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Abstract 
The growing human (urban and rural) demands for water in semi-arid regions, implies that the 
exploration of new locations of possible groundwater discharge and accumulation are critical for 
augmenting the limited water resources. The region of Mani peninsula represents the 
southernmost part of continental Europe, forming a massive carbonate outcrop in the 
prolongation of the Taygetos Mountain, and hosts one of the largest and most spectacular 
karstic systems of Europe, the Cave of Diros. This karst system discharges in the sea and 
thermal infrared remote sensing proved its capability in monitoring temperature field. The 
purpose of this study is to evaluate the use of Landsat Thematic Mapper (TM) data for mapping 
and indicating temperature differences between the sea and the underground fresh water which 
discharges towards the sea, by creating a cold water plume. Several different points of 
groundwater discharge have been detected and mapped not only strictly along the coastal zone 
of the Mani peninsula, but as far as 1500 m from the coast as well. Moreover, following such 
modeling techniques their temperatures have been estimated. These points of discharge are 
aligned along two main orientations that are tectonically controlled. The major one is NNW-
SSE trending and a secondary is E-W trending. Overall, the karstification process is highly 
controlled by the tectonic lineaments. The largest quantities of freshwater source from the 
massive carbonate mass of the Taygetos Mt and follow a NNW-SSE trending path. 
 
1. Introduction 
The area of Mani is the intermediate peninsula of the southern Peloponnesus and forms the 
morphological and geological prolongation of mountain Taygetos up to the southernmost edge 
of the peninsula, the Cape Tenaro (Figure 1).  
It is known that the groundwater flowing through the karstic system along the southern coastal 
zone of Peloponnesus discharges towards the sea. The drainage systems of Mani area, especially 
these controlled mainly by neotectonic faults, play a vital role in transmitting surface–
subsurface rainwater from the southern part of the Taygetos Mountain. The karstic network is 
dissected by many cracks and joints, which are gradually growing due to the tectonic activity 
and the chemical dissolution. Through these structures underground water flows seaward 
(Burdon and Papakis 1963, James and Choquette 1988). 
In order to detect and map this significant groundwater discharge several advanced space-borne 
sensors with different spatial, spectral and temporal resolutions have been used for monitoring 
the thermal aspect of coastal waters. The Thematic Mapper of Landsat 5 satellite is very 
effective for monitoring cold water plume patterns in coastal areas (Clark 1993, Gibbons et al. 
1989). 
The thermal infrared channel of Landsat TM provides temperature measurements at a spatial 
resolution of 60 m and permits the study of surface temperature characteristics (Parcharidis et al. 
1998). It is known that various surface objects reflect the radiation in different ways depending 
on surface properties. The use of a thermal band is based on the fact that all physical surfaces, 
absorb the electromagnetic radiation according to their texture, their orientation and their heat 
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capacity and they emit it accordingly to the environment (Engman and Gurvey 1991, 
Parcharidis et al. 1998).  
The daytime satellite image has been used in our research. This image is considered probably is 
better for our purposes, because the temperature difference between the sea and groundwater 
temperature is higher (Price 1989). Consequently, since the temperature of the groundwater 
leakage is lower than the sea temperature, their color difference expressed in tones of gray 
gradation, will be easily observed on the thermal image, in which darker colors represent the 
underground cold water and the lighter colors the sea water. This phenomenon is nicely 
depicted on the image because the mixture of the two liquids, which have different densities and 
temperatures, is a relatively slow process. As a result, a cold water plume is preserved.  
 

 
 

Figure 1. Location of the Mani peninsula. 
 
2. Field Data 
2.1 Geomorphology 
The Mani peninsula constitutes the southernmost part of continental Europe, has an approximate 
length of 75 km and its width varies from 10-20 km (Figure 1). The prominent feature of the 
area is the mountain range of Taygetos (max. elevation 2407 m) that forms the backbone of the 
peninsula. Further south the mountain range is known as Mount Sagias (max. elevation 1214 
m), which extends as far as Cape Tenaron. The mean direction of this chain is N15°W whose 
watershed divides Mani into two parts. The locals call the eastern section “prosiliaki” Mani 
which mean the sunward part and the western section as “aposkieri” Mani which means the 
shadowy part. 
Mani exhibits a rugged morphology with steep slopes, deep ravines and some quite extensive 
erosional landforms. The steep rocky shorelines, the absence of fully developed drainage 
networks and the offset terraces, reveal among others an area strongly influenced by neotectonic 
brittle tectonics. 
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Due to the predomination of carbonate rocks, the Mani peninsula hosts a huge variety of karstic 
geomorphological features, particularly relicts of collapsed caves. 
Finally the continental shelf exhibits a higher gradient towards the Laconian gulf (eastward) in 
contrast to the smaller gradients of the Messenian gulf (westward). Both gulfs are major tectonic 
grabens separated by the tectonic horst of the Mani peninsula (Sagias Mt). 
 
2.2 Geology 
The peninsula is mostly consisted of rock formations that form part of the Mani geotectonic unit 
(Fytrolakis 1980), which in the study area appears as a half tectonic window due to the 
concealment by the sea to the south. This unit resembles with the Ionian unit, though in our case 
appear to be metamorphosed. Regarding to Thiebault (1982), the southern part of the region 
belongs to a slightly metamorphosed equivalent of the Paxos unit. Above the Mani unit there is 
a sequence of thrusts with different nappes resting on top. This sequence includes successively 
from the base to the top, the Arna unit (Papanikolaou and Skarpelis 1987), the Tripolis unit and 
the Pindos unit (northwards) respectively (Fytrolakis 1980). 
The Mani unit has a thick large carbonate sequence (Figure 2), with frequent siliceous 
intercalations that end up with the (Oligocene?) metaflysch (Thiebault 1982). Regarding the 
post-Alpine rocks, the Neogene formations (Upper Pliocene) and the Quaternary deposits have a 
greater spread towards the western part of Mani (Latsoudas 1980). They are consisted of marine 
calcareous or arenaceous marls, conglomerates, marly clays and terrestrial sediments as 
conglomerates, cohesive breccias and reddish sandy clays with rounded cobbles. Especially the 
terrestrial sediments including also certain cones occur around the coastal areas, but seem to be 
residual forms of some pre-existing extensive formations that were eroded during the last post-
glacial sea level rise. 
Along the Taygetos range, the Sagias Mt that is the southward prolongation of this range, is a 
mega-anticlinical structure whose main fold axis varies between NW-SE and N-S. This anticline 
is not symmetrical, because its western limb has a greater westward dip than the dip of the 
eastern limb where its fold axis is plunging towards the north. This large longitudinal structure 
is often dissected by transverse mainly dextral strike slip faults that play an important role to the 
contemporary geomorphology. 
As we have already mentioned, the Mani peninsula is a major tectonic horst flanked by two 
neotectonic grabens, of the Messenian (to the west) and the Laconian (to the east) Gulfs. The 
majority of the neotectonic faults are approximately trending N-S (that are the major ones) and 
E-W. The neotectonic activity is very intense until today since the historical records have 
registered many earthquakes some of which were destructive. There is also much evidence that 
the area is under a constant uplifting regime (Kelletat et al. 1976, Kowalczyk and Winter 1979). 
Towards the western part of the peninsula several terraces are recorded in gradually lower 
altitudes (from 260 up to 10 m above sea level). Moreover some terraces are observed below sea 
level at depths of -20 m and -40 m, due to the recent postglacial sea level rise.  
 
2.3 Karstic hydrology 
The wide spread of the carbonate sequences combined with the neotectonic deformation of the 
peninsula, have led to the formation of a complex and extensive surficial, but mostly 
underground karst. The majority of the groundwater is moving through these formations and 
follows certain structural features. 
The constant uplift has led both to the migration of the karstic processes in lower altitudes and 
to high incision rates. Moreover, several active faults have displaced these karstic features. 
Deformation is widely distributed through a large number of active faults. The neighboring 
Lakonikos gulf is characterized by such N-S trending faults and transcurrent E-W trending 
faults with a pronounced strike-slip component (Papanikolaou et al. 2001). As a result of the 
interplay among the uplift, the fault activity and the sea level fluctuations; at present-day the 
active or inactive karstic networks are traced at different altitudes.  
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During the Holocene period a large part of the karst is submerged below sea level due to the 
recent postglacial sea level rise. This submerged karst provides an explanation for the seaward 
significant discharges of fresh water that is described in this paper. 
 
3. Image analysis and data input 
The set of data used in the present investigation incorporates images from space-borne 
observation systems and vector data, includes: 
(i) A Landsat 5 ETM+ image, 7 spectral bands with spatial resolution 28,5 m,  path 183 and row 
035, dated on the 25th of May in 1998 (cloud free), 
(ii) Topographic maps of the Hellenic Military Geographic Servise-HMGS, 
(iii) Geological maps of the Institute of Geological & Mineral Exploration-IGME. 
Digital image processing of the satellite data was carried out using ERDAS IMAGINE v.9 and 
ILWIS v.3.3 software, while the manipulation of the spatial information and the digitizing of 
thematic maps were made using ILWIS 3.3 and ArcGIS v.9.2, respectively.  
 

 
 
Figure 2. Geological sketch of the study area.  
 
4. Remote Sensing and GIS data manipulation 
Initially, a Digital elevation Model (DEM) of the study area was extracted from the 1:50.000 
scale topographic maps published by the Hellenic Army Geographical Service, using a linear 
interpolation method, based on the Bongefors distance method (ILWIS User’s Guide, 2001), 
aiming to the transformation of the contour data into a DEM, with a spatial resolution of 30 
meters.  
The slope map was extracted through the filtering of the DEM and the classification of pixel 
values was made according to its Digital Number’s table. The slope map was created using the 
following classes: Flat-Almost flat areas from 0-10 degrees of slope (which correspond to the 
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terraces), gentle to moderate slopes from 10-30 degrees and steep slopes exceeding 30 degrees 
(Figure 3). 
The preprocessing of the Landsat data involved the radiometric enhancement and was 
performed by applying the linear stretching method and the creation of a new Look Up Table 
(LUT). Then, the images have been geometrically corrected by selecting a set of approximately 
20 Ground Control Points (GCP’s), derived from a very high accuracy set of aerial photographs 
and topographic maps (scale 1:50.000) of the Hellenic Geographical Military Service (HGMS). 
The Digital Elevation Model (DEM) of the area has been created and used for the 
orthorectification of the image and nearest neighbour resampling method was applied, in order 
to create the final north oriented image with 30 m ground resolution. 
 

 
 

Figure 3. Slope map of the area; with dark shades of grey appear the steeper slopes. 
 
Finally, False Color Composite (FCC) images have been created in order to supplement the 
visual interpretation of the area. To create a False Color Composite image we have to combine 
the adequate spectral bands and display them in the Red Green Blue (RGB) color system. There 
are 120 possible color combinations of the data for a large number of applications. Theory and 
experience, however, show that a small number of color combinations are suitable for most 
applications. The optimum band combination is determined by the terrain, climate and nature of 
the interpretation project (Sabins 1997). At present study the selected bands were 2, 3, 4 
forming the false color composite image 4, 3, 2 (RGB). 
The above selection was chosen in order to achieve better results involving the representation of 
land use and the terrain analysis (Gupta 1991, Mather 1991). In this FCC image, which is 
converted in a grayscale view, the vegetation is represented by darker shades of gray, whether it 
represents forests or simply covered with bushes or crops. The lighter shades represent the soil 
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cover (poor or rich) and the white color, the nude rocks (calcitic rocks without soil cover) and 
urban areas (Figure 4).  
 

 
 

Figure 4.Landsat TM, False Color Composite Image (4,3,2 as RGB) of the area. 
 
5. Analysis of the Thermal Image  
Spectral band 6 of Landsat TM elects the thermal behavior of surface characteristics. Each 
terrain feature emits a different level of thermal radiation. This emission depends on the earth 
surface material’s thermal conductivity, capacity and inertia. The thermal conductivity shows 
the rate at which heat passes through material; thermal capacity determines how well a material 
stores heat (for instance water has a very high thermal capacity) and thermal inertia is a measure 
of the response of a material conductivity, capacity and density. Moreover, the kind of the 
emission depends on the difference of daytime or nighttime acquisition of the image and on the 
season of the year. 
Thus, using the thermal-graph of an image it can be delineated the phenomenon of groundwater 
discharge, which concerns the discharge of coastal karstic springs towards the sea.  
The gray tones in the Figure 5 do not correspond to the surface features, but they show the 
temperature variations that are emitted out from different surfaces offering a relief-sense. This 
relief-sense is caused by the interchange of shading and lighting slopes. The darker image tones 
represent cooler radiant temperatures, while lighter image tones represent warmer radiant 
temperatures. 
The technique of contrast enhancement of thermal image-tone was applied. The image initially 
contained pixels with values which accumulated in a small part of the gray color gradations. The 
enhancement of the image was made with: 
a) The Linear contrast Stretching, b)The Histogram Equalization  
The best results were extracted from the second of the previous mentioned methods because of 
the predominant appearance of the sea in the image. 
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The pixel by pixel digital number analysis at the area of the discharge showed the presence of 
intermediate pixel values which correspond to an intermediate thermal pass from the values of 
groundwater to the values of the sea water. Thus, the digital numbers are displayed in Table 1. 
 

Table 1. The distribution of the digital numbers of thermal band 6 of Landsat TM, to the 
groundwater discharge phenomenon. 

 
0-76       These values correspond to areas with very cold water which correspond to 

the intense groundwater discharge. 
76-119    Areas with various levels of cold water and the various transitional thermal 

stages between the water and the sea.  
120-196 The values of the sea temperature (which is not influenced by the discharge)  
>197       Represents the high temperature of the inland.  

 
The digital numbers between 76 and 119 were divided in three classes corresponding to the 
various transitional stages of mixing between the ground water and the sea. Concretely these 
classes are the following: From 76-79 are either points with cold water which starts to be 
influenced by sea temperature or comes out in some depth and till it reaches the sea surface 
becomes warmer. From 79-91, is light cold water and is conditioned by the same phenomena 
with the previous class and finally from 91-119, it is a mixture of the temperatures of 
groundwater and sea temperature.   
In this Figure (5), the color density slicing technique is applied, according to the data provided 
by the histogram of the image, in order to make a codification of the classes, so that the 
approach to the information is easier. Also, a low pass filter (majority) with a 3x3 grid cell is 
applied in this figure, in order to homogenize the various classes. 
Thus, black represents the starting point of the leakage-here freshwater enters the sea; dark 
shades of gray, represent the transitional temperatures between the groundwater and sea 
temperature and light gray shades exhibit the localities where fresh water and sea have been 
mixted. As expected the lowest values (the lowest degrees of temperature) of the pixels 
appeared closer to the coastline, where the source of the fresh water originates from. However, 
some small areas of lower temperature, surrounded by high temperature sea water, were 
detected at about 300-1.500 m from the coast. The interpretation of the thermal image showed 
that these areas are underground water running off to lower depths, coming up probably and 
from negative altitudes. Finally, a graphical representation of the different density of fresh water 
and sea mixture was made in order to emphasize the whole feature (Figure 6).  
Furthermore, according to the characteristics appeared on this image, it is certain that these 
areas of discharge, very close to the coastline, do not represent sea currents or drifts.  
 
6. Temperature estimation model 
The model that was used in this study, converts the spectral radiance of Landsat 5, band 6, to 
temperature values in degrees Celsius. Initially it converts the Digital Number (DN) to spectral 
radiance. The spectral radiance (Lλ) is calculated using the following equation (Leica 
Geosystems, 2004): 
 
Lλ = {(Lmax- Lmin)/DNmax} DNmin + Lmin
Where, 
DNmin = 1, DNmax  = 255 (maximum DN; the quantized calibrated pixel value). 
Lmin and Lmax are the spectral radiances for band 6 at digital numbers 1 and 255 respectively. 
Then, the next equation makes the conversion of the spectral radiance to temperature, according 
to the following equation: 
 
T = K2 / ln (K1/Lλ +1) 
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Where, 
T = T is degrees in Kelvin, Lλ is the cell value as radiance. 
K1 = Calibration constant 1 (watts/meter squared*ster*μm), K2 is calibration constant 2. 
The model showed that the surface temperature of the sea water range from 18 to 23 °C, while 
the temperature of the areas of the underground water discharge plume range from 13-15 
(Digital numbers range from 50 to 76 and from 77 to 79) to 16-18 °C (Digital numbers range 
from 80 to 119), according to the mixture stages. 
 
7. Discussion-Conclusions  
The results show that the integration synergistic use of Remote Sensing and GIS has been 
proved effective in analyzing the phenomenon of cold groundwater discharge towards the sea.  
The thermal image of Landsat 5 TM, with 60 m resolution, more than any other method, 
provides the best opportunity on the description of the groundwater discharge towards the sea.  
Possible inaccuracy in temperature values that was estimated by the formula is mainly due to 
the approximations in the algorithms used for computing the model parameters and the 
atmospheric effects. Moreover, since in-situ temperature measurements were not made at the 
time of satellite pass, it was not possible to verify the accuracy of the results. 
 

 
 

Figure 5. The classified, according to the density slicing method, thermal image of Landsat TM 
showing the underground cold water plume into the sea. 
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Figure 6. Graphical representation of the groundwater discharge plume in the area which is 
not affected by the sea currents or drifts. 
 
Based on our remote sensing analysis and GIS techniques we mapped for the first time a 
number of spots where freshwater flows in to the sea, along the coastal zone of Gerolimenas up 
to the Cape Tenaron. These spots are aligned along two main orientations. The major one is 
NNW-SSE trending and a secondary is E-W trending. Along strike this steep coastline a number 
of small caves appear, some of them a few meters above sea level, where others are partly 
submerged. Moreover, a large number of terraces are observed onshore and offshore. There 
terraces are also trending NNW-SSE. 
Based on our analyses the main Alpine structures are NNW-SSE trending including the 
approximately E-W trending transverse strike-slip faults. The neotectonic structure follows the 
same trend. The latter indicates that the karstification is highly controlled by these tectonic 
lineaments. 
The large quantity of freshwater that discharges into the sea is larger than what can be 
accounted for, simply from direct local infiltration. The latter strongly suggests that the largest 
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quantity of freshwater flowing to the sea, sources from the massive carbonate mass of the 
Taygetos Mt, following a NNW-SSE trending path. 
In conclusion, the groundwater follows a NNW-SSE path that is parallel to the majority of the 
terraces, the alpine and neotectonic lineaments. 
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