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ABSTRACT

The study presents a 1:3300 scale map, encompassing an area of 1.05 km2, depicting the ﬁrst
detailed map of the shallow-water water hydrothermal system in Paleochori Bay, Milos,
Greece. The seaﬂoor was mapped using orthophotos acquired by a drone survey and
processed using ArcGIS. The map shows the distribution of white microbial mats, former
microbial mats, sea grass and ‘normal’ sand down to a depth of 15 m. Generation of a
comprehensive map with native shapeﬁles and layer ﬁles, where any GPS coordinate in
Paleochori Bay can be obtained, allows to target speciﬁc locations for data collection, rather
than resorting to vague site descriptions, as has been the practice in the past. Sea ﬂoor
temperature measurements carried out by Scuba divers in conjunction with GPS coordinates
were mapped and interpolated to evaluate the temperature distribution in Paleochori Bay,
which in turn supports the overall understanding of the hydrothermal system.

1. Introduction
Historically, most research on marine hydrothermal
venting focused primarily on deep-sea black smokertype locations, although hydrothermal venting is not
conﬁned to the deeper parts of the ocean. Recent
studies point towards an abundance of hydrothermal
venting in shallow marine, near shore environments.
Approximately 70 such locations, which are generally
described as ‘marine shallow-water hydrothermal systems’ (MSWHS), have been documented (Price & Giovannelli, 2017). This type of hydrothermal activity can
have a considerable impact on the biologically important coastal ocean by creating micro-environments
due to the discharge of reduced, hot hydrothermal
ﬂuids often containing potentially toxic elements
(Brinkhoﬀ et al., 1999; Chen et al., 2018; Kleint et al.,
2017; Marani et al., 1997; Meyer-Dombard et al.,
2012; Pichler, 2005; Pichler & Veizer, 2004; Price
et al., 2007; Ristova et al., 2017; Ruiz-Chancho et al.,
2013; Stanulla et al., 2017). Although presently not adequately measured, there are convincing indications that
ﬂux from MSWHS could be a considerable source of
heavy metals and metalloids, such as Hg, Pb, Sb and
(Canet et al., 2005; Godelitsas et al., 2015; Leal-Acosta
et al., 2013; Marani et al., 1997; Price et al., 2013b;
Stoﬀers et al., 1999). Since the ﬂux of hydrothermal
ﬂuid and gas can be diﬃcult to measure, ﬂux estimates
currently exist only for a few MSWHS (Chen et al.,
2018; Dando et al., 1995; Forrest et al., 2005; Pichler
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et al., 1999). Thus, to reliably estimate contributions
from MSWHS to global oceanic cycles, additional
ﬂux estimations are crucial.
One of the best-studied MSWHS is located in Paleochori Bay on the south side of Milos Island, Greece (36°
40’N, 24°31’E). There, hydrothermal ﬂuids discharge at
depths between 2 and 15 m below sea level across an
area of about 1000 by 500 m. However, despite more
than 25 years of research in Paleochori Bay, no dependable biogeochemical model concerning the interaction
between hydrothermal and biological processes exists,
nor do we have reliable repeat measurements at single
locations to record chemical and biological changes
with time. This is owed to the fact that the study area
of about 500,000 m2 is too large to cover in short time
and underwater orientation in the bay is challenging.
To date, there are no GPS coordinates given for any of
the sites studied and thus, although descriptions of the
general locations and characteristics of vent sites exist
for most of the investigations, returning to those speciﬁc
sites is virtually impossible. Authors often refer to
sampled sites with vague descriptions and names such
as, ‘Rocky Point’, named for its location near a large
rock outcrop oﬀshore (Godelitsas et al., 2015; Price
et al., 2013a). A lack of GPS coordinates for the studied
locations makes it diﬃcult, if not impossible to exactly
revisit study/sampling sites. To overcome that limitation, our study aimed to address this problem by creating an accurate geo-referenced map of Palaeochori Bay
using aerial photography.
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Aerial photography and mapping either by plane or
drone has been successfully applied in shallow, near
shore marine environments during studies of submarine groundwater discharge and for monitoring of coral
reef development (Casella et al., 2016, 2017; Johnson
et al., 2008), but to date has not been applied to
MSWHS. With this in mind, we created a map of
Paleochori Bay from high-resolution, geo-referenced
aerial photos, which were collected by drone. The
orthophoto was exported into the ArcGIS software
package, where GPS coordinates can be picked for
any pixel on the image. With the possibility to obtain
GPS coordinates on the image, it was possible to pick
the exact locations for sample collection, including
temperature and ﬂux measurements. Furthermore, it
was possible to correlate hydrothermal features
between their actual occurrence and their representation on the map, i.e. to ground-truth the aerial photograph. This work has signiﬁcance beyond Paleochori
Bay since this approach will be easily transferable to
other sites of MSWHS worldwide.

2. Study area
Milos is an island arc volcano within the Hellenic Volcanic Arc in the Aegean Sea that was formed during the
closure of Tethys Ocean because of the collision of
African and Aegean continental plates (McKenzie,
1972). The island is almost entirely composed of acid
volcanic and volcaniclastic rocks lying on the metamorphic and sedimentary basement (Megalovasilis,
2014; Papachristou et al., 2014). Milos potentially
hosts one of the largest shallow-water water hydrothermal systems in the world with an area of venting estimated at 35 km2 (Figure 1; Dando et al., 1995).
The most active hydrothermal area is Paleochori
Bay in the south-eastern region of the island (Figure 1).
In Paleochori Bay, the hydrothermal ﬂuids are acidic
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(pH ≈ 5), hot (up to 122 °C), highly sulﬁdic (up to
3 mM H2S), discharging intermittently in an area of
approximately 1000 m by 500 m (Figure 2; e.g. Valsami-Jones et al., 2005). The seaﬂoor in Paleochori
Bay is covered by sediments (sand) of volcanic origin
and slopes gradually to a depth of 15 m about 500 m
oﬀshore. In areas where hydrothermal discharge
occurs, the sediments are colored white and yelloworange, due to the formation of bacterial mats, hosting
chemolithotrophic sulfur oxidizing and sulfate-reducing bacteria (e.g. Yücel et al., 2013). In addition, the
sediments can also be colored reddish and yellowish
due to the precipitation of hydrous ferric oxides and
arsenic sulﬁdes from the hydrothermal ﬂuids (e.g. Godelitsas et al., 2015). The white areas, which are by far
the most abundant (Figure 3(c)), are easily discerned
in the aerial photos taken by drone. The diﬀerent colors
are related to diﬀerent sediment temperatures and
hence diﬀerent hydrothermal ﬂuid temperatures,
where the white areas have temperatures ranging
from 45 to >80 °C, while reddish and yellowish sediments have slightly lower temperatures. The reddish
and yellowish colors typically surround the white
areas (Figure 3(c)). The hottest areas (> 85 °C) are
often characterized by a bright yellowish to yelloworange precipitate, which are exclusively found in the
center of the white areas (Figure 3(c)).

3. Aerial photography and map generation
The detailed mapping of the shallow water hydrothermal system in Paleochori Bay was based on aerial imagery collected in October 2016 by an unmanned
aircraft system (UAS) consisting of an unmanned
aerial vehicle (drone), a ground-based controller, a system of communications between the two and oﬀ-theshelf software to calculate and execute ﬂight patterns.
The survey for the main map was carried out at an

Figure 1. (a) Hydrothermally active island of Milos (highlighted in red) located within the Hellenic Volcanic Arc. (b) Close-up of Milos
and the study site of Palaeochori Bay. The shaded area around the island represents the extent (35 km2) of observed hydrothermal
activity on the island (Dando et al., 1995).
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Figure 2. An aerial map of Palaeochori bay produced using 156 photographs from an UAS survey in 2016. White areas indicate
bacterial mats, which formed due to the discharge of hydrothermal ﬂuids. The darker areas are sea grass meadows.

altitude of 200 m, which allowed us to obtain a Ground
Sample Distance (GSD) of 6.73 cm/pixel. We used an
oﬀ-the-shelf drone, Mavic Pro by DJI, equipped with
a 12.7-megapixel camera. The camera is embedded in
the drone, and is mounted on a three-axis gimbal support to ensure the maximum stability and image sharpness. The images were geotagged automatically by to
the built-in GPS receiver in the drone. The ﬂight

patterns were determined and executed using the oﬀthe-shelf software package Map Pilot by Maps Made
Easy, which was installed on an over-the-counter
smartphone. Missions were generally ﬂown in the
mornings to assure calm conditions and hence a
smooth water surface in Paleochori Bay. Figure 4
shows the ﬂight pattern of the survey. We used a forward overlap greater than 60% and a side overlap of

Figure 3. (a) Sampling the bacterial mats, (b) Temperature measurements using the custom-built temperature probe, (c) Typical
seaﬂoor features in Paleochori bay showing gaseous discharge, white bacterial mats and yellow-orange hydrothermal precipitates.
Water depth is around 4 m. The images were captured with a SeaLife Micro 2.0 underwater camera with a high resolution 16MP
SONY® Image Sensor.
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Figure 4. Flight plan for the UAS survey. The ﬂight plan was calculated using the MapPilot software.

75%. The Main Map was created using 156 high-resolution photos collected over a single drone ﬂight with a
maximum speed of 15 ms−1, covering a sea area of
1.05 km2.
The drone images were analyzed using the software
Agisoft PhotoScan, which uses photogrammetric and
Structure-From-Motion algorithms to align the
images. Following the alignment, we built a pointcloud counting ∼ 46.8 million points with a density
of 44.6 points/m2. This point-cloud was calculated
using the GPS camera positions as recorded from the
drone, and it was then converted into to an orthomosaic with a cell size 7.8 × 6.0 cm (GSD 6.3 cm/pixel).
The orthomosaic was then georeferenced to UTM
35N coordinate system using seven ground control
points (GCPs) collected on the ground by selecting
identiﬁable terrestrial features on the map. GCPs
were measured with a Trimble diﬀerential GPS
(dGPS) system receiving sub-meter, real time Omnistar
HP corrections. The resulting ortho-rectiﬁed image
(Figure 2) was exported to ArcGIS, allowing for the
extraction of coordinates for any pixel of the map;
hence, the opportunity to pick the exact locations for
sample collection, including porewater and temperature measurements.

4. Classiﬁcation and veriﬁcation
The aerial imagery (Figure 2) was classiﬁed using a
supervised classiﬁcation in ArcGIS (Main Map). This
approach has been tried in the past by several studies,
especially for monitoring vegetation health and land
cover classiﬁcation (Dell et al., 2019; Goldblatt et al.,
2017; Mattupalli et al., 2018; Upadhyay et al., 2016).
The maximum likelihood classiﬁcation rule was used

in the classiﬁcation of the white areas. The process
involves creating a signature ﬁle of training samples
(sea ﬂoor features in this instance) and uses mean vector and the covariance matrix of a class to calculate the
probability that a given pixel belongs to that speciﬁc
class, assuming the class sample distribution is normal.
The bright white areas were classiﬁed as ‘Bacterial
mats’, the darker and paler white areas were manually
classiﬁed as ‘Former bacterial mats’ and the dark grey
areas were classiﬁed as ‘Sea grass’. It was not deemed
necessary to classify the remaining area, which represents the sandy seaﬂoor in Paleochori Bay.
Several locations were selected following the import
of the digital image into ArcGIS for ground truthing
(veriﬁcation). The features (e.g. sand, sea grass, white
zonations) that were identiﬁed aerially were subsequently conﬁrmed underwater by Scuba divers and
their coordinates were recorded using a handheld
GPS (Garmin West Marine 76CS Plus).

5. Sampling
Once ground-truthing was completed this information
was used to develop a sampling program, which
spatially covered Paleochori Bay, while at the same
time putting extra attention to the areas classiﬁed as
‘Bacterial mats’ and ‘Former bacterial mats’ (Figure 5).
The sampling program involved conducting ten transects roughly along the north–south axis with a distance
of around 30 m between each sampling location.
SCUBA divers were equipped with a compass to ensure
transects were as close to the north–south axis as possible and each sampling location was recorded by GPS
(Garmin West Marine 76CS Plus) (Figure 5).
Additionally, several additional locations, especially
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Figure 5. Map showing the sampling locations. Ten transects with the aim to spatially cover the bay were planned in addition to the
several individual locations in the areas of interest.

the white zonations, were selected for their geochemical importance. The divers, following the protocols
established by Price et al. (2013b), collected sediment
pore-water temperatures in-situ, at a sediment depth
of 10 cm, using a temperature probe in a custombuilt underwater housing (Figure 3(b)). The temperature measurements were then exported to ArcGIS to
show the temperature distribution patterns in Paleochori bay. Temperature points were converted to
form a surface using Kriging interpolation method in
ArcGIS. Kriging is best suited for datasets with a directional bias and is able to factor in the local and regional
trends (Foster et al., 2005; Holdaway, 1996).

6. Results and discussion
Our study, for the ﬁrst time, provided a seabed classiﬁcation map for the hydrothermally active Paleochori Bay
(Main Map). Such maps are essential in establishing the
importance of MSWHS to the local ecosystems and in
understanding the elemental cycling in hydrothermal
systems, especially those of potentially toxic heavy
metals and metalloids (e.g. Breuer & Pichler, 2013).
Therefore, a detailed knowledge of the shallow-water
hydrothermal system in Paleochori Bay is necessary to
ascertain the impacts of such heavy metals from regional
to global scales. In this study, we explored a standard
procedure that could be applied to other shallow-water
hydrothermal systems to create detailed maps of such
regions. The combination such a map with ﬁeld
measurements, such as temperature, for example allows
to relate heat-ﬂux to ocean ﬂoor features (Figure 6). This
work can then be easily expanded to include other
chemical and biological parameters.
The identiﬁcation of diﬀerent classes in the map that
was created from the aerial represent the variation in
temperature and physicochemical conditions in

Paleochori Bay. They were identiﬁed using the classiﬁcation algorithms complemented with direct observations during the sampling process and then
manually digitized to correct for discrepancies. The
background and sea grass could not be easily distinguished using the supervised classiﬁcation techniques
and therefore, were manually digitized on the map in
ArcGIS as diﬀerent feature classes. The brightest
white areas were most accurately classiﬁed in the ‘Bacterial mats’ class while some of the paler white areas
were not identiﬁed accurately and thus were manually
digitized into the ‘Former bacterial mats’ class. These
are areas on the seaﬂoor where bacterial mats were present, but currently are no longer active, while retaining
a whitish color and the shape of the mats. Observations
by Scuba divers conﬁrmed that these areas are still
mildly hydrothermally active (e.g. elevated temperatures). The cause for their absence is unclear, but is
most likely related to the amount of hydrothermal
ﬂux. Generally, sea grass does not occur in regions of
white microbial mats. The absence of sea grass could
be caused either by the presence of toxic metals and
metalloids in the hydrothermal ﬂuids or the elevated
temperature around the white zonations. However, a
combination of both eﬀects is the most likely cause.
The temperature distribution map (Figure 6) was
constructed by interpolating 141 individual data
points. The map displays the magnitude of heat ﬂux
in Paleochori Bay, one of the most hydrothermally
active regions in the Aegean Sea (Dando et al., 1995;
Naden et al., 2005). The individual temperature point
measurements ranged from as low as 21.2 °C in the
background class to the highest recorded temperature
in Paleochori bay yet of 122.4 °C. Based on previous
observations in the region, the bacterial mats are
strongly correlated with higher temperatures and the
data collected in this study conﬁrms this (Figure 6;
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Figure 6. Temperature contour image of Paleochori Bay. The contours were created using the Contour tool in ArcGIS after the
temperature data was interpolated across Paleochori Bay.

Price et al., 2013a; Valsami-Jones et al., 2005; Yücel
et al., 2013). There is a distinct trend in the temperature
distribution across the bay as the western section of
Paleochori bay appears to be warmer than the eastern
section (Figure 6). The relative lack of bacterial mats
in the eastern section of the bay further supports the
idea that the western part of the Paliochori bay is
hydrothermally more active. The map in Figure 7
shows the distribution of the measurements considered
to be the ‘non-hydrothermal’ or background temperature in the sediments in Paleochori Bay. The temperature data show that the background sediment
temperatures in Paleochori Bay are generally less

than 25 °C, and that they are similar to previously
reported values (e.g. Price et al., 2013b; ValsamiJones et al., 2005). The temperature distribution
trend observed in Figure 7, i.e. higher background
temperatures in the western part of the bay, is the
same as observed for the higher temperatures (Figure
6). This has implications in determining the depth of
the hydrothermal heat source. Since both the background and the hydrothermal vent samples, show a
similar temperature distribution, the heat source
must be shallow as it aﬀects the whole bay. A deeper
heat source should not produce the observed temperature trend in the non-hydrothermal area of the bay, as

Figure 7. Locations where temperatures below 25°C were measured in the sediment in Paleochori Bay.
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it cannot inﬂuence the background sediment samples.
Whereas the hydrothermal ﬂuids, delivered via fractures, cracks and ﬁssures from deep beneath the surface
(e.g. Purnomo & Pichler, 2014), is responsible for the
observation that the western Paleochori Bay is more
hydrothermally active.
The parameters used to interpolate the data points
can inﬂuence the resultant surface (Meng et al., 2013;
Sahlin et al., 2014; Wu & Li, 2013). In this study, kriging was selected over the other interpolation methods
since it tends to produce the least biased linear outputs,
despite it being more time-consuming (Mueller et al.,
2004; Phillips & Marks, 1996). The Focal statistics
tool in ArcGIS was used to post-process the output
produced using kriging interpolation, which was angular. The output of the focal statistics tool is a surface
where each output cell is a function of the input values
that are in the speciﬁed neighborhood, a circle of 3-cell
radius in this case, around that location (Kumhálová
et al., 2011; Panagiotidis et al., 2017). Other interpolation methods, such as Natural neighbor and
inverse-distance weighting (IDW), should be explored
to ascertain the best method to represent the temperature distribution in Paleochori Bay. Additionally, it is
paramount to obtain further temperature measurements across the bay to provide a better understanding
of the heat ﬂux in the region and reducing the spatial
interpolation biases.

7. Conclusions
The existence of the hydrothermal system at shallow
water depths of less than 15 m in Paleochori Bay,
along with the relatively clear water conditions, allowed
for the use of remote sensing techniques to map the
bay. Hence, we generated several thematic maps of
the hydrothermally active Paleochori Bay in Milos
using aerial imagery collected by an unmanned aircraft
system (UAS) consisting of an unmanned aerial vehicle
(drone), a ground-based controller, a system of communications between the two and oﬀ-the-shelf software to calculate and execute ﬂight patterns.
Discernible features in the aerial imagery were subsequently conﬁrmed and identiﬁed by Scuba divers
(i.e. ground truthing). The so generated maps are the
likely the most detailed depictions of the shallowwater water hydrothermal system in Paleochori Bay
to date. The aerial imagery allowed detailed mapping
of geochemically important microbial mats on the
Paleochori seaﬂoor, which formed due to the discharge
of hydrothermal ﬂuid. Field observations in conjunction with the aerial imagery provided a spatial understanding of the temperature distribution in the
seaﬂoor sediments. The temperature distribution patterns observed in Paleochori Bay (Figure 6) have long
been speculated in the literature but not been proven.
The data presented shows that the western Paleochori

Bay is hydrothermally more active, something that is
reﬂected in the background sand sediment temperatures, which were higher in the western part of the
bay. The accuracy of the temperature distribution
trends could be improved by additional ﬁeld measurements, although is unlikely that the overall picture of
temperature distribution would change.
In the past, it was diﬃcult to reproduce results of
scientiﬁc studies that were concerned with various
aspects of the hydrothermal system in Paleochori Bay
due to the diﬃculty (inability) to exactly revisit speciﬁc
locations. Now this problem should be resolved since
we have a comprehensive map with native shapeﬁles,
where GPS coordinates of sampling locations can be
obtained, which is available for future research in
Paleochori Bay (Supplementary material S1). This
approach has the potential to facilitate research of
other shallow-water hydrothermal systems around
the world. Nevertheless, it must be stated that map
accuracy tends to decrease with increasing depths
and thus could be improved by using underwater
GPS devices instead of relying on hand-held GPS
devices on the sea surface.

Software
The ﬂight patterns for the drone were calculated with
the software app Map Pilot by Maps Made Easy
installed on an Apple iPhone. Image processing was
carried out using Agisoft Photoscan. The map was produced by using Esri ArcMap 10.6 program, which is
part of the ArcGIS package.
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