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Many islands of the Aegean Sea show strong geothermal activity due to volcanism in the area. In this paper,
Robust Satellite Techniques (RST) are used to isolate, from other known possible sources, those thermal
anomalies possibly related to geothermal activity in the Miocene volcanic field of Lesvos Island (Northern
Aegean). For this purpose, 12 years (2003-2014) of daily Night-time Land Surface Temperature (LST) products,
from Moderate Resolution Imaging Spectroradiometer (MODIS) acquisitions were analyzed. The final dataset
contained 770 thermal anomalies whose spatial correlation with geological and structural data of Lesvos - such as
caldera rims, ring faults, major tectonic lineaments and hydrothermal alterations mapped by processing
SENTINEL-2 MSI satellite images — has been particularly investigated. In the approximately 20 ma geothermal
field of Lesvos, geothermal activity seems to be also associated with the extensional regime of the broader area
that leads to lithosphere thinning and consequent heat transfer in the multi-fractured terrain of Lesvos through
volcanic and tectonic faults. Achieved results seem to confirm the possibility to use RST-based thermal anomalies
to identify temporal variations in the geothermal activity probably due to the uplifting and circulation of the
hydrothermal waters.

controlled heat transport and fluid flow. In such seismically active areas,
temporal variations in the geothermal system characteristics (i.e.
geochemistry, temperature) can reflect changes in the sub-surface

1. Introduction

Geothermal fields are those where an increased heat flow creates

positive (spatial) temperature anomalies. A geothermal field is typically
connected with volcanic activity and related structures and phenomena
such as calderas, lava domes, pyroclastic rocks, thermal (hot) springs,
overall circulation of thermal waters, hydrothermal alterations and
mineralization. Moreover, the faults in active extensional tectonic en-
vironments also play an important role in the deep circulation of
geothermal fluids as well as in heat transfer from deep to shallow crustal
levels (Faulds et al., 2006; Faulds and Henry, 2008; Hacioglou et al.,
2020; Moeck, 2014). Such tectonic environments are subject to litho-
sphere thinning and crustal extension and are related to structurally

physicochemical processes, such as fluid mixing, micro-fracturing,
permeability changes (Li et al., 2013; Littlefield and Calvin, 2014) and
episodic gas injection into the hydrothermal system (Cannatelli et al.,
2020). According to Faulds et al. (2012), without recent magmatism,
extensional or transtensional deformation is a non-negotiable compo-
nent in generating viable geothermal systems. Spatially, geothermal
fields are usually controlled by the existence of high permeability
structures which act as pathways to fluid circulation. These structures
can be both ring and radial faults which are connected with the evolu-
tion of calderas and/or tectonic lineaments. As a result, a close spatial
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Fig. 1. Location map of Lesvos island with overlay of the caldera structures (adopted from Kouli and St. Seymour, 2006), hot springs and wells locations (after
Mendrinos et al., 2010) and major active faults (adopted from Ganas et al., 2013). Inset: Map presenting the general geodynamic context in the eastern Mediterranean
Sea. NAF: Northern Anatolian Fault, NAT: Northern Aegean Trough (modified from McKenzie, 1972).

relation between geothermal springs, hydrothermally altered rocks and
epithermal mineralization with the aforementioned structures is usually
reported (Krupp and Seward, 1987; Sillitoe, 1993; Rokos et al., 2000;
Vamvoukakis et al., 2005; Guido and Campbell, 2011). In this direction,
geothermal anomalies mapping is important for localization of mineral
alterations and hydrothermal routes mapping.

Satellite sensors, such as MODIS (Moderate Resolution Imaging
Spectroradiometer), having channels in the infrared bands, enable the
monitoring of the Earth’s thermal field at a 1 km spatial resolution
(Lillesand et al., 1987; Anderson et al., 2012; Vollmer and Mollmann,
2017). Land Surface Temperature (LST) measures the emission thermal
radiance from the land surface where the incoming solar energy in-
teracts with objects and materials of different physicochemical proper-
ties. As a result, LST can greatly contribute to the understanding of of
land surface processes in various scales (from local to global) (Brunsell
and Gillies, 2003; Anderson and Kustas, 2008; Kustas and Anderson,
2009; Karnieli et al., 2010; Keramitsoglou et al., 2011; Christman et al.,
2016; Scambos et al., 2018; Eleftheriou et al., 2018; Aguilar-Lome et al.,
2019). Satellite remote sensing enables the estimation of LST over wide
areas and especially in sites with different land surface characteristics,
such as vegetation cover, topography, lithology, tectonic structure and
geomorphometry with a variable spatio-temporal resolution depending
on the selected satellite/sensor system (Li et al., 2013). Regional
geothermal and structural characteristics such as volcanic fields,
geothermal fields and geothermal springs that are also related to litho-
logical, tectonic and hydrogeological features can also contribute to
variability in the LST, in specific geological regimes (Zouzias et al.,
2011). As a consequence, numerous satellite data have been incorpo-
rated for geothermal exploration and several studies have been carried
out for monitoring geothermal fields by using the LST product (Lee,
1978; Prakash et al., 1995; Fred et al., 2008; Qin et al., 2011; Stroppiana
et al., 2014). Regional geothermal fields have been successfully local-
ized in the Aegean region by Zouzias et al. (2011) using LST terrain
segmentation of temporal night-time MODIS-LST imagery. In another

study, multi-temporal LST imagery contributed to the identification of a
major geothermal field in the Afar Depression (Ethiopia), (Miliaresis,
2012). Moreover, two probable geothermal fields located under the zone
of Tangshan in China, were detected using thermal infrared and LST
maps (Li et al., 2012).

The RST (Robust Satellite Techniques; Tramutoli et al., 2005, 2007)
technique is a known multi-temporal scheme of satellite data analysis
devoted to highlights temporal anomalies in satellite imagery time-
series. RST offers several advantages compared to other methods
including the reduction of the “natural” (e.g. due to changes in atmo-
spheric conditions, the spatio-temporal difference in land-covers,
topography and weather conditions) and “observational” (e.g. incor-
rect image-to-image co-location, changes in view angles or in the hours
of images collections) “noise”.

Greece has inherited numerous thermal and mineral springs (Lam-
brakis et al., 2014) as a result of the volcanic and tectonic activity
affecting the Hellenic area since Tertiary (Fytikas et al., 2005). In this
work, we investigated the possibility to use the RST technique to identify
possible temporal variations of the geothermal activity in the Lesvos
Miocene (Greece) volcanic area (Fig. 1). To this aim, the RETIRA
(Robust Estimator of TIR Anomalies; Tramutoli et al., 2001) index - an
improved version of the generic ALICE (Absolutely Llocal Index of
Change of Environment, Tramutoli, 1998) index - suitable for further
reducing the effects of variable local meteo/climatic conditions, was
computed over a dataset spanning over 12 years of MODIS satellite
imagery.

2. The Lesvos miocene volcanic field

Lesvos Island is the third biggest Greek island and it is located in the
Northern Aegean Sea region (Fig. 1). The shape of the island is formed
by the gulfs of Kalloni in the southern coast and of Gera in the southeast
(Fig. 1). The broad area is mainly characterized by a NE-SW and NW-SE
oriented basin and range topography as a result of the Earth’s crust
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Fig. 2. Monthly reference fields ya7(x,y) and oa1(x,y) calculated for all the months of the year on the basis of MODIS LST observations acquired over Lesvos island
from January 2003 to December 2014. Color scale and contrast stretch is the same on all images.

extension and thinning since the Upper Miocene (Mercier et al., 1989;
Roussos and Lyssimachou, 1991). The faulting in the area is controlled
by the North Anatolian Fault (NAF) which westward is divided into two
main branches (Jackson and McKenzie, 1988; Le Pichon et al., 1995; Le
Pichon and Kreemer, 2010; Chatzipetros et al., 2013). Lesvos is located
very close to the southernmost branch of the NAF, a major active
deformation zone known as the Edremit fault (Fig. 1). Six major active
normal and strike-slip tectonic faults/systems are located in the island
(Fig. 1) (Chatzipetros et al., 2013; Ganas et al., 2013) and some of them
are associated with thermal activity as is the case with the 13.5 long
fault line in the areas of Polichnitos and Vatera fault system which seems
to control the Polichnitos geothermal field (Giinther et al., 1977) and the
local thermal springs. Volcanic successions cover almost 70% of the is-
land forming part of a belt of calc-alkaline and shoshonitic volcanic
rocks in the northeastern Aegean and western Anatolia (Pe-Piper and

Piper, 1993) (Fig. 1). The shoshonites are both underlain and overlain by
calcalkaline volcanic rocks, and range in composition from andesite to
rhyolite in the form of flows, domes and pyroclastic rocks (Pe-Piper and
Piper, 1993). In the past, remote sensing techniques successfully iden-
tified six caldera structures (Kouli and St.Seymour, 2006) in the Lesvos
heavily eroded Miocene volcanic field. Four of them (Sigri, Mesotopos,
Agra and Skalohorion calderas) were identified for the first time using
satellite image interpretation with the Stipsi and Vatoussa calderas
being geometrically and spatially revised. To the north, a major caldera
structure, the Stipsi caldera prevails. It is intersected by a major fault
structure and exhibits extended hydrothermal alterations closely asso-
ciated with epithermal gold systems along the ring and other faults. The
intense hydrothermal alteration system extends to the south of Stipsi
village, in the Kapi lava domes and in the external northern part of the
caldera (Vamvoukakis et al., 2005). In the northwestern Lesvos, the
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nested Sigri caldera is proposed to be the source of the renown Sigri
Petrified Forest (Fig. 1) (Kouli and St.Seymour, 2006). This is one of the
two largest Petrified Forests in the world, covering an area of 150 km?
representing a World Heritage of UNESCO. The Sigri caldera encom-
passes the Vatoussa caldera, previously reported by Pe-Piper (1980). Its
floor is characterized by a ring and rectilinear faults. Extensively hy-
drothermally altered lava domes are met in the southeastern part of the
caldera (Vamvoukakis et al., 2005). The smaller Mesotopos caldera is
located to the southwestern Lesvos. Radial and ring faults govern its
drainage system. Lava domes are intruded through the radial faults and
they are intensively altered. Agra and Skalohorion calderas are of small
dimensions and not yet associated with known hydrothermal alterations
(Vamvoukakis et al., 2005). These volcanic structures are potential hosts
of epithermal gold mineralization due to the intensive hydrothermal
activity that is extensively observed (Kelepertsis and Esson, 1987;
Kelepertzis, 1993; Rokos et al., 2000; Vamvoukakis et al., 2005) and
suitable targets for deep geothermal exploration (Mendrinos et al.,
2010).

Mostly medium but also some high enthalpy geothermal fields
associated with geothermal springs occur in Lesvos as a result of the
volcanic activity that took place mainly during Miocene and the active
extensional geodynamic context which is probably the reason why the
geothermal field of Lesvos is still active despite its age. Specifically,
many geothermal springs (50-85 °C) are located near the seashore in the
northern and southeastern parts of Lesvos and inland of the Gulf of
Kalloni (Fig. 1). The most important hot springs are in Polichnitos (one
of the hottest in Europe), Lisvori, Thermi, Geras Bay, Eftalou, Argenos
and near Plomari. In the hot springs of Polichnitos, the water tempera-
ture reaches 87.6 °C. Geothermal exploration of the island began in the
late 1960s; Public Power Corporation (PPC) has opened production
wells in the villages of Argenos and Stipsi at depths from 300 to 1085 m
while one more production well 150 deep, was drilled in 2008 in the
Polichnitos area providing geothermal waters of about 88 °C (Andritsos
et al., 2010). According to Mendrinos et al. (2010), geothermal use on
Lesvos involves thermal spas and heating of greenhouses, while explo-
ration for deeper geothermal resources requiring drilling of a few kilo-
meters deep wells.

3. Data

In this work, we used the MODIS Land Surface Temperature and
Emissivity Daily L3 Global 1 km (MOD11_Al) product from Terra
MODIS (i.e. the version 005 (V5)) available from March 5, 2000. The
MOD11_A1 represents a gridded version of MOD11 L2 product with
pixels that are projected to Earth locations on a sinusoidal mapping grid
(Wan, 2006). This product has a spatial resolution of 1 km and gua-
rantees an accuracy of 1 K under clear-sky conditions (e.g. Wan, 2006).
The retrieved LST is not mixed with cloud-top temperature, while cloudy
pixels are skipped using the MODIS cloud mask product (MOD35_L2
from Terra MODIS or MYD35_L2 from Aqua MODIS) (Wan, 2006).
Night-time LST images were preferred are less affected by soil-air
temperature differences than daytime data and less sensitive to local
variations (due for instance to cloud cover or shadows) of solar illumi-
nation which could be one more source of variability of Land Surface
Temperature. We analyzed 12 years of satellite records to compute the
RETIRA index defined in Eq. (2). In detail, during the pre-processing
phase, we isolated the “Night-time Land Surface Temperature” layer
dataset and all the images were spatially clipped over the Lesvos Island
area. Monthly reference fields yx7(x,y) and o5 7(x,y) were then generated
for all the months of the year observations acquired over Lesvos island
from January 2003 to December 2014 (Fig. 2). In some case, the mea-
surements of TIR anomalies can exhibit particularly high values due to
natural (e.g. extremely warm days, floods or precedent rains which in-
crease soil emissivity), wildfires, cloud coverage (and related green-
house effects) and/or observational (e.g. inaccurate image navigation/
co-location) conditions. Due to its statistical nature, the RETIRA index
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is intrinsically exposed to signal outliers due to occasional natural
(Aliano et al., 2008a) or observational (see Filizzola et al., 2004; Aliano
et al., 2008b) phenomena. But this happens just in case they are actually
rare for the considered location/time. Differently (i.e. if they are well
statistically represented in the time-series) their occurrence will simply
increase the normal signal variability (the numerator in Egs. (1) and (2))
consequently reducing the possibility for the ALICE and RETIRA indices
to reach high values. From this point of view RST approach is intrinsi-
cally protected from the possibility of false anomalies proliferation. In
the others (rare) cases, the specific spatio-temporal characteristics of
these signal variations (small duration, often known date of occurrence
and typical spatial distribution, e.g. Filizzola et al., 2004; Tramutoli
et al., 2005; Eleftheriou et al., 2016) help to define, isolate and discard
such outliers (e.g. requiring spatio-temporal persistence, Tramutoli et al.
2005) from further analyses. Nevertheless, it has been shown that a
cloudy fraction of land portion of the scene more than 80%, can deter-
mine the values of V(t) making the considered signal AV(r,t) not repre-
sentative of the actual conditions of cloud-free pixels (Eleftheriou et al.,
2016). For this reason, all images with cloud fraction more than 80%
were excluded from the reference fields computation.

4. Methods

The RST approach considers each anomaly in the space-time domain
as a deviation from a normal state that can be defined by processing
multi-year time series of homogeneous (e.g. same month, same spectral
channel/s; same overpass times) cloud-free satellite records.

The ALICE (Absolutely Llocal Index of Change of Environment) index
gives a measure of such deviation being defined as follows:

V() — py(r)
oy(r)

®V(r7t’) = (@)

where:

r = (xy) represents the coordinates of each pixel on the satellite
image and ¢ is the time of acquisition of the satellite image, with t'€ ,
where 7 defines the homogenous domain of satellite imagery collected in
the same time (hour) of the day and the same month of the year.

V(r,t) is the spatial/temporal variable measured at site r, at the time
t, py(r) refers to time average and oy (r) to the standard deviation of V(r,
t') at site r, computed on cloud-free data from satellite images belonging
to selected homogenous datasets (t' € 7).

The variable V as well as the used reference field y (r) are subject to
different choices depending on the applications (Tramutoli, 1998, Tra-
mutoli, 2007). A specific ALICE index was introduced to identify subtle
variations of the Earth’s thermally emitted radiation further reducing
“natural noise” due to the possible seasonal/climatological fluctuations
of the temperature field at a large scale. It was named RETIRA (Robust
Estimator of TIR Anomalies; Tramutoli et al., 2001; Filizzola et al., 2004,
Tramutoli et al., 2005) and defined as:

AT(r, ) — par(r)
oar(r)

@ar(r, 1) = (2

where the generic variable V(r,t') in the definition (1) of the ALICE index
was substituted by the specific variable:

AT(r,t) = T(r,t) -T(¢) which represents the difference between the
current Thermal InfraRed (TIR) signal value T(x,y,t) measured at site r,
and its spatial average T(t), computed in place on the image, taking into
account only cloud-free pixels, all belonging to the same, land or sea
-according to where the r is located over the area-, class in the study
area.

The RETIRA index provides an estimation of the local (spa-
tial-temporal) excess of the current AT(r, t') signal compared with its
historical mean value y,(r), weighted by its variability o1 (r) at the
considered location. The latter includes all the possible noise sources,
which are not related to the event to be monitored. The use of AT(r,t)
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instead of T(r,t) reduces the possible contributions due to day-to-day
and/or year-to-year climatological changes (e.g., occasional warming)
and/or season time-drifts. Both e u,r(r) and oar(r) are computed for
each location r, by processing several years of satellite records acquired
under similar observational conditions. The signal - i.e. the numerator in
the expression (2) - is evaluated by comparison with the corresponding
natural/observational noise (N) (i.e., the standard deviation, o1 (r)). In
this way, the intensity of anomalous TIR transients can be evaluated in
terms of the signal-to-noise ratio. Tramutoli et al. (2001) showed that
the RETIRA index emphasizes low-level thermal anomalies regardless of
sources of natural/observational noise. Like all ALICE indices, also
RETIRA is (in principle) a Gaussian standardized variable (with ex-
pected values p ~ 0 and 6 ~ 1), so that RETIRA values (in modulus)
higher than 2 (3) have a probability of occurrence of 2,3% (0,13%). In
this way the choice of its relative threshold value quantitatively qualifies
how much rare (and significant) are the identified anomalies. In this
study, we investigated the use of the RETIRA index applied to MODIS-
LST data as a possible indicator of temporal variations in geothermal
activity.

Moreover, a Sentinel-2A MSI L1C satellite dataset was processed - by
using SNAP - (Sentinel Application Platform, European Space Agency,
software, version 2.0.2) - for the mapping of hydrothermal alteration in
the volcanic field of Lesvos. Firstly, the images were spatially subset to
the study area extent, and then, Sentinel-2A MSI bands 4 (Red) and 8a
(NIR) were used for the calculation of Normalized Difference Vegetation
Index (NDVI). A conservative cutoff with NDVI > 0.4 was applied
aiming to exclude densely vegetated areas from further analyses. As it is

well known, due to the intrinsic thermoregulation capabilities of vege-
tation, geothermal alterations could be particularly difficult to identify,
if not completely hidden. Afterwards, three band ratios originally pro-
posed for Landsat 5 TM (Sabins, 1999), were selected for mapping the
alteration mineralogy in the volcanic field of Lesvos. For this purpose,
we used the bands 2 (Blue), 4 (Red), 11 (SWIR) and 12 (SWIR) of
Sentinel-2A MSI. A combination that highlights hydroxyl bearing (Al-
OH) alterations (Sentinel-2A MSI 11/12), a combination that highlights
iron oxides (e.g. hematite and magnetite) in general (Sentinel-2A MSI 4/
2) and a combination that highlights ferrous iron oxides (any mineral
having a considerable portion of Fe?! in its composition) (Sentinel-2A
MSI 4/11) were finally chosen. The three band ratios were used to create
a false color composite product.

5. Results and discussion
5.1. Identification of geothermal anomalies

In this section, we present results achieved using the RETIRA index to
search for possible geothermal temporal anomalies in the area of Fig. 1.
We considered as anomalous pixels those having values of the afore-
mentioned index higher than 2.5 (0,6% of probability). As mentioned in
the previous section, RETIRA anomalies can be expected not just in
relation to variations in geothermal activity, but also as a consequence of
other (rare) conditions related to natural events or to inadequate image
processing. Moreover, a large literature (e.g. Tramutoli et al. 2015 and
reference herein) reports of their appearance also in relation to some
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earthquake occurrence. A specific study performed over Greece by
Eleftheriou et al. (2016) suggests, on the base of 10 years of continuous
satellite observations (processed by a similar approach), that RETIRA
anomalies appear (with only a 7% of false positives) in a non-casual
relation with earthquakes of magnitude 4 or more occurring in a pre-
defined temporal and spatial window. Therefore, we performed a pre-
liminary assessment of achieved results in order to identify and discard
those thermal anomalies for which, other possible causes (different from
geothermal activity variations) can be invoked.

The daily analysis revealed that on 1654 imagery over 4353 analyzed
(i.e. 38%) pixels with values of RETIRA index higher than 2.5 were
present. As can be seen from Figs. 3-6, detected thermal anomalies
contained also pixels with values of RETIRA index up to 5 (see red
pixels). It is worth mentioning that out of 1654 images, 151 (i.e. about
9%) included false thermal anomalies associated with clouds or with
inaccurate image navigation/co-location (see Fig. 3a). To exclude TIR
anomalies possibly associated to seismic activity information provided
by the “Institute of Geodynamics, National Observatory of Athens”
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distribution of anomalies over time seems to concentrate to the Petrified Forest Area,
Mesotopos caldera and to the broader Polichnitos area to the south of Lesvos Island.

to the northeastern part of Stipsi caldera where hot springs are located, inside



S. Peleli et al.

425000 450000

HLIARA

@ Hydroxyl bearing

@ Iron oxides
@ Ferrous iron oxides

Tectonic lineaments
Calderas

[¥] Hot Springs
Wells

International Journal of Applied Earth Observations and Geoinformation 95 (2021) 102251

Fig. 8. Natural color composite of a Sentinel-2A MSI satellite image showing Lesvos island on 01/08/2017 and the produced false color composite (R,G,B) Sentinel-
2A MSI 11/12, Sentinel-2A MSI 4/2, Sentinel-2A MSI 4/11 for; (a) Stipsi caldera (northeastern Lesvos), (b) Mesotopos and Agra calderas (southwestern Lesvos) and
the opposite Polichnitos area and (c) Sigri caldera and Sigri Petrified Forest. In this product, the pixels with a relatively high value hydroxyl bearing alteration are
shown in red. The iron oxides and the ferrous iron oxides are depicted in green and blue respectively. Areas with coexistence of hydroxyl bearing and iron oxide
alterations are depicted with yellow colors while bluish-green areas exhibit both iron oxides and ferrous iron oxides. The circular yellow and pink structures inside
Mesotopos calderas suggest the position of hydrothermally altered lava domes (see Fig. 5). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

(www.noa.gr) were also used. Following Eleftheriou et al. (2016) every
satellite image with a detected anomaly was buffered with a zone of 150
km radius, searching for the occurrence of earthquakes with magnitude
greater than 3.8 ML in a time-period of 15 days before and 30 days after
the identification of the thermal anomaly. By comparing flagged thermal
anomalies with NOA data, 680 of them falling in the previous space-
—time constrains, were excluded by the following analyses. Fig. 3b shows
an example of such thermal anomalies (occurred on 23 March 2004)
excluded for the effect of the previous selection rules in relation to the
seismic event (4.2M) that occurred in the area on 24 March. Finally, we
compared our dataset of thermal anomalies with those of NASA FIRMS
Fire Archive (https://earthdata.nasa.gov/firms). This analysis revealed
that 53 thermal anomalies were associated to fire events and then
excluded from further analysis. After excluding all those features, the
final dataset contained 770 thermal anomalies (representative examples
are given in Figs. 4-6) for which, in our knowledge, no other possible
origin (except intrinsic statistical fluctuations) can be hypothesized. A
cumulative map counting for each pixel the number of times over-
threshold values are reached was finally produced showing the prefer-
ential spatial distribution of anomalies over time (Fig. 7).

The possible association of these thermal anomalies with anomalous
changes in geothermal activity was then investigated.

5.2. Integrating RETIRA index results with geological data

In order to test the hypothesis that residual thermal anomalies can be
related to geothermal activity their possible spatial relation with
geological characteristics of the Lesvos Volcanic field was investigated
at first. Thermal anomalies along with several geological elements, such
as calderas, caldera borders, tectonic faults, geothermal springs and
hydrothermal alterations mapped by processing SENTINEL-2 MSI sat-
ellite images were introduced in a Geographic Information System (GIS)
(Figs. 4-8).

As a result, the 770 thermal anomaly maps can be grouped into three
general categories; (a) those showing anomalies mainly along Sigri (to
the northwest) and Stipsi (to the northeast) caldera rims and ring faults
associated with the evolution of these major calderas (Fig. 4), (b) those
where thermal anomalies coincide with areas of known hydrothermal
alterations either inside Stipsi caldera or Sigri and Mesotopos calderas
(Figs. 5 and 8). In the case of Stipsi and Mesotopos caldera, thermal
anomalies show a characteristic circular pattern which spatially agrees
with the circular hydrothermal alterations revealed in Sentinel FCC
(Fig. 8a and 8b). According to Kouli and St.Seymour (2006) these are
post caldera hydrothermally altered lava domes placed across ring
faults. Moreover, Sigri Petrified Forest (see Fig. 1) seems to host
extended thermal anomalies probably associated with the presence of
dense faulting and extended hydrothermal alteration (Fig. 8c) (Pe-Piper
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etal., 2019) and (c) those with thermal anomalies spatially concentrated
on either side of the Polichnitos and Vatera fault system which according
to Gilinther et al. (1977) controls the Polichnitos geothermal field and
the local thermal springs. The cumulative map of Fig. 7 shows the fre-
quency of occurrences of the thermal anomaly during the 12 years of
data analysis for each pixel. Preferential spatial distribution of anoma-
lies over time seems to be concentrated in the Petrified Forest Area, in
the northeastern part of Stipsi caldera where hot springs are located,
inside Mesotopos caldera and in the broader Polichnitos area to the
south of Lesvos Island.

The visual inspection of each one of the 770 thermal anomaly maps
as well as of the cumulative map (Fig. 7), gives some indications for the
spatial control of big tectonic lineaments over thermal anomalies. In
many cases thermally anomalous pixels are located in the junction of
two faults. In other cases an extended thermal anomaly is bordered by
the existence of a fault, as in the cases of Stipsi caldera (Fig. 5) and
Polichnitos (Fig. 6).

These visual observations are further confirmed by coincident major
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Fig. 10. Data clocks displaying the temporal distribution of thermal anomalies related to four of the major calderas of the Lesvos geothermal field. The Sigri volcanic
structure hosts the majority of the mapped geothermal anomalies. Many of the geothermal anomalies mapped in Mesotopos caldera are also mapped in Agra since the
two structures are proximal each other. Nevertheless, the geothermal activity of Mesotopos caldera seems to be more intense and this is in agreement with the
extensively hydrothermally altered lava domes that are situated along the ring faults.
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orientations (NW-SE and NE-SW) that exhibit both the rose diagrams
created from thermal anomalies and Lesvos tectonic lineaments (Fig. 9).

Finally, data clocks (Fig. 10) display the temporal distribution of
thermal anomalies related to four of the major calderas of the Lesvos
geothermal field. The Sigri volcanic structure hosts the majority of the
mapped geothermal anomalies probably because it represents the most
extended and complex volcanic edifice (nested caldera) which is
geologically connected with the extended hydrothermally altered
Petrified Forest. The Stipsi caldera shows also frequent thermal anom-
alies as one of the two major calderas and as an area of well known
hydrothermal alterations and epithermal mineralization. Many of the
geothermal anomalies mapped in Mesotopos caldera were also mapped
in Agra since the two structures are proximal to each other. Neverthe-
less, the geothermal activity of Mesotopos seems to be much more
intense. This is in agreement with the extensively hydrothermally
altered lava domes that are situated along the well-defined ring faults
acting as fluid flow paths.

6. Conclusions

In this paper, we used MODIS (LST) data over a period of 12 years
(2003-2014) to investigate the possible existence of anomalous changes
in the active geothermal field of Lesvos Island. Therefore, our aim was
not the detection of a geothermal field (it is quite well known from
ground measurement of heat fluxes and extensive bibliographic refer-
ences) but to investigate the possibility to monitor activity variations
using thermal signatures and applying the RST techniques.

Thermal anomalies detected in the Miocene volcanic field of Lesvos
Island usually coincide with caldera rims and hydrothermally altered
rocks (Stipsi, Sigri and Mesotopos calderas) while in other cases they are
spatially correlated with major tectonic faults and known geothermal
springs as in the case of Polichnitos. Taking into consideration the
approximately 20 ma age of Lesvos volcanic terrain, we suggest that the
geodynamic environment of the broader area keeps alive the geothermal
field and it is maybe associated with the recorded geothermal variations.
A probable explanation of the temporal variation in the geothermal
activity could be the uplifting and circulation of the hydrothermal wa-
ters through radial and tectonic faults due to changes of the sub-surface
physicochemical processes. For instance, micro-fracturing can lead to
permeability changes and episodic gas injection into the hydrothermal
system. In the Lesvos densely faulted and heavily eroded volcanic
terrain, a probable episode of increase in fluid infusion due to tectonic
activity in the multi-fractured lithosphere, could be superficially
expressed in areas of high permeability structures which act as pathways
to fluid circulation. Such areas are usually pre-existing faults, fault in-
tersections and volcanic structures.

In conclusion, the monitoring of geothermal anomalies from time-
series satellite imagery and geological field data (e.g. geologic maps)
could provide promising indications to the scientific community for
future work. In this direction, the RST techniques, and in particular the
use of the RETIRA index, may represent a valuable tool in geothermal
field analysis, since mapped thermal anomalies can act as a guide for
localization of mineral alterations and hydrothermal routes mapping.
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