquake of 11 March 2011.
STUDY AREA AND DATA USED
Test area:
On 11 March 2011 14:46 JST (05:46 UTC) a mega earthquake of moment magnitude Mw 9.0 ,
known as Tohoku-Oki earthquake occurred on the Japan Trench plate boundary off the Eastern
shore of Northern Honshu, followed by the largest tsunami on Japan Pacific coast. The earthquake
hypocenter was located at 42.9 (130km ESE off Oshika Peninsula) and depth of 24km, off the Pacific coast of the northeastern part of the Japanese main land (Tohoku Region), causing devastating damages. The hypocenter was 80 miles (130 kilometers) east of Sendai, and 231 miles (373
km) northeast of Tokyo.The main shock was preceded by a foreshock sequence lasting two days.
The largest of these was an Mw 7.3 earthquake on 9 March 2011. This foreshock and the
mainshock share similar low-angle thrust mechanisms and their epicenters are separated by only
about 45 km (Figure 1).
The Tohoku-Oki earthquake induced more than 1 meter of systematic coastal subsidence, whereas uplift would have been expected to balance the subsidence rate of 5 millimeters per year during
the interseismic period. The long-term coastal uplift requires deformation events that are large and
frequent enough to compensate for that subsidence (14).
Till 4 August 2011 a number of 647 aftershocks (6 earthquakes- magnitude 7 or greater; 89 earthquakes - magnitude 6 or greater; 552- magnitude 5 or greater) was registered, of which the strongest one of M7.7 occurred on 11 March 2011 15:15 JST (06:15 UTC)
(http://www.jma.go.jp/jma/en/2011_Earthquake.html).
Mega-earthquakes of a moment magnitude, Mw  9 , occurred till now in only few areas of the world
(Chile, Alaska, Kamchatka, Sumatra, Tohoku).
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Figure 1: Location of the Tohoku-Oki earthquake
Data used:
For analysis of seismo-ionospheric effects, as TEC (total Electron Content) data sources have
been used time-series data provided by the World Data Centre (WDC) for Solar-Terrestrial Science (STS) Australia (http://www.ips.gov.au/World_Data_Centre), for GPS Vertical TEC Global
Maps National Oceanic and Atmospheric Administration NOAA validated on ionosonde data (
http://helios.swpc.noaa.gov/ctipe/TEC.html), and Ionospheric and Atmospheric Remote Sensing
web site http://iono.jpl.nasa.gov .
The high correlation between the electron density of F2 layer and the TEC confirms that TEC variations can be used to detect seismo-ionospheric anomalies due to associated tectonic stress in
earthquake preparation areas.
Geomagnetic and solar data have been also provided by Space Environment Information Service
Japan (http://hirweb.nict.go.jp/) as well as by International Real-time Magnetic Observatory Network ( INTERMAGNET) at (http://www.intermagnet.org), British Geological Survey
http://www.geomag.bgs.ac.uk/ , and
World Data Center for Geomagnetism, Kyoto
http://wdc.kugi.kyoto-u.ac.jp.
RESULTS
Solar and geomagnetic conditions
Based on geospatial data as well as on ground-based monitoring data have been investigated solar and geomagnetic disturbances associated with Tohoku earthquake of 11 March 2011.
During the entire analyzed period 7 March – 14 March 2011, solar activity ranged from low to high
levels decreasing again to low levels. Activity levels remained high during 7 March – 9 March 2011
before Tohoku earthquake and decayed to moderate levels on 10 March till 12 March, and decreased again to low levels on 13 March. A greater than 10 MeV proton event, at geosynchronous
orbit, was observed from 8-10 March. The greater than 2 MeV electron flux at geosynchronous orbit was at high levels from 07-09 March. Mostly moderate levels were observed until 13 March,
when a return to high levels was observed. Geomagnetic field activity ranged from quiet to minor
storm levels with isolated major to severe storm periods observed at high latitudes. From 7 March
through early on 10 March, the geomagnetic field was at quiet to unsettled levels with isolated high
latitude active periods.
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Figure 2 presents the variations of : 1)solar proton flux (protons/cm -sec -sr) as measured by the
SWPC Primary GOES satellite, for each of three energy thresholds: greater than 10, 50, and 100
MeV; 2)the electron flux (electrons/cm -sec -sr) with energies greater than 2 MeV by the SWPC
Primary GOES satellite; 3)Hp magnetic field component (nT) as by the SWPC Primary GOES satellite; 4)Kp planetary 3-hour K-index (derived from a network of magnetometers at ten geomagnetic stations), as are provided by NOAA (http://www.swpc.noaa.gov/SWPC PRF 1854).

Figure 2 : Geomagnetic conditions on 7-14 March 2011
Ionospheric Total Electron Content
Atmospheric perturbations induced by earthquakes, volcano eruptions, weather fronts and nuclear
explosions can induce signatures in the ionospheric plasma density by atmospheric–ionospheric
coupling processes.
The near-Earth space environment, often called ‘‘geo- space’’, is characterized by several regions
according to their plasma properties. In the lowest altitude region, the ionosphere, the plasma is
embedded in a complex neutral gas (the thermosphere) of highly varying temperature, density and
composition. The ionosphere which extends from about 90km to approximately 1000 km is subjected to a number of different forces from both, below and above the ionosphere, the major impact
being due to solar forcing. Earth’s crustal deformation patterns are affected by multiscale processes associated with phase transitions of rocks increasing dynamic weakening of active fault surfaces associated with different pre-signals like as electromagnetic and gas emissions, land surface
temperature anomalies, etc . The ionosphere is affected by many influences connected with solar
and geomagnetic activities and sometimes from sources in the atmosphere or from below. In addition, ionospheric parameters vary with time of day, season, latitude, and longitude, as well as solar
and magnetic activity conditions. Therefore, good knowledge of background ionospheric conditions
is essential to extract the variations linked with seismic activities.
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Figure 3 : Time-series Vertical GPS TEC Global Maps for period 7-12 March 2011 from left to right
(brightest colors in grey scale images being associated with highest TEC values registered).
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In order to monitor the spatio-temporal behavior of the ionosphere is used Total Electron Content
(TEC) parameter, which is subject to significant dynamical changes due to changes in the electric
fields (15), (16), more visible in the equatorial and low-latitude regions, while at mid-latitudes these
effects are not significantly seen, as the dynamical processes are mainly controlled by neutral
winds in that areas.
Due to their sensitivity to the ionospheric ionization, ground and space based GPS measurements
offer a unique tool for detecting earthquake signatures in the ionosphere.
Ionospheric response due to the seismic events associated with Tohoku earthquake 11 March
2011 has been studied in the present paper through analyzing the variation in GPS TEC (Total
Electron Content) data before and after the occurrence of mega earthquake,
The ionospheric disturbances during the 23 February 2011 and 15 March 2011 Tohoku earthquake
events have been investigated. In these analyses, both GPS TEC provided by all satellites and the
TEC along individual satellite passes during these events have been analyzed. In this paper, the
GPS TEC measurements for the day before and after the events are also examined to determine
whether the ionospheric disturbance is caused by earthquake or due too the other sources such as
solar-terrestrial phenomena.
Period of 23 February – 15 March 2011 was characterized by two small and moderate geomagnetic storms on respectively 1 March and 11 March, with a short period of quiet geomagnetic conditions between, but marked by an increasing solar activity during (7-10 March 2011).

Figure 4 : GPS TEC variation during period of 23 February- 15 March 2011
A careful quantitative analysis of total electron content data recorded before and during the occurrence of earthquake shows the consistent enhancement in the ionospheric electron content several
days before earthquake , with a strong increase one day prior Tohoku earthquake (Figure 3 and
Figure 4).The emission of electromagnetic radiations from ULF to VLF frequency range from the
epicenter to a very large radius area and their subsequent propagation to the ionosphere possibly
generates the TEC anomalies.
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To investigate the temporal and spatial variations of the TEC irregularities during the earthquake
event, measurements from individual satellites must be examined. This analysis gives a better insight on the effect and possible locations of the ionospheric disturbances.

CONCLUSIONS
Satellite remote sensing data provides a systematic, synoptic framework for advancing scientific
knowledge of the Earth complex system of geophysical phenomena which often lead to seismic
hazards.
This paper investigates the ionospheric and geomagnetic responses during the 11 March 2011
Tohoku earthquake using GPS TEC and geomagnetic stations located in the near zone of the epicenter.
From 7 March through early on 10 March, the geomagnetic field was at quiet to unsettled levels
with isolated high latitude active periods. During the entire analyzed period 7 March – 14 March
2011, solar activity ranged from low to high levels decreasing again to low levels.
Quantitative analysis of total electron content data recorded before and during the occurrence of
earthquake shows the consistent enhancement in the ionospheric electron content several days
before earthquake, with a strong increase one day prior Tohoku earthquake. The emission of electromagnetic radiations from ULF to VLF frequency range from the epicenter to a very large radius
area and their subsequent propagation to the ionosphere possibly generates the TEC anomalies.
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ABSTRACT
The Attic-Cycladic complex (Aegean Sea, Greece) is the locus of a crustal-scale extensional
detachment system that has accommodated regional back-arc extension due to the collapse of the
Alpine orogen and rollback of the subducting African slab. Regional scale, low-angle normal faults
dismembered the Alpine nappe pile and caused the exhumation of lower-plate rocks. In several
Cycladic islands (e.g. Tinos, Mykonos, Naxos, etc) middle to late Miocene syn-extensional granitic
intrusions are observed at the footwall of these major low-angle normal faults. Mylonitic to
cataclastic deformation and fluid infiltration associated with these faults resulted in the formation of
composite deformation+alteration zones that are located at the roof of the granitic intrusions and
mark the tectonic contact with the upper plate. Optical image interpretation of remote sensing
multispectral data proved to be a useful tool for the detailed mapping of these major extensional
structures and the associated alteration zones. Several pseudo-chromatic images of the Cycladic
islands were produced showing the alteration zones and marking the tectonic contacts between
the footwalls and hanging walls of different detachments, which are today exposed to the surface.
Spectral signatures of specific minerals identified either through microscopy or during fieldwork,
were used and the new false-color images fused with high-resolution panchromatic air
photographs revealed components that are intangible by classical techniques and increased the
accuracy of the field mapping.
INTRODUCTION
The Attic-Cycladic complex (central Aegean Sea, Greece, Fig 1) was formed in Miocene times
when the thick Alpine orogenic nappe pile that was formed during late Cretaceous to Cenozoic
subduction and subsequent accretion of Gondwana derived blocks was destroyed by several
crustal-scale extensional detachment faults as a result of slab rollback and gravitational collapse
(1,2).
The development of the Cycladic metamorphic core complexes along asymmetric low-angle
extensional detachments resulted in the exhumation of the lower-plate metamorphic rocks and the
tectonic denudation of the upper-plate (3,4,5 and references therein). On Tinos Island (north
Cyclades, Greece), the tectono-stratigraphic column includes three low-angle normal faults with
top to NE sense of shear that are all part of the North Cycladic Detachment System (4,6). At the
northeastern part of the island a ~15-14 Ma I-type granodiorite and a few smaller ~14 Ma S-type
intrusions pierced through the ~21-20 Ma, ductile, Tinos Detachment and intruded along the
middle Miocene (~13-15Ma), greenschist-facies, brittle-ductile to brittle, Livada Detachment, which
is now eroded (6).
Naxos Island was the first place in the Cyclades where a metamorphic core complex was identified
and studied (7). The late Miocene Naxos-Paros extensional Detachment System juxtaposes supradetachment Neogene sediments against the Mesozoic Cycladic Blueschist Unit rocks (CBU) and a
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~12Ma I-type granodiorite that’s intruded into the CBU and along this detachment during the last
stages of exhumation (8,9).

Figure 1: Location of the Cycladic islands of the Aegean Sea (right) mentioned in this paper, in a
true color Landsat7-TM dataset (182/34, capture date June 30th 2000).
Intrusion and exhumation of granodioritic rocks in the footwall of large detachment systems is
associated with cataclastic deformation fluid infiltration and alteration processes that produce
different types of fault rocks with distinct features and special composition.
Remote sensing is considered to be a useful tool for assisting field mapping and in the past,
remote sensing methods have been mostly used in order to identify regional scale structures and
not so much in detailed mapping (10).
In this paper we use sophisticated remote sensing techniques in order to integrate the results of
classic field mapping and structural analysis methods in the islands of Tinos and Naxos. The
resulting high-spectral resolution images exhibit impressively good relation with the geological
maps thus proving useful in identifying major extensional structures such as the trace of low-angle
normal faults and distinguishing footwall from hanging wall. Also, it is demonstrated that in some
cases e.g. Tinos Island the satellite image interpretation can be used to fine tune existing detailed
maps.
METHODS
The acquired remote sensing data (downloaded from USGS earth-explorer) proved to be very
useful especially after digital interpretation in different levels. Various images were produced
especially by using several spectral band combinations as well as spectral ratios aiming to a clear
and precise outcrop imaging. The ability of using the panchromatic band of Landsat7-ETM+ with
increased spatial resolution (15m) allowed the merging procedure with the multispectral bands, by
using the Brovey Transform algorithm, to a single fused dataset was very significant as this gave
the opportunity to work in larger scales (11). The band ratio images that were used were focused
on mineral composition related to fluid infiltration and rock alteration in extensional detachment
zones and the absence of vegetation at the studied areas revealed the exact location of tectonic
structures. The data were ortho-rectified to the Hellenic Geodetic Reference System 1987 by using
a 25 meter Digital Elevation Model derived by topographic maps with 20 meter contours.
In order to test the degree of applicability and the validity of results obtained by remote sensing
techniques we chose two well-studied cases in the Attic-Cycladic complex e.g. Tinos and Naxos
islands, which were already mapped in detail by the authors.
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Detailed mapping of the granitic intrusions of NE Tinos island and the enveloping rocks (Fig 2) and
study of the magmatic and deformation structures in all scales revealed that the internal part of the
pluton was more or less not deformed or only weakly deformed, in contrast with the roof of the
pluton that has developed a protomylonitic to mylonitic fabric overprinted by subsequent cataclastic
deformation and later on by high-angle normal faults.

Figure 2: a) Geological map of northeast Tinos. b) Magmatic structures from the almost
undeformed internal part of the pluton c) Mesoscopic scale S-C fabric from the rim of the
granodiorite. d) Microphotograph showing the protomylonitic to mylonitic fabric of the granodiorite.
A deformation gradient can be observed from the centre of the Island (Exombourgo - Volax)
towards the coastline (Skliros Ormos Bay - Avlomani - Livada Bay). The core of the pluton,
exposed in Volax and Exombourgo area, which represents the possible feeder zone, exhibits a
magmatic to sub-magmatic foliation (Sm) formed by aligned euhedral to subhedral feldspar and
quartz grains and/or schlieren layering. Weak deformation structures start to develop and gradually
increase in intensity towards the NE e.g the external part of the intrusion. The roof of the pluton is
exposed along the coastline (from Skliros Ormos bay to Livada Bay), and exhibits a subhorizontal
protomylonitic to mylonitc S-C fabric. Meosocopic and microscopic scale structures such as
domino and book-shelf sliding in feldspar, subgrain formation and ribbon quartz, σ- and δ-clasts
and biotite fish indicate that deformation took place in P-T conditions corresponding to lower
greenschist facies e.g. along the brittle - ductile transition. The mylonitic fabric is variably
overprinted by generations of gradually steeper cataclastic Cc-surfaces associated with proto- to
ultracataclasites that are often accompanied by pseudotachylitic veins. Relatively small patches of
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bleached granodioritic rocks can be observed in several places and especially at or near Livada
Bay.
In the interpreted Landsat ETM+ image the ratios B5/B7 was used for Red, B3/B1 was used for
Green and B4/B3 was used for Blue (Fig 3). There is a distinct difference between the deeper non
deformed to weakly deformed parts of the granitic rocks and the external part that exhibits
protomylonitic to mylonitic fabric. The remote sensing techniques which led to this interpretation
were used to trim the outcrop traces, which were mapped during fieldwork (dashed lines on the
image) as minor modifications are needed in order to improve the geological map.
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Figure 3: Pseudo-chromatic image of Tinos Island with Landsat ETM+ band ratios B5/B7, B3/B1,
B4/B3 (R,G,B). The different lines show the outcrops mapped during fieldwork which are in
agreement with the colours of the interpreted image.
The western part of Naxos In the western part of Naxos Island (Central Cyclades, Greece), a
~12Ma N-S oblong granodiorite intruded along the late Miocene, brittle-ductile to brittle top to the N
sense of shear Naxos Detachment (Fig. 4). The detachment is marked by a low-angle fault plane
that separates the strongly deformed syn-extensional Neogene deposits of the supra-detachment
basin in the hanging wall from the footwall granodiorite. Similar to Tinos Island numerous meso- to
microscopic scale structures (domino and book-shelf sliding in feldspar, subgrain formation and
ribbon quartz, σ- and δ-clasts and biotite fish) also reveal that the granodiorite was deformed under
lower greenschists - facies conditions.
At the northern part, along the in the carapace of the pluton the early-stage mylonitic fabric was
extensively reworked by late-stage cataclastic deformation synchronous to extensive fluid
infiltration, which led to the formation of a cohesive cataclasite to ultracataclasite that was also
accompanied by alteration processes such as chloritization, limonitization, ankeritization and
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sericitization. The southern part of the granite is relatively undeformed and a few hundred meters
thick metamorphic aureole is observed in the host rocks of the Cycladic Blueschist Unit.

Figure 4: a) Geological map of east Naxos. b) View of the low-angle normal fault that juxtaposed
the granodiorite (Gr) against the Neogene sediments (Ng). c) Close view of the cataclastic
limonitic-rich fault surface. d) Microphotograph of the fluid infiltrated cataclasite.
A different kind of image interpretation was applied at this subset of the Landsat ETM+ image.
Ratios B3/B1 was used for Red, B5/B4 was used for Green and B5/B7 was used for Blue (Fig 5).
The resulted image is in good relation with the fieldwork mapping as certain colours can be
attributed to different geologic and tectonic structures. The most impressive identification is the
distinction of the hanging wall from the foot wall of the extensional detachment fault. It seems that
the mineral composition of the detachment surface is very much differentiated from the
surrounding outcrops, in terms of its spectral reflectance. Other structures, either important or not,
were also identified on this part of the island, revealing the significance of satellite image
interpretation techniques as an additional tool for accurate and detailed geological mapping.
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Figure 5: Pseudo-chromatic image of NE Naxos Island with Landsat ETM+ band ratios B3/B1,
B5/B4, B5/B7 (R,G,B). The lines show the tectonic structures related to exhumation which are in
impressive agreement with the colours of the interpreted image.
CONCLUSIONS
This paper highlights the important role that analysis of multispectral satellite data can play in the
identification of surface structures related to major tectonic events and natural processes,
especially at areas adjacent to extensional detachment fault zones where the mineral composition
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due to fluid infiltration and rock alteration is ideal and additionally no extensive vegetation cover
has been developed. In most cases high spectral resolution satellite images provide significant
reflection data in several spectrum parts and mathematic operations between those data increase
the interpretation abilities.
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ABSTRACT
Remote sensing techniques allow an effective, time- and money-saving mapping of surface
geological features and they proved to be particularly useful when working on isolated or hardly
accessible areas. This work examines the possibility to map surface geology with a certain detail,
applying specific enhancement techniques to Landsat 7 ETM+ imagery, resulting in false colour
composites, which were interpreted and then validated during a field campaign carried out in April
2011. The study area is located along the southern flank of the Tindouf Basin (SADR territory,
Western Sahara). A general lack of bibliographic data, due both to its remote location and to its
difficult political and diplomatic situation, characterises this area. Through an accurate analysis of
the enhanced Landsat 7 ETM+ images a number of photo-lithological units were recognized within
the Proterozoic magmatic basement and the sedimentary succession of the Tindouf Basin,
contributing to the knowledge of the geological setting of this area.
INTRODUCTION
A suitable analysis of satellite optical images, such as Landsat 7 ETM+ have widely proved to be
an inexpensive and very useful tool in the discrimination of lithologies, based on their different
spectral properties, helping in lithological mapping of areas, characterized by arid environments,
where the lack of both vegetation cover and thick soils allows a clear observation of the
outcropping rock sequences (1, 2, 3, 4, 5, 6). In particular Landsat ETM+ can be considered very
effective, in-time and money-saving in geological mapping over large areas), because they are
easily accessible and free. Information on lithologies, general geological setting, landforms,
structural features, weathering and vegetation can be obtained using several enhancement
techniques of satellite multispectral images. The most common techniques proposed to enhance
Landsat 7 ETM+ images have been evaluated in order to produce a photolithological map of the
southern flank of the Tindouf Basin (Western Sahara). Among the proposed techniques colour
composites and principal component analysis (PCA) (7, 8, 9, 10, 11, 12), have been used. The
obtained results have been integrated and validated with ground truth acquired during a field
campaign performed in April 2011. Data have been reported in a geographic information system
(GIS).
METHODS
Study Area
The study area is located within the SADR (Saharawi Arab Democratic Republic) territory, in
Western Sahara, where both the Precambrian basement (Reguibat Shield) and the Paleozoic
sediments of the Tindouf Basin crop out (Figure 1).
The Reguibat Shield represents the northern sector of the West African craton and it is formed by
Archean terrains (3.5 Ga) to the west and by Paleo-Proterozoic formations to the east (13). The
shield, formed mainly by syenites, granites and subordinately gabbros, is bounded by the
Paleozoic Tindouf Basin to the north (14). The Tindouf Basin is an elongated WSW–ENE trending
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(800 km) asymmetrical trough, characterized by two flanks (northern and southern) where
sediments are well exposed, whereas the central part is covered by the Cretaceous to Quaternary
sediments of the Hamadian formations (15, 16). In the study area the southern flank exposed
consisting of Late Ordovician glacial deposits overlain by Silurian shales and by a thick sequence
of Devonian and Early Carboniferous shales and limestones (15).

Figure 1: Location of the study area
Methodology
A subset of a Landsat 7 ETM+ image, path 203, row 42, acquired in October 2000, was calibrated
and elaborated in order to produce some colour composites, by means of ENVI® (Environment for
Visualizing Images) 4.4 software, in order to detect differences in spectral response related to
changes in lithologies. Three bands were selected as the primary colours red, green and blue
(RGB) to produce false colour composites. Radiometric enhancement, including a linear 2% and a
Gaussian stretching, was applied, in order to emphasize the difference among lithologies. Five
suitable band combinations, related to the lithologies cropping out in the study area (displayed in
red, green and blue mode) are mentioned in the literature (5, 6, 8, 17): 742, 457, 541, 751, 753.
Decorrelation stretching was used on the most informative colour composites, because it increases
the decorrelation among bands preserving original data colour relationships (18; 19). Moreover
false colour composites have been produced using band ratios because they are less affected by
topographic features and illumination conditions of the scene emphasizing the mineral spectral
differences (7, 8, 9, 10, 12). The most commonly used composites formed by band ratios in RGB
have been evaluated: 3/5-3/1-5/7, 3/1-5/7-5/4, 5/7-3/1-4/3 and 5/7-4/5-3/1 (20, 21, 22). The most
informative enhancement technique, for lithologic discrimination, is represented by the Principal
Component Analysis (PCA) (6, 7; 20, 21, 22). PCA was performed by using the covariance matrix,
where all the available bands, except the thermal band, are used as input for the calculation. The
photo-lithological units, obtained through the described method, were compared available literature
data (23) and to the 1:1000000 geological map (24). The results were validated through a field
campaign performed during April 2011.
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RESULTS
Starting from the surrounding area lithology (23), thirteen photo-lithological units have been
detected using Landsat ETM images (Figure 2); two within the Precambrian Shield (named
“basement 1” and “basement 2”), nine in the Paleozoic stratigraphic sequence (as “Tindouf”,
followed by a progressive number) and two in the sedimentary cover. Considering the parameters
of Landsat images and the characteristic of cropping out rocks, unluckily no distinction of any
individual sedimentary facies was possible.
The distinction between the Precambrian basement and the Paleozoic sedimentary rocks of the
Tindouf Basin was emphasised using the 457 composite (with decorrelation stretching) while
composite 541 was useful to discriminate the lithologies within the sedimentary sequence. The
principal component analysis was used prevalently to detect boundaries within the Paleozoic
sequence; PC3-PC2-PC4 composite clearly delineates the difference between the Precambrian
basement and the Paleozoic sediments. Nevertheless some the lithologies cropping out in the
study area are spectrally very similar because they sedimentary characteristics, little differences
can be detected using different composite, different band ratio and the analysis of principal
component.

Figure 2: Examples of the enhancements performed on Landsat images.
The recognized photo-lithological units as the follows:
Basement 1: this unit is widely exposed in the southern part of the study area. Following the
geological maps of Morocco (24) and the ground validation data, this unit was referred to the
Precambrian basement of the Reguibat Shield (West African Craton).
Basement 2: It crops out mainly northwest of Tifarity, within the Reguibat Shield. It can be
correlated to the gabbros intrusive dykes.
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Tindouf 1: it is stratigraphycally the lowest of the nine units distinguished in the Paleozoic basin
filling sequence and it is exposed across the entire width of the study area, as most of the following
units recognized in the Tindouf sedimentary basin. This unit can correspond to layered and
fractured quartz-rich sandstones of the Ordovician Ghezziane Formation (23).
Tindouf 2: this unit crops out on the top surface of a flat mesa, The Tindouf 2 unit likely
corresponds to the Silurian shales (23).
Tindouf 3: This unit may correspond to the Lochkovian limestone (Fig. 7) and the upper part of the
Djebilet Formation (23).
Tindouf 4: Compared with the available data (23; 24), the Tindouf 4 unit can be correlated to the
Lochkovian calcareous sandstones and lower part of the Pragian sediments, represented by an
alternation of mudstone, siltstone and fine-grained sandstones.
Tindouf 5: might be correlated with the Pragian sandstones of the Djebilet Formation (23). This unit
can be easily recognized, because it is formed by sandstones very rich in iron minerals, which
affect the spectral behavior of the host lithology, especially when using 3/1 and 5/4 ratios.
Tindouf 6: This unit was interpreted as the Lower Oued Talha Formation (Emsian), formed by
conglomerates, sandstones and subordinately siltstones.
Tindouf 7: this unit is easily delineable in the eastern part of the study area, whereas, in the southwestern part it can be indistinguishable from the neighboring photo-lithological units, probably
because of the presence of a wide aeolian and/or fluvial cover. According to field and literature
data (23), this unit can be correlated with the middle Oued Talha Formation (Emisian-Givetian),
prevalently made of shales.
Tindouf 8: the deposits of the biggest wadi in the area mostly cover this unit. The Tindouf 8 unit
can be considered part of the middle Oued Talha Formation (Eifelian; 23), formed by limestones.
Tindouf 9: this unit crops out in the northwestern part of the study area, but the boundary with
Tindouf 8 is partly hidden by fluvial deposits. It can be referred to the Oued Talha Formation of 23.
This unit can be correlated with the upper Oued Talha Formation (Givetian), formed by siliciclastic
siltstones and sandstones and prevailing carbonates at the top of the mounds (23; 25).
Covers: this unit is easily detectable using dfferent composite. It is formed by recent slope and/or
aeolian deposits (Cenozoic), predominantly consisting of sands, mostly resulting from the
disintegration of the granitic Precambrian basement.
Wadi: this unit corresponds to fluvial and alluvial deposits within completely dry riverbeds,
occasionally hosting the rainwater flow. They mostly consist of loose sandy and silty sediments.
The identification of the wadi riverbeds and of the related sediments can be easily performed using
the single bands or a simple ratio in gray scale.
The thirteen recognized “photo-lithological units” were used to draw a photo-lithological map of the
study area (Fig. 3).
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Figure 3: Photolitholigical map drawn from Landsat ETM+ images.

CONCLUSIONS
In this paper, some image analysis techniques were applied to a Landsat 7 ETM+ subset of the
Tindouf basin (Western Sahara), in order to discriminate and map the lithologies. In areas difficult
to reach especially due to socio-political and logistics constraints, such as Western Sahara, the
use of Landsat ETM+ can provide a particularly effective and low cost tool of rapid mapping,
thanks to the synoptic view and to the capability to distinguish the different lithologies based on
their spectral features.
The integration of pre-existing geological data and data collected during the field survey performed
in April 2011, with the analyzed satellite images in a GIS environment, allowed to reliably relate the
photo-lithological units with the available litho-stratigraphic scheme (23) for the study area.
The obtained maps will be useful to guide ground surveys for a more detailed characterization of
the mapped units and of their structural relationships, or to serve as a starting point for mineral
resources investigation.
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ABSTRACT
Images of representative clayey bare fields were chosen from a high spatial resolution
hyperspectral dataset that was acquired with the prototypal airborne Hyper SIM-GA sensor from
Selex Galileo simultaneously with ground soil spectral signatures and the collection of samples.
After both the pre-processing and calibration of the SIM-GA data, the mapping procedure was
developed using the 2-2.45 μm spectral region in which clay minerals can be spectrally detected.
The comparison between the maps derived from the interpolation of the concentrations obtained
from the traditional soil analyses and those obtained from the airborne remotely sensed images is
shown and discussed and a complete soil mapping procedure is developed
INTRODUCTION
Soils are considered by the European Commission to be a non-renewable natural resource
threatened by natural hazards and human activities (COM179/2002), such as erosion, organic
matter decline, contamination, salinisation, floods and landslides.
High resolution and accurate maps of soil properties are needed to assess and avert soil
degradation, to protect soil functions and to evolve to the sustainable exploitation and management
of soils in agricultural practice. In Italy for instance, because of the mainly hilly morphology, many
of the agricultural soils are threatened and degraded by relief modelling processes, such as
erosion and landslides, whose effects are added to the human activities.
Traditional techniques for soil mapping are usually prohibitively expensive and time consuming (1)
and mostly qualitative. For this reason, researchers are progressively turning to remote sensing
and, in particular, to reflectance spectroscopy, for the rapid and cost-effective development of
maps of geological and mineralogical features (2, 3, 4, 5). Hyperspectral imaging, or imaging
spectroscopy, combines the power of digital imaging and spectroscopy, providing a vastly
improved ability to classify the objects in the scene based on their spectral properties (6, 7, 8, 9).
The objective of this work is to develop a new complete clay content mapping procedure beginning
with high-spectral and spatial resolution imagery, by testing the new prototypal sensor SIM-GA
from Selex Galileo, working in the 350-2500 nm wavelength range The clay content is considered
to be useful to quantify the soil’s vulnerability to erosion (10,11, 12).
METHODS
The study area is located approximately 30 km north of Firenze and it extends for approximately 20
km2 to the north of the Sieve stream, the left tributary of the Arno river (Figure 1).
The out-cropping geological terrains in these zones are Pliocene-Upper Pleistocene fluviolacustrine deposits that form low-dipping lenticular beds. The landscape is typical of Tuscan
intermontane basins, with gentle hills with low-altitude moderately dipping or level surfaces of
alluvial origin, as well as fairly inclined to highly inclined slopes. The hills are subjected to both
intense massive and superficial erosive processes. The grain size of the selected parcels generally
spans from silty sand to silty clay). Agriculturally suitable terrains are assigned mainly to annual
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crops, marginally to olive groves, vineyards and orchards. Soils mostly belong to Regosols and
Cambisols orders.

Figure 1: Location of study area and overview of flight lines.
The Multisensor Hyperspectral System, produced by Selex Galileo (Hyper SIM-GA), is an
experimental modular pushbroom avionic hyperspectral imager, composed of two electro-optical
heads in the VNIR and SWIR spectral range (from 0.4 μm to 2.45 μm) and a digital acquisition
system, which acquires nadir images with a continuous spectral sampling of more than 700
channels. The SIM-GA average sampling intervals are 1.2 nm (VNIR) and 5.8 nm (SWIR). The
instantaneous field of view is 0.7 mrad in the VNIR and 1.3 mrad in the SWIR portions of the
spectrum. Spectral pixels are 512 and 256 for VNIR and SWIR, respectively.
Contemporaneously to airborne data acquisition, some of the parcels characterised by bare soils
were sampled (approximately 1.5 kg of topsoil up to 3 cm in depth), following a regular grid, for a
total of 40 samples. The positions of the samples were recorded with a differential GPS receiver
(Leica 1200, 3-4 cm spatial accuracy).
Radiometrically calibrated at-sensor radiance data for each flight line were corrected for geometric
distortions with a model-based procedure, developed in the IDL language and PARGE
(PARametric Geocoding, ReSe Applications Schäpfler and RSL, University of Zurich) software,
which exploits the inertial navigation system (INS) and differentially corrected GPS data (latitude,
longitude, height) recorded in the aircraft. The atmospheric correction was achieved using the
physically based model FLAASH (Fast Line-of-sight Atmospheric Analysis of Spectral
Hypercubes), which considers only the medium value of altitude in the image and adopts
MODTRAN (MODerate resolution TRANsmitance, from the Air Force Research Lab, Space
Vehicles Directorate, USA) codes as a model to simulate the calculation of radiative transfer
(Anderson, 1995).
About 40 quartered, crushed and sieved samples collected during the field campaign underwent
traditional laboratory analyses by means of XRD with a Rietveld refinement (13, 14), to determine
the clay minerals’ content. The dataset was split into two subsets: one was used to define the
experimental inversion procedure (training set), and the second was interpolated to obtain the
validation map of the observed clay values (validation set).
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Laboratory spectral signatures were collected using an ASD FieldSpec Pro spectrometer, provided
with an indoor illuminating set. which measures reflectance in 3-10 nm bandwidths over the 3502500 nm range. Normalisation, exclusion of noisy tales and the continuum removal were obtained
using a dedicated script, developed in Matlab (The Matworks, Natick, MA) language, which
transforms the entire spectral library into the ASCII format simultaneously.
Among the techniques used to relate soil spectral features to soil parameters, continuum removal
(15), with respect to other statistical approaches, provides more casual correlations between the
spectral features and the related amount of absorbing material (12).
All of these difficulties can be avoided by normalisation with the “convex-hull” technique (16), which
aims at eliminating the convex shape of the acquired signal and enables the relation of different
samples over the same reference (17). In this paper, normalisation was achieved through the
“convex-hull quotients” technique (15).
Clay content and mineralogy influence the SWIR portion of the spectrum (1300-2500 nm), with the
2200 absorption feature being characteristic of clays (18). The visual observation of collected ASD
spectra allowed precise positioning of clay absorption features, which were slightly modified with
respect to the literature values (19, 20, 5) into 1414, 1914 (water absorption features) and 2210
nm. Then, linear regression was used to relate the clay content to the corresponding depth values
of the absorption features.
RESULTS
The overall form of the ASD spectra are quite similar among the studied soil samples, except for
differences in albedo and a few variations in the depth values of absorption features for several
spectral features. The prevalence of illite and montmorillonite in the study area is confirmed by the
occurrence of a single symmetrical absorption feature at 2210 nm, which is diagnostic for these
minerals (Figure 2).
The amount of clay in the samples ranges from 30% to more than 65% and is 50% on average.
Montmorillonite and illite prevail, with minor amounts of kaolinite.
The elaboration of clay content maps from the SIM-GA hyperspectral images was organised in the
following steps:
1) normalisation of the spectra for each pixel of the SIM-GA image using the “continuum removal”
function of the ENVI software;
2) based on the field training set, elaboration of the absorption peak depth map at 2210 nm
through a dedicated IDL routine;
3) extraction of the absorption peak values corresponding to the actual location of each sampling
point, after averaging within a 3×3 pixel square;
4) retrieval of the correlation between the values obtained at point 3), and the related laboratory
ASD absorption peak depths at 2210, acquired from field samples;
5) inversion of the map elaborated at point 2) into a map of ASD absorption peak values, using the
regression line obtained at point 4)
6) calculation of the regression between the values extrapolated from the map obtained at point 5),
for each sampling point (averaged within a 3×3 pixel square) and the corresponding clay content
value, obtained from samples;
7) inversion of the ASD absorption peak map into a predicted clay content map, using the
regression lines calculated at point 6) for every single clay mineral and for total clay.
The maps resulting from this procedure for each of the analysed clay minerals and for the total
amount of clays are shown in Figure 2, in which brown corresponds to the higher percentages and
blue corresponds to the lower percentages. The maps of illite and of montmorillonite (Figure 2)
show a similar trend, both having a normal correlation between the concentration determined with
XRD and the absorption peak values. Lower values are clustered in the northern part of the parcel,
which is topographically more elevated, while an increasing trend towards the south (i.e., parallel to
the flow direction) can be observed for both minerals. This tendency can be interpreted as a
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normal effect due to soil erosion by rain water and the consequent removal and concentration of
finer material downhill. On the contrary, the map of kaolinite content (Figure 2) displays a
completely inverted trend, with higher concentrations located to the northern and south-eastern
parts of the field. The distribution of the total clay content closely resembles that of illite and
montmorillonite. A comparison among the maps shows that kaolinite scarcely affects the total clay
areal distribution. This may be related to two main causes: a) the very low concentrations of
kaolinite with respect to other clays, as has also been confirmed by mineralogical analysis on
samples and/or b) the scarce correlation between XRD kaolinite contents and the related
absorption peak depth values, possibly also due to the absorption feature being affected by noise
and not particularly clearly resolved.
A calibration line was calculated between the hyperspectral-predicted clay values and their
correspondent clay mineral content, observed in the sampling data set. The correlation between
the two variables is satisfactory, with a determination coefficient of R2=0.599 (Figure 2); as a
consequence, the model can explain approximately 60% of the actual variability of the clay content
in the top level of soils for the studied area.

Figure 2: Comparison between predicted hyperspectral-derived clay maps and maps obtained from
IDW interpolation of ground truth data (observed). The linear regression between clay content
predicted using SIM-GA and from the validation sampling data set is also showed. VNIR and SWIR
spectral profile comparing SIM-GA and ASD spectra and showing the main absorption features are
provided, compared to the kaolinite, illite and montmorillonite spectra from USGS spectral library.
For validation, the predicted clay content map, deduced from hyperspectral data, was compared
with the interpolated geographic distributions of the validation set clay content values (observed
soil property), obtained from the field specimens, using the IDW algorithm (Figure 2). These maps
represent the spatial variability of the ground truth data. The value ranges show a general
consistency between measured and predicted properties; the areal pattern, with a minimum
located at the northern tip of the parcel, appears similar for illite, montmorillonite and total clay
(Figure 2), except for local variations, confirming an enrichment in clays towards the valley bottom
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due to erosion. On the contrary, there is an evident mismatch between the predicted and the
observed (Figure 2) trends of kaolinite. This unsatisfactory result can be related to the low
concentrations of kaolinite in the sampled soils, which implies a reduced correlation between the
XRD kaolinite contents and the related absorption peak depth values.
The strength of all of these relationships decreases significantly when the same procedure is
applied to the SIM-GA data, as also observed by previous authors for other airborne sensors
(21,12).
CONCLUSIONS
In this work, hyperspectral imagery in the visible/near infrared spectral range from a SIM-GA
prototypal sensor is employed to map one of the most important soil properties and a complete
procedure for its easy and rapid inversion into raster clay maps is established and described.
The comparison between the hyperspectral-derived maps of clay and the correspondent IDW
interpolations of the measured clay content values demonstrates that our results are encouraging
and reliable, at least for illite, montmorillonite and total clay, whereas they should be considered
with caution in the case of kaolinite. The inconsistency of the relation between the kaolinite
observed and predicted data could be due to local factors and related to the very low concentration
of this mineral.
This method, tested for clay minerals, could be extended to a larger number of soil properties
(calcium carbonates, iron oxides, etc.), which can be directly related to the reflectance spectra (5)
and thus widely used in the future for the rapid evaluation and digital mapping of other erosionrelated soil features.
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ABSTRACT
Almost ten years of ground deformation history of Greater Cairo area has been investigated by
applying SAR Interferometric techniques to time-series of ENVISAT ASAR satellite images: it has
been the main issue of a project funded in 2010 by NATO. In particular, the application of SAR
Interferometric stacking method makes possible to pinpoint peculiar uplift spots in a centralwestern segment of the study area, the Abu Rawash folded territory, NW of Giza pyramids plain.
The research is addressed to evaluate these ground deformation anomalies within the general
framework of the known geological and tectonic setting of the area.
INTRODUCTION
Abu Rawash and its surrounding areas are located at the NE side of the Western Desert of Egypt
and just 16 km west of Cairo city and 8 km NW of Giza Pyramids. The Abu Rawash area
represents one of the most interesting structural highs that characterize the northern Egypt. The
main characteristic is a group of NE-SW trending plunging synclines and anticlines related to the
Syrian arc system of folds initiated during the Late Cretaceous due to tectonic movements. These
folds are visually the most interesting structures and display the strain effect.
The present study concerns mainly the application of SAR interferometry for detecting ground
deformation over the Abu Rawash folded area. Differential Interferometric techniques show
limitations related to land-cover dependent temporal signal decorrelation and atmospheric
propagation effects. Furthermore, the applicability of this interferometric technique depends also on
the magnitude of the deformation. A version of the conventional interferometric procedure is the
interferometric stacking that aims at combining the information from several differential
interferograms in order to extract common signals. The basic procedure is to compute linear
combinations (generally sums or averages) of interferograms. Interferogram stacking is useful in
overcoming shortcomings of conventional InSAR such as atmospheric phase screen. In this case a
set of C-band ENVISAT ASAR scenes of descending orbit was used for the analysis. The dataset
covers the period between 2003 and 2009. Initial estimates of the interferometric baselines were
calculated from available DORIS precise orbit state vectors. The topographic phase was simulated
based on SRTM V3 DEM of approximate spatial resolution of 90 m. The reference region was
selected in the area between the metro stations of El-Zahraa and Mar Girgis of Greater Cairo area
The results show a complex deformation pattern of both uplift and downlift that spatially correlate
with the direction of the fold axes in the area, as these are depicted in various geological maps.
Furthermore, the work includes, as complementary processing approach, a quantitative analysis of
the relief of Abu Rawash area based on the computation of the so-called geomorphometric code
(Poscolieri, 2010), a digital parameter which provides a clue about the morphologic setting of a
given area. It is based on the analysis of the local sloping measured taking into account the 8
nearest-neighbour values of the pixels of a raster DEM, in this case the ASTER GDEM. This allows
comparing deformation maps with morphological information and structural setting as well.
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GEOLOGICAL SETTING
In the Abu Rawash area the rocks are mainly composed of limestones and dolomites with shales
and marly intercalations. The elevated Upper Cretaceous rocks are surrounded by younger
Tertiary rocks in lowland areas. Thin Palaeocene sediments are recorded in some locations in the
southern part of Abu Rawash (2).
The Abu Rawash folded and faulted district reflects the intricate structural patterns of the NorthWestern Desert that are concealed under the younger sediments.
The area is disturbed by NE, NW and WNW normal faults, NE reverse and thrust faults, and NE,
NW and WNW strike-slip faults. The faults dissect the rock units of different age which range from
Upper Cretaceous to the Quaternary. The normal faults generally make acute angle with the
direction of displacement along the strike slip faults and perpendicular to the fold axes.
En echelon folds are visually the most spectacular features of Abu Rawash structures (Fig. 1). The
folds vary in size, form and magnitude. Furthermore, they assume different orientations and
configurations. The folds are dissected by all types of en echelon faults with different trends mainly
with NE and WNW directions (2).
Glran El Ful-Gebel El Higaf anticline
This anticline is located in the southeast part of the district. The fold is a gentle, asymmetric
anticline with a southwest plunge and the axial plane dips to the northwest direction. The southern
limb is represented by Giran El Ful and the northern limb is represented by Gebel El Hiqaf. Wadi El
Talun runs along the deeply denuded core of the anticline which forms a V-Shape depression. The
fold limbs are breached by several transverse normal faults of almost northwest direction, but with
ENE direction at the south-western part of Gebel El Hiqaf.
Sudr El Khamis syncline
The syncline is located to the WNW of Gebel El Hiqaf. The fold is a gentle syncline with a
southwest plunge direction. The syncline is asymmetric with displaced and warped axis and is
breached by some longitudinal and transverse normal faults. The syncline has been resulted from
the horizontal compression along the two intersecting strike-slip faults.
El Ghigiga anticline and the related en echelon folds
It is located to the north of Sidr El Khamis. El Ghigiga structure is a part of a major anticline
dislocated and rotated by en echelon left-stepping dextral strike-slip faults (Fig. 1). There are two
anticlines exposed on the surface beside El Ghigiga anticline. El Ghlglga forms a big circular arc
with a conspicuous culminated flat-topped surface. The anticline is asymmetric with a SW plunge
and displaced fold axis. The structure of El Ghigiga is breached in the south-western part by a
transverse overlapped right lateral strike-slip faults of NW direction causing the dislocation of the
fold axis in a dextral manner with rotation of the adjacent beds.
SAR DATA USED AND METHODOLOGY
A set of C-band ENVISAT ASAR Single Look Complex (SLC) VV-polarization scenes of a
descending mode, were used for the processing analysis. The dataset covers the period between
2003 and 2009. Initial estimates of the interferometric baselines were calculated from available
DORIS precise orbit state vectors. The topographic phase was simulated based on SRTM v3 DEM
of approximate spatial resolution of 90 m. The methodology that was applied for the study area
was Interferometric Stacking. Interferometric Stacking aims to combine the information from
several differential interferograms in order to extract common information (3,4,5). The basic
procedure involves the computation of linear combinations (generally sums or weighted averages)
of differential interferograms.
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Figure 1: Geo-tectonic sketch map of Abu Rawash area (Egypt) and its location map west of Nile
river valley
Interferogram stacking is useful in overcoming the following two shortcomings of conventional
DInSAR.
(i) Low coherency over long temporal separations and
(ii) Atmospheric influence.
Each interferogram has its own phase offset that is determined by averaging interferogram values
about the pre-selected reference region. This offset is subtracted from each differential
interferogram used in the estimation of the phase rate change. Typically, the error of the phase
rate will increase with increasing distance from the reference region as the contribution of the
phase errors due to the atmosphere and baseline error increases.
SAR DATA PROCESSING
The stacking technique (averaging of phases), calculates the stacked phase of multiple unwrapped
interferograms. In other words, it is used to estimate the linear rate of differential phase using a set
of unwrapped differential interferograms. The most basic procedure is to compute linear
combinations (generally sums or averages) of interferograms. Interferometric stacking is useful in
overcoming shortcomings of conventional InSAR like low coherence over long temporal
separations and atmospheric influence.
Implementing the stacking technique, the 38 ASAR available images were processed in order to
produce interferograms based on the Gamma interferometric software.
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The main process steps comprise the generation of co-registered SLCs, transformation of DEM to
SAR geometry, calculation of differential interferograms, unwrapping, baseline refinement,
selection of pairs to use, reference location election, filtering and unwrapping, stacking and phase
rate to velocity conversion and geocoding. The reference region is located in the area between the
Cairo metro stations of El-Zahraa and Mar Girgis.
Interferogram stacking covers a total time span of 8 yr. It was noted that the coherence of the
interferograms, independent of the acquisition time intervals, was high due to the arid environment
of the area. These interferograms were filtered using an adaptive filter (6) to reduce their noise.
All the possible combinations with baselines less than 200 m were computed (in total 84),
unwrapped and stacked in order to generate a single deformation map, with reduced errors. A first
visual interpretation was carried out in order to identify the main deformation signatures within the
study area.

Figure 2: Colour coded deformation map of Abu Rawash area, as yielded by interferometric
stacking, overlapped to Google Earth image of Greater Cairo Metropolitan Region.
Bluish/Magenta spots refer to uplift areas
PRELIMINARY INTERPRETATION OF RESULTS
In general, interpretation of the data (figure 2) shows that two different styles in terms of type of
deformation patterns can be recognized in the suburban areas of Cairo and Abu Rawash. The
suburban part of western Cairo close to Abu Rawash shows locally subsidence pattern of
deformation with maximum rate of 3.0 mm/year, while the area of Pyramids seems to be
stable. The area of Abu Rawash (figures 2 and 3) shows evidence of uplift with maximum rate of
2.5 mm/year. This area of uplift spatially coincides with the presence of the
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anticline-syncline sequence although there are not validation data to support interferometric
results that this uplift could be attributed to tectonism related to folds. In this framework, three
profiles within the displacement stacking image have been drawn along the three folds depicted in
figures 1 and 3 (see figure 4). They show that profile #2, the southernmost, connects two relative
maxima of positive displacement with a values drop in between, while profiles #1 and #3 exhibit,
moving eastwards, an almost constant increase of displacement values with a maximum of about
1.5 mm along profile #3, corresponding to a relief high. Moreover, in figure 4c a profile orthogonal
to folds paths with folds cross-over is shown.

Figure 3: Colour coded deformation map of Abu Rawash area, as yielded by interferometric
stacking, overlapped to Morphometric Code image from ASTER GDEM. Main tectonic
structures features are also shown (Red, faults; Black, folds). Bluish/Magenta spots refer
to uplift areas
GENERAL CONCLUDING REMARKS
The magnitude and the phase of a complex interferogram are referred as the degree of coherence
and interferometric phase respectively. The coherence measures the degree of correlation
between the two SAR scenes. Areas of low coherence are characterized by noisy interferometric
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phase and is a crucial parameter of fringe visibility. In arid areas even repeat-pass or stacking
interferometry processing gave very high coherence and thus excellent results independently from
temporal separation of the interferometric results. In this study we highlight that the area of Abu
Rawash, as analyzed by ENVISAT ASAR satellite data time-series, exhibits a remarkable uplift in a
broader area mostly showing stable or downlift characteristics. This scenario, where uplift areas
seem to delimit a pseudo-rectangular block, NW/SE oriented and located west of the Giza plain,
can be perhaps related to the local complex tectonic pattern, characterized by an alternate
sequence of anticlines and synclines, northwards cut by a faults system.

(a)

(b)

Figure 4: (a) traces of the three folds of Abu Rawash area (Egypt), shown in figures 1 and 3, along
which (b) displacement profiles have been drawn. Moreover, (c) a profile orthogonal to
folds paths with folds cross-over is shown
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ABSTRACT
The role of remote sensing in the identification of NNE-SSW trending strike slip fault
zones and the implications on the development of the E-W trending Messara basin in
Central Crete is examined in this paper. The examination of several tectonic and
mophotectonic criteria along with high and medium resolution remote sensing image
interpretation are leading to the conclusion that this quite recently formed basin on
the top of the hanging wall of the Southern Crete extensional detachment fault is still
evolving and the lateral slip of faults trending oblique to the Hellenic trench are very
significant. The history of this supra-detachment basin starts during Middle Miocene
only after the compressional phase of the alpine units’ nappe pile stacking has been
accomplished at the southern part of the Hellenic Arc system. The Iraklion basin,
delimitated by two nearly N-S trending fault zones, which is located to the north of
Messara and also including the area at the easternmost part of it, begins to get filled
with lacustrine sediments, during Serravallian. The eastern marginal fault zone is
almost vertical with some fault surfaces dipping to the west and has a strong left
lateral component, which is active at least since Tortonian, as this has been proved
by tectonic analysis of syn-sedimentary faults found on marine sediments, along the
faulted area. During Messinian time, left-slip displacement was relocated to the fault
system bounding the western margin of the Heraklion-Messara basin. These oblique
fault activations are causing the segmentation of the south dipping Cretan
detachment fault and the variation of the slip rates of each of the –at least– three
segments that were identified. The westernmost segment of the detachment seems
to have the highest slip rate as the largest structural omission related to the alpine
units has been detected along its trace. The continuous subsidence of the hanging
wall is boosting Messara to be formed as an individual basin trending E-W
differentiated by the Iraklion basin, the area of which is reduced and finally remained
on the footwall of the Southern Crete detachment fault. The new independent supradetachment basin is stabilizing whilst internal deformation takes place and becoming
homogenous during the Holocene as the modern topography shows. Remote
sensing image interpretation based on spectral analysis led us to high detail and
accuracy geological mapping of these major and in many cases blind structures and
eventually build the evolution model of a very complicated area at the edge of the
Hellenic trench.
INTRODUCTION
The broader area of central Crete (Figure 1) represents a particular neotectonic
structure which comprises of two separate post nappe stacking basins with different
orientations forming a uniform basin complex. In this paper we will refer to this as the
Iraklion-Messara basin complex as Iraklion basin to the north has been developed
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along the nearly N-S trend and at its southern border and adjacent to it, Messara
basin develops at an E-W trending. The latter has a quite symmetrical arrangement
at the southern part of central Crete Island and it could be misinterpreted as an
extensional graben parallel and adjacent to the Hellenic subduction zone. In a closer
look it is clear that there are quite a few deviations from the model of an ideal graben
as there are no marginal continuous faults trending E-W along either the south or the
north border. Additionally, more than half of the northern margin is ambiguous
because of the existence of the adjoined Iraklion basin covered by the same
formations with Miocene to Pliocene marine sediments. Finally, the same post-alpine
formations cover the southwestern part of Messara basin outside the supposed
neotectonic graben, a fact that leads to more questions about the real location of the
southern margin, which should be further to the south under the Libyan Sea.

Figure 1: The onshore and offshore morphology of southern Aegean. Crete is located
north of the Hellenic trench (upper figure) and the main geological structures (1,2)
are shown at the bottom figure.
It is recently published that Messara basin is a supra-detachment basin which lies on
top of the south Cretan extensional detachment (Figure 2) and therefore it has all the
characteristics to be identified as an active half graben as it is located at the active
margin of the rapidly moving southwestwards Aegean micro-plate (3,4,5). It is a
similar structure but in a much smaller scale to the Cretan Sea half graben (6) which
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lies on top of the north dipping Cretan low angle normal fault ( 7 , 8 , 9 ). This
detachment’s procedures have been completed before 15-17 Μa (10) and various
tectonic movements have disrupted the fault surface much later. In many cases the
contact has been covered and sealed by post-alpine sediments and therefore indirect
dating of the age that the movement had stopped was made (11).

Figure 2: The alpine nappe pile has been affected by two low angle normal faults (2).
Even though the discussion about detachments in the Aegean and especially in
Crete has begun for more than a decade, only few authors have published data and
their opinions about the shear zones that intersect with extensional structures. In this
paper, we present our observations at the field and after remote sensing data
interpretation, which revealed the existence of several strike slip fault zones causing
the segmentation of Crete Island, and hence the tectonic structures which were
normal to them (Figure 1, bottom). We argue that the sinistral shear zones of the
Hellenic forearc propagate across Crete to the Aegean Sea forming the eastern and
western margins of Iraklion basin and consequently leave their imprints in the supradetachment basin of Messara. The most prominent methodology seemed to be the
evaluation and categorization of several kinds of field and lab data for reconstructing
the broader onshore area, which was affected by these major structures.
REMOTE SENSING IMAGE INTERPRETATION
The data collection for tectonic analysis was based on extensive fieldwork and
detailed geological mapping of the area of central Crete. The study of the major
structures that seemed to control the Iraklion-Messara basin complex led to the
definition of key areas, which were studied in higher detail and were mapped in a
large scale. The area around Viannos village was selected because it is located at
the easternmost post-alpine sediment outcrops where several major structures seem
to intersect. Similar were the reasons for selecting the area around Ag. Varvara
village, as this location the present morphological separation of Messara from the
Iraklion contemporary basin exists. The third key area is located at the westernmost
part of Asteroussia Mountain chain, around Matala village where relatively broad
outcrops of Miocene sediments have been mapped even though they seem to be
located out of the strict contemporary Messara basin. Within all the above mentioned
areas the marks of recent tectonic disruptions are clear, since block tilting,
unconformities and syn-sedimentary tectonism are observed in various scales. The
tectonic and statistical analysis of the collected fault data has been performed with
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software containing processing algorithms, which are based on published
methodologies about structural tectonics. The large amount of the field data needed
to be organized and categorized, thus a geo-database in a high end geographic
information system had to be designed and constructed.
Remote sensing data proved to be very useful especially after digital interpretation in
different levels. Several images were produced, especially by using spectral band
combinations as well as spectral ratios aiming to a clear and precise outcrop
imaging. The combination of various remote sensing data with different spectral and
spatial resolution by merging them to a single fused dataset was very significant as
this gave the opportunity to work in various scales. A high-resolution digital elevation
model was generated and used for the three dimensional representation of the areas
of interest giving different choices of observation, especially at places with
problematic approach.
The remote sensing data used at the easternmost margin of Iraklion-Messara basin
consisted of a SPOT-4 multispectral dataset (20m resolution) and a pan-sharpened
Ikonos-2 (1m resolution). A large number of band ratios were applied at both
datasets, as well as band combinations in order to understand if there is a visible
strike slip component on the marginal fault zone of the supra-detachment basin. The
main points of interest were at the broader areas of the sites, where field data
revealed such tectonic movements. After the image interpretation, it became more
than clear that oblique faults with significant sinistral component have been activated
at this marginal area of the basin and this was also confirmed by fieldwork. Particular
structures on the surface were observed being offset by linear features trending
NNE-SSW (Figure 3). These structures are highly related to E-W trending faults
antithetic to the major structure of south dipping detachment. The strike slip faulting
has affected the late Miocene lacustrine and marine sediments that outcrop at this
area and therefore the tectonic movement should be placed much later, possibly
during or after Pliocene.

Figure 3: Image samples of various resolution from Viannos area, which were
interpreted and led to the existence of a significant left lateral movement component
along the easternmost marginal fault zone of central Crete.
Similar structures have been identified at the westernmost margin of the Iraklion
basin, but at the footwall of the south dipping Cretan detachment. The remote
sensing data used consisted of a SPOT-4 multispectral dataset (20m resolution). At
this specific area the outcrops comprise mainly of alpine basement rocks (flysch,
carbonates) and therefore the image interpretation was much easier. Band ratios
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were also applied and several pseudo-chromatic images were produced.
Additionally, a large number of lineations were identified trending either NNE-SSW or
E-W. A sinistral sense of movement was clear in this area as well (Figure 4). The
detachment fault zone seems to be affected as its trace has been offset with a
significant left lateral component. It is a major structure that seems to begin at the
northern coastal area of the island and it is very possible that it continues offshore.
The southern wards prolongation of the fault zone affects the supra detachment
basin of Messara, by dividing it in two subareas and several branches can be
identified at the E-W trending mountain chain of Asteroussia, which bounds the basin
to the south.

Figure 4: The key area of Ag. Varvara, where sinistral strike slip movements were
identified by remote sensing data interpretation and verified after extensive fieldwork.
That is the exact location of the next area that is studied in this paper, just east of
Matala village. The remote sensing data used at the westernmost margin of IraklionMessara basin consisted of a SPOT-4 multispectral dataset (20m resolution) and a
pan-sharpened Ikonos-2 (1m resolution). The high spatial resolution of Ikonos-2
images enabled us to identify step like structures at the northern foot of Asteroussia
mountain chain, which are compatible with left lateral strike slip movement (Figure 5).
It is rather clear by the scalar outcrops of the basement rocks and the recent
sediments of the basin but also by linear features that were identified on the images
that a major sinistral structure has affected this part of the island, as well.
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Figure 5: Step like structures compatible with left lateral strike slip movement.
DISCUSSION
The tectonic framework that has been described implies a continuously developing
tectonic regime, taking place at the southern edge of the Hellenic island arc, which
can be also identified in remote sensing images before proving it through fieldwork.
Crete Island has a unique geo-tectonic position on this island arc and the complexity
of the tectonic structures reveals an active environment throughout the entire postnappe stacking period till present. Thus, in a clearly strong E-W trending structure
(Messara), a lot of NE-SW and NW-SE trending structures seem to co-exist, which
can be identified in remote sensing images and studied in a bigger scale, as they are
segmented and buried under the recent sediments of the supra-detachment basin.
The existence of these conjugant structures is associated to the geodynamic
evolution of the bending island arc and could be mapped more or less throughout the
Messara basin and is highly related to the post-alpine period. The overall bending of
the Hellenic trench which has followed the southwestward movement of the Aegean
micro-plate during late Miocene was the main reason for the development of a
dominating trans-tension stress field at this segment of the island arc. Both of the
conjugant structures were active but on central Crete a strong left lateral component
is observed even though the main stress field remains extensional. The stress field
changes, which were derived by extensive fieldwork and various interpretations, refer
to the dominating component during every time period and not to an entire alteration
of the stress axis. The nearly N-S trending extension is imprinted on the fault blocks
and between their boundaries which are delineated by the large shear zones that
also disrupt the margins of the overriding plate.
It is clear that the contemporary Messara basin is operating in its present shape
since Pleistocene and is not a typical symmetrical E-W trending neotectonic graben
with parallel marginal fault zones bounding the post-alpine formations. On the
contrary it can be separated by a transversal NNE-SSW trending shear zone which
among others it causes tectonic block rearrangement and disturbs the river network
by dividing the pre-existing single watershed into two independent catchments
flowing to the east (Anapodaris) and flowing to the west (Geropotamos) (12). The
westernmost has an active north margin dipping to the south, which is the western
segment of south dipping Cretan low angle normal fault (Figure 6). The easternmost
has an active south margin dipping north which is a segmented fault zone, antithetic
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to the eastern segment of the detachment, with en-echelon arrangement of the fault
traces, probably because of the implications of the left lateral strike slip transversal
structure. At the eastern area the most active structures are the north dipping normal
fault zones that are causing the uplift of the east Asteroussia Mountain chain. This
continuous and rapid uplift of its morphology contributes to intense incision and
generation of several gorges normal to the Libyan Sea coastline.

Figure 5: Block diagram of central Crete showing the main fault blocks, which have
been created by the generation of the south dipping Cretan detachment and its
segmentation by the NNE-SSW trending left lateral strike slip zones.
The most active area along Messara basin seems to be the one that lies on the
western fault block of the strike slip shear zone. The dominating structure is the
Cretan detachment’s westernmost segment and the hanging wall seem to tilt towards
north as its northern area subsides with relatively high rates, sliding on the low angle
fault surface. The eastern margin of this fault block is located at the projection of the
western margin of Iraklion basin in Messara and crosscuts Asteroussia at its western
part, along the previously described shear zone. The left slip along this zone seems
to be rather active as it still hosts micro-earthquakes with significant strike slip
component, which is proved by the interpretation of micro-seismicity data collected at
the mid 1990’s (13).
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ABSTRACT
During the last 50 years, the Western Attica region presented a huge demographic and economic
development. As a large part of the Greek economy is concentrated there, the mitigation of natural
hazards related to tectonic structures is of major importance; the identification and mapping of
such structures can therefore contribute significantly to hazard prevention. Landsat ETM+ images,
topographic and geologic 1:50000 scale maps of the area were used in order to produce a
lineament map. Principal component analysis, Band Ratios and false color composites using the
freeware Multispec software, provided the final images. Terrain and morphometric analyses in GIS
environment were used to provide ancillary data.
Lineaments were identified as faults in cases of lateral displacements detected and with in situ
investigation where possible. Especially in the area of Salamis island, lineaments interpreted as
faults as compared to available previous geologic research results were found to fully coincide.
Lineament orientations in the wider area, showed a considerable coincidence with the existing fault
trends.
As resulted, major lineaments trending E-W and N-S that run through the area were detected as
well as were smaller ones trending NE-SW and NW-SE. Some of them were identified as faults
whilst others as fractures that should be further investigated as they run through densely vegetated
areas or are partly covered by recent sediments. In any case, their great extent is indicative of their
tectonic significance.
Keywords: lineament detection, tectonic mapping, remote sensing, band ratios, Salamina island
INTRODUCTION
The island of Salamis (fig.1) is a part of the region of West Attica which presented during the past
decades a huge demographic and economic development. As a large part of the Greek economy
is concentrated in the wider area, the mitigation of natural hazards related to tectonic structures is
of major importance; the identification and mapping of such structures can therefore contribute
significantly to hazard prevention. For that reason, research regarding the tectonic regime of the
area has been extensive (1), (2), (3), (4), (5), (6), (7) & (8) and led to the location and identification
of a number of tectonic structures both in land and in Saronikos gulf.
As a large part of the area is covered by cultivated land or is densely vegetated thus making the in
situ fault detection and mapping difficult or sometimes impossible, an effort has been made to use
spectral responses from surface materials in order to map lineaments and try to identify those of a
tectonic origin. Within this context, techniques that maximized the spectral response difference of
surface materials were used, producing colour images of the area. Lineaments were at first
detected using colour images created from band ratio combinations as the [BR4/3 X BR7/4] and
then were drawn using ordinary FCCs including the (R-G-B) 7-3-1 and 5-3-1. Lineaments drawn
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were then compared to topographic maps for discriminating anthropogenic features and defining
the hydrologic network as well as to geologic maps and previous research data in order to verify
their tectonic origin.
As during the past years an extensive and thorough field work had been done in Salamis island (6)
& (7), geologic and tectonic data were readily available so the island was selected as the test area
for the evaluation of the methodological approach. At the last stage, the methodology was applied
for the whole island in order to provide an updated lineament map that can be used as a basis for
further geological investigation in order to further investigate the tectonic regime of the area.

THE TECTONIC REGIME
Salamis is the biggest islands of Saronic Gulf and it’s located near Pireaus (figure 1).

Figure 1. The neotectonic structures of Salamis Island and the main marginal faults - fault zones,
as well as some of the significant smaller faults. On the map can be seen the kinematics of the
macro-structures, together with the most important morhotectonic features. Modified from (6, 7).
Geology and tectonism of the island have been thoroughly examined in the past. The island coast
(9), the straight between Salamis and Perama (10) & (11) and even the Saronikos Gulf submarine
tectonic regime (1) & (2) were investigated. A more recent investigation (7) revealed that from a
structural point of view the island is built by six neo-tectonic macrostructures of the first order in
regional scale. These neo-tectonic macrostructures are separated by fault zones striking E-W and
NE-SW with an E-W general macro-structure direction. Smaller tectonic grabens and horsts are
formed in the internal parts of those macro-structures with a parallel or sometimes even
perpendicular direction. Those smaller structures are separated by minor faults. Most of the faults
that intersect the Alpine formations are normal faults striking N-S, whereas the most important –
the ones that delineate the plain limits present an E-W direction of strike.
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LINEAMENT DETECTION & INTERPRETATION
Lineaments are usually linear features delineated by differences in the spectral response among
various surface materials. As lineaments in satellite images occur due to various natural and
anthropogenic reasons, lineament uncertainty is largely associated to their interpretation; so their
origin tectonic or not has to be proven by field work or inferred by using other auxiliary data.
Lineaments’ geologic significance is difficult to define as they sometimes coincide with mapped
faults but most of the time, they do not correspond to an observable physical feature. On the other
hand, faults and fracture zones are difficult to map in situ especially in densely vegetated areas
and moreover, all faults are not expressed topographically nor they always reach ground surface.
Lithological contacts that emerge as intersection of bedding and topography can also provide linear
features in images. In these cases, rose diagrams that relate the lineament analysis results to the
tectonic history of the area (12) can help evaluate the interpretation results.
Various methods and aspects of lineament tracing and analysis have been described by
researchers including filtering operations (13), (14), (15), the use of Principal Component Analysis
(16), (17), the use of spectral band rationing (18) and the creation of False Colour Composites
through the use of band combinations.
Tectonic features’ outcrops are often related to morphological lineaments (19) and there are many
specific landforms associated with faults and fault scarps. As faults sometimes present abrupt
morphological changes, they can be expressed as lineaments in slope gradient (20) and in
curvature (convexity) maps at regional scales (21) & (22).
A number of TM bands and band ratios have been suggested to map geologic and tectonic
features (23), (24) and mineralogical differences (25) & (26). Band ratioing has also been used to
produce a much greater contrast between geologic formations. Various band ratios have been
proposed for mapping maffic and ultramaffic rocks; TM5/1, TM4/5, TM5/3 and TM5/7, TM 7/4 for
argillites, serpentinite and alteration zones (27) & (28). Colour composites TM5/7-5/4-3/1 as the
mineral composite (27), TM3/1-4/3-5/7 to identify altered zones (28), (29) and principal
components PC4-PC3-PC2 and PC1-PC2-PC3 to delineate lithology (30).
Band ratio-ing has also been used to map faults but it is a subjective procedure as there is no
standard rationale for deciding what ratios to take into consideration. The decision in such a case,
can be supported by considering the case of an existing fault. A fault may provide a zone where
moisture concentrates and vegetation grows faster and is more vigorous especially during
summer. A fault is also related to accelerated mineral alteration and to the accumulation of clay
minerals. The combination of the aforementioned parameters can provide the basis for band
selection; so band ratios (BR) that highlight alteration zones, vegetation and clay minerals can be
created.
Having said that, the short wave infrared band (band 5 for Landsat) is sensitive to variations in
water content for leafy vegetation as well as soil moisture and it can also enhance variations in
ferric iron (Fe2O3) content in rocks and soils. When vegetation has a relative higher moisture
content, the reflection from band 5 will be relatively lower thus the BR 5/4 will be relatively low (31)
in such areas. The same stands for the BR 7/4. Moreover, as band 7 is sensitive to variations in
moisture content especially in hydrous minerals in geologic formations such as clays, the BR 7/4
can be used to detect such formations and also to discriminate various rock and mineral types
(31).
As vegetation exhibits higher reflectance in the near IR region (0.76 -0.90u m) and strong
absorption in red region (0.63-0.69u m), the BR 4/3 can be used to detect the vigorousness of
vegetation. Based on the above we may assume that arithmetic functions (especially multiplication
and division) among the aforementioned band ratios may provide indications of the presence of
fractured zones.
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MATERIALS & METHODS
Lineament identification and interpretation was carried out in the following steps:


Image enhancement and processing, including principal component analysis, False Color
Composite (FCC) creation and Band ratio-ing.



Digital Elevation data processing, including DEM, slope, aspect, shaded relief and
curvature map construction.



A set of procedures to interpret lineaments as faults including:



o

comparison to the existing road network so that roads would be discarded.

o

Drainage network examination for abrupt shifts related to lineaments.

o

Geologic contact’s shift detection.

o

Triangular facet detection placed along lineament strike, a geomorphic feature
related to normal faulting.

Lineament comparison to existing Geologic Maps and previous research results in order to
evaluate the interpretation results.

Multispec (32) was used for the image processing and analysis and ArcGIS v.9.3 was used as the
GIS platform for data fusion, inspection and map production.
A part of ETM+ scene 183/34 (date 10/01/2005) was used to produce a number of False Colour
Composites (FCCs) including (R-G-B) 7-4-1, 4-5-3, 5-3-1and 7-3-1. Band ratios (BR) as 5/7, 3/1
that have been used (33), (34), to show alteration zones with Fe and Clay minerals and BR 7/4 and
BR 5/4 that have been proposed for ferrous oxide detection (31), (35), (36), (37) were used in
order to enhance alteration related fracture zones. Band ratio BR 4/3 depicting vegetation
vigorousness and vegetation indices (NDVI, SAVI) were also calculated.
Principal Component transformation of the six reflective bands was carried out (table 1) producing
the relative principal components.
As expected, PC1 with 89.72% variance and data from all bands used, contains significant albedo
and topographic information. Albedo and topographic information tends to reduce when moving to
the next components, so PC3 and PC4 seem to provide more valuable spectral information
regarding lineaments corresponding to fractures and faults whereas extensive presence of noise
renders PC5 and PC6 almost useless.
An FCC was created using PC3, PC4 and ETM+ band 7 which contains geologic information and
can be effectively used for geologic investigations.
IGME (39) geologic and tectonic maps were digitized. A DEM was created, based on digitized
topographic maps at a scale of 1:50000 with additional elevation points in order to improve DEM’s
accuracy. Slope and Curvature raster maps were created with a 30x30m pixel size, using ArcGIS
v.9.3 embedded routines.
Lineament Mapping
As lineament detection and interpretation has been a controversial issue over the years, a
conservative approach was adopted regarding both lineament delineation and interpretation.
Based on the assumption that a fault is related to vegetation vigorousness and the presence of an
alteration zone including clay minerals, images based on calculations as BR(4/3)x(BR7/4) and
(BR5/4)xBR(7/4)xNDVI were produced in order to help detect where vegetation and alteration
related linear features coincided. These images were contrast enhanced using histogram
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equalization and a palette with the greatest possible number of colours was assigned to them so
that even the smallest possible colour variations could be visually identified. Comparison of these
images with the already mapped faults showed a considerable coincidence with most of the
mapped faults falling exactly on abrupt colour changes with linear or co-linear shape (figure 2).

Figure 2. Arrows (left) indicate abrupt colour change in place of the respective (right) lineament on
the BR4/4xBR7/4 image (top) and on the ETM+ (5-3-1) false colour composite (bottom). Mapped
faults presented in IGME maps are shown as black lines where those mapped by Theocharis et. al.
as purple ones. The white arrows indicate the position of N-S trending lineaments that may
correspond to fracture zones as yet unmapped.
During the visual inspection and the subsequent lineament delineation, this image was used as a
“guide” for a first detection of possible lineaments. At the next stage, lineaments were identified
and drawn using in a sequence all of the FCCs created. Lineaments drawn were then compared to
the road network and other man made features and those that coincided were discarded.
Special attention was given to geologic contact’s geometry as related to lineaments because it
often reveals the presence of faults and sometimes, even the block displacement can be detected
as was the case during the interpretation procedure.
As erosion causes significant changes in morphology thus altering or eliminating the characteristic
landforms of tectonic activity, the curvature maps were only used to enhance FCC image
interpretation findings so lineament detection depended solely on FCC image interpretation. In any
case, lineaments drawn were checked for coincidence with curvature irregularities.
Lineaments drawn (Figure 3) were interpreted as faults based on detectable geologic contact’s
displacements while others were identified through existing field work. Some of them, as compared
to previous research results were found to coincide with mapped tectonic structures. In fact, more
than 70% of the faults reported by previous research and existing maps were identified in this
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process. Some of the lineaments appeared as extensions of those already mapped features while
others were previously unmapped.

Figure 3. Final lineament map of Salamina island.
The final lineament map was used to evaluate lineament orientation and length related statistical
parameters (figure 4).

Figure 4. Lineament orientations. Lineament classification is based on their extend (prominence). It
seems that the most prominent lineaments are trending E-W whereas the shorter ones have a NWSE orientation.
CONCLUSIONS
Lineament detection and mapping can be highly supported by the use of colour images made from
combination of band ratios that enhance fault or fracture related surface features as the Band
Ratios BR4/3, BR5/4, BR7/4. The colour images made; BR4/3xBR7/4 and BR5/4xBR7/4xNDVI;
showed linear limits of abrupt colour change that coincided considerably with already mapped
faults. The use of these images as guides can greatly help in delineating lineaments using
additional False Colour Composites as the (R-G-B) 7-3-1, 5-3-1 and 7-PC3-PC4.
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The methodology used to create the island of Salamina lineament map as compared to existing
geologic and tectonic maps, agrees with most of the known tectonic structures in the area; a fact
indicative of the final result’s credibility.
The lineament map produced for the island of Salamina is proposed as a basis for further
investigation, as extensive field work is needed in order to verify the tectonic origin of at least the
most prominent lineaments.
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ABSTRACT
The present study focuses on the region south of the Psiloritis massif, particularly on the
Pleistocene Tympaki basin, where young and well-expressed morphostructural features are widely
distributed. A large number of surface faults underline the essential input of intense tectonic activity
on both the surface itself and the landscape evolution. Furthermore, the area of investigation is
mainly covered by well preserved remnants of Late Pliocene to Pleistocene deposits.
A multidisciplinary approach is used to investigate the structure of the study area. Topographic
data, geological, tectonic information and fault plane solution data are combined to identify the
main tectonic features, correlating the evolution of these latter features with the main sedimentary
sequences recognized in the study area.
GIS techniques were used for mapping the various topographic, geological and tectonic features of
the study area. Especially, digital elevation models (DEMs) are applied for measuring dip and
strike of known faults. However the use of indicated methods of DEMs analysis without geological
data does not permit us to determine fault morphology. The above methodology was proved
successful to examine the near-surface crustal deformation in the wide area of Tympaki basin. The
area south of the Psiloritis massif has been earlier interpreted as a simple E–W trending graben
system. However, the results of the present work in combination with previous studies reveal a
more complex situation for the area of Tympaki basin.
INTRODUCTION
Crete (Fig. 1) is situated in the outermost apex of the outer-arc in the Aegean-African subduction
system, affected by N-S and E-W stretching, forming a complex mosaic of fault blocks and
associated late Miocene and younger sedimentary basins (Meulenkamp et al., 1988; van
Hinsbergen and Meulenkamp, 2006; Kokinou and Kamberis, 2009; Kokinou et al., 2012). The
topography of Crete is characterized by a highly mountainous landscape suggesting rather young
and rapid uplift. A fast rise of the island is also indicated by Neogene marine deposits of middle
Miocene to early late Pliocene age that have been uplifted up to several hundreds of meters above
the present sea-level (Meulenkamp et al., 1988, 1994). A large number of surface faults underline
the essential input of intense tectonic activity on both the surface itself and the landscape evolution
(Bonnefont, 1977; Angelier, 1979).
Both extensional and compressional stresses are present in the area, resulting in complex fault
tectonics characterized by important horizontal and vertical movements (Comninakis and
Papazachos, 1980; Delibasis et al., 1982). The focal mechanisms of shallow earthquakes (h<60
km) indicate an extensional stress field trending NE–SW and NW–SE. Shaw and Jackson (2010),
based on focal mechanisms and GPS velocities, showed that Nubia-Aegean convergence is
accommodated by shallowly dipping thrust faulting along the subduction interface, as well as by
steeper splay faults in the overriding material.
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Figure 1 Map showing the bathymetry of the Cretan and Libyans Seas, surrounding the island of
Crete as well the onshore topography (GMT system, Wessel and Smith, 1998).
Two major successions are distinguished, the pre-Neogene and the Neogene successions. The
pre-Neogene succession ((Fig. 2) consists of a pile of non-metamorphosed rocks (Upper
Sequence), which overlays metamorphic units (Lower Sequence). The Lower Sequence comprises
the Phyllite-Quarzite Unit, the Tripali Series and parautochtonous rocks of the Plattenkalk series.
Sedimentation has occurred on Crete since the Miocene. Meulenkamp et al. (1979) divided strata
on Crete in six formations (Prina, Tefeli, Vrisses, Hellenikon, Finikia, Agia Galini) and the
undifferentiated Pleistocene.

Figure 2 Sketch showing the distribution of the pre-Neogene Hellenic nappes (a) on the island of
Crete (b). A non-metamorphic succession reaching 10 km in thickness overlies the metamorphic
sequence of the Plattenkalk Series and Phyllite-Quatzite (PQ) Unit. 1, parauthochtonous
Plattenkalk Series (Ionian zone: Ida Sequence) characterized by HP-LT metamorphism; 2, Tripali
Series, white stromatolitic dolomite and limestones metamorphosed at HP-LT conditions; 3,
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Phyllite-Quartzite Series, showing HP-LT metamorphism; 4, Tripolitza Limestone Series, a dark
limestone unit part of the Gavrovo-Tripolitza Zone and Eocene flysch; 5, Pindos-Ethias Series,
comprising deep-water limestones, chert and shales; 6, Asterousia and ultramafic (UM) series,
comprising systems of ophiolites, limestones and flysch units, locally intruded by granitic to
granodoioritic rocks (Asterousia) and metabsalts, andesite and peridotites (UM). Modified from
Kilias et al. (1985) and Postma et al. (1993).
The present work aimed towards a better understanding of the complex geological conditions and
the structural pattern of the Tympaki basin (Fig.1) located in the south-western part of the
Heraklion perfecture. The digital terrain model (1:5000), structural elements, available focal
mechanisms, and stratigraphy data were combined in a GIS. GIS enabled not only the easy
visualization of the results but it also contributed to the spatial analysis and correlation among the
various geological features.
METHODOLOGY
Geological data
Two tectonic grabens dominate the central Crete region on shore, the Heraklion to the north and
the Messara in the southwest. The Heraklion graben is bounded by the Ida mountain in the west
and the Dictea mountain to the east, along the Malevizi and Kasteli fault zones, respectively
(Angelier, 1979; Fytrolakis, 1980; Delibasis et al., 1982). Both fault zones have an average NE–
SW direction, with the Malevizi fault zone being more distinctly emphasized by the topography of
the Ida mountain. The Messara graben is bounded by the Ida mountain in the north and the
Asteroussia range to the south along two E–W-trending fault zones. A third important graben
structure can be identified in the offshore area south of the island, defined by a series of E–Wtrending faults (Seismotectonic Map of Greece, 1:500000, IGME, 1989).
The Neogene deposits of Heraklion perfecture overlie basement rocks of the Upper Nappes
(Gavrovo-Tripolis, Pindos and the heterogeneous Uppermost Unit). The Upper Nappes (Fig.2) in
the Psiloritis and Dikti Mts. are separated from the HP-LT metamorphic rocks of the Lower Nappes
(parautochtone Plattenkalk and Phyllite-Quarzite units) by the Cretan detachment (Zachariasse et
al., 2011). This fault (or faults) is in many places exposed with a sense of shear either to both S
and N (Kilias et al., 1994; Fassoulas, 1999; Papanikolaou and Vassilakis, 2010), or dominantly topto the north (Jolivet et al., 1996).
According to previous geologic and seismotectonic studies (Le Pichon and Angelier, 1979; ten
Veen and Meijer, 1998; Delibasis et al., 1999) the following successive fault groups-generations
could be distinguished on Central Crete. The first group represents E-W trending faults, mainly
cutting the basement rocks or bound basement rocks and Miocene sediments. The second group
consists of large and moderate-scale N-S striking faults, cutting the previous mentioned group. The
third and fourth group comprises faults striking NE-SW and NW-SE, respectively, which appear to
be the youngest faults occurring on Crete Island. Recently, Bohnhoff et al. (2005) analyzed 43
events (with magnitudes up to M = 4.4) for the study area, most of them occurred in Messara plain
down to 20 Km depth. Rose diagrams of the analyzed events seem to be consistent with the
tectonic features depicted for the Messara plain. P-T axes (see Fig. 5 in Bohnhoff et al., 2005)
mostly exhibit NW-SE to NW-SE trends.
Geographic Information System (GIS)
Digitization techniques and GIS were applied for mapping representation of the data. The digital
elevation model was created by the digitization of the topographic map contours (1:5000 scale
maps), while the cell size of the digital elevation model was 4 m. A spatial database was created,
and ArcGIS 9.3 software was used to process the collected data. This study was carried out using
topographic maps of a scale of 1:5000, published by the Hellenic Army Geographical Service
(H.A.G.S.). A Digital Elevation Model (DEM) was created by digitizing the contours with 5 m
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intervals and trigonometric points of the above mentioned topographic maps. The slope and aspect
maps were derived from the DEM. Slopes were grouped in eight classes: (i) 0 – 10o (ii) 11 – 20o,
(iii) 21 – 30o, (iv) 31 – 40o, (v) 41 – 50o (vi) 51 – 60o (vii) 61 – 70o (viii) > 70o, while the aspect map
presents ten classes. The geological map (Fig. 3) of the study area was created, based on the
existing geological map (IGME, 1:50,000) and field observations (Fig. 4).

Figure 3 Geological map of the study area.
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Figure 4 Photos from the study area, showing geological features discussed in the text .
RESULTS
The Pleistocene basin of Tymbaki has been filled with alluvial fan and alluvial river deposits (Fig.3)
since accelerated subsidence started in Early (or even Middle) Pleistocene time (Peterek and
Schwarze, 2004). These deposits (Q, al in Fig.3) are separated to the north from the Pre-Neogene
sediments (fo in Fig.3) by the ENE-WSW striking Klima fault (Fig.4). The eastern part of this basin
is covered by Late Pleistocene low-sloping alluvial fans. These alluvial fans are separated from the
Late Pliocene-Pleistocene sediments (Pl-Pt) of Kissos AGF-complex (Peterek and Schwarze,
2004) by the NW–SE-trending Kardiotissa fault (Fig.4). The southern border fault of the Tymbaki
basin, the ENE-WSW striking Agia Triada fault, is one of the high interested faults within the
studied area due to its significant recent (post-Minoan) activity. The very young age of both the
river terrace and the faulting is given by Minoan or even younger ceramics deposited within the
fluvial sediments of the faulted terrace (Fytrolakis et al., 2003; Peterek and Schwarze, 2004). As
indicated by a 1–2.5m high fault scarp, which gradually decreases towards the southwest,
movement along the Agia Triada fault has vertically offset a Holocene fluvial terrace of the
Geropotamos River (Peterek and Schwarze, 2004). The fault plane solution, shown in Figure 5
(Delibasis et al., 1999), also confirms the activity of Agia Triada fault .
Figure 5 presents the elevation model (0-595m) along with the main normal faults which define the
study area. The focal mechanism near Agia Triada fault is according to Delibassis et al. (1999).
The same faults are also superimposed in the slope and aspect maps shown in Figures 6 and 7. It
is obvious that steep slopes (Fig.6) are observed at both sides of the faults especially in the fault
segments near to Tympaki basin. Additionally a sudden change in the orientation of the surface
features (Fig.7) is clearly seen for the ENE-WSW striking Klima and Agia Triada faults but not for
Kardiotissa fault.
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CONCLUSIONS
Morphological analysis of topographic features is often used for tectonic and structural studies.
Digital elevation models (DEMs) and DEM analysis methods are used for fault recognition as about
90% of fault geomorphic indices can be defined quantitatively (Schowengerdt and Glass, 1983).
There are techniques of perspective views, thalwegs revealing, landsurface gradient and aspect
mapping (Onorati et al., 1992), reflectance. Derivative maps (gradient, aspect, curvature),
extracted from DEMs, are applied for measuring dip and strike of known faults.
In the present study, the fault scarps of the well known Klima, Kardiotissa and Agia Triada fault
present steep slopes but only the Klima and Agia Triada faults show the same aspect parallel to
the fault trace. At this point we have to refer that not only fractures and faults present linear
topographic expressions. Lithological contacts and intersection of bedding and topography, glacial
features and wind erosion may also appear as lineaments in the derivative maps extracted from
DEMs. So the use of indicated methods of DEMs analysis without geological data does not permit
us to determine the fault morphology.

Figure 5 Elevation map superimposed by the main normal faults limited the study area. Focal
mechanism from Delibassis et al. (1999).

130

Kokinou Eleni, Markos Alexandros and Konstantinidou Sofia: A multidisciplinary approach of the geotectonic
structure in the Tympaki basin (South-Central Crete, Greece)

.
Figure 6 Slope map (o) of the study area.

Figure 7 Aspect map of the study area.
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ABSTRACT
The river Odiel runs through the Iberian Pyrite Belt (SW Spain), hosting numerous massive
sulphide ore deposits, which have been mined for 5000 years. Extensive mine waste exposed to
the atmosphere includes pyrite and other metallic sulphides, releasing sulphuric acid to running
water lowering its pH, and spreading heavy metals to the environment. The pyrite weathering
products flow dissolved in running acid waters and precipitate over the river sediments as
ephemeral iron-bearing sulphate crusts and efflorescences under restricted water pH ranges.
Dissolution and reprecipitation events rely on water availability in the atmosphere in locations
controlled by river geomorphology. Visible and near infrared imaging spectroscopy are used in this
study as an efficient tool to study temporal changes in rapidly changing geological environments.
Hymap data provides high spatial and spectral resolution data. Hymap airborne hyperspectral data
flown in 2005, 2008 and 2009 are mapped using a sequence of algorithms to display spatial,
temporal and chemical changes in the patterns of pyrite weathering products. The climate control
in the geochemical evolution of pyrite weathering products is shown by the extensive oxidation of
coatings over riverbars after dry and warm years, receding after heavy rainfalls and flooding
episodes. Minor river geomorphology is the main control in the development of oxidized or
hydrated minerals in the riverpath. The clear relationship between the sequence of oxidation of
pyrite weathering products, geomorphology and climate through time using hyperspectral data,
provides valuable information in regional water quality monitoring.
INTRODUCTION
The River Odiel (Huelva, southwest Spain) runs through the Iberian Pyrite Belt, a wide geological
unit within the Hesperian Massif hosting massive sulphide deposits exploited along 5000 years
(Figure 1). Pyrite is abundant both on mine waste and rock outcrops, and acid mine drainage is
present in most of the water flows in the region (1). The present work focuses on the study of
temporal changes of contaminating substances along the river Odiel through their spectral
responses with hyperspectral data. The spectral relationships with river micromorphology, river
sediments and enhanced contamination spots are the targets to design a reliable monitoring
system.
The Odiel River flows across various strata in a low sinuosity channel controlled by floodplain
lithology. The general flow path is linear with minor deviations when crossing more competent rock
layers. Depositional bars develop along the length of the river, increasing in size downstream. This
river can be considered a bedload transport stream with low sinuosity but considerable lateral
mobility. The channels shift into different paths, resulting in braided side channels separated by
sand and gravel bars. In the furthest downstream reaches, immediately before the estuarine
marshes, the banks tend to be steeper and the braided bars demonstrate a systematically
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decreasing grain size on the sediment pattern. In the lower reaches of the river, tides move salt
water in and out of the estuarine segments.
The River Odiel receives contaminated water from numerous mine sites in the basin. The
hydrochemical and mineralogical acid mine drainage processes vary depending on the season, the
contamination level and the location on the basin (2,3,1). The concentration of heavy metals
increases during the dry season and decreases during the wet season as a general trend.
However there is an increase in the concentration of some elements on the lower part of the river
immediately after the first intense rains (1).
Climate has a strong influence in the geochemical evolution of the secondary minerals present on
the river flow path. The regional climate follows a Mediterranean trend smoothed by the influence
of the Atlantic Ocean (4). The yearly precipitation regime in Huelva consists of intense and short
rain events in autumn, relatively dry winters and dry spring and summer (Figure 2) (5). Low
precipitation rate defines a semi-arid climate with permanently low water table.
Dry climatic conditions causes an intense evaporation of waters and the precipitation as crusts and
efflorescences of the dissolved sulphates that the river carries. They precipitate over the river
sediments and start a continuous oxidation during the winter, spring and summer, following a well
known mineral sequence (6). These crusts get dissolved during the rainfalls of the next
hydrological year, repeating the cycle of dissolution, precipitation and oxidation. The mineralogy of
crusts and efflorescences precipitating out of acid mine waters should respond to such climate
changes. Therefore, main attention has been focused on the spectral features that reveal the
changes in the oxidation and hydratation degree of the coatings over river sediments.

Figure 1. River basin of the river Odiel, with enhanced contaminated parts (in 1).
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Figure 2. Precipitation and temperature records during the time span previous to the imagery used
in the study (data provided by the Spanish Weather Survey).
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METHODS
This work is based on imaging spectroscopy using reference mineral spectral libraries, which is an
efficient tool for geological research and environmental evaluation on mine wastes (7). It also
enables a quick mineralogical analysis of ephemeral and thin crusts and the study of inaccessible
surfaces (8).
Pyrite oxidation products were mapped on river sediments with historic Hymap data using
reference spectral library developed in the laboratory (9,10). The observed mineralogical changes
associated to the underlying microgeomorphology suggest short term climate variability following
seasonal and annual climate change (11,12). The fluvial sediments of the river Odiel have drawn
special attention due to the numerous acid mine spills in almost all the flow path (13). Several
study sites were selected from hyperspectral historical data (11,12) to sample and develop a
laboratory spectral study for monitoring the mineralogical changes through the year (14).
Hyperspectral data for this study were provided by the airborne sensor Hymap. Data were acquired
over the Odiel river path in July 2005, August 2008 and August 2009. Technical details of the
sensor and pre-processing routines applied to data have been described in detail in previous works
(15). Hymap data acquisition has been complemented with of field data campaignes, using an ASD
FieldSpec 3 Spectrometer. Around 700 geologically documented field spectra were collected
during field campaigns (13,16), measured both in the field and in the laboratory from field collected
samples. Details on the procedure to take spectral measurements both in the field and laboratory
are described on previous work (12,14).
The procedure of spectral feature extraction for thematic purposes was made following an
interpreter-oriented sequential spectral unmixing routine with standard algorithms aimed to noise
and data dimensionality reduction and extraction of geological information, ending on a geological
map of the river sediments (Figure 3). Details of this sequence of algorithms are showed in
previous works (12).
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Figure 3. Sequence of algorithms used to produce a map from Hymap data.
RESULTS
Four test sites are selected according to contamination sources and the hydrodynamical setting on
the river (Figure 4).
Independent mapping procedures have been used per test site, aiming to extract the maximum
geological information from the spectral response (Figure 3). The geological units mapped are
identified by geomorphological and sedimentological criteria. Their spectral response have been
diagnosed using spectral reference libraries (9), and explained considering the geological context.

The head of the river Odiel
This area is near the head of the river, at the foot of the mountain chain built with acid and basic
igneous rocks (Figure 5). There are no mine sites upstream, and there are no traces of
contamination. The water flows on a narrow superficially incised course, with a hydrodynamic
regime that does not allow the development of large sandbars. The small sand bodies deposit on
the protected bank downstream of the meander. Since the source of the sediments is igneous
rocks, riverbars are sands with high quartz and mica contents, both biotite and muscovite, typical
of short transport river sediments with an acid and basic igneous rocks source. Two geological
units have been spectrally distinguished (Figures 5c and d), river sediments and background soil.
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Figure 5. The head of the river. A: Map compiled from Hymap images in 2008. B: Map compiled
from Hymap images in 2009. C: Hymap spectra from the units mapped in 2008. D: Hymap spectra
from the units mapped in 2009.
Changes 2008 – 2009
Sand covers wider areas along the river path in 2008 than in 2009, and increases their extent
downstream. In spring 2008 there are two episodes of unusually intense rainfalls (Figure 2b) that
rose the water level of the river, causing floods and spreading sand over the outcrops on the banks
of the high flood plain (Figure 5a). In contrast, in 2009 sand is restricted to the inner parts of the
meanders (Figure 5b) due to the customary poor rainfall during the spring.

The river at the first intense contamination input
The River Odiel receives contaminated waters coming from the Gossan Dam, which stores copper
and iron acid waters at the Rio Tinto mine site and drains to the River Odiel by a tributary (Figure
6a). This contribution changes the river geomorphology of downstream, developing wider
meanders and larger sandbars. The growth of sulphate crusts and efflorescence covers a
comparatively extensive surface from this pint. In the summer, only the upper coarse grain
sediments of the sandbars show oxidised coatings.
Changes 2008 – 2009
The sandbars are in the same position in 2008 and 2009 (Figures 6a and b), suggesting a similar
water transport capacity during the previous wet season. The water level recedes in 2009 from
2008, exposing large areas covered with fine grained mud to the atmosphere in 2009 which suffer
a progressive dehydration.
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As a consequence of the larger area of exposure of sediments and crusts, the map in 2009 is more
detailed than in 2008. This detail is reduced once the geological units identified are mineralogically
diagnosed, which forces merging on larger and fewer geological units.
On riverbars, only the boulders on the top are oxidised to goethite in 2008, wrapped by
schwertmannite ribbons over finer grained deposits (Figures 6A and B, red circle). Riverbars are
comparatively more oxidised in 2009 and schwertmannite along fine grained sands is
comparatively reduced in 2009.
The 2009 map on the riverbars shows finer detail on the oxidation state of the boulders and sands,
revealing indications of areas formerly flooded in the year, traced by progressively less oxidised
and finer minerals approaching the water (Figure 6b).
The 2009 map also draws thin fringes of hydrated sulphate crusts along straight line water edges,
which are not obvious on the 2008 map (Figures 6a and b, yellow circle). Large areas of hydrated
sulphate are mapped at the junction of the contaminated tributary and the River Odiel (Figure 6b,
cyan circle), where schwertmannite widely covers the bottom of the river path extending upstream
along the main course of the River Odiel. These give evidence of past intense water flow along the
tributary from the Gossan Dam, which upstream invades the main course of the River Odiel, and
precipitates abundant schwertmannite.

The minesite works in the middle course
The mine site of Sotiel is located at the mid course of the river. The river flow is artificially slowed
and pooled by the numerous walls built for mining activities. The northern part of the studied
section has a narrow river path, and fluvial sediments are not well developed. From the confluence
of the River Odiel with a stream flowing from the NE, the river path is wider and sediments are
better developed.
The main riverbars are located in the same positions from 2005 to 2009. This proves that there are
no significant changes in the hydrodynamic regime. Larger areas are exposed (Figures 7a, b and
c, red circles) in 2005 compared to 2008 and 2009.
Year 2005
The summer of 2005 was very warm and dry. The water level is low, and the general pattern of the
mineralogical coatings of the sediments on the river is intensely oxidised (Figure 7a).
In 2005 (Figure 7a), the river sediments of the northern part of the studied area are mainly covered
by oxidised minerals as jarosite, covering the most of riverbars, and goethite, located on top of
riverbars (Figure 7a, green circles). There is schwertmannite in the edge of the riverbars and small
crusts of copiapite associated with mud surfaces in the edges and borders of some riverbars
(Figure 7a, blue circle).
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Figure 6. The river at the first contamination input. A: Map of river sediments compiled from Hymap
data on August 2008. B: Map of river sediments compiled from Hymap data on August 2009.
Legend including all minerals of the reference spectral library on minerals associated with iron
sulphide mine waste products (9).
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Figure 7. The mine site works in the middle course. Maps of coatings over river sediments
diagnosed with the reference spectral library. Legend as figure 6. A: Map of river sediments
compiled from Hymap data in 2005. B: Map of river sediments compiled from Hymap data in 2008.
C: Map of river sediments compiled from Hymap data in 2009.
The main dump of the Sotiel mine (Figure 7a, dark green circle) is a strong source of
contamination that affects the river downstream. Downstream from this point, there are jarositecovered riverbars with sparse goethite tops and wrapping copiapite-covered narrow mud fringes
(Figure 7a, yellow circle). Further downstream there is a large river bar covered widely by goethite
coatings, wrapped by thin ribbons of schwertmannite (Figure 7a, cyan circle).
Downstream from the main dump on the bank of the river, the riverbars are coated by jarosite
surrounded by goethite (Figure 7a, magenta circle) and copiapite covers wider areas behind
knickpoints on the river (Figure 7a, orange circles) than upstream. In the riverbars of the southern
meander (Figure 7a, red dotted circle), the previous trend changes, and goethite and
schwertmannite are more abundant, concentrated on the muddy areas, acting as knickpoints and
slowing the water flow.
The alternation of schwertmannite and goethite on the borders of riverbars provide evidence of the
variations in the time span from high waters and the intensity of oxidation. A goethite ribbon means
stronger oxidation; therefore a longer time since the area was flooded by water. If schwertmannite
ribbons wrap the riverbars, the areas have been more recently abandoned by water. The presence
of goethite external suggest that the water level was lower for a longer time than upstream or
downstream, likely due to the influence of the numerous watermills crossing the river which change
the natural speed of the water flow.
Year 2008
In the summer of 2008 the level of water is the highest of the three years followed, and the
mineralogical coatings are the most hydrated from the three studied years. In the northern part of
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the section, the river bars are mainly covered by jarosite (Figure 7b), as much as in 2005.
However, ribbons of hydrated minerals are displayed around riverbars (Figure 7b, green circles)
and goethite covers the tops riverbars.
The middle part of the section has a similar distribution of minerals. Copiapite occurs in 2005 in
areas which are flooded in 2008, so is absent (Figure 7b, yellow circle). The river bar mainly
covered by goethite in 2005 is covered by jarosite in 2008, encased by ribbons of goethite and
schwertmannite (Figure 7b, cyan circle). Schwertmannite coatings are more extensive in 2008 than
in 2005 (Figure 7b, magenta circle) in the southern meander. On the areas with a wider
development of hydrated mineralogical phases behind knickpoints, copiapite occurs in the plugs of
the main bars downstream of the series of dams in the southern part in 2008 (Figure 7b, orange
circle), and has a slightly wider development than in 2005.
Year 2009
2009 was a slightly warmer and drier year than 2008 (Figure 2). The generalised reduction in the
water level along the River Odiel compared to 2008 is visible in the appearance of mud surfaces
covered by schwertmannite, that in 2008 were covered by water (Figure 7c, yellow circle). The
rainfall events of the autumn and winter of 2008 (Figure 2) resulted in the wide coverage in the
summer of 2009 of hydrated mineral coatings. In the northern part, the borders of the river path
flooded in 2008 are mainly covered by schwertmannite in 2009, while the main riverbars are
covered by jarosite and goethite (Figure 7c, green circles).
Downstream from the main mine dump (Figure 7c, dark green circle) there is more intense
oxidation, shown by the generalised goethite coverings of the riverbars, in contrast with the less
oxidised jarosite coatings of 2005 and 2008 (Figures 7a, b and c, yellow and cyan circles). These
goethite-covered riverbars are surrounded by schwertmannite stripes. Intensely hydrated
mineralogical phases occur around the oxidised riverbars, as small patches of fibroferrite and
pickeringite (Figure 7c, magenta circles), on the wet surfaces that emerged since 2008 where
hydrated sulphates precipitate.
The riverbars of the southern meander (Figure 7c, red dotted circle) are mainly covered by
schwertmannite, with borders of copiapite (Figure 7c, orange circles) and tops of goethite. There is
also copiapite at the knickpoints between alternating lingoidal riverbars.

The entrance to the estuary
This section of the river is 15 km in length and is relatively straight. It covers an area from the
confluence of the River Odiel with the River Oraque to the entrance to the marshes of the estuary.
Three areas have been distinguished by the dominant grain size of river sediments, corresponding
to the decreasing transport capacity of the water flow (14). The riverbars in the northermost river
course are dominated by boulders (Figure 4), the middle part is sandy, and the lower course is
dominated by mud and fine grained sediments (Figure 9a).
Changes 2008 – 2009
There is an significant drop in the water level from 2008 to 2009 that results in the emersion of
wide areas flooded in 2008 (Figure 9c-h, red circles). The location and geometry of riverbars is
similar from one year to another, and the main changes are restricted to the surface where the
water recedes in 2009.
In 2008, in the area of boulders (Figures 9c and d), riverbars are well developed and are mainly
covered by schwertmannite and goethite. Schwertmannite covers most fluvial sediments as
uniform coatings (Figure 9c, green circle), while goethite is located in the patches topping the
riverbars (Figure 9c, blue circle). In 2009, schwertmannite remains the main mineral covering the
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riverbars (Figure 9d, green circle). Goethite recedes from the area covered in 2008 (Figure 9d,
blue circle). Ribbons with copiapite wrap the river bars (Figure 9d, yellow circle).
Oraque

A

B

C

D

E

F

G

H

Boulders

Sand

Channels and mud

Figure 9: The entrance to the estuary. A: Map of coatings over river sediments compiled from
Hymap images in 2008, with sections according to grain size on sediments (14). B: Map of
coatings over river sediments compiled from Hymap images in 2009. C: Map of coatings over river
sediments of the area of boulders in 2008. D: Map of coatings over river sediments of the area of
boulders in 2009. E: Map of coatings over river sediments of the area of sands in 2008. F: Map of
coatings over river sediments of the area of sands in 2009. G: Map of coatings over river
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sediments of the area of channels and mud in 2008. H: Map of coatings over river sediments of the
area of channels and mud in 2009. Legend as figure 6.
In the area of sands (Figures 9a and b) (14), sandbars are displayed as long and homogeneous
bodies covered mainly by goethite (Figures 9d and f, green circles) both in 2008 as in 2009.
Schwertmannite is more abundant in 2009 than in 2008, externally wrapping the riverbars. Instead,
goethite reduces its extension in 2009 and remains covering the tops of the riverbars (Figures 9e
and f, blue circles). Because of the lowering of the water level, large areas which were flooded in
2008 emerge as muddy surfaces in 2009, and are identified as copiapite (Figure 9f, yellow circles).
The area of channels and mud (Figures 9a and b) approaches the estuary, and tides influence the
geochemistry of sulphate crusts and the geomorphology of the fluvial sediments (14). The
transport capacity of the river is very low, limited only to fine grained material is suspension
deposited as mud. In 2008, riverbars appear isolated on bends of the flow path, and the water
channel and mud between bars expands between alternating lingoidal bars using the whole width
of the river bed. Mud is abundant, and coarser sediments are restricted to small sandy bars with
disrupted patches of boulders that remain on the top of the bars. Mud is uniformly covered by
schwertmannite coatings, which is the dominant mineralogy (Figure 9g, green circle), while coarser
sediments display coatings of goethite (Figure 9g, blue circles). In 2009 the channel is wider than
in 2008, the surface used by water contradicts the general higher water level in 2008 than 2009.
Tidal influence is responsible for this contradiction. The surface covered by mud is almost absent,
and remains only in isolated patches surrounding boulder and sandy bars with coatings of
copiapite (Figure 9f, yellow circle), which was nearly absent in 2008.
The proximity of the sea water neutralises the acid mine drainage contaminated waters. Iron
sulphate crusts are replaced by marine salts, potassium and magnesium chloride, which has a
similar spectral response. Therefore, spectral mapping in estuarine areas must be done carefully
(14).

Summary of 2008/2009 changes on river sediments
Mapping the contamination over the river with hyperspectral airborne data is possible using
overlapping flight lines, without major disturbance between spectral variations from adjacent flight
lines. Progressive subscening isolating masks on areas of potential mineralogical spectral targets
is necessary. Nevertheless, the size of many of the mapped geological units consistent with field
observations is smaller than the spatial resolution of the imagery.
The main trend in the mineralogy identified is a generalised oxidation of the precipitated sulphate
after dry and warm periods with a low water level. The coarser sediments on top of the riverbars
are covered by highly oxidised minerals, such as goethite, while finer sediments are mainly
covered by less oxidised minerals, like jarosite. More hydrated minerals, such as schwertmannite,
are located next to the water, where there is a regular supply of humidity.
The most hydrated phases, such as copiapite, are developed on wet and muddy surfaces recently
flooded. After wet periods with intense rainfalls, the area covered by oxidised mineralogical phases
recedes in favour of hydrated sulphate. Thus, in the summer of 2008 there is a lower degree of
oxidation in the river sediments, with a wider presence of schwertmannite all along the river, while
goethite and other oxidised minerals remain on top of the riverbars as smaller surfaces than in
2005. The summer of 2009 was preceded by a lowering of the water level. Many areas previously
flooded become emerged, and are covered by comparatively more hydrated sulphate, such as
schwertmannite and copiapite. Alternating ribbons identified with different mineral phases trace the
recent history of flooding in the area.
The neighbourhood of sources of contamination can be traced locally by the mineralogy of the
coatings on the river sediments. Their mineralogical changes interact with the water level and
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climate parameters on differing identifiable paths of mineralogical changes on coatings over river
sediments shown by Hymap imagery.
CONCLUSIONS
The mineralogical changes on the precipitates over the sediments of the River Odiel with
hyperspectral Hymap imagery have been mapped over three non consecutive years. Such
changes respond to climate parameters, water dynamics and distance to the sources of
contamination in a complex pattern. Sea tides have a strong influence in the water level and
mineral precipitates in the entrance to the estuary.
Imaging spectroscopy using reference spectral libraries has proved to be an efficient tool to study
temporal changes in a rapidly changing geological environment. Applying this technique for
sulphide mine wastes mapping require a careful mapping of the river sediments and minor
topographical features changing the water dynamics. The applied sequence of algorithms has
required a constant supervision and validation with the geological information.
The final maps are an accurate geomorphological record of the river sediments and their
overlaying coatings of contaminating substances. They faithfully report the geomorphological and
geochemical history of the river from the source to the mouth.
The resulting maps, and the geomorphological and climate related relationships drawn, are a solid
basis for the routine quantitative and qualitative monitoring of acid mine drainage contamination on
the River Odiel using hyperspectral Hymap data.
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ABSTRACT
Hyperspectral imaging spectroscopy offers a broad range of spatial applications that are primarily
based on the foregoing identification of surface cover materials. In this context the future
hyperspectral sensor EnMAP will provide a new standard of highly qualitative imaging
spectroscopy data from space that allows a spatiotemporal monitoring of surface materials. The
high SNR of EnMAP offers the possibility to differentiate and to identify minerals that are showing
characteristic absorption features as a 30m x 30m spatial mixture in the visible, the near infrared
and the short wave infrared range (0.4 -2.5 µm). For this purpose spectral mixture analysis (SMA)
approaches are traditionally used. However, these approaches lack in transferability, repeatability
and inclusion of sensor characteristics. Additionally, they rely on image based and randomly
detected endmembers as well as on in-situ or laboratory spectra that are not spatially stable in
case of an image based extraction and assumed to be spectrally pure. In this work, a new
framework is proposed that addresses these limitations considering the EnMAP sensor
characteristics. It is named as EnMAP Geological Mapper – EnGeoMAP. It consists of several new
and adapted approaches to identify spectrally homogeneous regions. In parallel, minerals are
identified and semi-quantified by a sensor related and knowledge based fitting approach.
Supplementary outputs are abundance, classification, homogeneity and uncertainty maps. First
results show that the proposed approach offers 100% repeatability and gains an identification error
for minerals of about 2 % on average for different studies.
INTRODUCTION
The introduction should present the scientific background of the study and state clearly its
objectives.
Remote sensing of soils and geology often relies on approaches that directly identify minerals
within hyperspectral images. To achieve this, unknown image spectra are statistically compared
with known library or in-situ spectra. Field samples are often additionally analysed by X-Ray
diffractometry (XRD) and by fluorescence spectroscopy (XRF) for identification and quantification.
Based on geochemical and spectroscopic analyses the absorptions of different minerals are
identified or modelled and defined as diagnostic spectral features. These features are to some
extent unique for each mineral. Additionally, analysed minerals are assumed to be pure or spectral
impacts of insignificant fractions of elements on mineral compounds are neglected. However,
minerals often form partial solid solutions, e.g. pyroxenes. Rocks that are built by rock forming
minerals might be unique in texture and spatial distribution according to their geological and
petrological evolution. Hence, in-situ, airborne and spaceborne acquired spectra show rather
unique region related mineral mixtures than pure minerals. This makes it more difficult to identify
observed minerals and their fraction within one pixel. Since mineral identifications are frequently
conducted in mountainous regions shadows aggravate any kind of identification due to the
decrease of reflected incident radiation. Contemporary, hyperspectral sensors may considerable
differ in their sensing principle, spectral and spatial resolution. This leads to sensor specific scaling
phenomena between the sensors and in-situ or laboratory spectroscopy.
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In the frame of the EnMAP project (1) an approach was developed – named as EnMAP Geological
Mapper (EnGeoMAP) – that aims on the reduction of the previously described signal impacts. The
core algorithm of the EnGeoMAP is similar to the broadly accepted Tetracorder (2). However, it
dynamically and iteratively utilises properties of the inspected acquisition and its sensor.
Characteristics such as sensing geometry, spatial and spectral resolution and terrain are
considered. It consists of a multistep algorithm and enables soil and geological applications such
as mineral mapping, alteration zone detection, mine waste characterisation and much more.
Additionally, quality flags for each inspected pixel are given. These can be incorporated in further
analyses, e.g. classifications, or in succeeding iterations. The approach was tested in the
Makhtesh Ramon of the Negev Desert in Israel. Here geology has been studied for decades. One
artificial EnMAP scene was synthesised on the basis of one real hyperspectral airborne scene to
objectively evaluate the EnGeoMAP identification results of a spaceborne hyperspectral
acquisition.
MATERIALS AND METHODS
The Makhtesh Ramon of the Negev desert in Israel (Fig. 1) was selected as case study region.
The Makhtesh consists of different mineral compounds that are known and useful for testing
geologically related remote sensing algorithms (3). In preparation to the EnMAP mission an
atmospherically corrected hyperspectral AISA DUAL (4) scene was used as basis to simulate an
EnMAP scene with the EnMAP-End-to-End-Simulator – EETES (5). This scene was acquired on
the 15.03.2004 at 30.4° North / 34.5° East incorporating a sun azimuth of 210° and a sun elevation
of 54°.

Figure 1: Case study region Makhtesh Ramon here figured as hill shaded 3D false colour
composite that is grey overlayed by the extent of the hyperspectral AISA DUAL acquisition (RGB =
Landsat TM (GSD 30 m) mineral ratios 5/7 (clays), 5/4 (ferrous iron) and 3/1 (iron oxides); 3D =
ASTER DEM (is a product of METI and NASA, GSD 15 m))
During the EETES simulation many sensor parameters from the manufacturer were considered,
such as the orbit parameters, Point Spread Function (PSF) for each detector, spectral and
radiometric responses. In consequence, the simulated EnMAP scene consisted of 244 bands
ranging from 400 – 2500 nm and incorporating a ground sampling distance (GSD) of 30 m. In this
work we focused on the spectral range from 2 to 2.5 microns of the Short Wave Infrared (SWIR)
that includes most significant diagnostic spectral features of minerals.
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In addition, missing illumination caused by shadow casting objects such as mountains can be
nearly linearly continuum normalised (compare figure 2 that shows an average deviation from
linearity of about 0.8 %) only in the SWIR range.

Figure 2: Deviation of the ratio between diffusive and total radiation from linearity
Due to inadequate research on the impact of shadow and its removal approaches on mineral
identification techniques, the scene was not corrected for shadows. However, the analysis of
shadowed regions implies a reduction of the identification accuracy since the Signal-to-Noise-Ratio
(SNR) is significantly lower than in directly illuminated regions. Although this effect is broadly
accepted, most geological mappers (6) do not fully consider the relationship between SNR and
identification accuracy. Most of them directly compare known library spectra with unknown spectra
directly assessed from the image as endmembers (7). In this work, we rely on the USGS spectral
library (8) and the feature descriptions of the Tetracorder (2). However, this algorithm can be
considered as a knowledge-based expert system to directly identify spectra of hyperspectral
acquisitions. The Tetracorder has proven its applicability in the past, but provides only limited
capabilities to analyse mineral compounds by modelling abundances of exclusive features (2).
However, this algorithm and other widely used (6) only consider the spectral characteristics of the
sensor but not the spatial impact of the GSD and the PSF on the distribution and the abundances
of spectra.
In this work we propose a sensor related approach that fully incorporates sensor characteristics
such as the Spectral Response Function (SRF) and the PSF. With increasing sensor GSD the
likelihood for having spectrally pure material in one pixel decreases. To avoid confusion, the
material compound of each pixel is here considered as a mixture and spectrally homogeneous
regions are considered as flat fields composed of basic mixtures. This definition is independent on
the sensor and the acquisition geometry. Furthermore, it was assumed that in spectrally
homogeneous regions (flat fields) pixels are linear mixtures also incorporating adjacent pixels
within the effective range of the PSF for this detector and wavelength. The relevant range used for
this work was 99 % of the PSF’s volume. Additionally, it was assumed that the PSF of different
detectors are similar shaped and per scene constant. In this case each pixel of a flat field is an
isotropic mixture of itself and its neighbourhood. Nonlinear effects in flat fields only exist if BRDF
effects occur and, hence, the spatial extent of inspected neighbourhood should be rather narrow.
The EnGeoMAP consists of three modules – the FeatureLUT, the Basic Mixture identification and
the Mixture analysis that are sketched in fig. 3 and described in more detail in the following.
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Figure 3: Workflow and relation of the modules of EnGeoMAP
Module 1 – FeatureLUT
The Look-Up-Table (LUT) of the EnGeoMAP named as FeatureLUT consists of more than 100
mineral spectra and their feature and fitting descriptions. It is similar to the Tetracorder (2) but
extended with additional entries for chemical formulas, mineralisation type, alteration type etc. To
use the library and the feature descriptions with different sensors, all criteria and spectra were
resampled to 1 nm resolution. In cases that spectra and criteria had a lower spectral resolution
than 1 nm, Hermite Splines were used for interpolation. After resampling to 1 nm, a re-usable
FeatureLUT was created that is still sensor independent. This sensor independent FeatureLUT is
then resampled to the sensor. The spectral resampling is performed by spectral deconvolution (9).
Knowledge based fitting thresholds are also adapted in the process of resampling. This is
necessary because predefined thresholds (as in Tetracorder) depend on incorporated sensors
leading to misidentifications of spectra acquired by sensors with a higher spectral and spatial
resolution and a better SNR. After resampling the FeatureLUT is sensor dependent, re-usable for
this sensor unless its characteristics have changed and serves as a basis for next processing
steps of the EnGeoMAP.
Module 2 – Basic Mixture identification
This module consists of 3 steps – the flatfield detection, the mineral identification (core of the
EnGeoMAP) and a Bounded Value Least Squares (BVLS) unmixing.
The flatfield detection is based on the assumption that in spectrally homogeneous regions mixtures
are related to the PSF. In this process a moving window of an adapted size that relates to the 99 %
volume threshold of the mean sensor PSF is used to locally compute the uncentered Pearson
correlation coefficient between the spectrum of the center pixel of the window and the spectra of all
the neighbours within this window. To suppress albedo effects, the continuum of each spectrum is
removed by normalising with its Delaunay approximated convex hull. In the process of continuum
removal concave curve shapes are preserved that correspond to absorptions. If all fits pass a predefined fitting threshold (by default 0.99), the pixel is binary marked as flat field pixel. This is
performed for all pixels in the scene and results are stored in a binary map where all flat field pixels
are marked.
After detecting flat field locations the mineral identification is carried out. For this, each spectrum of
the flat field is fitted towards all library spectra of the FeatureLUT within their specific diagnostic
features. All fits that pass the sensor adapted thresholds, similar to Tetracorder, are stored in a
local pixel related list. After this, a BVLS unmixing is performed for this pixel that excludes all
identified spectra that do not pass an unmixing threshold (by default 5 %, but SNR dependent) to
remove outliers that were too noisy and not significantly abundant. All remaining, identified spectra
are stored in a global list and all identification results for this pixel are rejected. Then, the next pixel
of the flat field is considered and the global list is updated. This is performed until all pixels of the
flat field were inspected. Consequently, a global list of matching spectra was created that is directly
used in the next step.
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Module 3 – Mixture analysis
In this step all pixels are linearly unmixed on the basis of the global list by the BVLS. Again, outliers
are removed by applying an abundance related threshold (also 5 % minimum abundance by
default, but SNR dependent). After this, the image is synthesised by using previously estimated
abundances of identified mineral spectra.
This allows the generation of a model image that is directly comparable with the continuum
removed real image. Consequently, each pixel gets an individual model error that helps to
distinguish regions where spectra were accurately identified from problematic regions such as
shadow regions. Additionally, a next iteration can be applied starting with module 2 to exclude
these areas in advance.
As result, each individual pixel provides wavelength dependent information of mineral abundances,
error budget and flat field potential. This is then directly applicable in a next step such as spatial
pattern analyses for hydrothermal alteration mapping.
RESULTS
The potential of the EnGeoMAP is here exemplarily demonstrated for the analysis of one
hyperspectral, synthesised EnMAP scene. The evaluation of the results is based on the
assumption that only a correct identification of diagnostic features and a correct estimation of
abundances of minerals provide low deviations between modelled and real image spectra. The
bands that encompass dominating minerals absorption features should be spatially and spectrally
equivalent. This condition was mostly fulfilled for given examples (figure 3).

Figure 4: Inversed colour composite for the 2.2 um band (Clay) of the real image (top) and the
model image (bottom)
For the 2.2 µm band shown in fig. 4 a deviation between the model and the real image of about 0.5
% was achieved that is close to the overall accuracy of 0.8 % on average for all bands. However,
the accuracy of EnGeoMAP is decreased up to 20 times for the whole spectral range in low SNR
regions. Comparing the mean ratio of the diffusive to total radiation within the spectral range
between 2 and 2.5 µm (about 10 %) with the accuracy decreasing rate (about 20 times) for low
SNR regions as in shadows clearly shows a strong relationship between the accuracy and the
SNR. This is also shown in fig. 5 for 3 plots representing 3 different extreme SNR scenarios (Plot 1
– average SNR, Plot 2 – low SNR, Plot 3 – high SNR).
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Figure 5: Sample plots of continua removed modelled (fully analysed) spectra vs. real spectra –
Plot 1: 60% Carbonate, 10% Epidote, 30% Clay and an error of 4% – Plot 2: 30% Carbonate,
70% Clay and an error of 15% - Plot 3: 75% Carbonate, 25% Clay and an error of 0%
Considering only the results for these extreme regions reveals the range of potential uncertainties
in assessing mineral contents, although the assessment is superimposed by the evaluation of nonrelevant spectral regions. It was exemplarily shown in fig. 6 that depicts the maximum error along
the spectral dimension for each analysed pixel and its likelihood for a low albedo.

Figure 6: Upper two quartiles of shadow and dark material abundances (top) and error budget for
this scene (bottom, maximum 16% and minimum 0%) having a common spatial correlation of 88%
on average
In any case analyses in low SNR regions as in shadows should be spatially and error budget
related marked to avoid relying on average error budgets for the whole scene. A positive side
effect is the potential of having weights for succeeding analyses such as classifications as given in
fig. 7 that illustrates abundance dominating minerals.

Figure 7: False coloured RGB abundance composite of dominating minerals (Red – Carbonates,
Blue – Epidote, Green – Clay minerals)
Overall, EnGeoMAP achieves an identification accuracy of about 99 % on average and of about 98
% on average for the maximum error budgets along the spectral dimension.
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Uncertainties in the BVLS unmixing and in the identification of minerals in low SNR regions still
remain so that pixel based error budgets can be used to exclude erroneous analyses from further
processing such as classification.
CONCLUSIONS
EnGeoMAP achieved for this region a very high identification accuracy. It is completely
unsupervised, 100 % repeatable since no random statistics are used, platform independent and
will be freely available as soon as it will be implemented in the free EnMAP software named as
EnMAP box. Additionally, spectral and spatially homogeneity maps are provided that might be
useful for other processing such as segmentation. Currently, more hyperspectral scenes are
acquired in Southern Africa, Mongolia and Spain that will be used to verify and further improve the
proposed EnGeoMAP approach.
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ABSTRACT
South Africa is a key field laboratory for the development and testing of an automated detection
algorithm to monitor mine waste sites and areas of acid mine drainage generation. The oxidation of
the minerals pyrite and pyrrhotite, that are commonly associated with metal sulphide deposits or
coal mining, produces secondary iron minerals (e.g. jarosite and goethite) and Acid Mine Drainage
(AMD) that has been the source of great environmental concern in southern Africa. Gauteng and
the North West Province are two key areas in this study. Here AMD is a major problem for the
water supply in these cities such as Johannesburg, Pretoria, Klerksdorp and Potchefstroom.
Imageing spectroscopy could help to monitor potentially problematic surfaces of AMD generation
and heavy metal pollution, providing an areal extensive assessment of mine tailings surfaces and
adjacent areas. Hence, there is a need for spatio- temporal monitoring that enables geoecological
risk assessment. Most of these assessments are based upon airborne hyperspectral surveys,
limiting the areal coverage and recurrence intervals. These problems can be overcome by uitilizing
data from hyperspectral sensors, such as Hyperion or the next generation sensor EnMAP, which
cover large areas with the possibility of fast follow up data acquisitions.
Field campaigns in South Africa were carried out to verify the accuracy of new geological mapping
techniques, such as the EnMAP Geological Mapper (EnGeoMAP). These techniques could be
utilized for data analysis from next generation space borne sensors, such as EnMAP. Field
samples were collected, geochemically analyzed and compared to material content analysis of the
EnGeoMAP routine. The field sampling was carried out with a new sensor adapted sampling
scheme, that considers the PSF of the sensor.
Preliminary results from platinum tailings dams show that heavy metal pollution on tailings dams
and adjacent areas may be traced by using the spectral signature of pyroxenes and chromite
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indicating the presence of polluted tailings material. Results from gold mine tailings show that
secondary iron minerals from AMD generation may be detected by the EnGeoMAP algorithm from
field spectra.
INTRODUCTION
South Africa is one of the largest mining countries in the world. For over 100 years large
commercial mining has produced numerous sites of environmental problematic mine waste and
tailings dam sites (1, 2). This study focuses on the mineralogical and spectral characterization of
mineral waste from tailings dams that may have the potential to generate Acid Mine Drainage
(AMD) in the gold mining regions in the East Rand (Brakpan), the West Rand (Randfontein) and
Stilfontein near Klerksdorp, where gold and uraninite was mined from the conglomerate “reefs” of
the Central Rand Group. Additionally the mineralogical and spectral characterization of tailings
dams from platinum mining is carried out to find index minerals that can be associated with heavy
metal pollution. This was done near Rustenburg in the Rustenburg Layered Suite of the Bushveld
Complex, which hosts most of the world reserves of Platinum Group Elements (PGE).
Figure 1 gives an overview of the regions that are affected by the presence of large tailings dams
and waste rock dump sites. Most of these tailings dams are close to, or directly in densely
populated urban areas such as Johannesburg, Benoni, Randfontein, Klerksdorp and Rustenburg.
This poses a danger of surface soil contamination through wind transportation from tailings dam
sites and pollution of aquifers, rivers and streams used for drinking water and irrigation in this area.
The tailings dam sites may produce AMD that is able to mobilize large quantities of dangerous
substances such as uranium and arsenides. Acid mine drainage is generated from the oxidation of
pyrite and pyrrhotite in a hot humid environment, thereby producing sulphuric acid and secondary
iron minerals such as jarosite, ferrihydrite, goethite and hematite, which is shown in Eq. 1 (2).

FeS2 + 15/4O2 + 7/2H2O → Fe(OH)3 + 2SO42- + 4H+

[1]

These secondary iron minerals are stable in specific pH ranges and can thus be used as a proxy
for acid mine drainage generation (3). The presence of jarosite and ferrihydrite has been used as
indicator for environmental pollution and to guide mine waste mitigation efforts in Leadville USA (3).
The main objective of this study is to find index minerals that can be spectroscopically detected
using an automated mapping algorithm, such as EnGeoMAP (4). Thus it may be possible to
characterize large mine tailings sites and their acid generating potential that represents a key task
in mining geology in South Africa, today (2).
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Figure 1: Landsat 7 ETM+ image, for the study area (7,5,1) for RGB. Image data (6): Global
Landcover Facility. Areas affected by mine waste material (cyan). Study sites outlined in yellow.

Figure 2: Landsat 7 ETM+ images of the test sites (7,5,1) for RGB. Image data (6): Global
Landcover Facility. Note the large areal extent of the mine dumps around Johannesburg.
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METHODS
Gold and Platinum mining areas are areal extensive throughout South Africa. Therefore, test sites
in the mining regions of Brakpan, Stilfontein and Rustenburg were selected as target areas for a
field campaign (see figure 2a,b,c).
Field sampling was conducted in areas with varying material homogeneity, according to the
sampling scheme illustrated in figure 3. This sampling scheme was chosen to simulate the sensor
specific response at a selected locality in the field. Each test site was divided into 17 test surfaces.
Reflectance spectroscopy was carried out with an ASD FieldSpec-Pro at each target, collecting
five surface reflectance spectra. Additionally the surface samples were taken for subsequent XRF
and XRD analysis to verify the surface mineralogy detected by the EnGeoMAP algorithm (4). An
average spectrum for each test surface was computed out of five ASD measurements. Then
neighbor- pixel spectra were merged with the center pixel spectrum, using Gaussian weights to
obtain an emulated detector response with its characteristic Point Spread Function (PSF).
The minerals found by XRD analysis were used to compute simple average spectral mixtures of
minerals from the USGS digital spectral library (5), as can be seen in figures 4b and 5b. At this
stage of the work we visually compared the Gaussian weighed field spectra, figures 4a and 5a, to
theoretical mixtures of end member spectra, figures 4b and 5b, from the USGS digital spectral
library (5). In a second step selected field spectra were analyzed with the EnGeoMAP mapping
algorithm (4) and compared to the XRD results.

Figure 3: Proposed
field sampling scheme to simulate the sensor specific PSF of sensors such as EnMAP or Hyperion.
RESULTS
The spectral homogeneity of all test surfaces on test sites on top tailings dams is given. It is no
problem to carry out field spectroscopic measurements of mine waste surfaces on the scale of the
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EnMAP sensor with the exception of tailings dam sites, which are in an advanced state of
reclamation and spill sites. Inhomogeneous, vegetated test sites are found on reclamated tailings
sites and in areas adjacent to the tailings dams. Thus the spectral signature of characteristic mine
waste minerals e.g. pyroxenes in platinum mining becomes less obvious.
Figure 4a shows the Gaussian weighed spectra of test sites from gold mining and figure 4b spectra
of the characteristic minerals from the USGS spectral library (5), identified in surface samples via
XRD reference measurements. Visual similarities exist between the absorption feature in figure 4a
at 439nm and the averaged library spectra in figure 4b, which is indicative for jarosite. The
EnGeoMAP results for the ChemWes test sites are: white crust, kaolinite, acid mine drainage 1,
acid mine drainage 2, alunite and nontronite. The term “acid mine drainage 1/2” hereby refers to
the naming convention in the USGS spectral library (5), where there is no detailed mineralogical
description of this substance. However, one might assume a mixture of secondary iron minerals as
in previous works (3), which includes the minerals jarosite, ferrihydrite and goethite.
Platinum mine waste can be detected via the presence of its main mineral phases. Their presence
has been verified by XRD measurements of surface samples. The main mineral phases are
bytownite, augite, enstatite, chromite and bronzite, which are characteristic for the PGE bearing
strata of the Merensky reef and the UG2 layer. The visual comparison between the test site
spectra and mixed spectra from the USGS spectral library (5) show striking visual similarities in the
absorption features between figures 5a and b with the main absorption features of the pyroxenes
enstatite and bronzite near 950nm. However, vegetation seriously limits the hyperspectral
detectability of these minerals in the platinum mining regions. The XRF results show significant
peak levels of health-hazard elements, such as arsenic ~200ppm, lead ~130ppm and uranium
~400ppm in the tailings dams of gold mines, (see yellow section of table 1). The light blue section
of table 1 shows large amounts of heavy metals in the platinum tailings samples with high level of
chromium 4-12%, nickel ~700 ppm and vanadium ~800ppm, which pose a major health risk to the
nearby community of Ga-Luka.
Table 1: XRF data of selected test surfaces from gold tailing dams (yellow background) and
platinum mining sites (light blue). Note the peak values for U in gold tailings and Cr in platinum
tailings.
As

Pb

U

XRF Sample V
(ppm)

Cr

Co

Ni

Stilfontein 221
South 1 N3

200

112

421

Spill N1

127505

141

733

Stilfontein
North C5

116

106

131

154

Merensky C5 465

43569

92

688

Orkney N1

155

47

62

68

UG2 N1

78316

125

639

XRF
Sample
(ppm)

Cr

1178

726
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Figure 4: Gaussian weighed spectra from test surfaces in gold mine waste sites (a). End-member
spectra (b) from the USGS spectral library (5) and their simple average mixture in black, selected
after the main minerals found in the XRD analysis.

Figure 5: Gaussian weighed spectra from test surfaces in platinum mine waste sites (a). Endmember spectra (b) from the USGS spectral library (5) and their simple average mixture in black,
selected after the main minerals found in the XRD analysis.

CONCLUSION AND OUTLOOK
This work showed that it is possible to characterize sites of heavy metal pollution and AMD
generation through their mineral content. These index minerals can be detected from field
spectroscopy with algorithms, such as EnGeoMAP (4). A sensor adopted sampling scheme that
resembles the PSF of next generation sensors such as EnMAP helps to test the detectability of
index minerals in large areas, for instance tailings dam surfaces. The next step will be the
detection of the aforementioned mineralogies and validation of mapping results from image
spectroscopy.
This may lead to further refined criteria for a possible automatic detection algorithm, that utilizes
multi-temporal image spectroscopy data. That would help communities and local governments in
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South Africa and around the globe to identify immediate pollution risk sites, which would help to
save costs in mitigation operations.
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ABSTRACT
Sulphide mine waste extensively contaminates the Odiel River (Pyrite Belt, Huelva, SW Spain),
releasing sulphuric acid in running water. Acidic water in this river precipitates and dissolves
variably hydrated iron sulphate in a complex geological pattern controlled by climate. Mapping the
quality of water is confounded by vegetation, dry or wet, rooted or floating. Local abrupt changes in
water pH in the vicinity of highly contaminated tributaries can be mapped using Hymap data. Also,
increased pH through mixing acidic river water with marine water can be detected when the river
reaches the area influenced by sea tides. The spectral features of acidic water in the field revealed
the spectral influence of green vegetation, similar to the influence of the depth and transparency of
water. A careful map of such parameters must precede any spectral evaluation of water related to
acidity in a river course. The spectral features associated with pH changes related to the intensity
of contamination in river water by iron sulphide mine waste and their controls are described,
establishing references for routine monitoring.
INTRODUCTION
Imaging spectroscopy is an effective tool for the study of mine waste deposits that can produce
acid mine drainage (AMD). By acquiring data from waste deposits containing different kinds and
proportions of minerals and representing variable characteristics, spectral libraries are formed that
allow for relatively rapid assessment of ephemeral thin crusts originating from acidic mine water
[1].
The Odiel River (Huelva, southwest Spain) runs through the Iberian Pyrite Belt, a wide geological
unit within the Hesperian Massif containing massive sulphide deposits that have been exploited for
at least 5000 years (figure 1). Pyrite is abundant both on mine waste and rock outcrops, and acid
mine drainage (AMD) is present in most drainages throughout the region [2]. The Pyrite Belt
consists of a thick sequence of vulcanoclastic sediments with interstratified quartzite, sandstones
and slates, at the foot of the northern Sierra de Aracena, characterized by numerous igneous
outcrops. The landscape is a smooth ridge-valley alternation, with an average elevation difference
of 100 m.
The Odiel River flows across various strata in a low sinuosity channel controlled by floodplain
lithology. The general flow path is linear with minor deviations when crossing more competent rock
layers, where water retention and diversion walls from historic watermills are abundant.
Depositional bars develop along the length of the river, increasing in size downstream [3]. The
Odiel River can be considered a bedload transport stream with low sinuosity but considerable
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lateral mobility. The channels shift into different paths, resulting in braided side channels separated
by sand and gravel bars.
In the lower reaches of the river, tides move salt water in and out of the estuarine segments. The
marine water is characterized by a basic pH that influences AMD and resulting mineral growth.

Figure 1: Location of the study area in the Odiel River (Huelva, Spain). Contaminated and
uncontaminated drainages are shown as are the location of the main mine operations [2].
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ACID MINE DRAINAGE ON THE RIVER ODIEL
Precipitation in Huelva consists of intense, short rain events in autumn, relatively dry winters, and
dry spring and summer. The river carries AMD from solubilised iron sulphide that occurs during
flash floods. After the annual main flash flood in October, sediments lose water and oxidize
continuously during the winter, spring and summer.
The majority of the sulphate and metal materials released through mine waste remain as
particulates within the river basin [4]. As a general trend in the river basin, the concentrations of
heavy metals increase during the dry season and decrease during the wet season [2]. However,
immediately after the intense rains of autumn the concentration of some elements increases in the
lower part of the river as a result of dissolution of soluble salts. The mineral saturation indices also
vary with season, depending on longitudinal river location [2,5]). In the estuary, the most
conservative elements, including SO 4, Al, Cd, Co, Li, Mn, Ni and Zn, generally reach maximum
concentrations in autumn and minimum concentrations in winter, respectively, with a steady
concentration recovery through spring and summer [6]. Arsenic is somewhat different, with lowest
values in the summer.
Metals and metalloids drop out to the estuarine sediments due to pH and salinity changes [7].
Contaminants are more available in the fresh water environment. Ribbons of different minerals
precipitate out of acidic water, forming crusts over the sediments. Most of those minerals are
unstable and are dissolved or transported during intense rain events.
The pH of the water along the river Odiel records high variations (pH 2- pH 8.6), experiencing a
close correlation with geochemical water parameters quantifying the contamination [2,8]. In the
summer, dilution of water by rainfall does not happen, the pH drops and the sulphide oxidation
processes increase in areas close to the sources of contamination. The concentration of
contamination is maximum during the dry season in the upper and middle parts of the basin,
remaining constant in the lower part. The average pH measured in the field with indicator stripes in
a single week during the summer was quite steadily around 3 along the whole length of the flow
path, the minimum expected value through the year. Minor deviations decreasing pH respond to
the vicinity of highly contaminated tributaries, or slowed water flow behind walls crossing the river,
or blind lateral channels.
This study focuses the spectral features of water related to pH changes in the water related to
contamination contributions from mine waste along the entire river course [2,8].
DATA SET
Hymap data were acquired on the 1st August 2008 and 13 th August 2009 along the main channel
of the Odiel River. The raw Hymap data were system-corrected by HyVista[9] and several
preprocessing tasks are described on previous work [10,11,12].
About 500 field spectral measurements were made from in 2008 and 2009 with an ASD FieldSpec
3 Spectrometer (ASD Inc, Boulder, Co, USA) for thematic purposes both on sediments, coatings
and water. Additional field spectral data on water were collected during the summer of 2010 on
mine sites [13,14,15,3,16] and on the river Odiel in the summer of 2011 along with pH
measurements using pH-indicator strips. Operational details about spectral measurements is
described in the refered papers.
Water samples were collected along the river Odiel the day of the flight, the 1st of August 2008 and
the 13th of August 2009, along the whole length of the river course in six different points (figure 1).
Physicochemical parameters were measured in the field. Temperature, pH and specific
conductance were measured using a portable MX 300 m (Mettler Toledo). Dissolved O2 was
analysed using a Hanna meter, and redox potential was determined using a Hanna meter with Pt
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and Ag/AgCl electrode (Crison). The pH meter was calibrated using Hanna standard solutions (pH
4.01 and pH 7.01) and redox potential was checked using Hanna standard solutions (240 mV and
470 mV).
Water samples were filtered immediately in the field through 0.22 µm Millipore filters fitted on
Sartorius polycarbonate filter holders. Samples for cations and metal analysis were acidified in the
field to pH<2 with suprapur HNO3 (2%) and then stored in the dark at 4 ºC in polyethylene bottles
until analysis. Sulphate anions and concentrations of dissolved Al, As, Ca, Cd, Co, Cr, Cu, Fe, K,
Mg, Mn, Na, Ni, Pb, Sb, Se, Si, Sn and Zn were determined by Inductively Coupled Plasma Atomic
Emission Spectrometry (ICP-AES Jobin-Ybon Ultima2). Detection limits were calculated by
average and standard deviations from 10 blanks.
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Figure 2: Evolution of some parameters along the main courses of the Odiel river for the 4th
August 2008 and the 13th August 2009. Distances are kilometres from the headwaters.
WATER QUALITY PARAMETERS CONTEMPORANEOUS TO FLIGHTS IN 2008 AND 2009
The Odiel river begins with a water quality typical of natural streams. The pH is around 8 and the
specific conductance is low, around 0.8 mS/cm (Point OD1 in fig. 2A). Both in 2008 and 2009, all
physicochemical parameters experience an abrupt change after joining lixiviates from the first
mines, not far from the head of the river (OD2 in fig. 2A). The pH drops abruptly at this point below
2.5, while the specific conductance increases above 3 mS/cm. Redox potential evolves in opposite
trends to pH (figure 2A and figure 2B). The most polluted source affecting the Odiel river comes
from Riotinto mines (point OD3). Figure 2A shows a strong increase of the specific conductance up
to 16 and 8 mS/cm for 2008 and 2009, respectively. This increase is mainly due to the charge into
the Odiel river of elements such as sulphate, Cu, Zn, Mn, Ca, etc (figure 2B), while other elements
as Fe and As are incorporated to the Odiel river from the first mines (figure 2C). Below this point
the contamination level decreases, keeping almost constant the concentration of the most of the
elements until the mouth in the Atlantic Ocean (OD6, figure 2A and figure 2B).
In general, pollution levels along the Odiel river were higher in 2009 due to weather variations.
Local climatological data confirm that the accumulated rainfall during the spring of 2008 was twice
that during the spring of 2009. Therefore, the river flow in the sampling of 2008 was higher and the
elements content decreased due to dilution processes. However, Iron evolves in different trends to
the rest of the elements because, although the level of contamination increases as rainfall
decreases, M/Fe ratio does not undergo the same evolution. Sarmiento [2] observed that in these
streams during the dry season the pH is insufficient to prevent Fe precipitation as oxyhidroxides,
which occurs due to evaporation processes. Hence the M/Fe ratio increases while the Fe/SO 42ratio decreases. This situation was more favourable in 2009 so the Fe concentration tended to
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decrease in relation to the rest of the elements. Arsenic concentration undergoes the same
evolution than iron because As mobility in these waters is strongly influenced by Fe mobility [8].
BUILDING A MAP THROUGH HYMAP IMAGE PROCESSING
Once reflectance data are obtained after the preprocessing chain, the next step is to map target
geological features on the surface of the earth. A variety of algorithms is developped to manage
hyperspectral high dimensional data [17]. The following mention intends to explain the basics for
the modules used by the authors.

A

B
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D

E

F

1000 m

Figure 3: A: False colour composite with Hymap channels 7 (0.5602 µm), 34 (0.9414 µm) and 110
(2.2450 µm). B: Mask for the flow path. C: Mask for water. D: Map of water and mud. E: Mask for
deep water. F: Map of acidic water.
The image processsing beguins typically with a Minimum Noise Fraction Transform. The MNF
rotation determines the inherent dimensionality of image data, segregates noise in the data and
reduces the computation requirements for subsequent processing [18].
The seventh MNFT computed from the entire Hymap image efficiently identified water; a mask was
then built from these data (figure 3c). MNFTs were again computed under this water mask. After
the Pixel Purity Index procedure and n-dimensional analysis, the populations which were going to
be the end members for input to the Spectral Angle Mapper were identified and the final map of the
river water was constructed (figure 3d). The final step was performed on a mask for deep water
(figure 3e) to map the areas showing an acidic water spectral response (figure 3f).
The spectral response of water in a narrow and mostly shallow river channel is strongly influenced
by the presence of vegetation, whether in voids on wet sands close to the border of the water, as
weeds floating on the water or rooted on the bottom. If water is transparent, the bottom influences
the spectral response of water when it is very shallow. Therefore, mapping all those parameters in
water must occur prior to any evaluation concerning the physiochemical properties of water related
to pH, and, hence, the intensity of contamination. The water pH map is only performed on water
which is considered deep and devoid of vegetation or bottom spectral influences (figure 3f).
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CLIMATE
The mine site in this study is located on an inner mountain chain of low altitude close to the Atlantic
coast (figure 1). The regional climate follows a Mediterranean climate trend smoothed by the
influence of the Atlantic Ocean [19]. The Mediterranean climate is characterised by a wet season
from October through May, and a dry season from late May through the summer. The insulation
rate is extremely high throughout the year. The low precipitation rate defines a semi-arid climate
with a permanently low water table.
Rainfall and temperature records from the weather station of Ronda (Agencia Estatal de
Meteorologia, Huelva) were considered from 2004 to 2009 (figure 4). The hydrological year begins
typically with an intense rain event in October, and minor rainfall throughout the autumn and
spring. The very dry and warm season starts in May and reaches minimum rainfall in August. The
temperature estimations respond to a complex evaluation of weather and climate parameters
performed by the National Weather Forecast including daily observations throughout the year [20].

A

B

Figure 4: Daily rainfall records during the time span previous to the Hymap flights (data provided
by the National Weather Institute of Spain (AEMET, Agencia Estatal de Meteorología, Spain),
Resumen Anual Climatológico de los años 2007-2009, www.aemet.es).
The year 2004-2005 was very dry and warm. Water availability was scarce, and further
evaporation could strengthen oxidation. A June 2005 flight recorded the impact of weather events
on water flow and the geochemistry of the water with low water levels and intensely oxidised
mineral coatings covering the sediments of the river [12].
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In contrast, the autumn of 2007 was very humid and warm, followed by a dry and warm winter and
spring. However, isolated very intense rainfall in the spring of 2008 causing floods (figure 4)
resulted in unusual fine-grained sediments deposited on the outer margins of the flow path, even in
areas close to the head. Also, the high water level was persistent during the comparatively wet
summer with moderate evapotranspiration.
The autumn of 2008 was dry and very warm, the winter of 2009 was characterised by normal
rainfall and very cold temperatures, and the spring was also moderately wet and very cold. The
water level of the river was comparatively lower in the dry and warm summer of 2009 than in the
previous year, 2008.
SPECTRAL EVALUATION
The hydrochemical characteristics of the water of the Odiel River in the summer vary from the
head, free of contamination, which is immediately loaded with heavy pollution from the Rio Tinto
mine facilities. Subsequently, the hydrochemical parameters drop abruptly and vary little according
to water flow. Most of the high contamination indicators smoothen downstream and finally break
under the influence of tidal sea water at the entrance to the estuary.
Hymap
The Odiel River is a narrow channel widening from 20 m wide at the Bridge of the Five Arches, the
first input of heavy contamination from the Rio Tinto mine site. In the middle course, at the Sotiel
mine site, the width of the water channel averages 40 m. It widens to 120 m at the entrance to the
estuary. Mapping the quality of water is confounded by vegetation, dry or wet, rooted or floating [3].
Very shallow water with floating vegetation and the spectral influence of the river bottom are the
most critical parameters relative to the significant presence of contamination in the water. Spatially
discriminating the spectral features of the influence of vegetation and the bottom of the river from
the water itself is a major challenge in an already small area, using Hymap data with a 4 m spatial
resolution.
Hymap spectra from water in the river channel (figure 5) at the entrance of the estuary were
chosen to show the spectral features associated with the main spectrally distinct surfaces
distinguished in the water, because the river path is wider and, correspondingly, the area covered
by water is greater.
Field
Field spectra along the entire Odiel River were measured with coincident pH estimations using
indicator strips. The resulting spectra displayed similar shapes with variable enhancement in the
minimum or maximum depending on water depth, pH, the presence of vegetation, whether rooted
on the bottom of the river or floating on the surface of the water, turbulence, or the influence of tidal
marine water at the estuary (figure 6) [3].
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Figure 5: Hymap spectra of the endmembers used to build the map of water and mud (fig.4D).

river water + vegetation pH 3.5

river acidic water pH3

marine shallow water pH 8

Figure 6: Field spectra of river water according to pH and other parameters. Spectra are displaced
vertically for clarity.
marine deep water wavy pH 8

Typically, spectra of deep water with an acidic pH of 3 displayed an enhanced maximum or summit
between 567-640 nm, descending rapidly to a sharp absorption at 618 nm.
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Deep water with pH values more basic than the average pH 3 along the entire length of the river
differed with smoothed features compared to the spectral response of acidic pH (figure 6).
At the channel open to marine water with a basic pH of 8, deep water and a riddled surface, there
was a maximum at 572 nm, and reflectance decreased with shoulders where acidic water spectra
displayed minima at 674 nm and 742 nm. A clear signal was lost at 808 nm (figure 6). There was
no influence of the bottom of the channel in this spectrum.
The influence of vegetation on the spectral response of water was distinct with unique spectral
features permitting the digital isolation of water with vegetation from the rest of the surface of the
water.
Discussion on the Hymap/field spectra
Several spectral features were common to both the Hymap imagery and field spectra. The spectra
from Hymap images in deep water coincided on a maximum centred at 575 nm with the spectral
response in the field. The absorption of the “red drop” at 674 nm due to the presence of vegetation
was also clearly present on both the Hymap imagery and field spectra.
However, Hymap spectra did not record the waving spectral response from 674 nm shown by field
spectra. The spectra from Hymap shallow water suggested a minimum at 742 nm. The maximum
centred at 1072 nm in the field spectra was never suggested in the Hymap imagery.
Both poor spatial resolution and a wider field of view were responsible for the less detailed spectral
response recorded by Hymap than the field spectral measurements.
Mapping differences in pH with Hymap images
Once a map is created identifying areas where the presence of vegetation and the bottom of the
river influence the spectral response, it is possible to overcome the challenge of identifying the
spectral features associated with the influence of the pH of the water.
Three areas were selected along the river to test water pH. The first was at the confluence of the
Rejoncillo stream draining contaminated water from the Gossan Dam from the Rio Tinto mine
facilities into the Odiel River. The second was the section along the Sotiel-Almagrera mine site,
where mine works and large dumps border the river bank for about 1 km. The third site was before
the river enters the estuary, under the influence of marine water plugging acid mine drainage with
sea water with a basic pH.
a) The confluence of a contaminated tributary into a clean main stream (Puente de los Cinco
Ojos)
Upstream from the Bridge of the Five Arches, the uncontaminated Odiel River receives the heavily
contaminated water from the Gossan Dam of the Rio Tinto mine facilities, resulting in an abrupt
decrease in pH from 6-7 to 3.
The Hymap 2008 images were able to produce pH maps when only deep water was introduced in
the sequence of mapping algorithms (figure 7a). The spectra for water with more basic pH 6, i.e.
uncontaminated water upstream of the confluence with the tributary containing intensely
contaminated water, displayed higher overall reflectance with a maximum at 0.63 µm and
descending reflectance towards longer wavelengths until 1 µm, agreeing with the trends on the
spectral response of deep basic water near the estuary (figure 5). Intermediate acidic water
downstream (pH 3) displayed spectra with lower overall reflectance, and the same 0.63 µm peak,
narrowing on a quick descent to 0.67 µm, where reflectance descended less steeply.
Water with a more acidic pH of 3 showed spectra with low overall reflectance and a clear influence
of vegetation. This more acidic water was restricted to partially dammed areas in the river with
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lower energy water flow and a tendency to host vegetation (figure 7b). This abrupt change in pH
occurs in water pooled behind small rock fragments on the river at distances within centimetres.

A

2008

1000 m

B

Figure 7: The first input of intensely contaminated water in the river (Puente de los Cinco Ojos). A:
Map of deep water with different pH built from Hymap data on the 1 st August 2008. B: Map of water
from Hymap data on the 1st August 2008.
b)The river with mine facilities on the bank (Sotiel)
The Sotiel mine site, in the middle course of the river, is characterised by mine dumps along the
river bank for approximately 1 km, with an average pH of 3 in the summer.
The water maps produced from Hymap imagery showed spots of acidic water on coincident
locations in 2005, 2008 and 2009 (figure 8). Interestingly, the areas showing more clearly acidic
water spectral responses were larger in 2005 (figure 8a), a very dry and warm year, when the
water level in the river was at its lowest. In 2008, with the highest water level in the river, the
smallest areas mapped as acidic water were found (figure 8b).
Therefore, there is a close relationship between average water depth and the occurrence of
restricted areas showing acidic water spectral responses. This agrees with field observations,
where shallower water behind obstacles or knick points favours local decreases in pH.
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Figure 8: The mine site along the river. A: Map of acidic deep water built from Hymap data on the
17th June 2005. B: Map of acidic deep water built from Hymap data on the 1st August 2008. C:
Map of acidic deep water built from Hymap data on the 13th August 2009.
c)The influence of tidal marine water (Gibraleón)
The entrance of the Odiel River to the estuary is under the influence of tides carrying sea water,
increasing the pH to 6-8 from an average pH of 3 upstream.
Three areas are distinguished by the dominant grain size of river sediments, responding to the
decreasing transport capacity of the water flow [3]. The riverbars in the northernmost river course
are dominated by boulders, the middle part is sandy, while the lower course is dominated by mud
and fine-grained sediments with wide channels under the influence of tides.
The area of mud and channels is an estuarine environment, and the marine water interferes with
the precipitation of iron sulphates delivered from upstream. Chloride ions in the marine water
neutralise acidic river water, thus inhibiting the precipitation of hydrated iron sulphate
efflorescences, which are replaced by marine salts.
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Figure 9: The entrance to the estuary. A: Map of water and mud built from Hymap data on the 1 st
August 2008. B: Map of water and mud built from Hymap data on the 13 th August 2009.
Both the boulder area and the sandy area showed an increase in the water level from 2008 to
2009, which was generalised along the river. In contrast, the channel and mud area was flooded in
2009 more than in 2008 due to the influence of tides (figure 9a and figure 9b). The area mapped as
water over rooted vegetation increased with the width of the channel and the extent of shallow
water. This was obvious in the channel and mud area, where shallow water and rooted vegetation
occupied most of the channel in 2008, compared to more extensive deep water in 2009.
Pools of acidic water were found in 2008 along the entire length of the river approaching the
estuary (figure 9a). They followed the already observed pattern as these areas were larger behind
knick points, i.e. passages between alternating lingoidal riverbars. The acidic water in 2009, with
less water available upstream, was only found at the area of mud and channels, where the width of
the river expands (figure 9b). Since the entrance of marine water is active, the mapped acidic
water patterns responded to streams of river and sea water flowing in opposite directions which
were mixed in the channel.
DISCUSSION
Mapping water in an acidic river contaminated by mine waste requires an understanding of the
entire river system, sediments, geomorphological parameters and vegetation growth which can be
rooted, floating or even dead.
Previous attempts to map the coatings precipitating from dissolved sulphate in the water showed
the need to map the sediments and the digital isolation of dry and wet areas prior to diagnosing
any minerals present on the surface [3]. When trying to map water in a shallow river with a narrow
channel width, knowing the depth of the water and the presence of vegetation are crucial.
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Maps of the flow path displaying dry land, mud and mud with vegetation, water with vegetation,
shallow water or turbid water, are necessary to target the areas where the spectral features of
acidic water are recognised. Only deep water without vegetation shows spectral responses
identifiable as acidic water.
The spectral response of acidic water has been successfully tested at the point where the river is
supplied with the most intense contamination input, both in the Hymap imagery and the field
spectra [3]. Additionally, the physicochemical parameters of the water were assessed
contemporaneous to the Hymap flights.
The temporal changes at the location of the pools mapped as acidic water were strongly controlled
by the water level of the river as a consequence of the climate of the previous seasons. Low water
levels favour the presence of pools of acidic water, generally located where water is slowed behind
a knick point. This trend was observed both behind small rocks in the river and by flow path
mapping.
The growth of vegetation is favoured with slow water flow and in more intensely contaminated
acidic water. The presence of vegetation should be evaluated carefully when trying to map the
variability in the intensity of contamination in a river.
The maps produced in this study successfully displayed the parameters of river dynamics related
to the estimation of the intensity of contamination or acidity of the water, such as water depth, the
presence of vegetation and water transparency.
CONCLUSIONS
Hymap hyperspectral data are able to produce water maps in a river with a narrow channel,
including parameters enabling qualitative and quantitative estimations of the intensity of
contamination.
The pools of spectrally identifiable acidic water tended to occur behind knick points and locally
slowed water flow. Vegetation growth in the river water was also favoured in intensely
contaminated locations.
A routine sequence of image processing was described, enabling the production of river water
maps following identifiable spectral trends in a routine temporal water quality monitoring system.
The spectral features described in river water contaminated by iron sulphide mine waste and the
methodology to build maps are a solid basis for a temporal water quality monitoring system.
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ABSTRACT
The present study examines and compares the performance of mineral mapping from fused
Hyperion hyperspectral images with ALI panchromatic image (spatially enhanced images were
produced with HPF, LMM and LMVM fusion methods). Fundamentally, this study was triggered by
the following question:
Is it possible to produce acceptable mineral maps, from fused Hyperion imagery?
If the answer to this question is yes, then we have some secondary questions that need to be
answered, such as: Can we obtain better results from fusion? Which fusion technique yields the
best mineral map? Another interesting matter would be to examine if we can estimate mineral
mapping performance of the fused images, by image index analysis.
After viewing and comparing the fused images, the mineral maps and the mineral accuracy maps,
we would rather expect either the LMM or the LMVM method to have the best performance in
mineral mapping. Quantitave results derived from the mineral accuracy maps are in agreement
with our expectations. Image index analysis results are also generally in accordance with both our
expectations and the quantitative results derived from the mineral accuracy maps.
Key words: hyperspectral imagery, mineral mapping, mineral mapping accuracy, Hyperion-ALI
fusion, HPF fusion, LMM fusion, LMVM fusion, image index analysis.

INTRODUCTION
A relatively new field of interest, particularly among the geoscientists society, is mineral mapping
from satellite imagery. Currently, the Earth Observing 1 (EO1) Hyperion sensors, produces
imagery with 30m spatial resolution and 242 spectral bands. Therefore, Hyperion imagery is a
promising tool for mineral mapping, as it provides us with an adequate part of the spectral
signature of the depicted materials.
Indeed, many studies since the EO-1 satellite acquired its first hyperspectral image, have
examined and presented on-the-edge methodologies in order to maximize mineral mapping
accuracy.
The scope of this study however, does not focus in this undoubtedly important and crucial purpose
(maximization of the mapping accuracy) in the original hyperspectral image. Instead, the scope of
the study is, to examine if fused (resolution merged) hyperspectral images, are suitable for mineral
mapping and if they are, determine the one which produces the best results.
As stated in the abstract, the high resolution image which was fused with the Hyperion image, was
an ALI panchromatic scene (10m spatial resolution) produced simultaneously with the Hyperion
hyperspectral scene.
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METHODOLOGY
The methodology of the study can be divided in four parts:
1) Fusion of the original Hyperion image with three fusion methods (HPF, LMM, LMVM).
2) Index analysis of the original and the fused hyperspectral images.
3) Mineral mapping with the Spectral Angle Mapper (SAM) method.
4) Estimation of mineral mapping accuracy from the digitized geological of IGME (Institute of
Geology and Mineral Excavations).
In the following sections we will elaborate on each of the four parts.

METHODOLOGY: FUSION

Figure 1: Legend for the following diagrams of methodology.

Figure 2: Diagram depicting the methodology carried out in the fusion part.
As seen in figure 2, firstly a visual examination of all spectral bands is performed in the raw
Hyperion image. Non-calibrated bands (completely white) and bands with significant noise are
discarded. The rest spectral bands are stacked together, forming a resulting image with 153 bands.
Then, the resulting image (ORIGINAL RES.) is resampled with the nearest neighborhood method,
in order to produce an image with the exact same resolution with the fused images. The
dimensions of the images must have the same resolution, in order to carry out the image index
analysis, as well as to estimate the mineral mapping accuracy.
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The original Hyperion image is fused with the ALI panchromatic image, with three different fusion
methods (HPF, LMM, LMVM) and the respective images are produced. The fused images are
visually compared with the original (resampled) image (see section Results: Fusion).
The HPF fusion algorithm is described in (1), while LMM and LMVM fusion methods are presented
by (2).

METHODOLOGY: IMAGE INDEX ANALYSIS

Figure 3: Diagram depicting the methodology carried out in the index analysis part.
In this part, image analysis results are calculated automatically by a program we developed in
Matlab (3). The program calculates eight different indices:
1)
2)
3)
4)
5)
6)
7)
8)

Bias
Correlation Coefficient (CC)
Difference In Variance (DIV)
ERGAS - Erreur Relative Globale Adimensionnelle de Synthèse (dimensionless global
relative error of synthesis)
Entropy
Q or Universal Image Quality Index (UIQI)
Relative Average Spectral Error (RASE)
Root Mean Squared Error (RMSE)

Details and mathematical formulas for every index are documented in (3).
The program can be downloaded from this site:
http://www.mathworks.com/matlabcentral/fileexchange/32637 (Date last accessed: 20/05/2012).
METHODOLOGY: MINERAL MAPPING
Although the objective of this study is not to pre-process the hyperspectral image with advanced
atmospheric corrections, in order to achieve maximum mineral mapping accuracy, an atmospheric
correction was applied. Proper atmospheric parameters were assigned in ENVIs FLAASH module.
Nevertheless, the resulting atmospherically corrected hyperspectral image seemed to fail to
produce satisfactory mineral maps, despite the fact that visual examination did not reveal any
flaws. Perhaps more testing with the parameters of the SAM method was required. Instead trying
to find out what exactly went wrong, we made the decision to apply mineral mapping directly to the
Hyperion images (without atmospheric correction).
Two were the reasons for this decision:
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1) This study focuses in the comparison of the mapping performance of the fused images.
2) Atmospheric transmission can be considered weak (4, 5), in the part of the spectrum we
utilized for mineral mapping (~1970-2080 nanometers).
After taking into account the four main geological formations we encounter in the area (alluviums,
limestones, greenschists and a formation composed of tephra and lava), we proceed to the
collection of the spectral signatures of the minerals which would naturally occur in the lithological
formations.

Figure 4: Spectral signatures of the most important minerals mapped in the area. The red dashed
lines represent the part of the spectrum used for mineral mapping with the SAM method.

Figure 5: Part of the spectral signatures of the minerals used in the SAM mineral mapping method.
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We can notice from the two figures above that the two mineral pairs [orthoclase, microcline] and
[calcite, dolomite] have significantly similar spectral behavior. This is quite normal, since they have
also high chemical similarity. Especially the [calcite, dolomite] pair have chemical formulas
[CaCO3, (Ca,Mg)(CO3)2] respectively and have even higher spectral similarity than the first pair.
The high spectral similarity causes conflict in mineral mapping methods. Thus, in our mineral
mapping, calcite tends to be mapped as dolomite. For this reason, dolomite is assumed to be in
the highest abundance in limestones, instead of calcite (see mineral mapping accuracy section).
It is very important to state at this point that the part of the spectrum used for mineral mapping
(figure 5), is generally recommended to discriminate and accurately map clay minerals (6). Clay
minerals (kaolinite, illite, montmorillonite) are secondary minerals (i.e. minerals formed from parts
of eroded rocks) and are naturally found in abundance in alluviums, which is a formation composed
of non-cemented sediments (=particles of eroded rocks). Therefore, we would expect higher
mapping accuracy in (clay) minerals mapped inside alluvium formations.

Figure 6: Diagram depicting the methodology carried out in the mineral mapping part.
The following step is the mineral mapping process with the SAM method (7, 8, 9). Application of
the SAM method to every hyperspectral image (original resampled image, HPF, LMM, LMVM
fused images) yields the four respective mineral maps. After several testing, the settings below
seem to produce satisfactory results with the SAM method:
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Endmember spectra collection:

JPL spectral library (10)
Grain size

Clay minerals:

<45 μm

Other minerals:

45-500 μm
SAM settings

Maximum Angle:

11 degrees (192 mrads)

Table 1: Settings used for mineral mapping.
The second process in figure 6 is basically a simplification of the minerals. Only four minerals of
interest are kept in the mineral maps with the apostrophes [montmorillonite, dolomite, epidote,
microcline] and their codes are transformed from [12, 5, 6, 11] to [1, 2, 3, 4] respectively.
METHODOLOGY: MINERAL MAPPING ACCURACY

Figure 7: Diagram depicting the methodology carried out in the mineral mapping accuracy part.
For the assessment of the mineral maps, firstly we georeference and digitize the geological
formations of the geological map of IGME. From this process we obtain the geology in a vector file
(shapefile). This shapefile is converted to raster form and then a transformation to the codes of the
geology is applied. This transformation alters the codes of the geological formations [alluviums,
limestones, greenschists, tephra / lava] from [1,2,3,4] (codes assigned in the digitization process)
to [5,7,16,30] (transformed codes), respectively. This transformation is required (see subsection
geological code transformation).
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The raster with the transformed codes is then multiplied with each of the simplified mineral maps
and the respective accuracy map is obtained. Then every accuracy map is subdued to code
decryption and statistic analysis. From this process, we obtain accuracy estimations. A numerical
comparison of the accuracy estimations with the index analysis results, is finally performed, to
answer our last question: can index analysis predict mapping performance?
Simplification hypothesis
In order to assess mineral mapping accuracy, a simplification was made:
Every geological formation should include only the mineral which would naturally occur relatively
with the highest abundance in the formation.
A simple example: if the image had 2 formations, rocks “X” and “Y”, with mineral compositions of:
X:
Y:
80% Quartz
70% Quartz
15% Feldspar
20% Feldspar
5%
Biotite
10% Biotite
Then, Quartz only would be the accurately classified mineral for rock “X” and Feldspar for rock “Y”.
From the example above, it is easily seen that 20% of minerals are lost in the formation “X” and
80% of minerals are lost in the formation “Y”. However, we emphasize again that the objective of
the study is not to maximize the mineral mapping accuracy, it is instead to point out which fusion
method has the best performance in mineral mapping.

Geology

Minerals

Alluvium

Clay minerals:
Montmorillonite, Illite, Kaolinite
Quartz,
Feldspars:
(Alkali: Orthoclase/Microcline, Anorthoclase, Albite)
(Na-Ca: Albite, Oligoclase, Andesine, Labradorite, Bytownite, Anorthite)

Limestone

Calcite, Dolomite, Aragonite

Greenschist

Chlorite, Albite, Epidote, Actinolite

Tephra and Lava

Quartz, Feldspars (Microcline etc.), Clay minerals (in kaolinized tuff):
Kaolinite

Table 2: Geological formations present in the images and their possible mineral compositions.
Minerals with bold letters are the minerals assumed to be in the highest relative abundance in each
formation. Minerals with red letters are minerals present in more than one formation.
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From table 2, we can presume that our simplification states that:
1.
2.
3.
4.

montmorillonite should only be present in alluviums,
dolomite should only be present in limestones,
epidote should only be present in greenschists,
microcline should only be present in the tephra and lava formation.

Thanks to the simplification, we can produce accuracy estimations, simply by multiplying the image
of the geology (with the transformed codes) with each of the four (simplified) mineral maps. The
following subsection reveals why the code transformation is required.

Figures 8 and 9: Digitization of the geological map of IGME. The white stripe represents the extent
of the Hyperion image.
Geological codes transformation
As mentioned earlier, we have a raster with the four geological formations with codes [1,2,3,4] for
each formation and four rasters which are the simplified mineral maps (derived from original, HPF,
LMM and LMVM hyperion images), having four minerals with codes [1,2,3,4]. Obviously there are
16 (4x4) possible combinations of a mineral mapped into a certain formation. If we multiply the two
rasters (geology * a mineral map) without transformations, we will have conflicts in the resulting
accuracy map. The accuracy map is basically an image which theoretically can have 16 codes (in
our case), each one representing a unique mineral-in-formation.
If we consider that the codes of the formations are in a column vector and the mineral codes are in
a row vector, then the geology codes times the mineral codes (matrix multiplication) is equal to the
array of the accuracy codes. However, if no transformation is applied, we won’t have uniqueness in
the accuracy codes. This can clearly be seen in the table below:
Non uniqueness in the accuracy codes results to inability assessing mineral mapping accuracy. To
overcome this problem, we alter the codes of the geological formations, in such way, that every
possible mineral-in-geology combination has a unique code. The table below shows the
transformed codes. We can notice that now we have uniqueness (no conflicts) between the
accuracy codes.
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Geology

Geology
Codes

Minerals

Mineral
Codes

Accuracy Codes
(Geol.*Minerals)

Alluvium

1

Montmorillonite

1

1

2

3

4

Limestone

2

Dolomite

2

2

4

6

8

Greenschist

3

Epidote

3

3

6

9

12

Tephra / Lava

4

Microcline

4

4

8

12

16

Table 3: Table with the original geology codes, the simplified mineral codes and the resulting
accuracy codes. The bold accuracy codes (diagonal) are the most important and represent the
minerals correctly assigned to their formation, according to our hypothesis. The red accuracy
codes are codes which are not unique.

Geology

Geology
Codes

Minerals

Mineral
Codes

Accuracy Codes
(Geol.*Minerals)

Alluvium

5

Montmorillonite

1

5

10

15

20

Limestone

7

Dolomite

2

7

14

21

28

Greenschist

16

Epidote

3

16

32

48

64

Tephra / Lava

30

Microcline

4

30

60

90

120

Table 4: Table with the transformed geology codes, the simplified mineral codes and the resulting
accuracy codes. The bold accuracy codes (diagonal) represent the minerals correctly assigned to
their formation, according to our hypothesis. For example, if A the array of the accuracy codes,
A(3,3) = 48. This 48 has been produced by multiplying epidote [3] accurately mapped inside
greenschists [16].
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RESULTS: FUSION

Figures 10-13: Visual comparison of the original hyperspectral image and the three fused images.
From left to right: Original image, HPF, LMM, LMVM fused images. The images are shown in a
FCC (False Color Composite) of 2305/1609/447 nm (as R/G/B).
Visual comparison demonstrated in figures 10-13, reveals that the HPF fusion provides better
contrast, but unfortunately this automatically means reduced spectral fidelity. Both LMM and LMVM
are very close to the tonality of the original image and therefore maintain most of the spectral
information. It is also noticeable that these two methods have minor differences between them.
The above observations make us expect that the LMM and LMVM fused images will provide better
mineral maps than the HPF image.

RESULTS: MINERAL MAPPING

Figures 14-19: Visual comparison of the mineral maps. Left to right (top row): Part of IGME map,
Original, LMVM, LMM, HPF mineral maps, HPF fused image (FCC - False Color Composite at
2305/2052/1609 nm as R/G/B). The images in the bottom row represent the red framed part of the
respective images in the top row. The crosshair is pointing in an alluvium formation.
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We can observe from figures 14-19, that montmorillonite tends to dominate the alluvium formation.
This mineral-in-formation has the highest spatial correlation in our image. This was expected, since
bands which are ideal for mapping of clay minerals were used. This fact makes us expect higher
mapping accuracy in the alluvium formation.

Figures 20-25: Visual comparison of the mineral maps. Left to right (top row): Part of IGME map,
Original, LMVM, LMM, HPF mineral maps, HPF fused image (NCC - Natural Color Composite at
691/529/437 nm as R/G/B). The images in the bottom row represent the red framed part of the
respective images in the top row. The crosshair is pointing in a limestone formation.
In the above figures we can see that calcite, which is abundantly present in limestone, tends to be
mapped either as dolomite or biotite. This is quite reasonable, if we consider that their spectral
signatures in the bands used for mapping (fig. 5) are very similar. Spectral signatures of these
three minerals may have different reflectance values, but their behavior is similar (slight upward
trend as wavelength increases) and this hinders accurate mapping of these minerals.

Figures 26-31: Visual comparison of the mineral maps. Left to right (top row): Part
of IGME map, Original, LMVM, LMM, HPF mineral maps, HPF fused image (FCC - False Color
Composite at 2305/2052/1609 nm as R/G/B). The images in the bottom row represent the red
framed part of the respective images in the top row. The crosshair is pointing in the greenschists
formation.
It is notable (fig. 26-30) that epidote is prevalent in the greenschist formation, especially in the
LMVM mineral map. The ophthalmic-like formations in the down-left corner of the IGME map are
limestone occurrences.
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In figures 32-37, we examine an area with the formation which has by far the largest area in our
image, tephra and lava. This formation is represented in the IGME map with a yellow color with red
dots. The formation seems have in abundance alkali-feldspars such microcline and orthoclase
which are mapped with purple color. Also, the presence of kaolinite, mapped with white color, is
perhaps correlated with the kaolinized tuff, which is mentioned in the legend of the
geological map.

Figures 32-37: Visual comparison of the mineral maps. Left to right (top row): Part of IGME map,
Original, LMVM, LMM, HPF mineral maps, HPF fused image (FCC - False Color Composite at
2305/2052/1609 nm as R/G/B). The images in the bottom row represent the red framed part of the
respective images in the top row. The crosshair is pointing in the tephra and lava formation.
RESULTS: MINERAL MAPPING ACCURACY
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Figures 38-41: Visual comparison of the accuracy maps.

Figures 42-45: Visual comparison of the accuracy maps.
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Figures 46-47: LMVM accuracy maps. The southern part of the area is depicted.

Comparison of the accuracy maps (figures 38-41) gives us spatial information about which
minerals are mapped into which formation. Same colors have been chosen for every formation and
respective mineral (most abundant in the formation), according to our simplification.
For example, with red color we represent the tephra and lava formation, as well as microcline,
relatively the most abundant mineral inside tephra and lava (see simplification hypothesis).
Therefore, intense red colors mean accurately mapped microcline inside tephra and lava.
Consequently, the accurately mapped minerals have colors:





Intense blue (montmorillonite in alluviums),
Intense yellow (dolomite in limestones),
Intense green (epidote in greenschists),
Intense red (microcline in tephra and lava)

All other colors are obviously results of a certain misclassified mineral-in-formation. Since the
boundaries of the formations are explicit and the minerals are four, one can easily interpret which
type of mineral is mostly misclassified into which formation.
Figures 42-45 demonstrate the accuracy maps, emphasizing only in the accurately mapped
minerals according to the simplification hypothesis (all misclassified minerals are mapped with gray
color).
Careful comparison between the accuracy maps (fig. 38-45) will reveal a tendency of the LMM and
LMVM methods to map more minerals. A finer comparison between LMM and LMVM will indicate
that LMVM has the best performance in mineral mapping, in terms of quantity.
Figures 46 and 47 demonstrate the increased level of accuracy, when mapping montmorillonite in
alluviums. As we mentioned earlier, we can attribute this to the band selection chosen for mapping
(generally used for identifying clay minerals).
RESULTS: MAPPING ACCURACY STATISTICS VS. INDEX ANALYSIS
Previously, we visually examined and compared the mineral accuracy maps. By calculating their
histograms, we measure the frequency of each of the 16 codes encountered in the accuracy maps
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(see subsection Geological codes transformation). The frequency of these codes will reveal the
quantity of each mineral mapped into a certain formation. Finally, the comparison of the diagonals
(accurately mapped minerals) of the statistics of the four accuracy maps, will help us state which
fusion method performs best in mineral mapping.

Pixel Stats
Montmorillonite

Dolomite

Epidote

Microcline

Alluvium

11730

1348

493

257

Limestone

3664

947

934

456

Greenschist

4916

4520

4795

4526

Tephra / Lava

26916

57492

42727

45848

Table 5: Number of Minerals (pixels) mapped in the Geological formations [Original accuracy map].
The table above is the decrypted histogram of the original accuracy map. If we multiply every
number with 100, we will get the area of minerals in m2, since ALI panchromatic image has a
spatial resolution of 10 meters.

MIG Stats
Montmorillonite

Dolomite

Epidote

Microcline

Alluvium

84,83

9,75

3,57

1,86

Limestone

61,06

15,78

15,56

7,60

Greenschist

26,21

24,10

25,56

24,13

Tephra / Lava

15,56

33,24

24,70

26,50

Table 6: Amount (%) of all Minerals mapped In each Geological formation [Original accuracy map].

DIAG(PS)

DIAG(MIG)

Monmorillonite in Alluvium

11730

84,83

Dolomite in Limestone

947

15,78

Epidote in Greenschist

4795

25,56

Microcline in Tephra / Lava

45848

26,50

SUM

AVERAGE

63320

38,17

Table 7: Diagonal elements of the two previous arrays [Original accuracy map].
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DIAG(PS)

DIAG(MIG)

SUM

AVERAGE

ORIGINAL

63320

38,17

HPF

61100

39,35

LMM

75494

41,50

LMVM

78717

43,32

Table 8: Figures of last row of table 7, for every accuracy map.

Bias

DIV

CC

Entropy

ERGAS

Q

RASE

RMSE

ORIGINAL

0

0

1

5,793

0

1

0

0

HPF

0,0457

-0,0437

0,921

6,196

16,048

0,920

48,143

327,01

LMM

-0,0013

-0,0040

0,995

5,820

3,966

0,995

11,898

79,904

LMVM

-0,0005

0,0004

0,993

5,806

4,514

0,993

13,543

82,947

Table 9: Average Image Index Analysis results for every hyperspectral image.
Bold numbers in tables 5 and 6 represent the accurate mineral-in-formation pair according to our
simplification, while underlined numbers represent the largest occurring mineral-in-formation, in a
certain formation (row).
Table 6 is table 5 converted to percents. Every number of table 5, is divided with the sum of the
numbers in its row and then multiplied by 100. It can be seen clearly that we have higher accuracy
by far in the montmorillonite-alluvium pair (accurate mineral-in-formation). Relatively speaking,
second best is the epidote-greenschist pair, in the third place comes the microcline-tephra/lava pair
and in the last place, the dolomite-limestone pair. This ranking has resulted by subtracting the
percentage of the accurate pair (bold), with the largest (underlined) mineral-in-formation pair in the
same row. The closer we are to zero, the better the relative accuracy of the pair. It is important to
note that zero is found (by subtracting bold from underlined numbers in a row), only in the alluvium
formation for the accurate pair montmorillonite-alluvium. For this fact, an explanation can be sought
in methodology: mineral mapping, page 5, first paragraph.
The sum of the diagonal of table 5 is the total quantity of minerals mapped accurately according to
our hypothesis. The mean of the diagonal of the table 6, gives us an estimation for the quality of
the mapping (table 7).
From table 8, we can verify that LMVM performs best in mineral mapping. We can see also that
LMM earns the second place, while HPF performs rather worse than the original image, since it
maps fewer minerals.
Finally, in table 9 the image index analysis results are shown (from the second part of the
methodology) for comparison with the mineral mapping accuracy estimations (table 8). Index
analysis is carried out through comparison of two images and the one of them is always the
original. For this reason, index analysis of the original image with itself yields the ideal values of
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every index (first row), while the rest three rows represent the difference of each fused product
from the original image. Only entropy can be measured for a single image (3, 11, 12, 13). The point
is that the first row has the ideal values for every index and theoretically, the closer the index
figures of a fused product to these values, the better it is.
Therefore, comparison of tables 8 and 9, indicates that our mineral mapping accuracy estimations
are in agreement with index analysis, that HPF method has the worst performance (for mineral
mapping purposes). However, there is a contradiction between the best performing methods, LMM
and LMVM. LMVM, which is ranked in first place by mapping accuracy estimations (table 8), is
ranked as the best from 3 of 8 indices (table 9). LMM, which is ranked in the second place from
mineral mapping accuracy estimations, is favored by 5 of 8 indices.
CONCLUSIONS
In conclusion, we can answer our questions expressed in the abstract:
-Production of satisfactory mineral maps from fused hyperspectral images is feasible.
-Fused images may produce more accurate mineral maps than that of the original hyperspectral
image. HPF fusion method did not achieve this, but the other two methods (LMM, LMVM) seem to
provide better results than the original image.
-The best fusion method for mineral mapping is either LMVM or LMM (from the three methods
examined). Our mineral mapping accuracy estimations favoured LMVM, while LMM is ranked first
by more indices than LMVM. Differences are minor between them (as we saw at section results:
fusion) and more tests should be carried out in order to discriminate which one is better.
-We can get good estimations of the possible mineral mapping performance of each fused image
by index analysis. Perhaps, index analysis with sliding windows (checking neighbourhoods of the
images) might provide even better estimations.
DISCUSSION
Although the objective of the present study was to compare the mapping performance of fused
methods, it would be interesting to testify this methodology in mineral maps with higher accuracies.
Some proposals that could increase the mineral mapping accuracy are listed below:
-Combination of mineral maps derived from classification from different wavelength parts, for
different mineral groups. For example, produce a mineral map using only the spectral bands
specialized in identification of clay minerals and combine it with a mineral map produced using
spectral bands ideal for mapping of carbonate minerals. Bearing in mind the quite satisfactory
mapping accuracy levels for the montmorillote-alluvium pair, this methodology seems promising.
-Linear spectral unmixing. (14, 15)
-Proper atmospheric correction. (6, 9)
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ABSTRACT
One of the most important factors controlling the dynamics of coastal areas is river input of
freshwater and its sediment load. Spatial variations in lithology provides information on the
direction of sediment transport patterns, which can be studied through conventional analysis.
Reflectance properties of sediments are related to lithologic composition and grain size. These
properties can be investigated using hyperspectral and multispectral techniques to detect possible
changes of their distribution in time and space and to produce maps at different scales. Compared
with conventional petrographic and granulometric analyses, which are generally invasive, timeconsuming and expensive, remote sensing techniques allow a rapid acquisition of a large amount
of data on sediment properties, such as lithologic composition and grain size. The study area is
located in Tuscany between the mouth of the Serchio river and the harbor of Livorno. Along this
sector three river mouths (Serchio, Arno and Scolmatore) discharge their sediment load affecting
the composition of the littoral sands. About 130 sediment samples have been collected along the
coast in the study area. Sampling site were situated along beaches at several depths (from +1 to 5 m), in different locations within the Holocene and Upper Pleistocene coastal dunes and in the
river beds of the three water courses. The lithological composition of the collected sand samples,
based on petrographic microscopy analysis, have been compared to the spectral response
obtained using the Analytical Spectral Device (ASD) Fieldspec spectroradiometer, in order to
investigate the relation between such features.
INTRODUCTION
Coastal zones are dynamic, fragile and constantly changing environments and their rate of change
has recently become increasingly faster because of the human-induced pressure. The
management and conservation of coastal areas are very interesting topics, especially where the
human presence is important. Understanding the natural processes characterising the coastal
zones and influencing their evolution is crucial prerequisite for a proper territory management and
planning. Coastal areas, characterized by the presence of several river mouths, are natural
laboratories where sediments of different origin and several physical–chemical processes concur
to determine the spatial and temporal variability of material distribution. River input of freshwater
and/or flood events represent controlling factors on the dispersion and sedimentation dynamics.
Several techniques have been used and proposed to study the dynamic nature of coastal systems,
especially for the determination of changing in shorelines, erosion, and deposition due to the
sediment transport (1,2) The composition of clastic sediments is generally characterized by its
physical features, the chemical composition and the petrographic composition (texture and
mineralogy).The study of the compositional and textural variability of sediments provides
information on the evolution of geography, climate, tectonics and lithology of the sediment source
areas and on the dispersal of sediments along the coast (3). The provenance of littoral sands can
be studied though a variety of methods, including petrographic analysis, whole rock and mineral
chemistry and radiometric dating. Usually these conventional methods are time and money
consuming and invasive. We propose an alternative, inexpensive and fast method, based on the
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reflectance properties of sediments. The reflectance spectra of a sediment is strongly affected by
its lithologic composition and grain size distribution. About 130 samples have been collected along
the coast of Tuscany (Italy), between the mouths of the Serchio and Scolmatore rivers (Figure 1).
The composition of the sand samples was evaluated by means of petrographic microscopy and
grain size analyses. The same samples were analyzed using an Analytical Spectral Devices (ASD)
Fieldspec. The sediment spectral library was used to evaluate the differences in mineralogical
composition, which can be related to different source areas. Results coming from spectroscopy
have been compared to those obtained from the petrographic analysis.
METHODS
The study area, about 26 km long, is comprised between the Serchio and the Scolmatore river
outlets (Figure 1a) and belongs to the physiographic unit extending from Punta Bianca to the
Livornesi Mounts. This coastal area is characterized by sandy beaches fed from north to south by
the Magra, the Serchio and the Arno rivers. The last two, and particularly the Arno River, feeds the
Pisa shoreline, even if in an insufficient way (4). Since Etruscan and Roman times, the Arno river
delta prograded untill the beginning of the second half of the nineteenth century, when erosional
processes began. The demolition of the Arno river delta apex was affected by several factors
(reclamation works, harbors, jetties, sandpits, river dams), which strongly changed the sedimentary
budget (5,6). In particular, the retreat of the shoreline located north of the Arno river mouth
exceeded 1000 m and involved the S. Rossore beach whereas, to the south, the retreat was
limited to approximately 100 m, thanks to the construction of protection structures (7,8). The shore
protection at Marina di Pisa was recently performed also by the creation of artificial gravel
beaches, which allowed the reduction of invasive approaches to coastal defense and a better
exploitation of the shore from a touristic point of view.

Figure 1a): Location of the study area; 1b) distribution of the transects from which samples were
collected. Blue lines represent the longshore drift direction.
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Sampling sites are located along 50 transects arranged perpendicular to the coast (Figure 1b),
using a bucket. Samples were systematically collected at: -9/-10 m (A); -7/-8 m (B); -5/-6 m (C); -4
m (D); -3 m (E); -2 m (F); -1 m(G); swash zone (H); backshore 1 m (K) and 2 m (L). A subset of 70
samples were chosen for a preliminary analysis. Samples were dried and splitted, a fraction being
destined to petrographic and grain size analyses. The former was performed following the GazziDickinson methods (9,10) with 7 classes: quartz; feldspar; plagioclase; lithic grains; mica; heavy
minerals and carbonates. For the grain size analysis, 8 classes were created: fine gravel (> 4 mm);
very fine gravel (2-4 mm); very coarse sand (1-2 mm); coarse sand (0.5-1 mm); medium sand
(0.25-0.5 mm); fine sand (125-250 µm); very fine sand (62.5-125 µm) and silt and clay (<62.5 µm).
An Analytical Spectral Device (ASD) Fieldspec spectroradiometer was used to collect the samples
spectra . Four measurement were collected and averaged for each sample, which was placed on a
watch glass and smoothed by vibration. The distance between the sample and the optic fiber was
7 cm.
The principal component analysis (PCA) was applied to the spectral dataset. This mathematical
procedure is largely used in environmental science and biological applications, as a tool for
exploratory data analysis and for making predictive models (11,12). The main purpose of PCA is to
reduce the dimensionality of the original dataset, represented by an n-dimensional space (where n
is the number of variables or experimental results), into a few principal components (PC), derived
as a linear combination of the original variables, which concomitantly retain the maximum
percentage of original information contained in the data set. The new space is defined by the
eigenvectors of the data variance–covariance matrix. The resulting PC can be used to project the
originally multidimensional data into only a two- or three dimensional space, which is called a score
plot (13). Even without specific knowledge of statistical implications, these plots enable a rapid and
direct evaluation of similarities, differences and groupings among the original samples. As a matter
of fact, since patterns can be hard to find in data of high dimension, PCA is a powerful data
analysis instrument, which reduces the number of dimensions, without much loss of information.
This technique was applied to the petrographic classes, to the grain size classes and to the ASD
laboratory spectra of sand samples. The first three principal components were then plotted against
each other in a scatterplot. Results coming the PCA using the three different datasets are
compared in order to establish possible correlations among them.
RESULTS
A preliminary analysis of the petrographic composition of the collected samples was performed
using a subset of the available samples. 27 samples collected at -1 m depth were plotted in three
diagrams: Q(Quartz)-F(Feldspar)-L(Lithic grains); Q-F+L-C(carbonates) and Q-K-P (Figure 2).
Samples are distributed according to two main compositional groups (Figure 2): the first includes
the samples located between the northern boundary of the study area and the village of
Calambrone, while the second spans from the town of Calambrone to the southern limit of the
Pisan Coast. All the samples can be classified as litho-feldspatic sands. The discriminant factor
between the two groups is represented by the quartz content.
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Figure 2: Ternary diagrams (Q-F-L; Q-F+L-C and Q-K-P) for the samples collected at -1 m depth.
The compositional variations related to depth have been investigated, considering the samples
collected to -9, -5, -3, -1, and +1 m depth. Three transects orthogonal to the coastline have been
selected (9, 337 and 373). No evidences of compositional variations have been detected along the
transects (Figure 3)

Figure 3: Ternary diagram for the samples collected along transect 9.
The PCA on the three datasets was performed with SIM-CA P+ software by Umetrics, using 131
observations and 2151 variables. In each case, a three component model was realized after no
transformation of variables and mean centering for the spectral dataset, linear transformation and
mean centering for the grain size dataset and negative logarithm transformation and unit variance
filter for the petrographic dataset.
For all the three models (petrography, grain size and spectral data), the first two components
explain more than the 90% of the dataset variance and represent the largest differences between
the groups of samples.
The PCA performed on the petrographic dataset highlights a recognizable cluster formed by
samples collected in the southern sector of the study area (Figure 4).
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Figure 4: Petrography: scatter plot of the first two principal component scores of the petrographic
dataset. (Black: samples collected between the southern limit of the study area and the
Calambrone village; blue: between the Calambrone village and the Arno river outlet; gray: between
the Arno and Serchio river outlets)
Regarding the grain size dataset (Figure 5), the scatter plot of the first two principal components
highlight the presence of three main groups. Samples collected at -9/10 m depth (A) are grouped
and clearly separated from samples collected at -1 m (G) and 1 m (K). Most of the samples
collected at -5/6 m (C) depth are grouped together, but a part of them are scattered. The model
shows that the grouping is mostly affected by the variables: very coarse sands, coarse sands,
medium sands and fine sands.

Figure 5: Grain size: scatter plot of the first two principal component scores.
Concerning the spectral properties, In the first two PC score plot (Figure 6) samples A and K plot in
evidently separated areas (prevalently the first and the fourth quarters for samples K and mainly
the second and the third quarters for samples A).
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Figure 6: Spectral response; scatter plot of the first two principal component scores related to the
spectral dataset.
The same grouping patterns are highlighted by the spectral characteristics (Figure 7). Spectra
samples were plotted considering the single bathymetry. Among the samples collecting at different
depth, K (1 m) (Figure 8) and E (-3 m) shows an interesting distribution where samples belonging
to the southern part of the study area shows higher reflectance with respect to the others.

Figure 7: Distribution of the spectra of the collected samples. Samples K are in red and samples A
in white.
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Figure 8: Distribution of the spectra of the collected samples at +1 m depth (K). (Blue: samples
collected between the southern limit of the study area and the Calambrone village; red: between
the Calambrone village and the Arno river outlet; white: between the Arno and Serchio river
outlets)

CONCLUSIONS
Spectral differences in sand samples can be related to their mineralogical composition and to grain
size distribution (14,15).The petrograpic composition of the samples collected in the Arno River
shows an higher maturity with respect to the samples coming from the Serchio River. Furthermore,
the latter shows a increase of the lithic grains. This difference cannot be detected in the samples
collected along the shore. In particular in the northern sector of the study area, close to the Serchio
outlet, the influence on the petrographic composition due to feeding by this river cannot be
recognized. The study of the petrographic composition highlighted the presence of two
petrographic provinces. The first is comprised between the Serchio River Outlet and the
Calambrone village (Figure 1b), whereas the second is located in the southern part of the study
area, between the Calambrone Village and the Livorno harbour. The northern province is fed by
the Arno river sediments and subordinately by the Serchio river. The southern province is
influenced by the Scolmatore river. The spectral analysis yielded a very similar result: samples
belonging to the southern petrographic province are characterized by higher albedo. The groupings
are particularly evident at 1 m (Figure 8) and -3 m depth. The PCA analysis performed on both the
grain size and the spectral datasets show that samples A and K clearly represent two different
clusters, suggesting that grain size distribution can be spectrally detected. The obtained results are
encouraging to insist in the investigation of the spectral behaviour of littoral sands, in order to
understand how the lithological composition affects the spectral behaviour and possibly to draw
some conclusions on coastal dynamics.

204

Andrea Ciampalini, Francesca Garfagnoli, Ilaria Consoloni, Giovanni Sarti, Chiara Del Ventisette and Sandro Moretti :
Capability of sands spectroscopy in sediment dispersal study along the TUSCAN Coast (ITALY)

REFERENCES
1

Baily B, and D. Nowell, 1996. Techniques for monitoring coastal change: a review and case
study. Ocean & Coastal Management, 32: 85-95.

2

Anil Ari H, Y Yüksel, E Özkan Çevik, I Güler, A Cevdet Yalçiner & B Bayram, 2007.
Determination and control of longshore sediment transport: a case study. Ocean Engineering,
34: 219-223.

3

Borges J & Y Huh, 2007. Petrography and chemestry of the bed sediments of the Red River in
China and Vietnam: Provenance and chemical weathering. Sedimentary Geology, 194: 155168.

4

Cipriani L E, S. Ferri, P Iannotta, F. Paolieri & E. Pranzini, 2001. Morfologia e dinamica dei
sedimenti del litorale della Toscana settentrionale. Studi Costieri, 4: 119-156.

5

Rapetti F & S Vittorini, 1974. Osservazioni sulla variazione dell'ala destra del delta dell'Arno.
Atti Soc. Tosc. Sci. Nat. Serie A, 81: 25-88.

6

Pranzini E, 1983. Studi di morfologia costiera: l'erosione del delta dell'Arno. Quaderni del
Museo di Storia Naturale di Livorno, 4: 7-18.

7

Pranzini E, 1989. A model for cuspidate delta erosion. Coastal zone, 89: 4345-4357.

8

Aminti P L & E Pranzini, 2000. Indagine sperimentale per la ristrutturazione delle difese di
Marina di Pisa. Studi Costieri, 3: 57-70.

9

Gazzi P, 1996. Le arenarie del flysch supracretaceo dell’Appennino modenese: correlazioni
con il flysch di Monghidoro. Mineral. et Petrogr. Acta, 12: 69-97.

10 Dickinson W R, 1970. Interpreting detrital modes of graywacke and arkose. Journal of
Sedimentary Petrology, 40: 695-707.
11 Shaw P J A, 2003. Multivariate statistics for the Environmental Sciences. John Wiley & Sons,
Chichester, UK, pp. 233.
12 Abdi H and L J Williams, 2010. Principal component analysis. Wiley Interdisciplinary Reviews:
Computational Statistics, 2: 433–459.
13 Brereton R G, 2003. Chemometrics: Data Analysis for the Laboratory and Chemical Plant.
John Wiley & Sons, Chichester, UK, pp. 504.
14 Hunt G R and R K Vincent, 1968. The behavior of spectral features in the infrared emission
from particulate surfaces of various grain size. Journal of Geophysical Research, 73: 60396046.
15 Hunt G R, 1977. Spectral signatures of particulate minerals, in the visible and near-infrared.
Geophysics, 42, 501-513.

205

4th EARSeL Workshop on Remote Sensing and Geology
Mykonos, Greece, 24st – 25th May, 2012

206

High resolution satellite data and GIS techniques vs airphotos and classical
photogrammetric techniques for quarry excavation volumes computation
Konstantinos G. Nikolakopoulos1 and Panagiotis I. Tsombos2
1. Institute of Geology & Mineral Exploration, Athens, Greece, ptsombos@igme.gr
2. University of Patras, Department of Geology, Rio Patras, Greece, knikolakop@upatras.gr
ABSTRACT
Mining activity monitoring, volume calculations, data for information systems of mining companies,
decision making and planning are some of the most important fields, where photogrammetry and
remote sensing can be used in open pit mining. Nowadays mostly digital methods find their utility in
providing stereoscopic digitization of a current situation of a quarry, precise orthophotos and digital
elevation models. There are requirements for high precision especially in heights due to volume
calculations and therefore high-resolution aerial images with low flight altitude are taken for the
quarry monitoring. The image scale is usually between 1:4,000 and 1:10,000. At the same the evolution of the satellite sensors provide satellite images with very high spatial resolution (up to 0,5m),
more bands in different parts of the spectrum and stereoscopic capabilities. Despite the evolution
of the cameras and the existence of images with high resolution, the biggest problem remains the
image interpretation. The quarry planes usually do not present a variety of colours or shades of
grey. Furthermore a very accurate 3D model without systematic errors is essential in such studies.
The objective of this work is to compare the accuracy to the computation of excavation volumes
using two different data sets: airphotos and high resolution satellite data. The excavation volumes
of a quarry for a specific period were calculated with classical phtogrammetric techniques and
compared with the respective volumes computed from the remote sensing data. The results are
presented in this study.
Keywords. Quarry, GIS, photogrammetry, orthophotos, Digital Elevation Model, excavation volume.
INTRODUCTION
Mining companies monitor their mining activity regularly. There are several ways to do so. However, very precise terrestrial measurement with topographic equipment of Differential GPS is a too
time consuming procedure. Absolute precision of single points is high (in units of cm) but it is not
economic to measure too many details. With photogrammetry large areas can be measured even
with details. Accuracy at a single point is a bit lower (a few cm) but still sufficient in the case of
open quarries. Relative accuracy of DSM is even better than at terrestrial measurement because of
a higher number of points which can express terrain well.
However the cost of the photogrammetric survey of a quarry is still quite big in comparison to the
use of high resolution satellite data. The cost of two flights in order to acquire the necessary airphotos can be 10 times more than the purchase of commercial satellite data such as Ikonos
Quickbird or Worldview. The main advantages of remote sensing are its ability to cover large areas, high temporal frequency, and lower cost compared to groundbased investigation and monitoring.
The use of satellite data for quarry monitoring has started about twenty-five years ago and in the
literature is reported the use of Landsat 5 data, with seven available spectral bands. The data have
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been pre-processed and geo-referenced (adopting appropriate geometric correction) through a
suitable software and successively processed to build synthetic normalised bands in order to discriminate the naked rock from the surrounding undisturbed vegetation (1,2,3). Environmental impacts and the decrease of natural vegetation caused by the open pit mining activities were identified from NOAA–AVHRR and Landsat satellite images. Remote sensing data were also used for
quarry monitoring with quite good results (3,4). A number of recently published papers
(5,6,7,8,9,10) have demonstrated the usefulness of monitoring the environmental impact of mining
using various remote sensing methods and data. The use of different satellite data for quarry monitoring was discussed in previous studies (10,11).
As the Greek Institute of Geology and Mineral Exploration is the official authority for the quarries
monitoring in Greece it was asked to monitor and certify if there is activity to an open quarry near
to the capital (Figure 1) during a period of ten months.
Two diiferent procedures were used:
 Classical photogrammetric techniques using airphotos acquired on two different dates.
 High resolution satellite data (Ikonos) and GIS techniques
The results of the two different procedures and their accuracy are discussed in the suite of this paper and the results are presented.
DATA USED AND EXCAVATION VOLUME ESTIMATION
Data used
Two series of airphotos acquired in September 2008 and in June 2009. Two of the airphotos are
presented in Figure 2. At the left part of Figure 2 an airphoto of the first flight and at the right part
the respective airphoto of the second flight.
Two Ikonos bundle images acquired in August 2008 and in July 2009. The spatial resolution was
one meter and the images contain 4 bands. The two Ikonos images are presented in Figure 3.
The processing of all the data was done using Leica Photogrammetry Suite (Figure 4). The same
ground control points collected with Differential GPS were used for the triangulation of the airphotos of the two flights. Then the respective DSMs were extracted (Figure 5) from the two airphotos data sets and two orthophotos were created.
The ground control points used for the triangulation of the airphotos were also used for the orthorectification of the Ikonos images.
In order to compare the accuracy of the orthorectification process the four orthophotos are presented in Figure 6. At the left part of the figure the images of 2009 are presented while at the right
part of the figure the images of 2008 are presented. The upper part of the figure shows the Ikonos
images while at the lower part of the figure the airphotos are presented. All the four images are geolinked and the cursor is at the edge of the upper plane of the quarry.
Calculation of the excavation volumes using the airphotos
The two DSM that were extracted from the airphotos using photogrammetric techniques were
compared in order to calculate the excavation volumes. Both DSMs were inserted in ARCGIS and
the difference was calculated automatically. The volume of the excavations was calculated to
157.754 m3.
Calculation of the excavation volumes using the satellite images
The two orthorectified satellite images were implemented into ARCGIS and the quarry planes were
digitized (Figure 7). The 2008 image is presented at the top of the figure while the 2009 image is
presented at the bottom of the figure. The perimeter and the area of the planes were calculated.
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The excavation volumes were calculated taking into account the area of the planes and the height
of every plane. The results are presented in Table 1. As it can be observed the excavation was taking place at the two lower planes and the volume of the materials extracted is almost 194.000m3.

Figure 1. The open quarry is situated in Attiki Region, Greece.
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Figure 2. Left-hand side: Airphoto of the Quarry acquired on September 2008. Right-hand side:
The respective airphoto of June 2009.

Figure 3. Left-hand side: Ikonos image of the Quarry acquired on August 2008. Right-hand side:
The respective Ikonos image of July 2009.
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Figure 4. The processing of the airphotos was done in LPS. A 3D view of the quarry planes.

Figure 5. From the airphotos two different DSMswere created. Left-hand side: The 2008 DSM.
Right-hand side: The respective DSM of 2009.

Figure 6. Comparison of the accuracy of the 4 orthophotos. Upper left part: the Ikonos image of
July 2009. Upper right part: the Ikonos image of August 2009. Lower left part: the airphoto of Sep-
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tember 2008. 2009. Lower right part: the airphoto of June 2009. All the four images are geolinked
and the cursor is at the edge of the upper plane.

Figure 7. Part of the Ikonos orthorectified images. With green, yellow, blue and red color four of the
quarry planes. It is very clear that the shape of the third (blue color) and the fourth plane (red color)
has changed between the 2008 image (top) and the 2009 image (bottom).

Table 1: The excavation volumes as they were calculated from the Ikonos images.
August 08 - July 09
Plane 1

0

Plane 2

0

Plane 3

75161

Plane 4

118704

Total in m3

193.865
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DISCUSSION
The excavation volume was calculated with two different ways using the airphotos and photogrammetric techniques and Ikonos images and digitization in GIS environment. In Figure 8 the two
different volumes are presented.
In the first case (use of airphotos) the monitoring covered a period of two hundred seventy two
(272) days. The volume of the extracted materials was 157.753 m3 or almost 587m3 per day. In the
second case the monitoring was done for three hundred thirty nine (339) days with a daily rate of
571m3. The difference to the daily rate of the excavation as calculated from the two different data
sets is only 16m3.
If we assume that the excavation rates are quite stable and we multiply the daily rate of excavation
according to the airphotos calculation for the period of 339 days then the possible extracted volume would be increased to 199.105m3. If the assumption is correct then the difference in the excavation volumes is 5.239m3.

Figure 8. Estimation of the excavation volume according to the two different data sets.
CONCLUSIONS
In this paper a mine monitoring study for a period of 11 months is presented. The estimation of the
excavation volumes was done with airphotos and classical photogrammetric techniques and for
comparison with satellite images (Ikonos) and GIS techniques.
Even though a suitability of the use of photogrammetry in the open quarries compared to the conventional measurement is still discussed, many examples and projects speak about its advantages, e.g. the economic view especially in saving time for processing, and sufficient accuracy
aspects as well. Also the purchase costs have a more favourable rate with the geodetic equipment.
Compared to past times when big analogous and analytic photogrammetric instruments were very
expensive, nowadays only fast and powerful computers with software are needed, that could often
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be obtained at decreasing prices in the last years. Taking photos is still quite expensive, though.
But costs can be reduced by using very high resolution satellite data (single images or steropairs)
and GIS software.
The total volume difference between the photogrammetric processing of airphotos and the use of
very high resolution satellite images and GIS is about 5.240 m3.
The higher accuracy of the airphotos is negligible if we take into account the higher cost.
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ABSTRACT
The marble quarries of Aliki Peninsula, in the southeastern part of Thasos Island, were the main
marble sources for the exploitation of white marble during the Classical, Hellenistic, Byzantine and
Roman periods, in North Greece. Digital Elevation Models and high resolution orthophotos were
used in order to remodel the ancient planes. Based on the same data and taking into account the
tectonism and geomorphology of the study area, the average visual thickness and the volume of
the excavated marbles as well as the volume of the derived debris deposits were estimated.
Keywords. Ancient Quarry, GIS, orthophotos, Digital Elevation Model, excavation volume.
INTRODUCTION
The marble quarries of Aliki Peninsula, in the southeastern part of Thasos Island (Figure 1), were
the main marble sources for the exploitation of white marble during the Classical, Hellenistic, Byzantine and Roman periods, in North Greece.
According to (1) the dolomitic marble of Thassos is extremely hard and medium grained and these
facts have influenced both sculpture techniques and the type of artifacts that can be produced. It
also explains its frequent use in the manufacture of monumental sculpture.
In Italy, according to the writings of Pliny (Hist. Nat. 36, 6, 64), the marble of Thassos was considered of high quality. The excavation of the ancient quarries of northeastern and southeastern
Thassos took place between the 6th BC and 6th century AD (2). The largest production in the
quarries of Thassos was during the Roman period. In another study (3) it was proved that imported
marble from the Aegean island of Thasos, during the 2nd c. B.C. and during the Roman Empire,
was used for the construction of the temple of Apollon at Didyma in Western Anatolia.
A recent study performed by (4) has proved that the suggestion made long ago by (5,6) that the
presence on non-Proconnesian, possibly Thasian, marbles at Latrun (Cyrenaica) in Libya was well
founded. Particularly interesting is the strong correlation found between provenance and type of
the architectural element sampled. Thasian marbles at Latrun were used exclusively for the manufacture of chancel screens. Seven out of nine screens sampled have this provenance, suggesting
that the use of different materials is related to issues of work organization and specialization in different marble production centers.
The ancient quarry of Aliki was quite famous and very well exploited in the ancient years. But what
was the excavation volumes extracted from that quarry? In this study there was an effort to remodel the ancient planes and correlate them to the excavated marble and debris volume using GIS
techniques and high resolution orthophotos. The main objective of the study was to estimate the
excavation volumes of the marbles taking also into account the geology and the geomorphology of
the peninsula.
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Figure 1. The study area in Thassos Island, North Greece.
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DATA USED AND EXCAVATION VOLUME ESTIMATION
Data used
Digital orthophotos with one meter spatial resolution (Figure 2 left-hand side) and topographic
maps at 1/5000 scale (Figure 2 right-hand side) were used. From the topographic map the contours were digitized and a TIN (Figure 3 left-hand side) and a DSM (Figure 3 right-band side) were
created in order to present the actual morphology of the peninsula.
From the orthophotos and the topographic maps it can be extracted that the South part of the Island is almost flat and the elevation is almost 0. Figure 4 present the south part of the peninsula
which is very often covered from the sea. There are also many sinks in the inland part of the peninsula. Usually in those sinks the elevation is eight to ten meters lower. Those sinks are very well
presented in Figure 3 9right hand part) with green colour.
The East part of the peninsula presents also a lower relief with a narrow strip of land at zero altitude. Figure 5 present the East part of the Aliki peninsula.

Figure 2. Left-hand side: Digital orthophoto of the peninsula with a spatial resolution of one meter.
Right-hand side: The topographic map at 1/5000 scale.

Figure 3. Left-hand side: A TIN model of the current morphology of the Aliki peninsula. Right-hand
side: The respective DSM.
First Scenario
The first hypothesis that was examined supposed that the morphology of the island hasn’t changed
at all from the ancient years to the present. Thus no excavations have taken place at the SSW part
of the peninsula. Only inland excavations have taken place and provoked the sinks.
According to that hypothesis the relief depressions have been normalized and the respective TIN
and DSM models were produced. They are presented in Figure 6. It is easily observed that elevation depressions (areas with green colour in Figure 3 right part) have been removed (Figure 6 right
part). Thus there is an important difference to the volume of the area.
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Second Scenario
Contrary to the first hypothesis, the second scenario supposed that the morphology of the island
has changed a lot from the ancient years to the present. Big excavations have taken place at the
SSW part of the peninsula. The flat relief is caused from the excavations.
According to second scenario the relief at the south part of the Aliki quarry has been normalized.
Also the inland sinks were removed. The respective TIN and DSM models were produced and they
are presented in Figure 7. The changes to the relief are impressive compared to the present relief
(Figure 3).

Figure 4. Photo of the south part of Aliki peninsula. The sea usually covers that part.

Figure 5. Photo of the east part of Aliki peninsula. At the left there is a narrow strip of land at almost zero altitude.
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Figure 6. The first scenario supposed that only inland excavations have taken place. Left-hand
side: A TIN model of the possible ancient morphology of the Aliki peninsula. Right-hand side: The
respective DSM.

Figure 7. The first scenario supposed that big excavations have taken place also in the south part
of the peninsula. Left-hand side: A TIN model of the possible ancient morphology of the Aliki peninsula. Right-hand side: The respective DSM.
Different elevation profiles, along (Figure 8) and across (Figure 9) the peninsula, were produced in
order to demonstrate the areas where the excavation took place and the volume of the extracted
materials.

Figure 8. Elevation profiles along the peninsula. Left-hand side: The three profiles from the present
morphology and the two scenarios. Right-hand side: The selected profile line with cyan colour.
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Figure 9. Elevation profiles across the peninsula. Left-hand side: The three profiles from the present morphology and the two scenarios. Right-hand side: The selected profile line with cyan colour.
From the DSM difference the minimum and the maximum quantities of extracted materials were
calculated. As it can be easily observed in Figure 10 the minimum volume of the excavations was
about 300.000 m3 while the maximum volume of the extracted marbles could be 405.000m3.
Those two quantities were automatically calculated and without take into account geological and
the geomorphological status of the quarry. In the suite of the study the excavation volumes were
calculated again based on the in situ measurements and observations.

Figure 10. Estimation of the excavation volume according to the two scenarios.
GEOLOGY OF THASSOS
Thassos belongs to the crystalline schistose Rhodopi Massif and is formed by alternating marbles,
gneisses and schists, as the mainland across it. Its marbles are equivalent to the marbles of Mount
Falakro, in the Drama area, which belong to the Rhodopi Massif, as well. A geological map of the
Island is presented in Figure 11.
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The limited presence of the Serbomacedonian Massif, which is overthrust upon the Rhodopi Massif, can only be inferred in certain parts of Southern and Southwestern Thassos. Therefore, the island of Thassos was once part of the mainland and is made up of the same alternations of
gneisses and marbles, with numerous minerals and dense accumulations of lead, zinc, iron and
manganese in the abandoned mines at Vouves and Mavrolakkas. Valuable metals are mainly
found inside the marble. These rocks date back to the Palaeozoic era (at least 400 million years
ago), whereas their metamorphism and tectonics date back to the Mesozoic era. In SW Thassos,
there are more recent sediments, dating back to the Miocene (25 million years ago), formed by
conglomerates, sandstones and argillaceous sediments.

Figure 11. A Geological map of Thassos Island.
Geology of Aliki peninsula
The peninsula is covered by white to bluish-white colored, well – bedded thin – partly, medium –
grained marbles (Figures 12 and 13). Those marbles of Aliki quarries belong to the metamorphic
Alpine system of Profitis Elias marbles, which also consist of schists, gneisses, and amphibolites.
A simplified geological map of the peninsula is presented in Figure 14. Beach rock formations (Figure 15) have been observed on the excavation’s place at the southern seaside of the Peninsula.
The peninsula constitutes a tectonic horst, extended in NE/SW direction. The greater area is
bounded by a double system of vertical normal faults attaining NE/SW and NW/SE directions.
Aliki Peninsula comprises a monocline structure. The morphology of this structure has been altered
due to mining activities and the debris from the excavations were placed along the monocline at
the north-western part of the Peninsula (Figure 16).
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The main elevation of those debris cones is 30 meters above sea level. They are composed of alteration material and pieces of a maximum of 10-15 cm in diameter. Bigger pieces are totally absent (Figure 17).

Figure 12. Marbles of Aliki quarry.

Figure 13. Marbles of Aliki quarry.
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Figure 14. A simplified Geological map of the Aliki peninsula.

Figure 15. Beach rock formations have been observed on the excavation’s place at the southern
seaside of the Peninsula.
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Figure 16. The debris from the excavations were placed along the monocline at the northwestern
part of the Peninsula

Figure 17. The debris cones are composed of alteration material and pieces of a maximum of 1015 cm in diameter. Bigger pieces are totally absent.
EXCAVATION VOLUME ESTIMATION TAKING INTO ACCOUNT THE TECTONISM
AND GEOMORPHOLOGY OF THE PENINSULA
Using air photographs in scale 1:2.000 and GIS techniques the excavations map has been created
(Figure 18), and the strike and dip of Aliki marbles have been calculated at 50° NE/SW and 20° to
SE respectively.
Based on the same data and taking into account the tectonism and geomorphology of the study
area, the average visual thickness and the volume of the excavated marbles as well as the volume
of the derived debris deposits were estimated.
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Figure 18. The excavation map as it was created using the in situ measurements.
Based on the hypothesis that the quarries debris deposits in the upper part of the Aliki Peninsula
belong to the peninsula inland excavations, that their volume after photogrammetrical calculations
is 12,000 m3, by a total volume of about 20,000 m3, the recovery rate of the used marbles is 40%.
The Aliki Peninsula coastal excavations have been calculated about 200,000 m 3, which gives a
volume of 80,000 m3 used marbles.
So the total volume of the used marbles from the Aliki Peninsula in Thassos Island should be about
88,000 m3, by a debris volume of 132,000 m3.
After field control measurements, by the same recovery rate of the used marbles of 40%, the total
excavations volume is 220.000m3, the used marbles 90.000 m3, and the existing debris volume
80.000 m3. The absent remaining debris volume of 50.000 m 3 must have been used for other constructions i.e. streets or buildings. Moreover, in both Peninsula coastal sea bottom no pieces of
debris material have been observed.
According to the automatic calculations presented in previous paragraph the minimum volume of
the excavations was about 300.000 m3 while the maximum volume of the extracted marbles could
be 405.000m3. Thus a quite big difference of 80.000 to 180.000m3 came of the two different procedures.
CONCLUSIONS
Digital Elevation Models and high resolution orthophotos were used in order to remodel the ancient
planes of Alyki quarry. Based on the same data and taking into account the tectonism and geomorphology of the study area, the average visual thickness and the volume of the excavated marbles as well as the volume of the derived debris deposits were estimated
The total volume difference between the automatic calculations and the in situ measurements is
about 150.000 m3. The in situ control is absolutely necessary in similar studies.
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