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Keywords Abstract
UAV Today, UAVs, which help to produce data with remote sensing and photogrammetry
Open Mines techniques, were used for military purposes at first. Unmanned aerial vehicles (UAV),
UAV advantages which is a new sensor platform with the developing technology, has found many uses
Photogrammetry due to its fast, precise and repetitive measurement capabilities. In open mining areas,
which is one of these areas, the topographic measurement problem emerges as a
Research Article problem that needs to be overcome. The fact that the mine fields cover large areas, the
Received: 01.10.2022 measurements take a long time and are costly have made the use of UAVs a necessity.
Revised: 04.11.2022 Aerial monitoring of open mining sites, together with the use of UAVs, is used in planning
Accepted: 15.11.2022 and calculations as an aid in areas such as mine production planning, blasting yield fields,
Published: 30.11.2022 determination of equipment locations, ore production and land application, volumetric

calculations, monitoring of slope sensitivities and changes, security. It enables some data
to be obtained quickly, reliably and cost-effectively. In this study, the structure of UAVs,
the advantages of their use in open mining areas, their areas of use and their benefits for
studies are explained.

1. Introduction

The ever-advancing and boundless technology has allowed man-made aircraft and related industries to change
rapidly. The aviation adventure, which started with the dream of seeing the world from a bird's eye view and
continued for the purpose of passenger and goods transportation, gained a different meaning with the First World
War. Because in this great war, airplanes entered military service for the first time and served for offensive,
defensive and reconnaissance purposes throughout the war [1].

For the first time in history, an unmanned vehicle was used in a military incident recorded as the first
unmanned aerial attack. This happened in 1849, when the Austrians sent unmanned balloons filled with explosives
to Venice, Italy. For the first time, the development and production of airplanes for the purpose of flying remotely,
that is, unmanned, coincides with the First World War. Unmanned Aerial Vehicles, briefly UAVs, which are defined
as flying vehicles that do not contain humans and can be controlled from the ground thanks to a communication
system, have been actively used especially after the Second World War [2].

Drones, which are frequently used for civilian purposes other than military purposes, and especially used by
today's younger generation born in the 2000s, are preferred because they outperform humans in many areas. Civil
aviation unmanned aerial vehicles provide great benefits in fields such as journalism, show business, marketing,
agriculture, cargo, health, emergency aid, communication, cartography and fire response.
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Developing technology and demands have accelerated the development of UAVs and many studies have been
carried out to achieve different missions and purposes, especially in recent years. These aircraft, which were
discovered to be used for military purposes rather than civil aviation, serve the defense industry due to the
numerous advantages they provide today. In the field of military aviation, Unmanned Aerial Vehicles are used as
target designation and bait, in reconnaissance and surveillance conflicts and in high-risk missions [3].

UAVs provide great advantages over normal aircraft due to their low production, purchasing, fuel and flight
costs [4-5]. More importantly, these vehicles do not pose a risk of injury or loss of life during the mission, as they
are uncrewed. For the same reason, they are lighter than conventional aircraft and can stay in the air longer with
the same amount of fuel [6].

On the other hand, the disadvantages of UAVs are that their danger detection abilities are not as strong as a
human, they can pose a danger in case of loss of ground control connection, and manned aircraft are vulnerable to
air attacks. However, these disadvantages are tried to be minimized with research and development activities in
data transfer and artificial intelligence technologies. On the other hand, further increasing flight times will allow
these vehicles to be used widely in the near future [7].

Today, Turkey has managed to become a country that produces its own software and technology in the defense
industry. In addition to the defense industry, UAVs are used in applications such as virtual reality and three-
dimensional (3D) model production. In addition, UAVs provide effective and efficient use in the detections and
post-disaster investigations, tourism, architectural areas and 3D city planning, and 3D modeling of structures
before the disaster occurs [8].

Compared to images obtained from traditional aerial photogrammetry, high-precision images can be produced
at low cost in low-altitude flights with the help of UAVs [9-10]. Unlike the vehicles used in traditional aerial
photogrammetry, UAVs offer the opportunity to fly close to the object and at low altitudes. In some cases where
transportation is difficult and manned aircraft cannot be used, UAVs are preferred as an alternative method. In
addition, despite the unnecessary data volume and high cost in small-scale conventional aerial photogrammetry
applications, a great deal of savings can be achieved by using UAVs. Studies carried out with the help of UAVs
approach the sensitivity of terrestrial photogrammetry and find application opportunities in many different areas
due to the fact that the data processing process can be completed in a short time [11]. Twenty years ago, robotic
total station was used frequently [12]. However, in recent years, UAV technology has been widely used by many
disciplines for different purposes (map production, volume calculations, 3D model making, documentation of
cultural heritage and hobby purposes, etc.).

Uysal et al. [13] aimed to produce the Digital Terrain Model (DTM) of the Sahitler Kayasi Mound using UAV
photogrammetric techniques and to perform an accuracy analysis on an area of approximately 5 ha in the Sahitler
Kayasi location in the center of Afyonkarahisar. In their study, they established a total of 27 GCPs, 5 of which are
homogeneous, and obtained the coordinates of the GCPs in the ITRF96 datum with the Stonex S9 GNSS (Global
Navigation Satellite Systems - Global Positioning Satellite Systems) device using the RTK method. Images were
taken with the Canon EOS digital camera on the UAV from an average height of 60 m. As a result of their studies,
they evaluated the accuracy of DTM with 30 control points and determined a vertical accuracy of 6.62 cm. They
stated that the combination of UAVs and photogrammetric techniques will provide significant contributions to the
studies to be carried out in this field in terms of accuracy, speed, cost and product diversity. UAVs are one of the
most important technologies in many aviation applications, especially for civil and military purposes, due to their
low cost and high performance. Although UAVs have short wingspan (fixed or rotating wings) and a light structure,
they have a sensitive structure during flight [14-15].

Senol and Kaya [16] stated that field work of the model should be done to create a 3D model. In order to reveal
the 3D model of a structure, they included UAV data collection in their data collection method. In particular, they
wanted to minimize the field studies by using the data collection method with the UAV, and for this purpose, they
were able to collect data without the need for fieldwork. They also reported that models can be created from
images of UAV, terrestrial and rough areas with various software. Measurements made with classical terrestrial
methods are difficult, expensive, take a lot of time compared to the photogrammetric method and are not possible
due to the nature of some lands. It has become a necessity to prefer various alternative methods in mountainous,
rocky and rough terrains where people have difficulty in transportation. With classical measurement methods, it
may not be possible to approach dangerous places such as swamps, stream beds and sometimes the edge of a cliff.
With UAVs, it is now possible to easily access areas that people cannot reach and have difficulty in taking images.
With the overlay images to be taken from the land, the terrain structure can be modeled in 3D and coordinates
[17].

Expanding the use of UAVs in mapping rough areas will provide many advantages. Especially in very hilly areas,
mapping processes should be done in a short time, and mapping work should be done in stock movements and
incubation calculations in the field. Conducting this study with terrestrial methods may create risks in terms of
occupational safety, increase costs and cause loss of time. In addition, it provides significant advantages in terms
of cost, time and personnel in the production of periodic orthophoto maps using UAVs. In addition, periodic maps
of the entire field can be produced with the UAV instead of mapping only within the area where the study is carried
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out or within a certain region. Thus, it will be possible to make optimum planning by ensuring that potential threats
can be predicted in the work area and healthy decisions will be made for the future [18].

Today, UAV is frequently used in cultural heritage studies [19-21]. Photogrammetry and UAVs have been used
in land cover classification [22], landslide modeling [23-24], rockfall modeling [25], pond area volume [26]. It has
been used in many engineering projects such as measuring the location of inaccessible geological features [27],
coastline detection [28], volume calculation [29].

2. Material and Method

The framework for acquiring and processing UAV images in open pit mining areas consists of four main parts.
These are configuring the ground network and flight path design, obtaining images, mapping photos using GCPs
with the help of photogrammetric software, creating DEM & ortho-images and drawing. First, the distribution of
the ground control network was measured by the Turkish National Basic GNSS Network-Active (TUSAGA-Active)
System. The flight path has been designed considering specific factors for UAV-based photogrammetric and aerial
image guidance. During autonomous flight operations, both UAV images and position and guidance system data
are obtained. Orthophoto and DEM maps are created in Pix4D software, which is used as photogrammetric
software.

The technical specifications of the FC6310R camera system attached to the Phantom 4 Pro RTK UAV used in
the study are shown in Table 1.

Table 1. FC6310R Technical Specifications

Property Orthophoto Digital Elevation Model
Row and Column 2886 *2886 2886*2886

Band no 3 (RGB) 1

Pixel type Unsigned integer Unsigned integer
Radiometric resolution 8 bit 32 bit

Coordinate system TUREF/TM39 TUREF/TM39

Zone 37 37

The images were obtained on the open mine site in Unye district of Ordu province (Figure 1). The mine site
was excavated during the bed determination studies and as a result of the estimations, its operations were stopped.
The biggest support to these studies has been the UAVs, which enable them to have fast measurement and
information about the area. The study area is 13 ha, and 5 control points have been marked in addition to 9 ground
control points (YKN) points, with reference to [30].

Senyurt

Esenkale

-

3
Figure 1. Study area
Coordinates of GCPs and control points (CP), were obtained with the GNSS receiver. GCPs and CPs were added

to the Pix4D software according to their types, and the accuracy calculations given in the final report are shown in
Table 2.
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Table 2. Amount of error for CP

CP Number X (cm) Y (cm) Z (cm)
1 4.1 3.9 3.5
2 3.8 3.1 3.2
3 2.5 2.7 2.4
4 1.9 3.1 5.1
5 3.7 2.2 3.6

Since the mine site is within the densely covered area, a problem occurred in the overlapping of the images
outside the site (Figure 2).

Figure 2. Densely covered area

An error occurred in the overlapping of the area marked with red in Figure 2 due to the dense pine cover, and
in the second evaluation, the common points were manually marked and the error was eliminated. As a result of
the evaluation, dense point cloud and orthophoto image were obtained. Digitization studies were carried out on
the point cloud and transferred to the CAD program. As a result, an image of the land was made with the image
dressed terrain model (Figure 3).

Figﬁre 3. Pix4d Mesh Image
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The images were obtained on the open mine site in Unye district of Ordu province (Figure 1). The mine site
was excavated during the bed determination studies and as a result of the estimations, its operations were stopped.
The biggest support to these studies has been the UAVs, which enable them to have fast measurement and
information about the area. The study area is 13 ha, and 5 control points have been marked in addition to 9 ground
control points (YKN) points, with reference to [30].

3. Conclusion

In the study, which was prepared with the aim of including unmanned aerial vehicles (UAV) in mining
applications and revealing their usage potential, it is aimed to make more accurate and more practical
measurements and calculations in shorter times in the mining sector of our country, which is working intensively
in open pit mining.

In the study, with the use of unmanned aerial vehicles and appropriate software, the concepts such as volume
and mass were studied on-site in areas that are difficult to calculate. It has been proven that studies can be carried
out to determine the amount of extraction, which is one of the most important factors in mining operations.
Considering the number of errors given in Table 1, it is seen that the UAVs are quite successful. UAV minimizes
accidents that may occur during land measurements by highlighting occupational health and safety, especially in
mining areas.

136 pictures were taken at the mine site, and 9 GCPs and 5 CPs were marked. While the work in the field took
1 hour and 15 minutes, the processing of the images and the production of the report took 29 minutes. The DSM
and orthomosaic images produced are 3.1 cm resolution. By looking at these data, UAVs have proven their usability
in open mining operations.
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Keywords Abstract
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administrative and economic analysis of the period. Within the scope of this study, an
ancient village house in Kanytellis, an example of these ancient cities, was modeled in 3D
and digitally documented. The area and volume calculations of the building are also
presented in the study by taking measurements on the 3D model of the ancient village
house. Analyzes were conducted by two different software (Agisoft Metashape and
Context Capture) and the results were presented comparatively in the results section of
the study. According to the analysis made between the models, a difference of 1.32 cm

was calculated. It is thought that the model reconstructed will contribute to the aims of
transferring Turkey's historical and cultural heritage to future generations and playing a
role in developing tourism activities.

1. Introduction

Humanity has started to actively change the environment in which it lives and move to a settled life in order to
meet its needs from the hunter-gatherer order that it has been living in for 2.5 million years [1]. Ancient and late
antiquity are the ages when examples of settled life are seen [2-5]. It is of great importance to examine the
historical remains and artifacts in order to learn the details of the social, cultural, economic, political,
administrative, religious, etc. experiences of the societies in the historical process [6]. Ancient cities are among the
regions where historical ruins and findings are densely encountered. The ancient city of Kanytellis in Mersin
province of Turkey is one of these examples. Kanytellis, which includes structures such as houses, tombs and
churches, is dated to the Late Antiquity. The buildings are placed in terraces in accordance with the structure of
the topography. The areas between them form streets, some of which narrow down to 1-2 meters. The relatively
wider openings between the buildings were used as small squares and cisterns were placed in most of them. A
main street starting from the Hellenistic tower continues northward along the western border of the sinkhole. This
city axis, which was formed in Antiquity, was preserved in Late Antiquity, although a part of it was closed by a
church and narrowed in the northern part [2].
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Modeling and digital archiving of historical buildings and artifacts serve the purpose of transferring cultural
heritage to future generations [7-10]. Numerous methods are used in modeling processes and photogrammetry is
one of these methods that is frequently utilized [8].

In this study, an ancient village house in Kanytellis was modeled by photogrammetric method using an
unmanned aerial vehicle. As a result of the analyzes conducted on the model obtained, values such as lengths, areas
and volume of the building are presented. Analyzes were conducted by two different software (Agisoft Metashape
and Context Capture) and the results were presented comparatively in the results section of the study. Coordinate
and length measurements were carried out on the models obtained with both software and the results were
presented comparatively. As a continuation of this study, it is planned to analyze the thermal performance of the
ancient house.

The location of the ancient house is shown in Figure 1.

Figure 1. The location of the ancient house

2. Material and Method

This study is composed of two phases, namely field and office work. The steps of controlling the study area,
preparing it for photographing and taking images of the ancient house by an unmanned aerial vehicle constitute
the field study phase. When it comes to the office work phase, the steps of transferring the data received from the
unmanned aerial vehicle to the computer environment, interpreting and processing were performed.

UAV photogrammetry has been used frequently in engineering projects in the last decade. Objects can be
modelled without touching them using UAV [11-13]. Rockfall [14], landslide studies [15-16], pond volume [17],
shoreline detection [18], village site modelling [19], material deterioration [20].

2.1. Field work

The field studies first started with the necessary permissions from the relevant museum directorate. The
antique village house, which is an ancient artifact built in the 2nd century AD and located in the Kanlidivane region
of the Mersin province of Tiirkiye, has coordinates 36.526774, 34.177668. The ancient house is located in the
northwest of the sinkhole.

Then, the flight altitudes at which images will be taken around the house were determined. Images were taken
by Parrot Anafi HDR drone (Figure 2) by manually. The technical specifications of the unmanned aerial vehicle
utilized are presented in Table 1. Some of the images of the antique village house are shown in Figure 3.

Although there are automated flight plans, the flights were made manually in order to get all the desired details
on the structure. Every detail of the structure was tried to be captured by flying first at low altitude and then at
high altitude. A total of 107 images were taken. Some of the images of the ancient house captured are shown in
Figure 3.
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Figure 2. Parrot Anafi HDR UAV

Table 1. The technical specifications of the UAV

Feature Value
Size folded 244x67x65 mm
Size unfolded 175x240x65 mm
Weight 320g
° Max transmission range 4km with controller
5 Max flight time 25 min
& Max horizontal speed 15m/s
Max vertical speed 4m/s
Max wind resistance 50 km/h
Service ceiling 4500m above sea level
Operating temperature -10°C to 40°C
Sensor 1/2.4” CMOS
Aperture f/2.4
. Focal length (35 mm eq.) 23-69 mm (photo)
g, Depth of field 1.5m- o0
ISO range 100-3200
Digital zoom up to 3x (4K Cinema, 4K UHD, FHD)
Photo resolution 21MP (5344x4016) / 4:3 / 84° HFOV
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2.2. Camera Calibration

The camera utilized should be calibrated beforehand so that the merging and overlay operations of the images
can be of high accuracy. The unmanned aerial vehicle used in this research has a 5.92 mm sensor, as was indicated
in the part before it. Images have a size of 4608x3456 pixels. Camera calibration was conducted in Context Capture
software. The distortion parameters obtained as a result of camera calibration is shown in Table 2.

Table 2. Camera calibration parameters

Focal Focal Length Principal Principal K1 K2 K3 P1 P2
Length (eq. 35) Point X [px] Point Y
[mm] [mm] [px]
Previous 3.74 22.75 2301.24 1754.28 -0.0015 0.0087 -0.0058 0.0022 0
Values
Optimized 3.83 23.31 2325.78 1729.62 -0.0041 0.0142 -0.0112 0.0036  0.0003
Values
Difference 0.09 0.57 24.54 -24.66 -0.0026 0.0055 -0.0054 0.0014  0.0003
Previous /
Optimized

2.3. Office work

After the completion of the image acquisition within the scope of the field work, the office work phase was
initiated. Firstly, the data received from the flight were transferred to the computer environment. The total size of
the image file acquired followed the flight was 517 MB. Data processing was conducted in Bentley's Context
Capture, and Agisoft Metashape software as well. The office work, which was started after half a day of field work,
was completed in two days. The positions of the images taken relative to the ancient house are presented in Figure
4.
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Figure 4. The positions of the images taken by UAV

All the photos captured were utilized in the processes. Generic block type was chosen for the aerotriangulation
process of the images based on experience from previous studies. No control point was used in this study.
Positioning metadata of the images were utilized for rigid registration. High key points density option was selected.
In the aerotriangulation process, 97377 tie points were formed in Agisoft, while 31390 tie points had been
occurring in Context Capture software. Alignment steps of the images took 4 min 25s for Agisoft and 6 min 41s for
Context Capture.

Reconstruction process was initiated by generic selection of matching pairs after aerotriangulation step. Extra
geometric precision (tolerance of 0.5 pixel in input photos) option was implemented. In order not to deviate from
the original geometry of the house, small hole-filling option was applied. Finally, in this step, the spatial frame is
reduced, avoiding the modeling of unnecessary regions and the use of excessive computer power. After the
aerotriangulation process, it took 1 hour and 28 minutes to recreate the 3D solid model. Computer used in
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processes has Intel(R) Core (TM) i7-7700HQ CPU @2.81GHz processor, 16 GB of RAM capacity and GeForce Nvidia
1050 Ti 4 GB graphics card.

The above operations were performed in Context Capture software and the same operations were repeated in
Agisoft software. It took 1 hour and 13 minutes to obtain the 3D solid model of the ancient house.

Following the process of recreating 3D solid models, coordinate and length measurements were conducted on
the model in both software. Obtained values are presented comparatively in the "Results" section.

3. Results

After the camera calibration, field and office work phases were complemented, a 3D solid model of the antique
village house was obtained. The surface texture was produced by utilizing images to attach visuality to the
obtained 3D solid model. Texture compression quality was selected as 100% quality and texture sharpening option
was enabled. The three-dimensional models of ancient house are presented in Figure 5a and Figure 5b.

Figure 5. 3D models of the ancient house (a-Agisoft; b-Context Capture)

The final 3D models are in one-to-one scale with the real work. While length measurements can be taken on
the model, area and volume calculations can be made at the same time. Examples of area and volume calculations
on the building are presented in the Figures 6-7-8.
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Figure 6. Floor area of the antique house
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Figure 6 indicates the floor area of the ancient house, which is 52.16 m2. In addition, the perimeter of the floor
area was calculated as 34.47 m. The building height is 3.29 meters and as a result of multiplying this value by the
floor area, the building volume is calculated as 171.6 cubic meters.
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Figure 7. Garden area of the antique house
Figure 7 shows the garden area of the ancient house, which is about 195 m2. Aside from that, the perimeter of

the garden area was calculated as 55.45 meters. In order to calculate the usable garden area, the measurements
were made from the inner border of the garden wall.

Figure 8. Measurements of building entrance doors

Figure 8 displays the measurements of the building entrance doors. There are 2 entrance doors to the building,
and the first of these doors has an area of 2.11 square meters and the second one has an area of 1.85 square meters.
The door on the side where the olive oil production workshop is located is the smaller one. There is a mechanism
in the garden for olive oil production in the ancient village house and it covers an area of approximately 15.5 square
meters.

In the last step of the study, the length and coordinate measurements of the models obtained with both
software are presented comparatively in Table 3. The length and points used in the comparison are presented in
the Figure 9 and 10.

Table 3 indicates the point coordinates acquired from Agisoft Metashape software. Table 4 shows the point
coordinates obtained from Context Capture software. Table 5 and 6 presents the root mean square error (RMSE)
calculations of the North and East coordinates. Table 7 indicates the RMSE calculation of the points’ elevation
values.
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Figure 10. The lengths used in comparison

Table 3. The point coordinates (from Agisoft)

North East Elevation
1 36.526776 34,177573 250.066
2 36.526881 34.177659 249.706
3 36.526898 34.177620 249.627
4 36.526805 34.177544 250.014
5 36.526810 34.177607 248.790
6 36.526834 34.177628 246.698
7 36.526865 34.177595 249.427
8 36.526828 34.177568 249.378

Table 4. The point coordinates (from Context Capture)

North East Elevation
1 36.5267758 34.1775732 250.100
2 36.5268813 34.1776587 249.720
3 36.5268980 34.1776204 249.630
4 36.5268045 34.1775444 250.010
5 36.5268103 34.1776067 248.790
6 36.5268342 34.1776280 246.700
7 36.5268646 34.1775948 249.430
8 36.5268279 34.1775677 249.380
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Table 5. RMSE calculation of the North coordinates [deg]

Agisoft Context Difference Difference2
36.526776 36.5267758 2E-07 4E-14
36.526881 36.5268813 3E-07 9E-14
36.526898 36.5268980 0 0
36.526805 36.5268045 5E-07 2.5E-13
36.526810 36.5268103 3E-07 9E-14
36.526834 36.5268342 2E-07 4E-14
36.526865 36.5268646 4E-07 1.6E-13
36.526828 36.5268279 1E-07 1E-14

RMSE 2.91548E-07 deg

Table 6. RMSE calculation of the East coordinates [deg]

Agisoft Context Difference Difference?
34.177573 34.1775732 2E-07 4E-14
34.177659 34.1776587 3E-07 9E-14
34.177620 34.1776204 4E-07 1.6E-13
34.177544 34.1775444 4E-07 1.6E-13
34.177607 34.1776067 3E-07 9E-14
34.177628 34.1776280 0 0
34.177595 34.1775948 2E-07 4E-14
34.177568 34.1775677 3E-07 9E-14

RMSE 2.89396E-07 deg

Table 7. RMSE calculation of the Z values [m]

Agisoft Context Difference  Difference?
250.066 250.100 0.034 0.001156
249.706 249.720 0.014 0.000196
249.627 249.630 0.003 9E-06
250.014 250.010 0.004 1.6E-05
248.790 248.790 0 0
246.698 246.700 0.002 4E-06
249.427 249.430 0.003 9E-06
249.378 249.380 0.002 4E-06
RMSE 0.0132 m

Table 8. RMSE calculation of the lengths on the 3D solid models [m]

Agisoft Context Difference  Difference?
1.58 1.60 0.02 0.0004
3.93 3.93 0 0
492 4.90 0.02 0.0004
1.16 1.17 0.01 0.0001
0.92 0.92 0.0009 8.1E-07
1.88 1.88 0 0
6.31 6.30 0.01 1E-04
4.73 4.75 0.02 0.0004

RMSE 0.013233 m

4. Discussion and Conclusion

When the obtained models are examined, although Context Capture gives better results visually, Agisoft gave
better results in terms of mesh smoothness. According to Figures 6-7-8, it is seen that detailed measurements can
be made on the models acquired. As a matter of fact, within the scope of this study, coordinate, length, area and
volume measurements of the ancient house were conducted.

When it comes to consistency of results and comparison of software, the measurements made on the obtained
models were examined. As indicated by Table 5-6, the consistency between the measured coordinate values is
quite high because the RMSE value is low. Moreover, the fact that the RMSE values of the North and East coordinate
data are almost the same among themselves strengthens the results.

As verified by Table 7, the elevation values of the points have a low RMSE value of 1.32 cm. For a building with
a floor area of 52.16 square meters, the average error of 1.32 cm is considered to be at an acceptable level. When
Table 8 is examined, the fact that the calculated difference value is the same as Table 7 reflects the consistency of
the results in a way.

In a previously published and similar study, an ancient mausoleum was modeled and these analyzes were
conducted [4]. In this study, the calculated difference value between both coordinate and length values was more
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consistent than the previous study. The reason why the results are more consistent is thought to be the higher
quality of the photo processing operation.

The high consistency of the results obtained with two different software proves the accuracy and usability of
the models recreated. The 3D models received can be used in future studies such as restoration, modification and
improvement. Furthermore, the 3D models acquired can be utilized by historians and archaeologists, as well as by
local governments in advertising activities to improve tourism activities.

To summarize the study, digital documentation of an ancient village house located in the Ancient City of Olba
in the Kanlidivane region of Mersin province was carried out. Photogrammetric modeling was conducted by flying
around the ancient village house via UAV. The modeling process was carried out with two separate software and
the consistency of the results was presented comparatively. The fact that the calculated RMSE values were very
small compared to the building size documented the consistency and usability of the results.

As a continuation of this research, it is planned to examine the thermal performance of the ancient village
house.
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The Aba mausoleum, located in the ancient city of Mersin Kanlidivane, is one of the most
well-known places in the region. Although the architectural integrity of the building is
partially preserved, material deterioration and structural deformations are observed
especially on the west and north walls. Since the monument is one of the few examples
of architectural and structural integrity that still exists, it should be included in the
architectural preservation program as soon as possible before it loses its structural
integrity. Accurate identification of the causes and types of degradation is of great
importance in designing conservation interventions. In this study, it is aimed to detect
and document the stone material deterioration of Mersin Aba mausoleum, which is a
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great necessity for the sustainability of cultural heritage, by using UAV photogrammetry.
UAV photogrammetry and mapping techniques were used as a method in the study. The
data obtained as a result of the study show that, thanks to their high resolution, a
deterioration map can be created for the detection of material deterioration and
restoration analysis quickly and easily. In addition, as a result of the study, it is seen that
the most common types of stone material deterioration in the building are surface
pollution, cracks and exfoliation. According to this result, it is seen that even the types of
material problems based on the smallest detail can be determined based on virtual visual
inspection, thanks to UAV photogrammetry, without observing the structure on-site with
UAVs.

1. Introduction

A large percentage of the world's tangible cultural heritage is made of stone, and stone monuments are slowly
but irreversibly disappearing. For example, it has been calculated that limestone will erode an average of 1.5-3
mm of rock within 100 years in temperate climates and will cause the loss of inscriptions on tombstones in the
United Kingdom within 300 years [1]. When the causes of material deterioration in historical stone structures are
examined, it is seen that the most common cause of material deterioration in stone structures in the world is
caused by natural environmental factors or human-induced reasons. For example, rain water, which is a natural
environmental factor, penetrates into the stone and accelerates the freezing/thawing cycles and dissolution
processes of the stone. In addition, pollutants in the air can be carried into the stone by rain water and can play an
important role in the deterioration of the stone, as it accelerates the formation of a black crust called surface
pollution by chemical decomposition of the stone [2]. Rands et al. [3] found that both acidity and ionic strength in
rainwater play an important role in limestone degradation. Butlin et al. [4] show that sulfur dioxide makes a
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significant contribution to the degradation of calcareous stones in high pollution areas and is a major cause of
stone dissolution, particularly in the United Kingdom. The types of material degradation caused by these causes
are seen in many different types, including cracking, blistering, surface loss, fragmentation, discoloration,
biodegradation and damage from previous intervention [5-16].

Different new technologies have been developed in surveying of architectural documentation. Digital
photogrammetry, 3D Laser Scanning and UAV are some of the surveying Technologies of cultural heritages. The
development of digital photogrammetry to use cultural heritage is provided simplicity on the works carried out
either on the field or on the laboratory. As a result of this development, the application of the photogrammetry
science on the various topics is increased its application to be used much more effectively [17-20].

The use of three-dimensional computer graphics and visualization techniques is becoming more and more
popular, because these techniques visualize more realistic object models than graphic based object models [21-
27].

The other modern technology of measurement of cultural heritages is laser 3D laser scanning. Laser Scanning
is a non-contact, technology that digitally captures the shape of physical objects using laser light. 3D laser scanners
create “point clouds” of data from the surface of an object [28-33].

Using of unmanned aerial vehicles (UAVs) are becoming more effective tools for researchers for their
applications. unmanned aerial vehicle is a very beneficial tool to obtain information without touching the object.
[34-38].

For the treatment of material deterioration seen on the facades of historical buildings, first of all, the types of
deterioration must be correctly identified. In some cases, it is possible to solve the deterioration of stone structures
without touching the structures, only by improving the environmental conditions. In this context, it is very
important to correctly diagnose the cause of deterioration in stone material [39]. Mapping the deterioration of
facades in urban historical contexts represents a preliminary activity for the preparation of any restoration project
[2]. However, the creation of deterioration maps of facades by manual methods is time consuming and laborious.

In the literature, it is seen that terrestrial laser scanning, photogrammetry and also unmanned aerial vehicles
called "drones" are used in the creation of material deterioration maps of facades. The use of digital tools to
support mapping activities has resulted in more detailed results on facade analysis, leading to simplification of its
operations [40]. Surveys based on terrestrial laser scanning (TLS) tools in the literature yield very good geometric
data in terms of high resolution, high accuracy and low uncertainty, but often yield dense point clouds that are not
useful for disturbance mapping. Because color data is not always reliable in TLS data, this shortcoming is partially
compensated by adding an external high-performance digital camera or collecting large numbers of photos to
create high resolution (HDR) images [41]. In addition, the data obtained from TLS is limited to the camera angle
[42] and it is considered to be relatively difficult to access due to the expensiveness of the instruments used [43].
In addition, site conditions and obstructions caused by different types of objects (for example, structural
components that cause self-shadowing) in historical buildings may make the application of this technique
insufficient for general research. It is seen that terrestrial laser scanning or terrestrial photogrammetry
applications do not give satisfactory results in this case, since the deterioration mapping of facades is difficult in
historical urban contexts, which are often characterized by narrow streets and tall buildings. In the researches, it
is emphasized that the use of UAV photogrammetry in the deformation maps of the facades has several advantages
over terrestrial laser scanning and photogrammetry methods. The common empbhasis in these studies is that
the use of UAVs equipped with commercial cameras leads to lower vehicle cost, higher data collection speed,
and most importantly, better representation of materials and material issues [44-46]. In addition, the use of
UAV photogrammetry is low cost, fast and easy to use compared to terrestrial laser scanning [2]. In the studies, it
is stated that the UAV photogrammetry method is also the best solution to overcome the terrain limitations and to
investigate the facade areas that are hidden from the ground or inaccessible [47].

In many studies, it has been found that it is easily possible to model buildings from close range or to monitor
material deterioration using UAVs [48-51]. Russo et al. [2] used UAV photogrammetry to analyze the facade of a
large historic building in Bologna (Italy), and as a result of the study, geometric data as well as material information
useful for architectural analysis and restoration planning were obtained. The results of the study show that with
the drone it is possible to obtain a metric orthophoto image of the facade of a historic building of suitable quality
for a detailed mapping of stone material degradation. In addition, the obtained data showed that, thanks to their
high resolution, a deterioration map can be generated quickly and easily to support restoration analysis. Cavalagli
etal. [51] conducted photogrammetric research with drones to create a 3D model and damage maps of a historic
stone arch bridge located in the ancient Via Amerina (Todi, Perugia, Italy). As a result of the study, it was
determined that the assessment of structural damage by photogrammetric research with UAVs and especially
cracks, microcracks and material shortages can be mapped without direct access and this can be done based on
virtual visual inspection. In addition, in the study, the point cloud obtained by UAV photogrammetric research was
compared with a point cloud based on the TLS survey, as a result, it was shown that the UAV-based research
method provides more material resolution than the TLS method and can provide significant advantages by
reducing the working time. In the application to a severely damaged historical structure, the study showed that
the use of UAV-based photogrammetry can provide a detailed detection of all types of material deterioration,

52



Advanced UAV, 2022, 2(2), 51-64

including surface loss and significant cracks in the structure, and is very effective in quickly highlighting damage
and estimating missing material volumes. Such a methodology has proven to be very effective for the investigation
of inaccessible structures and for the quantitative estimation of damage to historic masonry structures.

Although the architectural integrity of the Aba mausoleum in Mersin Kanlidivane Ancient City is partially
preserved, material deteriorations and structural deformations are observed especially on the west and north
walls. Accurate identification of the causes and types of degradation is of great importance in designing
conservation interventions. In this study, it is aimed to detect and document the stone material deterioration of
Mersin Aba mausoleum, which is a great necessity for the sustainability of cultural heritage, by using UAV
photogrammetry.

2. Study Area

The Aba Mausoleum, an ancient monument built in the 2nd century AD in the Kanlidivane Region of Mersin
province of Turkey, has coordinates 36°31'38.5"north, 34°10'37.4" east (Figure 1). This structure, built in the type
of Roman temples, is the most magnificent mausoleum in the ancient city. According to the inscription on the door
of the mausoleum, it was built by a woman named Aba for herself and her husband Arios. Based on the inscription
and other tombs on it, the tomb is dated to the 2nd century AD. The Aba Mausoleum is located to the north of the
geological pit in the region and is one of the best-known places in Kanlidivane.

The tomb monument is built on a low podium, has a vaulted entrance on the front and has Corinthian plaster
capitals on its four corners. The building was built with the masonry technique and was built of cut stone. Mortar
was used as the binding material. The roof of the superstructure is in the form of a cradle and is stone paved. The
last row of cut stones on the masonry walls was built in the architrave style, and the cornerstones were made in
the Corinthian capital style [52].

34°9'30"E 34°10'0"E 34°10'30"E 34°11'0"E 34°11'30"E 34°12'0"E 34°12'30"E
N

* Kanlidivane Archeclogical Site é o 0 0.5 1 2 3 Km

S

Figure 1. Location map of the study area

3. Method

In the first stage, the process of taking images of the mausoleum with an unmanned aerial vehicle was carried
out. At this stage of the study, first of all, the necessary permissions for the flight were obtained. Images were taken
manually with Parrot Anafi HDR drone around the tomb in the Kanlidivane region (Figure 2).

In the second stage, the data taken from the unmanned aerial vehicle was transferred to the computer
environment. Material deteriorations were examined from the images obtained, and they were processed on the
chart prepared on the basis of classification of building elements. Based on the information in the chart prepared
at the last stage, mapping was performed on the images and material deterioration was defined (Table 1).
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Table 2. Stone material deterioration on the facades of the monumental tomb structure
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Figure 2. Anafi Parrot

Table 1. Properties of drone

Feature Value

Drone

Size folded 244x67%65 mm
Size unfolded 175x240x65 mm
Weight 320g

Max transmission range
Max flight time

Max horizontal speed
Max vertical speed

Max wind resistance
Service ceiling
Operating temperature
Lens

Sensor

Aperture

Focal length (35 mm eq.)
Depth of field

150 range

Digital zoom

Photo resolution

4km with controller
25 min

15m/s

4mfs

S0 km/h

4500m above sea level
-10°C 1o 40°C

1/2.4"CMOS
ff24

23-69 mm (photo)
1.5m-e
100-3200

up to 3x (4K Cinema. 4K UHD. FHD)

21MP (5344x4016) / 4:3 / 84° HFOV
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4, Results

Based on the information in the chart prepared at the last stage, mapping was performed on the images and
material deterioration was defined.

4.1. Material Deterioration in Single Carriers
In masonry structures, the only carriers are legs and columns. There are two pillars used in the building. The

problems seen in the feet that make up the structure are in the form of scaling and color change caused by the
effect of rain.

3.2. Material Deterioration in Continuous Carriers

In masonry structures, the continuous carriers are the walls. Material deteriorations on the walls were
determined as surface loss, joint discharge, plant formations, and surface pollution. It has been determined that
the rain water on the walls of the building causes material losses (surface loss) on the calcareous stone surface
intensively as a result of the penetration of the rain water into the inner structure of the calcareous stone and its
sudden evaporation due to sudden temperature increases in the geographical context. Rain water also caused the
local mortar between the walls to melt, causing joint discharges. Plant formations are seen in these areas as a
result of factors such as wind and various living things carrying plant seeds between the joints with the emptying
of the joint spaces. In addition, there is an intense surface pollution caused by human-induced causes in the
building. In order to destroy the bushes in the ancient city, the stubble burning processes in the immediate vicinity
of the building, which the surrounding people removed, showed itself as a black layer on the stone material. In
addition, there are serious cracks in the wall that divide the stone components into two. This graph shows a high
probability of impact triggered by lateral thrusts or seating issues. As the monument is located very close to one
of the geological discontinuity lines of the site, the danger of structural deterioration is confirmed by external
forces.

It has been determined that the structural body wall forming the south facade of the building is in the form of
exfoliation, joint discharge, surface loss, surface pollution caused by human effects, crusting and fragmentation
caused by the effect of rain (Figure 6).

On the eastern fagade of the building, surface pollution caused by human-induced effects, joint discharge, plant
formation, gap hole formation, surface loss and color change can be seen as a result of the effect of rain water on
the stone. In addition, there are serious cracks in the wall that divide the stone components into two. This graph
shows a high probability of impact triggered by lateral thrusts or seating issues (Figure 7).

On the northern body wall of the building, there are serious cracks triggered by human-induced surface
pollution, fragment rupture, joint discharge caused by rain, and lateral pressures or settlement problems (Figure
8).

On the eastern facade of the building, joint discharge, fragmentation, surface pollution, exfoliation and loss of
surface stone material problems are observed (Figure 9).
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Figure 4. Material Deterioration on the Southern Front
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a) Surface contamination b) Joint discharge

c) Plant d) Void-hole Formation

(e) fracture Surface loss

(g) Color change
Figure 5. Material Deterioration on the Eastern Front
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a) Surface contamination C) fragment rupture

(b) Fracture (d) Joint Discharge

Figure 6. Material Deterioration on the Northern Front
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(e) surface loss

Figure 7. Material Deterioration on the Eastern Front
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3.3. Material Deterioration in Horizontal Carriers

In masonry structures, horizontal carriers are floors. Plant formations originating from the effect of water can
be seen on the flat floor seen in the building (Figure 10).

Figure 8. Plant formation seen on the floor
3.4. Material Deterioration in Wall Cavities

The structural elements that make up the wall spaces in masonry structures are arches. The discoloration of
the arches as a result of the joint discharge of the rain and the effect of the sun can be seen (Figure 11).

Figure 9. Joint discharge and discoloration in the arch

3.5. Material Deterioration in Auxiliary Elements

Building elements that make up auxiliary elements in masonry structures are moldings, ornaments and
mugarnas. Surface pollution caused by human influence is observed in the wipes. Moisture-based plant formations
were observed in places. On the other hand, it was determined that there were color changes in the decorations
due to the effect of the sun (Figure 12).

60



Advanced UAV, 2022, 2(2), 51-64

Color change in ornament Surface pollution in decoration
Figure 10. Stone material deterioration in auxiliary elements

5. Discussion

In the study, it was aimed to detect and document the stone material deterioration of Mersin Aba mausoleum,
which is a great necessity for the sustainability of cultural heritage, by using UAV photogrammetry. In the study, a
deterioration map could be generated from the data obtained by UAV photogrammetry to support restoration
analysis quickly and easily, thanks to their high resolution. According to this result, it is seen that the UAV
photogrammetry method can provide images with sufficient resolution for the detection of material deterioration
of stone structures. This result supports the fact that it is easily possible to model buildings from close range or to
control material deterioration using UAVs obtained in various studies in the literature [48-51].

In addition, with this method, it has been achieved that it provides a higher data collection rate than the
traditional method and provides a better representation of the material and material problems. This result
supports the fact that the use of UAVs equipped with commercial cameras obtained in various studies in the
literature provides lower vehicle cost, higher data collection speed, and most importantly, a better representation
of materials and material problems [44-46].

Another finding is that the material problems can be easily detected from the images obtained with the
unmanned aerial vehicle without examining the structure in the field. Remondino et al. [47] and Cavalagli et al.
[51] found that UAV photogrammetry is also one of the best solutions to overcome terrain limitations and
investigate facade areas that are hidden or inaccessible from the ground, and that such a methodology can be used
to investigate inaccessible structures and damage historical masonry structures and supports the conclusion that
itis very effective for quantitative estimation.

Another important finding was that as a result of the study, images of the facades were obtained in orthophoto
to investigate the material deteriorations on the facade and the deteriorations on the facade could be mapped. This
finding supports the conclusion of Russo et al. [2] that it is possible to obtain a metric orthophoto image of the
facade of a historic building of suitable quality for a detailed mapping of stone material deterioration on the
facades.

Another finding was that the most common stone material deterioration types in the building were surface
pollution, cracks and exfoliation. According to this result, it is seen that the assessment of structural damage by
photogrammetric research with UAVs and especially cracks, microcracks and material shortages can be mapped
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without direct access, and this can be done based on virtual visual inspection. This result supports the results
obtained by Cavalagli et al. [51], that even the types of material problems can be determined based on the smallest
detail, based on virtual visual inspection only, thanks to UAV photogrammetry, without examining the structure
in situ with UAVs.

6. Conclusion

The Aba mausoleum, located in the ancient city of Mersin Kanlidivane is one of the most well-known places in
the region. The data obtained in the results of the study showed that, thanks to their high resolution, a
deterioration map can be created quickly and easily to support restoration analysis.

Although the architectural integrity of the building was partially preserved in the findings obtained as a result
of the study, it was observed that there were material deteriorations and structural deformations, especially on
the west and north walls. There are serious cracks in the north wall that divide the stone components into two.
This indicates a high probability of impact triggered by lateral thrusts or settlement issues. Since the monument
is one of the few examples of architectural and structural integrity that still exists, it should be included in the
architectural preservation program as soon as possible before it loses its structural integrity.
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Keywords Abstract
Unmanned Aerial System There has been significant cracking and erosion on the south crater wall of the Main
Remote Control Crater below the area where tourists gather to view the main feature of the park; The
Volcanic Environment Main Crater. By deploying the EVO Lite+ drone system we will be able to document any
Iraza Volcano increase in erosion or cracking within the Main Crater, we will search for areas subject
Costa Rica to future rock falls within the Main Crater, the UAS observation strategy will also be
innovative as it offers a new and unique perspective of the volcano summit and interior
Research Article structures of the Main Crater. By using the Lite+ system we will check for lake water
Received: 05.10.2022 levels, areas of mineralization or crystallization, and any potential vents degassing
Revised: 10.11.2022 volcanic emissions, we will look for subaquatic fumaroles releasing gases via bubbles and
Accepted: 18.11.2022 try to film them for frequency and size documentation. The qualitative analysis of the
Published: 30.11.2022 Irazi Volcano Main Crater will show changes in morphology and illustrate how

consumer drones can be used for professional research.

1. Introduction

Previous researchers use small single engine aircraft to observe volcanoes with thermal cameras visible only
through a glass window in the bottom of the aircraft. Drones have since revolutionized this application as they can
be flown so much closer to the volcanic caldera and can use specialized equipment such as thermal IR imaging
cameras, LiDar 3-D mapping and gas detection equipment. Elevation of topography is very important UAS
application in volcanic environments especially after eruptions to visualize geological changes and estimate the
amount of ejected material after eruptions. UAS have played a significant role in helping geologists obtain this data.

The main field work objective was to launch the Autel Lite Drone into the Main Crater of the Irazti Volcano
National Park in Costa Rica. We tried to document everything down to crater floor with detailed photos and video
not obtainable from ground perspectives. Areas such as the crater lake. We wanted to observe water levels, any
potential bubbles, rockslides, the Diego de la Haya crater and any potential cracking! We wanted to obtain
videography of Diego de la Haya crater walls especially the cracking section and south crater wall. Over flights
were planned from West to East passing all 5 craters, return flights designed to film the same thing gather
videography from the aerial perspective.
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Fiure 1 & 2. Main Crater of the Irazt Volcano National Park 2020 & Autel Lite + (Red) Operational Flight
Missions Plan for inside the Main Crater of the Irazi Volcano

2. Material and Method

2.1. UAS

The EVO Lite + drone by Autel Robotics has an air frame made of 3-D printed carbon fiber designed and built
for superior strength. The drone has a total flight time of 40 minutes and weighs a total of 835 grams. This UAS
has an 800-meter maximum flight altitude starting at the takeoff position and a 5000-meter maximum operational
ceiling. The Autel EVO Lite + drone can withstand 32-38 mph wind gusts and has a level 7 wind resistance rating.
The Autel EVO Lite + drones are also equipped with several wide-angle obstacle avoidance sensors. The airframe
places these sensors facing forwards, downwards and in the rear facing backwards. These obstacle avoidance
sensors will automatically detect tree branches and other potential obstacles and slow or stop the drone. Once
obstacles are detected the Remote Controller will make an alarming sound to notify the pilot what is happening.

2.2. Camera

There are two camera sensors capable of collecting 20MP photo images and 6k /30fps video from the 1-inch
CMOS sensor. This 20MP sensor uses larger pixels allowing for increased amounts of light and reduced
interference. There is an F/2.8 - F/11 adjustable aperture, contrast focus, and is mounted to a 3-axis gimbal. This
camera sensor was specifically designed for low light settings; the camera has 16x digital zoom. The low light
videography capabilities are the result of the Moonlight Algorithm making the device ideal for documenting
geographical aspects during the twilight hours of the day. The full view of the very wide active crater of the Irazu
Volcano was photographed with the 1-inch CMOS sensor and can be seen from the UAS perspective in clear detail
below.
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Figure 4 & 5. Autel Lite + Drone over the Main Crater of the Irazi Volcano National Park

2.3.Software Application

Autel Sky is the app associated with the Autel Lite + drone. This app features several advanced maneuvers
preprogramed into the drone; Rocket, Orbit, Flick and Fade Away. The system also has a following option called
Dynamic Tracker 2.1. This function makes the drone automatically follow the selected targeted subject selected by
the remote pilot in command. Skylink insures stable long-range connection capable of transmitting video from
over 7 miles away using the triple frequency system designed to reduce interference.

2.4.Flight Mission Planning
Several flight missions were planned for the Crater Sector of the Irazd Volcano National Park. By using Google
Earth UAV pilots can check terrain and elevation differences for their planned drone flight path. By using this

preflight strategy risks are reduced because remote pilots can check distances, altitudes, potential flight path
obstructions and get a good idea of the topography of the area where flights are being planned.

-
Google Earth

Google Earth

Figure 8 & 9. Autel Lite + (Red) Operational Flight Missions Altitude and Terrain Check Diego Crater Irazu
Volcano
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2.5.Evolution of the Irazu Volcano National Park

Costa Rica has a complex underlying tectonic framework. This is a direct result of the interaction between the
Cocos, Caribbean, Nazca plates interacting along with the Panama block. The interaction between these four
microplates creates the frequent earthquakes and volcanic activity in Costa Rica. The 2006 publication titled;
“Recent volcanic history of Irazi volcano, Costa Rica: Alternation and mixing of two magma batches, and pervasive
mixing,” by Guillermo E. Alvarado resulted in several significant findings. Probably most importantly two distinct
magma batches were identified. Methods such as seismological, magmatic and geological data were all combined
for analysis which showed the presence of two small shallow magma chambers beneath the Main Crater at the
Irazl volcano summit. Much of the northern volcano flank is not easily accessible and is completely covered be
dense rain forests [1].

2.6.Using consumer drones in professional research

Using consumer drones in professional research was the main objective of this project and to show how they
can be used for expanding scientific research. For the UAS flights the plan was to visit the Irazd Volcano National
Park in Costa Rica with the Autel EVO Lite + UAS. The Irazu volcano last erupted in 1963 and continued eruptive
behavior until 1965. At the Irazd volcano which is the highest volcano in Costa Rica, strong prevailing winds and
gusts of various directions can create atmospheric conditions extremely complicated for remote pilots. The Autel
Lite + drones were able to withstand 37 knots and were therefore strategically selected for this assignment.

In the national park system of Costa Rica special SINAC permitting is required to use drones on this land.
"Estudio de las emisions volcanicasy su afectaciona la poblacion cercana." Permit # 112000166 for The
Laboratory of Atmospheric Chemistry, Universidad Nacional LAQAT-UNA. The Autel EVO Lite + drones were used
to document several aspects of the Main Crater of the Irazi volcano. Several features and detailed knowledge of
these features collectively contribute to a greater understanding of the volcanic processes of these complex and
dynamic systems.

Our UAS monitoring program began in January of 2020. We started using affordable consumer drones instead
of enterprise drones in this research initiative due to the overall risk associated with flying UAS in volcanic
environments. Images from our 2020 surveillance flights can be observed below. At the time of these flights there
was a very light blue crater lake with a small island in the middle a bolder left from the 2019 rockfall and seiche.

Bt

Figures 12 & 13. Main Crater of the Irazi Vocano ational Park January 2020
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The Autel EVO Lite + drone allowed us to get close detailed images and video from perspectives not obtainable
from the main lookout observation point. In the past there were five open degassing vents on the crater floor only
periodically visible when the crater lake was completely evaporated in (2013). We expected to observe this area
and look for any potential bubbles with the detailed 6k video camera, but to our surprise on September 12th, 2022
on the day of our first visit, there was an extremely small lake more like a puddle and the crater lake was gone. The
Cerro Alto Grande and the Rio Toro Amarillo valley located in between the Irazi and Turrialba volcanoes was
formed by erosion before the Diego de la Haya eruption activity. In the upper regions of the Diego de la Haya crater
where observers can see the distinct difference in the two basaltic andesite lava flows. (1)

/v\«.\
£ Qoogle Earth

Figure 14 & 15. Google Earth Image - Distance Between Irazu and Turrialba

The volcanic front of Costa Rica lies parallel to the Mid Atlantic Trench and separates the Caribbean and Cocos
tectonic plate. The volcanic front of Costa Rica and the Atirro-Rio Sucio Fault directly intersects the Main Crater of
the Iraza Volcano. In 1994 a partial collapse left a strange area below the Main Crater of the Irazu Volcano exposed,
scientists found caves here and named them “Cueva de los Minerales” the newly discovered cave sectored allowed
researchers an opportunity to better understand how the uplifting of volcanic gases combined with water seepage
from the crater lake of the active Main Crater created hydrothermal interactions which created such a diverse
collection of mineralogical deposits. This area has obvious hydrothermalism and significant CO2 degassing from
passive fumaroles located inside the caves [2].

3. Results

3.1. Main Crater Irazu Volcano, Crater Lake

In the research paper titled; “Extremely High Diversity of Sulfate Minerals in Caves of the Irazu Volcano (Costa
Rica) Related to Crater Lake and Fumarolic Activity, by Andres Ulloa; The publication explains that since the
eruptive activity seen from 1962-1965 there has been an intermittent volcanic lake inside of the active Main Crater
of the Irazt Volcano. The lake remained in the crater from 1965 until 2013 when it evaporated and disappeared
due to water seepage. The lake began the reformation process in 2017, studies showed that the temperature of the
lake water fluctuated between 16-35°C and the water’s pH also fluctuated as much as 3.0-5.85. One of the most
obvious geomorphic fluctuations that consistently captures interest is the crater lake water color. Scientists have
documented the water color of the Irazu volcano crater lake as red, blue, green, turquoise, and yellow water colors.

[2].

9

Figure 16 & 17. Irazd Main Crater January 2020
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The crater floor is a porous rocky and sandy environment, and due to the permeability on the crater floor large
amounts of draining occur which contribute to the hydrothermal process creating the Cueva de los Minerales. This
draining and periodic refilling due to rain fall in the region is a contributor to the frequently observed color
fluctuations of the crater lake. The report explained that there were fumaroles documented on the floor of the
Main Crater from 1998-2001, and that there is most likely a hydrothermal connection between the Main Crater of
the Irazu Volcano and the Rio Cucio volcanic hot springs on the northern flank of the Irazt volcano. (2)

WA, e

Figure 18 & 19. Irazt Main Crater October 2017

Figure 22 & 23. Thermal Images in Degrees Fahrenheit of the Irazt Volcano Main Crater

The thermal images of the Main Crater show no crater lake; therefore, we were able to take thermal images of
the crater floor. The crater lake located inside the main crater of the Irazu volcano is part of a sophisticated
hydrothermal system of the volcano which discharges liquids through several springs on the northern flank of
Irazt. The spring is an example of how the hydrothermal system of the Irazd volcano interconnects various
geophysical aspects of the Iraza Volcano. The hydrothermal system of the Irazt Volcano has various aspects like
the crater lake, spring and fumarole which are all connected by the hydrothermal system of the volcano.
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Several aspects of the volcanic crater lake can offer insight into the level of degassing seen coming from the
Main Crater of the Irazi Volcano, such as water levels and water color for example. The camera on the Autel Lite +
was specifically selected to document the exact color of the crater lake water. The crater lake water color was a
combination of interacting processes. For example, 1. colloidal particles, volcanic minerals defracting light, 2. algae
a single celled nucleus-bearing aquatic photosynthetic organism, 3. gas bubbles and dissolved emissions in the
water also contribute to the water color. Upon launching the UAS in September of 2022, there was no lake
remaining.

Previous work on the Main Crater of the Irazt Volcano showed that gas anololies existed both within the Main
Crater and on the northern flank of the Irazu Volcano. The has been degassing documented coming from the
northern flank of the Irazt Volcano. This area where the caves are located is extremely steep and very difficult to
acess, and therefore monitoring this region with a UAS becomes a prized application for the surveillance of the
Irazt Volcano National Park [3].

Since 1994 the SINAC and OVSCORI-UNA have been watching Irazu closley, using UAS to periodically take
images for 3-D Digitan Surface Models which you can watch on Youtube via the link below. After the disappearance
of the crater lake in 2013 research of the Main Crater showed no increase of volcanic activity and studies concludes
the disappearance was likely due to seepage rather than evaporation [3].

All of these aspects contribute to the water color of the crater lake. In addition, due to periodic eruptions and
the continuous release of SO2 coming from the Turrialba volcano just 6.2 miles to the east of the Irazi volcano
Main Crater, acidic rain periodically dispersed around the Irazud volcano. 4. Acid rain adds another variable which
contributes to the color of the crater lake located inside the Main Crater of the Irazu volcano.

Enhanced oxidative conditions are a significant factor in this region due to the consistent release of volcanic
emissions seen coming from the Turrialba volcano. There are several contributing factors that all play a part and
have an effect on the water color of the majestic crater lake inside the active crater of the Irazu volcano.

For the first time since 2013 the Main Crater of the Irazd Volcano no longer has a crater lake. By deploying the
Autel EVO Lite + drone we were able to use an affordable consumer drone for professional volcanic surveillance
of an active crater. Several aspects were documented to precise detail using the zoom and high resolution 6k
camera for videography. All rock falls were documented from the aerial perspective, along with the crater floor,
plant vegetation inside the crater, cracking and the existence of potential waterfalls, were all recorded in high
resolution and photographed for Volcanic and Seismic Observatory of Costa Rica OVSCORI-UNA and the
Laboratory of Atmospheric Chemistry LAQAT-UNA Universidad Nacional.
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3.2.Main Crater - Rock falls
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Figure 30 & 31- Rockfall formation left from the 2019 material release and resultng sieche Septeber 2022

Inside the Main Crater there are three areas of significant rock fall which geologists and SINAC park rangers
are consistently observing and monitoring. In May of 2019 heavy rain in the region and increased seismic activity
deriving from the fault line located directly below the Main Crater of the Irazu Volcano both contributed to a
massive rock fall on the west side of the Main Crater which fell off and created a seiche or a wave inside an enclosed
body of water, and then deposited a significant amount of material into the lake which drastically changed the
color of the crater lake.

In the publication; Study of Turquoise and Bright Sky Blue Appearing Freshwater Bodies for the International
Journal of Geology, Earth & Enviromental Sciences the paper explains - “Suspended and dissolved particles
influence the color of water. Turquoise and bright sky-blue appearing fresh water bodies are found in different
parts of the world in different sets of environmental conditions. Glacial-fed lakes also appear turquoise, crater
lakes also bear turquoise color and calcium carbonate rich water bodies also appear turquoise.” [4].

The exotic light blue vibrant color of the crater lake located in the Main Crater of the Irazl Volcano is mainly
due to the scattering of light in the blue and green wavelengths due to the presence of colloidal particles deriving
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from the volcanic sediment and rocks the rainwater interacts with before collecting in the summit crates of the
Irazt Volcano National Park in Costa Rica. These particles become suspended in the crater lakes and can collect at
the water’s surface refracting the light in the blue and green wavelength particularly at the deepest part of the lake
where more suspended particles can accumulate. Other factors do play a role in the color seen by observers such
as temperature, pH levels, EC or electrical conductivity, total dissolved solids in the water body, density and the
amount of total dissolved oxygen or Oz. pH fluctuations have been shown to have direct color changing results as
the changes in pH induces the growth of these particles from 184nm to 566nm and therefore the light scattering
occurs mostly in the blue region of the visible spectrum [4].

Previously researchers conducting field work for the Volcanic and Seismic Observatory of Costa Rica OVSCORI-
UNA and the Laboratory of Atmospheric Chemistry LAQAT-UNA Universidad Nacional documented the waterfall
Rio Celeste of the Tenorio Volcano complex and found that during the investigation researchers on a global scale
found blue-green and exotic turquoise water bodies with correlation to active volcanic regions. Volcanic crater
lakes with a wide variety of color exist in countries like Iceland, Japan and New Zealand all of which have active
volcanoes. It was found that the crater lake water had aqueous colloidal silica particles which contributed to the
light scattering of the natural sunlight. Both Rayleight scattering and Mie scattering of sunlight can occur from the
presence of these aqueous colloidal silica particles. For example, the Yugama Crater Lake of Mount Shirane in Japan
was studied and the analysis showed that the crater lake water color was a result of the water chemistry which
was responsible for both Mie and Raylight scattering by colloidal sulfur particles. (5)

Figure 36 & 37. Main Crater of Irazt Volcano January 2020
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' Figure

44 & 45. Rock Fall Area West End of Main Crater UAS Perspective September 2022
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There are three areas of rock falls being monitored today which are located on the west, north-east and south-
east of the main crater. By using the drone from the very center of the crater we were able to get a 360° view of
not only the crater but the details of each individual rock fall as well. The results of these UAS flights will probable
gain appreciation when the lake water begins to refill and it is no longer possible to view the crater floor.

The fault line intersecting the Main Crater of the Irazu volcano which is part of the volcanic front of Costa Rica
is the Atirro-Rio Sucio Fault that directly intersects the Main Crater of the Irazi Volcano. Any kind of seismic
activity in the area can influence the rock falls inside the Main Crater. Heavy Thunderstorms passing by and
increased rain fall will also contribute to the rock falls and any potential land slide within the Main Crater of the
Irazu Volcano.

2N

Figure 48 & 49. Rock Fall Area West End of Main Crater UAS Perspective September 2022
3.3. Main Crater - Vegetation on Interior Crater Walls

Usually, plants growing naturally inside of an active volcanic crater are exposed to above average levels of
CO2. Active volcanoes continuously release COz, yet the rate of the degassing will fluctuate. The ecosystems of
volcanic climates are both valuable and fragile. High altitude summit areas in Central America are particularly
interesting like the Iraza Volcano National Park in Costa Rica. The Irazu Volcano National Park consists of once
active Main Crater and a degassing cave named “Cueva de los Minerales” and fumarole and volcanic hot spring
named “Rio Caliente” on the northern flake of the volcano. All of these areas are exposed to elevated levels of
atmospheric COz. Tropical forests represent around 40% of terrestrial net primary production worldwide; they
store 25% of biomass carbon, and may possibly contain 50% of all species on Earth. Still, the forecasted future
effects from increasing levels of atmospheric CO2z on a global scale relative to tropical plants response is not yet
fully understood. There are over 200 active volcanic systems located in the tropics many of which are covered in
thick vegetation [6].

The diverse high altitude tropical vegetation located inside the Main Crater of the Irazu volcano holds much of
the soil together with tough root systems. Possibly due to the acid rain deriving from the increased activity and
degassing of the Turrialba volcano 6.5 miles east of the Irazu volcano many of these plant species have burn marks
on their foliage. Naturally this acidic rain would have had a severe effect on the root system as well. Acid rain
therefore contributes to erosion. This may have been a significant factor contributing to the 2019 rockfall.
Monitoring vegetation inside the Main Crater is an important observational aspect of monitoring the Main Crater
of the Irazu volcano.
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Figure 50 & 51. Vegetation on South End of Main Crater Wall September 2022

Figure 52 & 53. Vegetation on South End and East End of Main Crater Wall Septembe 2022

Burnt vegetation found inside the Irazu Volcano National Park from 2017 through 2020 had mostly vanished
underneath the thick vegetation from healthy regrowth. This burnt vegetation was due to acidic rain deriving from
the SOz being released from the Turrialba Volcano.

)

Figure 56 & 57. Floor f the Main Crater Irazt Volcano National Pa
76

7

AN LB
rk September 2022



Advanced UAV, 2022, 2(2), 65-85

3.4.Main Crater - Cracking

Figure 58 & 59. Main Crater UAS Perspective September 2022

Using consumer drones in January of 2020 starting on the northern rim of the Main Crater we observed
cracking in the area that separates the Main Crater from the Diego de la Haya crater. The Diego de la Haya crater
is another prehistorical crater located inside the Irazu Volcano National Park which last erupted in 1723. By using
Autel EVO Lite + UAS which is an affordable consumer drone we monitored these cracks which are not visible from
the perspective from the main lookout point. On September 12th, 2022 we monitored the area where these cracks
were found to see if they widened, increased in number or had shown any signs of significant geological change.
These cracks were located just below the crater rim on the upper south-eastern section of the Main Crater. Since
many park visitors and observers walk around the Playa Hermosa, monitoring these cracks with consumer drones
has become a valued UAS application which contributes to the safety of people visiting the national park.
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Figure 62 & 63. Area of Cracking Documented with the Autel Evo Lite + drone Septerﬁbef 12fh, 2022 )
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3.5. Main Crater - Waterfall

Consumer drones can contribute to a better understanding of the volcanic hydrothermal system, Periodically
there has been a waterfall observed coming from below the Playa Hermosa crater (observational area) in the Irazu
Volcano National Park. This waterfall was located on the southern end of the Main Crater and can only be seen
from a few exclusive trails located on the northern rim of the Main Crater which are not accessible by the general
public. The Autel Lite + consumer drone allowed us to check if this waterfall still existed and observe the potential
water flow levels.

3.6. Diego de la Haya

Figure 66 & 67. Diego de la Haya Prehistorical Volcanic Crater September 2022

All together there are five craters within the area of the Irazi Volcano National Park. The Diego de la Haya
crater is to the east of the active Main Crater and last erupted in 1723 when Diego de la Haya was the Spanish
governor of the Cartigo Province in Costa Rica. This was a severe eruption that had a drastic effect on the
communities of Cartago. Today the topography of the Irazi Volcano National Park including the Diego de la Haya
crater is a complex and beautiful landscape, one that can create issues for remote pilots. Around the Diego de la
Haya crater large crater walls can creat interfierance and contribute to drones disconnecting. This never happened
with the Evo Lite + UAS during our flight missions but can happen and is something remote pilots should be aware
of when operating in areas of complex topography. Sensors on the Evo Lite + drone prevented the UAS from
accadently colliding with crater walls and other obsticles presented in the complexed topography such as trees,
radio antenas, and crater walls.

The Evo Lite plus drone performed exceptionally well in the volcanic environment. Wind gusts were no issue
and the drone operated perfectly at these high altitudes with reduced atmospheric density. The Evo Lite + drone
were flown for a continuous period of about 2.5 hours at the Irazi Volcano National Park. Each flight mission was
dedicated towards a different aspect of the Main Crater of the Irazt Volcano. Batteries were immediately switched
and flights continued without any delay. In between each flight, while changing the batteries, the rotary systems
on all four arms were checked for heat! Any kind of temperature increase on the rotary system from high use may
mean a cooldown period is needed for the drone. At no point did the Lite + drone require any sort of cooldown
person and we were able to quickly switch the batteries and move forward with the next flight mission. At no time
was there any disconnect between the drone itself and the remote control. Special attention was given to the RC
drone connectivity bar graph in the upper right on the control screen and there was very little connection
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reduction despite the drone being sent far away for volcanic flight missions covering great distances in difficult
conditions. Atmospheric humidity and Zero Visibility occurred several times as cloud coverage can move rapidly
at these altitudes. Considering the drone was flown in high altitude volcanic terrain in the Central American
Tropics, the device was durable in transit and during periods of climbing, it was easy to unfold and deploy without
waiting for any kind of warm up period, we were able to launch and land directly from our hands which was helpful
as there are uneven rocky terrain around the Irazu volcano which is not ideal for launching and landing from the
ground.

3.7. Topography of Irazi Volcano National Park
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Figure 72 - 76 - FLIR Images from Maria Martinez Cruz
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Changes in gas composition and emission rate are likely one of the first signs of unrest at volcanoes. By
expanding our gas detection capabilities and broadening our UAS application to include volcanic emission
tracking, we can begin monitoring more emissions from a larger number of volcanoes and through increased
frequency and reliability along with using previously confirmed early warning detection systems and data analysis
significant improvements can be made to our strategy and ability to predict volcanic eruptions. Carbon dioxide
COz2 can be from both magmatic sources and hydrothermal as well; this gas can travel along fault lines; it can be
periodically released from cracks and fractures in the volcanic edifice and it can also diffuse through soils
surrounding the active crater. COz can also be released from soils that are distant from the active crater and
fumarolic field making gas measurements important for surveying and tracking emissions in other volcanic areas
further away from the areas of visible activity [7].

It's possible for phreatic and hydrothermal eruptions to occur in hydrothermal systems where vents are
located such as the Main Crater of the Irazi Volcano National Park. Sealing can be small or large and generalized
or localized situations have both been documented. When lakes occupy active volcanic craters they can trap gases
and accumulate high temperatures [8].

Using UAS can help researcher study active crater morphology and geological changes. These UAS can carry
scientific equipment to document volcanic gas emissions, take thermal images and collect water samples. UAS can
also be used to monitor and document ozone depletion following future volcanic eruptions [9]. UAS can also
greatly assist via aerial survey of volcanic regions covered in thick tropical vegetation. Still no phreatic nor
hydrothermal eruption has been accurately predicted, yet the UAS can be a tool volcanologists can use to gather
additional information not obtainable from ground level observations. The UAS can also be used to enter the
danger zone such as active craters and gather additional data on the area of interest for the scientific community.

of Main Crater Wall of the Irazd Volcano September 2022
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4. Discussion

Piloting remote aircraft in high altitude volcanic environments is one of the most complex and risky situations
for a drone pilot. Is the data more valuable than the drone? Is a frequent question remote pilots often ask
themselves before the flight and at the point in the flight where the drone begins collecting great data, prized
photos and excellent video, but riskier conditions start settling in. For example, of a complex flight for a remote
pilot operating in a volcanic environment is when it’s clear where the drone around 600 meters away from the
home point and it starts raining at the remote pilot’s location. These situations must be planned for to the best if
the remote pilot in command capabilities.

Unaccounted for situations will still arise, but with proper training and knowledge of these environments
obtaining the data points from the planned flights is certainly possible. When planning to operate drones in
volcanic environments it’s essential to check the weather forecasts for the days you're planning the mission and
to consistently monitor any potential changes on Windy.

Climatic stability in volcanic regions can change in less than one minute. And with that comes relative humidity
fluctuations, 80% change in visibility conditions, wind speed change, wind direction change, enhancing wind gusts.
Therefore, extreme presentation is necessary for the remote pilot to obtain as much geological and atmospheric
knowledge of the region before flights. In Costa Rica while studying the Irazi volcano at 3,432 meters in altitude
the poor visibility and cloud coverage changes were frequently avoided with the assistance of a visual observer
and the decision to increase or decrease altitude to avoid the passing clouds. Obviously, these decisions are made
by the remote pilot in command who must also consider the altitude of the flight and the terrain formations
directly below the drone.

Probably one of the most impressive drone surveys of a volcano was conducted in 2016 and 2017; Researchers
from Universidad Nacional collaborated on an international undertaking where advanced remote pilots flew
drones at both the Turrialba Volcano in Costa Rica and the Masaya Volcano in Nicaragua. The flight mission
objectives were to measure the degassing deriving from the active craters. At the time these two volcanoes were
the largest time integrated source of COz in all of Central America. During the 2016-2017 period when the research
project was conducted both volcanic systems were actively degassing and showing increased signs of a potential
eruption. Researchers and remote pilots managing this project noted that; Remote pilots operating in high altitude
volcanic environments especially active systems had to be particularly concerned with the hardware because the
devices are often subject to harsh field conditions. These researchers developed a fly/no fly checklist which has
served to be very useful to many remote pilots learning to operate UAS in these climatic conditions. Several points
were included into the checklist such as wind, and wind gusts, unexpected turbulence, weather, steep relief,
summit risks, convicting volcanic gases, obstacles in flight path, eruption columns, battery limitations,
communication limitations, communication issues from close by radio towers, static electricity from volcanic ash,
and any potential line of sight complications between the remote pilot and the drone itself. (10)

4.1.Flight Risk/Reward Ratio

The Risk/Reward ratio for flying a drone consists of weighing the value of the drone itself (not including the
Remote Controlo batteries in the case) against the value of the data which can be obtained during that particular
flight. Is the data being gathered and stored more important than the drone itself? The answer is usually no, yet
certain circumstances like an eruption for example, may tip the scale of the UAS Risk/Reward ratio in favor of
conducting the risky flight mission. In these circumstances it's recommended to use the most economically
priced UAS available in case the drone is lost forever.

4.2.Extra Micro SD cards

It's recommended that remote pilots flying drones in volcanic regions carry extra Micro SD cards in their drone
case because valuable data may be obtained and the pilot may want to continue with more flight missions. By
changing the Micro SD card, the data from the previous flight is guaranteed to be returning to the lab for processing.
Sometimes valuable photos used to generate 3-D Digital Surface Model have been collected and the remaining
flight missions are non-essential, in these situations it’s important that the remote pilot remember to switch the
Micro SD cards in-between flights. It’s usually possible to specifically set the drone to save onto the mobile device
being used with the RC to operate the drone this can also greatly serve remote pilots operating in complex climates.

4.3.Reduction in Altitude

When flying in volcanic craters there is not just the altitude in meters Above Ground Level or AGL like in the
Part 107 remote pilot listening test. When piloting remote aircraft in volcanic terrain one must also consider the
atmosphere below, just as importantly if not more significant is the reduction in altitude (Below Ground Level)
BGL. A critical point of preflight planning as flying into an active crater is not already complicated enough but
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one must consider the Return to Home RTH flight will most likely require more battery energy than the flight
path used to enter the volcanic crater because the drone needs to lift itself higher to get out of the crater. The

same concept applies when launching from a volcanic summit and surveying the flanks or slopes of a volcano;
the drone flight altitude will be lower than the altitude of the home point.

4.4. Climatic Conditions

In these high-altitude volcanoes in Costa Rica random periodic rain showers pass by sometimes quite quickly
perhaps 10 minutes from start to finish for example. Remote pilots will need to wait for their next window of
opportunity and then weight the flight risk/reward ratio. These frequent rain showers can last from 10 minutes
to over a full day.

4.5.Launching and Landing

Successful takeoff and return to home with the drone can also be a bit more complicated here as well since
the launch and land terrain is often inclined rocky and grassy areas that are usually unstable. Using legs to
extend the drone towards the ground are highly recommended. Remote piloting in these volcanic climates is
usually assisted by the aircrafts ability to launch and land from the palm of the hand.

4.6.Clouds

Rapidly passing small clouds will have a direct effect on the drone’s connection to the GPS satellites. They are
directly responsible for the 80% fluctuation in visibility, and Relative Humidity RH.

4.7.Risks

Degassing fumaroles, steep slopes, and unconventional hidden factors all play a role in the environment a
volcanic remote pilot must operate in. There can be visibility complication due to water vapor and volcanic
degassing. Visibility issues can impact the drone itself and the display on the RC, and they can directly impact the
remote pilot at the home point. For example, if a cloud passes and visibility is reduced by 70% at the home point
than observing the drone via line of sight will be severely impacted. Tropical sunlight reflecting off the RC screen
can all be challenging in volcanic environments so hat and sunglasses are quite essential. Usually there are people
visiting or others studying these volcanoes and therefore it’s highly recommended never to fly directly over any
people, vehicles or valuable infrastructure such as National Park housing or equipment and especially
telecommunications towers. Telecommunications towers are frequently located at volcanic peaks due to their
strategically high location being ideal for broadcasting networks. These broadcast towers also contribute to
interference between the drone and the RC. Flying with an insurance policy is always important for risk reduction.

4.8.Unforeseen variables

Many unforeseen variables exist in these high-altitude volcanic regions. Birds, small single engine aircraft, and
other wild animals at ground level can be a distraction. Hardware malfunction is always possible and the remote
pilot should take this into consideration before operating the UAS. Potentially distracting animals and degassing
fumaroles at home point location all have an effect on the ability of the remote pilot to safety operate the drone,
but also to collect the data and to return the drone back to the home point safely. Tourists and other people may
approach and it important that the remote pilot be accompanied by a visual observe who is ready to stop the
people from asking distracting questions and creating interruptions in areas with people around.

4.9. Altitude

One of the most complex remote flight climate conditions on Earth. The altitude above 10,000 feet has a
different atmospheric make up with less 02 the air is thinner and operation of a remote aircraft becomes more
complicated. Certain UAS have altitude ceilings which have significant improved over the past several years. For
example, the max altitude of the Autel Lite + drone due to a reduction in air density in high altitudes flying a drone
above 3,000 meters is significantly more complicated. How the drone hovers and uses batters is different, flight
inclination is different and therefore the remote pilot must operate the UAS differently as well.

Temperature in these volcanic regions is significantly reduced relative to the tropical lowlands of Costa Rica,
and therefore remote pilots must also consider the temperature of the air during the drone flight and how that will
affect the equipment.
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Between the lower air density due to altitude and reduced temperatures actual flight time will be reduced and
this must be taken into consideration. Research with UAS pilots has shown pilots can expect a 10% reduction in
battery preference every 2,000 meters. Remote flight operations will become extremely complicated at 4,000
meters and above, most drones will require proper modifications and specialized parts for these altitudes. There
is greater wind turbulence inside craters, next to cliff faces and in valleys.

4.10. Lightning and thunderstorms
If there is a Thunderstorm it’s an almost certainly to cancel the flight mission and postpone for a better day. If

there are lightning strikes it’s an outright stand down. Lighting will destroy the connection capabilities of the RC
and drone and will cause a complete disconnect.

Figure 80 & 81. Irazi Volcano National Park September 2022

5. Conclusion

From the ground level there are significant restrictions for observing complex and dynamic volcanic systems.
This limited perspective is enhanced exponentially by launching consumer drones. This increased the
observational capabilities of researchers studying the Irazu volcano in 2022, the Autel EVO Lite + drone gave
researchers studying the active Main Crater of the Irazu volcano a new enhanced perspective and greatly
contributed to the gathering of valuable information associated with the Main Crater of the Irazu Volcano National
Park in Costa Rica.
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Figure 82 & 83. Main Crater Floor Irazu Volcano September 2022
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Figur 84 & 85. Aerial View of te Entire Main Crater of the Irazd Volcano September 2022
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Figure 8

The use of aerial photogrammetry assisted by drone in the field of morphological monitoring of volcanoes is
an emerging technology that allows geoscientists to acquire more accurate spatial information.

The exploitation of derivative products, in particular orthophotos and digital models describing the forms of
the land and the changes, makes it possible to have and identify the different features that may appear in these
natural forms.

Differences and changes in topography can thus be determined using the volume differences between two
separate states conducted a study based on aerial photogrammetry more particularly using UAV data to
investigate the various changes of Mount Agung in Indonesia during the highest volcanic activity [11-12].

Researchers investigated the use of high-resolution UAV data for the generation of three-dimensional point
clouds for the monitoring of the Stromboli volcano and emphasized the advantages of aerial photogrammetry for
the geomorphological monitoring of these natural areas [13].

Figure 88. Aerial View of the Entire Main Crater of the Iraz Volcano September 2022
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Keywords Abstract
Gas Detection A consistent volcanic monitoring program is crucial to the safety of the population and
Atmospheric Chemistry the efficiency of the nation. Costa Rica’s National Commission for Risk Prevention the
Volcanology CNE helps manage this responsibility. The National Observatory for Volcanoes OVSCORI-
Climate Change UNA and the Atmospheric Chemistry Laboratory LAQAT-UNA of Universidad Nacional
Volcanic Plume Costa Rica through a joint cooperation both have a strategic interest in monitoring and
Sniffer4D tracking volcanic activity. One aspect of monitoring volcanoes is tracking the active
Drones emissions being released from the craters, subaerial and subaqueous fumaroles, and

diffuse degassing through soil and cracks. For this study the Sniffer4D gas detection
Research Article payload was deployed on an UAS and flown directly into the active West Crater of the
Received: 06.10.2022 Turrialba volcano in 2022 for readings of active emissions. The Turrialba volcano is
Revised: 11.11.2022 located 40 km or 25 miles East of San José the Capital city of Costa Rica where the
Accepted: 19.11.2022 majority of the population live. Between 2016-2017 an eruption column emerged 4,000
Published: 30.11.2022 meters or 13,123 feet above the summit crater of the Turrialba volcano and dispersed

ash in the capital resulting in airport closures. Thus, monitoring the Turrialba volcano is
of greatimportance to the country. The UAS system deployed carried the Sniffer4D which
tested for Temperature, Humidity and 9 additional parameters - Sulfur Dioxide SOz (ng/
m3), Volatile Organic Compounds VOCs (ppm), Carbon Monoxide CO (mg/m3), Carbon
Dioxide CO2 (%), Ozone 03 (pg/ m3), Nitrogen Dioxide NO2 (ng/ m3), 03+NO:z and
Particulate Matter - PM 1.0, 2.5 & 10. The main objective was to characterize the volcanic
plume of Turrialba for all of these parameters to establish a baseline that can be built
upon in the future through additional measurements to determine changes in outgassing
regime of the volcano. This was the first time the Turrialba volcano has been tested for
these parameters.

1. Introduction

Volcanic eruptions have long term effects of the atmospheric chemistry of the Earth. Water vapor H20, Carbon
dioxide COz, are the two most abundant gases being released from active volcanoes. These two gases along with
Sulfur dioxide SOz, Hydrogen chloride HCI, Hydrogen fluoride HF, Hydrogen sulfide H2S are the most common
volcanic gases being emitted from active volcano vents. Still there are other trace species such as Hypobromite
BrO, One-carbon molecules such as Carbon monoxide CO, Nitrogen dioxide NO2, Carbon oxysulphide COS, Silicon
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tetrafluoride or tetrafluorosilane SiF4 [1]. H20 is normally the most abundant gas deriving from a magmatic source
and like COz it is relatively abundant in the atmosphere of the Earth. Other volcanic gases such as SOz, HCI & HF
derive from the same source but are not normally present in the atmosphere unless there is an eruption vent
releasing these gas species into the nearby proximity.

COz2is the second most common gas species being naturally emitted from volcanoes. At the Poas and Turrialba
volcanoes in Costa Rica diffuse degassing of COz represents approximately 10% of total emissions abundant in
magmatic gas. Diffuse degassing occurs when gas species pass through openings from porous volcanic edifice
permeable to rainwater [2]. Researching all aspects of Sulfur dioxide and secondary sulfate aerosols is of strategic
importance to the Laboratory of Atmospheric Chemistry because the microphysical dynamics of these particles in
active eruption columns is essential to comprehending the radiative properties of these natural volcanic emissions
and this is a key to understanding how they affect climatic changes across our planet. Measuring volcanic gases
offers insight into subterranean processes happening deep within the Earth’s interior [3].

The data collected with the Sniffer4D does contribute to the collective knowledge of the entire scientific
community, and the SOz tracking data can be cross referenced to the NASA Atmospheric Chemistry and Dynamics
Laboratory, Copernicus Atmospheric Monitoring Service European Commission and Global Network of
Observation of Volcanic & Atmospheric Change (NOVAC). Active volcanoes releasing emissions have a direct
impact on the Earth’s atmospheric chemistry, and climatic patterns; therefore, monitoring eruption columns with
UAS and gas detection payloads is of extreme importance to climatologists.

Particulates or Particulate Matter can also be measured with the Sniffer4D, data on PM 1.0, 2.5 & 10 can all be
gathered. Particles also known as atmospheric aerosol particles, atmospheric particulate matter, particulate
matter (PM), or suspended particulate matter (SPM) - are microscopic particles of solid or liquid matter
suspended in the air. The term aerosol commonly refers to the particulate/air mixture, as opposed to the
particulate matter alone. The main objective of launching this payload into the West Crater of Turrialba was
completed by Ian Godfrey in 2022.

2. Material and Method

The Sniffer4D was attached to the Mavic 3 and Matrice 600-Pro with an integration kit created with a 3D
printer. The Sniffer4D is placed upside down and the 3D printed mounting bracket is placed on top of the bottom
of the device. The mounting bracket is then attached with 4 M2.5*%6 screws in each corner. The Sniffer4D and
attached mounting bracket are then placed onto the Mavic 3 drone and the assembly is permanently connected
via 2 additional M2.5*6 screws at the bottom. The Sniffer4D is powered by the same battery as the UAS itself, via
a power cable. The power cable aligns to the two outermost power connectors of the Mavic 3 battery. The power
cable is secured with three small pieces of double-sided tape and is then attached to the Sniffer4D.The system has
a total flight time of around 20 minutes depending on environmental conditions. There are two Sniffer4D Systems
one designed for HAZMAT response the S4D and the other to log volcanic emissions S4V which can measure; S4D
-NOz, SOz, 02,VOC’s, COz, CO, PM 1.0, PM 2.5, PM 10, 03, NO2+03 and S4V - SOz, CO2, H2S, HF, HCI, CO, CxHy/CH4/LEL,
Ha.

i ikl e
Figure 1. Active West Crater of the Turrialba Volcano
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The Sniffer4D software program is named Mapper which can showcase the air quality and pollution
dispersement as a grid, isoline or 3D plot. The drone was launched from the main lookout point of the Turrialba
volcano on the southern edge of the Central Crater. The Sniffer4D can be used to showcase air quality data in real
time via a SIM chip and associated data plan placed in the device which is connected to the local cellular network,
allowing for real time pollution tracking. Monitoring the SO2/COz gas ratio is dangerous work, especially during
times of increased activity. The device also records temperature and humidity making it an extremely valuable
UAS payload for volcanology. Total payload weight was less than 500 grams and can be deployed with gas sampling
module which can retrieve volcanic ash and particulate matter which can then be analyzed in the lab.

In 2022 our team reached the summit of the Turrialba volcano on a dry day with clear visibility and no strong
or turbulent wind or any other harsh environmental conditions. We were caught in the mud about 4 kilometers or
2.4 miles from the summit crater. After a climb we reached the half-way point where we launched the drone to
observe the last stretch of our pathway and make sure there was no significant degassing or explosive activity at
the active West Crater. After the first UAS mission we continued our ascent and reached the main lookout point
for the Turrialba Volcano National Park. UAS remote sensing approaches have shown exponential potential in the
field of volcanology; UAS applications at the Turrialba volcano are a perfect example. The main objective of our
UAS survey was to observe the crater interior which we estimated to have crater walls which have slopes of
approximately 55°. The depth of the West Crater was estimated to be 410 feet to 722 feet or 125 meters to 220
meters. The West Crater was estimated to have a width of 620 feet or 189 meters.

The Sniffer4D and Mavic 3 system deployed at Turrialba can help reveal additional valuable data concerning
volcanic degassing and emission levels. This measurement system is very useful to the entire scientific community
concerning volcanic monitoring and gas emission tracking, volcanic unrest and hazard assessment. Drones using
GNSS system fixed waypoints can maneuver around the fumarole location this strategy allows the system to
periodically check areas of significant volcanic emission activity and return to the exact same location when
necessary. H25/S0:2 gas ratios fluctuate depending on temperature, pressure and redox conditions. Significant
amounts of SOz and H2S emissions deriving from hydrothermal sources are controlled by this chemical equation:
H2S + 2H20 — SO2+ 3Hz. Increase in SO2/H:S represents a potential increase in magmatic influence relative to
volcanic emissions [4]. SOz emissions represent magmatic intrusion from within the volcanic edifice itself.

- 5

port from the Turrialba Volcano and Associated UAS Image

Figure 2 & 3. Sniffer4D Mapper R

3. Results

Toxic gas emissions such as Sulfur dioxide or SOz which are the direct result of burning fossil fuels contribute
to climate change and acid rain in the region. SOz is also released from active volcanoes during periods of eruption
and UAS are positioned to greatly assist volcanologists measuring these gases from safe distances. UAS capabilities
can now greatly assist climate scientists by providing an aerial observation perspective which allows for increased
data collection with improved safety. UAS also reduce risks associated with climbing and venturing into regions of
increased volcanic activity such as an active crater.

The Sniffer4D detected and provided real time data to team of volcanologists and showcased 9 different gas
emissions from one flight into the Turrialba volcano crater. Quantifying total gas flux from an eruption column
serves a greater importance than measuring general gas concentration because total gas flux indicative of the level
of volcanic outgassing and therefore level of activity [5].

OVSCORI-UNA ranks Turrialba’s current level of activity at 3 meaning it is an erupting volcano. There were 2
rumblings on March 27 with no demonstration on the surface. The last Phreatic eruption from Turrialba came on
February 28. The OVSCORI-UNA April 1st bulletin explained the daily number of tremors was decreasing. The
increase in the amount of SOz measured in the atmosphere by satellite means reported the previous week was not
confirmed the week of April 1st, 2022 in the weekly report.
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The following weekly report showed seismicity remained stable the week of our visit, although there was an
increase in the number and duration of short tremors, which are low amplitude. Degassing of Turrialba remained
stable, on average weekly CO2/S02 of 22.8 +/- 3.3 and H2S/S02 of 0.25 +/- 0.21..On 7 April 2022, the maximum SO2
concentration in the ambient air of Coronado (downwind of the Turrialba volcano) was 0.82 ppb and PM10=33.7
pg/ms3.

The amount of SOz measured in the atmosphere by satellite means reported last week remained but without
particular trend. Inspection of the bottom of the West Crater with the drone showed some fumaroles at the bottom
of the crater mainly in the sector to the east releasing water vapor and sulfur gases. The fumaroles record
temperatures of at least 113° F measured remotely with infrared FLIR One Pro thermograph. OVSCORI-UNA April
8st, 2022 weekly report; the week of our visit to the Turrialba crater.

Potential hazards associated with the Turrialba volcano include gases, ash emission, proximal ballistics and
acid rain. An active, sleeping or awake volcano can generate eruptions in a way unpredictable, that is, without
appreciable precursor signals in real time. In addition, the limited human resources of OVSCORI-UNA do not allow
a continuous surveillance of volcanoes. Therefore, the portability and maneuverability of the Sniffer4D is a distinct
advantage for these types of institutions tasked with monitoring complex active volcanic systems [6].
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Figure 8 & 9. UAS Flig

ht Arriving at the Active West Crater

During the Sniffer4 UAS test flights at the Turrialba summit a total of 2,424 square meters was covered. The
measurement set closest to the active West Crater was taken from the eastern crater rim, although the prevailing
winds carry these volcanic emissions to the west. Due to battery capacity and time limitations per flight the eastern
rim of the crater was the farthest section the device was sent too. The Sniffer4D recorded a temperature of
22.0877°C or 71.75786°F and Relative Humidity of 19.1234% at the Turrialba summit. Particulate matter log was
PM1.0-1.82353, PM2.5-1.88235, PM10-2.05882 for the measurement closest to the crater. Volatile Organic
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Compounds were recorded at.187779 ppm. Carbon Monoxide CO was 0.147148 mg/m? and Nitrogen Dioxide or
NO2z was 0 pg/m3. Ozone or O3 was 1.8456 pg/m3 and O3+NO2z was 1.8456 pg/ms3. The Sniffer4D recorded Sulfur
Dioxide or SOzat 0 pg/m3.

The Sniffer4D measurements were taken about 9 meters or 30 feet above the crater floor. In total 17 sections
were measured at the Turrialba summit. The Sniffer4D Mapper Software allows for custom visualization. It’s
possible to adjust the size of the grip on our Mapper to get more specific data. The minimum unit of the grid is 25
square feet, representing that the actual side length of the detection area is 5 meters. The size of the grid indicates
the size of the detection area, the smaller the grid is the more specific the data will be and with a higher resolution,
to the contrary; the larger the grid is meaning the data will be in a lower resolution and data is calculated by the
averaging values from multiple areas. Users can see the general concentration distribution from large grids and
then spot the high-concentration area, then they can adjust to small grids and get more specific data in that area.

Figure 12 & 13. Active West Crater of the Turrialba Volcano UAS Sniffer4D Flight Missio

Comparing the results from the MultiGas and Sniffer4D helped the team learn several lessons for improvement
to the methodology. On 7 April 2022 at 1 pm we measured PM10 at 2.05882 pug/m3 with the Sniffer 4D. The same
day the maximum PM10 concentrations were 33.7 pg/ms3 at the station in Coronado downwind from the Turrialba
volcano. The fluctuations in data show the significance of the prevailing wind direction. SOz emissions were
recorded at 0 with the Sniffer4D because the prevailing winds carry the gases west. The Sniffer4D was at the
eastern crater rim at its closest point. Turrialba is still releasing magmatic gases among them the SO2. The S02
module inside the Sniffer4D has a minimum detection limit of 5 ppb for the high-resolution SOz and 50 ppb for
the wide-range SOz modules. The minimum detection limit for particular matter PM2.5 & 10 is 1pg/m3.
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Coronado reports higher concentrations of PM than the measurements carried out by the Sniffer just besides
the crater rim because the Sniffer 4D UAS did not measure the entire plume of Turrialba nor did it take a
measurement downwind from the active West Crater and therefore the results are very different.

S02 Concentration Distribution

Mission Time: 2022/04/07 10:40:07 to 2022/04/07 12:07:37

Sniffer4D DevicelD: 14cd3818 Modual ID: 100

Method: Electrochemical

Number of Samples: 2392

Average Size of the Grid: 49.2375 Meter X 49.2375 Meter (2424.333 Square Meter)
The total detected area:  29092.002 (Square Meter)

Central Coordinates of the Area: -42.3817 W, 10.0189 N

SO2 Average Concentration: 0.001 pg/m3

S02 Maximum Grid Concentration: 0.001 pg/m3 (-83.7607 W, 10.0187 N)
SO2 Minimum Grid Concentration: 0.000 pg/m3 (-83.7621 W, 10.0187 N)

- - s, - - - - . S02 Maximum Point Concentration: 0.611 pg/m? (-83.7605 W, 10.0182 N) 2022/04/07 10:41:52
m: ] 3 g 4 3 g— 3
s 8 g g g g g 8 g & 2 502 Minimum Point Concentration: 0.000 pa/m? (-83.7605 W, 10.0182 N) 2022/04/07 10:40:07

Figure 16 & 17. Sniffer4D Mapper Reports at the Turrialba Volcano for Emissions April 7t, 2022 at 1 pm

The Sniffer Mapper reports minimum, maximum and average SOz measurements. Users have the option to load
geo tagged photos to contribute to the gas distribution data and final report generated by the software program.
Data can be saved to a Micro SD card or data of air quality can be tracked in real time vis an onboard SIM Chip
located inside the Sniffer4D V2. The Sniffer Mapper PC Software has a recommended configuration of an Intel i5
core with at least 8 GB of data storage and a 1080p resolution of the screen.

Sniffer Mapper also offers an option to overlay high definition orthophoto overtop of the satellite image map.
This option allows for greater direct observation of important degassing regions like fumarolic fields and active
volcano craters. This option allows for enhanced observation of the geological changes often associated with
volcanic degassing.
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Figure 18. AERMOD Plot from April 8th, 2022 the day of investigation with the Sniffer4D the SO2 emission that
day was around (151 +- 142) ton/day which was supported by the Sniffer4D data from the crater

The low levels of SO2 concentration measured by the Sniffer4D at the summit of the Turrialba volcano are
consistent with the AERMOD Plot model due to the prevailing wind direction to the west. The Sniffer4D
measurement with the UAS was made of the east side of the West Crater of the Turrialba volcano.

Miniaturized gas instrumentation mounted on low-cost drones has enormous potential for safely, rapidly,
accurately, and percisely characterizing the gas output of a volcano at all stages of activity. If done carefully, such
measurements can be made even when the volcano is erupting. Such an approach allows an excellent snapshot of
the current degassing state of an active volcano. Gas ratios and SO: fluxes can be measured by drone with data
quality comparable to other methods [7].
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The complete survey of the Turrialba volcano summit was completed on September 27th, 2022 with the
assistance of Universidad Nacional de Costa Rica. We deployed both the Sniffer4D and SnifferV for this complete
analysis of volcanic emissions.

1. The first part of the gas emission survey was an aerial measurement conducted by remote pilot in command
José Pablo Sibaja Brenes of the Laboratory of Atmospheric Chemistry using the Aki-01 (D]JI Matrice 600-Pro). We
attached the SnifferV to the Aki-01 in less than 5 minutes and allowed the device to warm up for an additional 5
minutes. The actual flight mission was conducted from 10:43-11:08 am. The flight mission was set for 20 minutes
exactly and the Aki-01 was landed successfully with sufficient battery power.

2. The two Sniffer devices were then walked around the active West Crater of the Turrialba Volcano National
Park by Dr. Geoffory Avard who passes very close to the fumarolic field where the most obvious degassing occurs.
The radius walk around the crater was from 11:10am -12:10pm. It tools one hour to successfully survey the
western ridge of the crater which was the most important area due to the trade winds blowing west and dispersing
the volcanic gases being released.

3. Central crater walk was from 12:10pm-12:28 and lasted for a total of 18 minutes. The walk through the
Central Crater and up to the eastern rim of the West Crater proved to yield some valuable data relative to the state
of degassing seen coming from the Turrialba volcano. After the completed analysis we kept the two Sniffer4D V2
units running during our rest period and during the return walk to our starting point at the main lookout point
located on the southern crater edge at the summit of the Turrialba volcano. The complete survey was finished at
1:22pm Costa Rica time just before the cloud coverage moved in.

4. Multi-GAS Comparison - The data sets collected at the summit of the Turrialba volcano which were obtained
as separate measurement sets can be combined using the Sniffer Mapper software which allowed us to combine
these individual measurements to review and evaluate the total ambient air quality for the summit of the Turrialba
volcano as a whole.

S02 Concentration Distribution S02 Concentration Distribution

Mission Time: 2022/09/27 09:22:11 to 2022/09/27 09:49:46 Mission Time: 2022/09/27 10:06:47 to 2022/09/27 12:25:07

Sniffer4D DevicelD: 7259841b Modual 1D: 100 Sniffer4D DevicelD: 72598d1b Modual ID: 100

Method: Electrochemical Method: Blectrochemical

Number of Samples: 1655 Number of Samples: 8272

Average Sze of the Grid: 49.2373 Meter X 49.2373 Meter (2424311 Square Meter) Average Sze of the Grid: 49.2373 Meter X 49.2373 Meter (2424.314 Square Meter)

The tota! detected area. 104245.367 (Square Meter) The total detected ared: 184247,844 (Square Meter)

Central Coordinates of the Area: -42.3817 W, 10.0204 N Central Coordinates of the Area: -42.3833 W, 10.0202 N

S0z Average Concentration: 3,408 pg/m? SO2 Average Concentration: 28.024 po/m?

S02 Maximum Grid Concentration:  20.737 pg/m? (-83.7612 W, 10.0200 N) SO: Maximum Grid Concentration:  277.726 pa/m? (-83.7652 W, 10.0173 N)

S0z Minimum Grid Concentration:  0.000 pg/m? (-83.7607 W, 10.0182 N) SOz Minimum Grid Concentration:  0.000 pg/m? (-83.7643 W, 10.0173 N)

SO: Maximum Point Concentration:  49.494 pg/m? (83,7629 W, 10.0195 N) 2022/09/27 09:41:00 SO2 Maximum Point Concentration: 995.992 pa/m? (-83.7650 W, 10.0172 N) 2022/09/27 10:41:15
S0z Minimum Poirt Concentration:  0.000 pg/m? (-83.7605 W, 10.0183 N) 2022/09/27 09:25:26 S0z Minimum Point Concentration: 0.000 pg/m? (-83.7604 W, 10,0182 N) 2022/05/27 10:06:47
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Figure 19 & 20. Reports from Sniffer Mapper software program
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S02 Concentration Distribution

Mission Time: 2022/09/27 09:22:11 to 2022/09/27 12:25:07

Sniffer4D DevicelD: 72538d1b Modual ID: 100

Method: Blectrochemical

Number of Samples: 9927

Average Size of the Grid: 49.2373 Meter X 49.2373 Meter (2424.314 Square Meter)
The total detected area:  247280.000 (Square Meter)

Central Coordinates of the Area: -42.3833 W, 10.0202 N

SO» Average Concentration: 25.233 pa/m?

S0z Madmum Grid Concentration:  277.726 pg/m? (-83.7652 W, 10.0173 N)
502 Minimum Grid Concentration: 0,000 pg/m? (-83.7643 W, 10.0173 N)

S0z Madmum Point Concentration:  995.992 pg/m? (-83.7650 W, 10.0172 N) 2022/09/27 10:41:15

S0z Minkmum Point Concentration:  0.000 pg/m? (-83.7605 W, 10.0183 N) 2022/09/27 09:25:26

H2S Concentration Distribution

Mission Time: 2022/09/27 09:22:11 to 2022/09/27 12:25:07

Sniffer4D DevicelD: 72598d1b Modual ID: 100

Method: Electrochemical

Number of Samples: 9927

Average Size of the Grid: 49.2373 Meter X 49.2373 Meter (2424.314 Square Meter)
The total detected area:  247280.000 (Square Meter)
Central Coordinates of the Area: -42.3833 W, 10.0202 N

H1S Average Concentration: 56.061 pg/m®

HaS Maximum Grid Concentration:  802.446 wg/m? (-83.7652 W, 10.0173 N)

H2S Minimum Grid Concentration: 0,000 pg/m? (-83.7643 W, 10.0173 N)

H2S Maximum Point Concentration:  2514.865 pa/m? (83,7650 W, 10.0172 N) 2022/05/27 10:41:22

H31S Minimum Point Concentration:  0.000 pg/m? (-83.7604 W, 10.0182 N) 2022/09/27 09:24:38

A B C D E G H J K L M N (o] P

1 #Created by: SnifferdDMapper 2.2.05.25

2 ProjectName : Turrialba Volcano UNA :

3 |Time Stamp Abs.Alt m Longitude Latitude Temperat Humidity ‘Pressure Pa SO2pg/m* COmg/m® CxHy/F H2S pg/m* HCLmg/m® CO2 mg/m* HF mg/m* H2 % Serial No.
4 2022-09-2709:22:11 0 -83.7604 10.01824 17.2549 42.94118 69340.13281 25.052549  0.464049 0.1514 108.49822 6.842638 1040.30627 13.67286 0 72598d1b
5 2022-09-2709:22:12 0 -83.7604 10.01824 17.2549 42.94118 69340.13281 24.441511 0.467674 0.1913 110.26242 6.837671 1041.8053 13.66789 0 72598d1b
6 2022-09-2709:22:13 0 -83.7604 10.01824 17.2549 42.94118 69340.13281 24.441511 0.467674 0.1912 111.14452 6.845122 1037.30823 13.67037 0 72598d1b
7 2022-09-2709:22:14 0 -83.7604 10.01824 17.2549 42.94118 69340.13281 24.441511 0.471299 0.191 111.14452 6.845122 1038.80725 13.68031 0 72598d1b
8 2022-09-2709:22:15 0 -83.7604 10.01824 17.2549 42.94118 69340.13281 23.830473 0.471299 0.191 112.02663 6.840155 1041.8053 13.68528 0 72598d1b
9 2022-09-2709:22:16 0 -83.7604 10.01824 17.2549 42.94118 69340.13281 23.830473  0.467674 0.1909 112.02663 6.845122 1040.30627 13.68776 0 72598d1b
10 2022-09-2709:22:17 0 -83.7604 10.01824 17.2549 42.94118 69340.13281 23.830473  0.464043 0.1508 112.02663 6.857541 1040.30627 13.68279 0.000008 72598d1b
11 2022-09-2709:22:18 0 -83.7604 10.01824 17.2549 42.94118 69340.13281 23.830473  0.460423 0.1907 112.90872 6.864992 1038.80725 13.68776 0.000008 72598d1b
12 2022-09-2709:22:19 0 -83.7604 10.01824 17.2549 42.94118 69340.13281 23.830473  0.464049 0.1907 112.90872 6.872443 1035.80933 13.69521 0.000008 72598d1b
13 2022-09-2709:22:20 0 -83.7604 10.01824 17.2549 4294118 69340.13281 23.219435  0.464049 0.1907 113.79082 6.872443 1038.80725 13.70266 0.000015 72598d1b
14 2022-09-2709:22:21 0 -83.7604 10.01824 17.2549 42.94118 69340.13281 23.219435  0.464049 0.1906 114.67292 6.874926 1035.80933 13.69521 0.000015 72598d1b
15 2022-09-2709:22:22 0 -83.7604 10.01824 17.2545 42.94118 69340.13281 23.219435 0.467674 0.1905 114.67292 6.874926 1037.30823 13.70266 0.000015 72598d1b
16 2022-09-2709:22:23 0 -83.7604 10.01824 17.2549 42.94118 69340.13281 22.608398 0.467674 0.1905 115.55502 6.872443 1035.80933 13.7126 0.000015 72598d1b
17 2022-09-2709:22:24 0 -83.7604 10.01824 17.2549 42.7451 69340.13281 22.608398  0.474925 0.1905 115.55502 6.869959 1035.80933 13.72005 0.000008 72598d1b
18 2022-09-2709:22:25 0 -83.7604 10.01824 17.2543 42.94118 69340.13281 22.608398 0.474925 0.1504 116.43712 6.867475 1035.80933 13.72998 0.000008 72598d1b
19 2022-09-27 09:22:26 0 -83.7604 10.01824 17.2549 42.7451 69340.13281 22.608398 0.471299 0.1904 117.31921 6.860024 1037.30823 13.73743 0.000008 72598d1b
20 2022-09-2709:22:27 0 -83.7604 10.01824 17.2549 42.94118 69340.13281 21.99736 0.471299 0.1504 117.31921 6.855057 1037.30823 13.74985 0 72598d1b
21 2022-09-2709:22:28 0 -83.7604 10.01824 17.2549 42.7451 69340.13281 21.99736  0.471299 0.1504 117.31921 6.855057 1035.80933 13.76476 0 72598d1b
22 2022-09-2709:22:29 0 -83.7604 10.01824 17.2549 42.7451 69340.13281 21.386322 0.471299 0.1904 117.31921 6.860024 1037.30823 13.77966 0 72598d1b
23 2022-09-2709:22:30 0 -83.7604 10.01824 17.2549 42.94118 69340.13281 21.386322 0.471299 0.1504 117.31921 6.860024 1035.80933 13.78463 0 72598d1b
24 2022-09-2709:22:31 0 -83.7604 10.01824 17.2549 4294118 69340.13281 20.775284  0.471299 0.1903 118.20131 6.857541 1037.30823 13.79953 0 72598d1b
25 2022-09-2709:22:32 0 -83.7604 10.01824 17.2549 42.94118 69340.13281 20.164248 0.467674 0.1503 119.08342 6.852572 1038.80725 13.80445 0 72598d1b

2

:

?

Figure 21 & 22. Reports from Sniffer Mapper software program

Figure 23. Reports from Sniffer Mapper software program and CSV Excel Sheet
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Data Size: 19
Altitude: -35.16~11.39 m
Longitude: -83.7621
Latitude: 10.0196
Temperature: 14.5304 °C
Humidity: 43.1269 %
SO2: 16.8839 pg/m3
CO: 0.266752 mg/m3
CxHy: 0.317605 %
H2S: 81.5246 pg/m3
HCL: 6.56316 mg/m3
COz2 : 1038.41 mg/m3
HF: 8.91968 mg/m3
Hz: 0.000464052 %
Area: 2424.32 m

Figure 25. Sniffer4D Data on SO2 Showcased on the Sniffer Mapper software program
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Q SnifferdDMapper V2.2.03.31
0,00

Param H:5(1g/m?) v

100,
15080

200,00

250.00 Data Size: 307
Altitude: 30.76~35.98 m
Longitude: -83.7652
300,00 Latitude: 10.0173
Temperature: 20.6444 °C
Humidity: 32.1083 %
350.00 S02: 277.726 IJg/m3
CO: 0.173865 mg/m3
CxHy: 0.290201 %
200,08 H2S: 802.446 pg/m3
HCL: 10.6055 mg/m3
CO2 : 1122.03 mg/m3
a5 HF: 20.8094 mg/m3
Hz2: 0.000859938 %
Area: 2424.36 m

Figure 26. Sniffer Mapper High Level Gas Detection Reading Example

S0:2 Concentration Distribution

Mission Time: 2022/09/27 09:22:11 to 2022/09/27 12:25:07

Sniffer4D DevicelD: 72598d1b Modual ID: 100

Method: Electrochemical

Number of Samples: 9927

Average Size of the Grid: 49.2373 Meter X 49.2373 Meter (2424.314 Square Meter)
The total detected area:  247280.000 (Square Meter)

Central Coordinates of the Area: -42.3833 W, 10.0202 N

S0:2 Average Concentration: 25.036 pg/m?

SO2 Maximum Grid Concentration: 277.726 pg/m? (-83.7652 W, 10.0173 N)

SO2 Minimum Grid Concentration: 0.000 pg/m? (-83.7643 W, 10.0173 N)

:3 SO2 Maximum Point Concentration: 995.992 pg/m? (-83.7650 W, 10.0172 N) 2022/09/27 10:41:15
S S E—
g s g g ’ g g g g g g § § SOz Minimum Point Concentration: 0.000 pg/m? (-83.7605 W, 10.0183 N) 2022/09/27 09:25:26
2 g 2 b -

Figure 27 & 28. Sniffer4D V2 SO: Reading and Sniffer Mapper Software System

CO2 Concentration Distribution

Mission Time: 2022/09/27 09:22:11 to 2022/09/27 12:25:07

Sniffer4D DevicelD: 72598d1b Modual ID: 100

Method: Electrochemical

Number of Samples: 9927

Average Size of the Grid: 49.2373 Meter X 49,2373 Meter (2424.314 Square Meter)
The total detected area:  247280.000 (Square Meter)

Central Coordinates of the Area: -42.3833 W, 10.0202 N

CO2 Average Concentration: 1071.210 mg/m?

CO2 Maximum Grid Concentration: 1228.731 mg/m? (-83.7634 W, 10.0204 N)
CO2 Minimum Grid Concentration: 1028.864 mg/m? (-83.7612 W, 10.0213 N)

CO2 Maximum Point Concentration: 1572.451 mg/m? (-83.7650 W, 10.0172 N) 2022/09/27 10:41:06

S g ® g g
8 S 2

g g m % CO2 Minimum Point Concentration: 1022.318 mg/m? (-83.7625 W, 10.0213 N) 2022/09/27 11:22:59

Figure 29 & 30. Sniffer4D V2 COz Reading and Sniffer Mapper Software System
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H2S Concentration Distribution

Mission Time: 2022/09/27 09:22:11 to 2022/09/27 12:25:07

Sniffer4D DevicelD: 72598d1b Modual ID: 100

Method: Electrochemical

Number of Samples: 9927

Average Size of the Grid: 49.2373 Meter X 49.2373 Meter (2424.314 Square Meter)
The total detected area:  247280.000 (Square Meter)

Central Coordinates of the Area: -42.3833 W, 10.0202 N

H2S Average Concentration: 56.061 pg/m?

HaS Maximum Grid Concentration: 802.446 pg/m? (-83.7652 W, 10.0173 N)

H2S Minimum Grid Concentration:  0.000 pg/m? (-83.7643 W, 10.0173 N)

Ha$ Maximum Point Concentration: - 2514.865 pg/m? (-83.7650 W, 10.0172 N) 2022/09/27 10:41:22
J——m—g @ | geeesge—
g 3 s S g g g g g 3 g2 Hz$ Minimum Point Concentration: 0.000 pg/m? (-83.7604 W, 10.0182 N) 2022/09/27 09:24:38

Figure 31 & 32. Sniffer4D V2 H:S Reading and Sniffer Mapper Software System

4., Discussion

UAS are allowing scientists to deliver new scientific equipment into the most extreme environments and take
physical samples of water along with atmospheric parameters yielding a vast amount of valuable information not
previously accessible before the implementation of UAS. Recent development of new remote sensing technologies
has not only made it easier to obtain information, but has also made it possible to extract data across larger and
more dangerous areas. In this sense, we can also cite in addition to UAVs, the famous LiDAR (Light Detection and
Ranging), which is an emerging technology aimed at collecting accurate data in a shorter

period of time and using the distance between the target and the laser. Pershin et al. [8] have done the
monitoring of the Elbrus volcano using LiDAR based diode laser. Their results highlight the effective role of laser
to detect and monitor such type of volcanoes.

PM and SO2 test flight with the Mavic 3 was successful. Piloting remote aircraft in high altitude volcanic
environments is one of the most complex and risky situations for a drone pilot. Is the data more valuable than the
drone? Is a frequent question remote pilots often ask themselves before the flight and at the point in the flight
where the drone begins collecting great data, prized photos and excellent video, but riskier conditions start settling
in. For example, of a complex flight for a remote pilot operating in a volcanic environment is when it’s clear where
the drone around 600 meters away from the home point and it starts raining at the remote pilot’s location. These
situations must be planned for to the best if the remote pilot in command capabilities. Unaccounted for situations
will still arise, but with proper training and knowledge of these environments obtaining the data points from the
planned flights is certainly possible. When planning to operate drones in volcanic environments it’s essential to
check the weather forecasts for the days you're planning the mission and to consistently monitor any potential
changes on Windy.

Figure 33 & 34. UAS Perspecti

Climatic stability in volcanic regions can change in less than one minute. And with that comes relative humidity
fluctuations, 80% change in visibility conditions, wind speed change, wind direction change, enhancing wind gusts.
Therefore, extreme presentation is necessary for the remote pilot to obtain as much geological and atmospheric
knowledge of the region before flights. In Costa Rica while studying the Turrialba volcano at 3,340 meters in
altitude the poor visibility and cloud coverage changes were frequently avoided with the assistance of a visual
observer and the decision to increase or decrease altitude to avoid the passing clouds. Obviously, these decisions
are made by the remote pilot in command who must also consider the altitude of the flight and the terrain
formations directly below the drone. Flying UAS directly above active craters will always add risk of eruption.
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B8 snifferaDMapper V2.2.03 31

f
Param SOz(pa/mY) o

Data Size: 356
Altitude: -114.27~-98.20 m
Longitude: -83.7639
Latitude: 10.02
Temperature: 25.4191 °C
Humidity: 27.1095 %
S02: 126.596 pg/m3
CO: 0.153396 mg/m3
CxHy: 0.27179 %
H2S: 201.983 pg/m3
HCL: 20.2821 mg/m?3
CO2 : 1210.32 mg/m3
HF: 32.0197 mg/m?3
H2: 0.00105307 %
Area: 2424.32 m

¥ih AR 1) ] L N, T N N
Figure 38 & 39. Active West Crater of the Turrialba Volcano

5. Conclusion

The monitoring of volcanic gas geochemistry is a vital aspect to understanding volcanic processes. Continuous
gas tracking during volcanic eruptions will allow for valuable information to be delivered to scientists which offer
insights to how the interior volatiles behaved through the volcanic process from the low activity period through
an eruption. The research publication titled “A golden era for volcanic gas geochemistry” explains that; “Volatiles
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can diffuse through magma bodies, travel latterly along faults, exsolve and re-dissolve in magma or aqueous fluids,
or be stored in underground reservoirs from which they can be explosively erupted into the atmosphere or leaked
slowly to the surface over millennia.” [9].

“The primary components of all high temperature volcanic gases are water vapor (H:0, typically 75-98%),
carbon dioxide (COz, 0.3-13%), sulfur dioxide (SOz, 0.3-3%), and hydrogen sulfide (HzS, 0.02-2%). Changes in gas
composition and emission rate are likely one of the first signs of unrest at volcanoes.” By expanding our gas
detection capabilities and broadening our UAS application to include volcanic emission tracking, we can begin
monitoring more emissions from a larger number of volcanoes and through increased frequency and reliability
along with using previously confirmed early warning detection systems and data analysis significant
improvements can be made to our strategy and ability to predict volcanic eruptions. Carbon dioxide CO2 can be
from both magmatic sources and hydrothermal as well; this gas can travel along fault lines; it can be periodically
released from cracks and fractures in the volcanic edifice and it can also diffuse through soils surrounding the
active crater. COz can also be released from soils that are distant from the active crater and fumarolic field making
gas measurements important for surveying and tracking emissions in other volcanic areas further away from the
areas of visible activity [9].

UAS bridge a significant knowledge gap in volcanic surveillance as they can access areas inaccessible to
researchers and can document and collect data in these areas. Since drones can also carry payloads like the
Sniffer4D gas detection equipment the inaccessible gas plumes can now be measured and monitored. Several
departments and research institutions have dedicated time and resource into tracking volcanic emissions on a
global scale and their findings and forecasts can be found in Network of Observation of Volcanic and Atmospheric
Chance (NOVAC ) [10], Deep Earth Carbon Degassing (DECADE) [11], The EarthChem/ DECADE database [12], The
Mapping Gas Emission Project [13], The NOVAC data portal [14].

“Aquifers can be primed for eruption by sealing via hydrothermal alterations and mineralization, including
buildup of pore fracture filling sulfates, clays, sulfur minerals and silica. However, sealing can be localized or affect
extensive areas in these diverse geological environments.” [15]. These events can occur suddenly or progressively
and are therefore strategically important to monitor for volcanic institutions.

“Iflakes occupy active craters they can act as traps for high temperature gases, allowing the formation of molten
element sulfur (>114°C) within the aquifer. To data no phreatic or hydrothermal eruption has been successfully
forecasted. This presents a significant challenge to volcano observatories and monitoring systems. Continuous gas
monitoring provides significant insight into eruption “priming” processes at various time scales. Turrialba with
peaks in CO2/SOz2 prior to eruptive phases in 2014 and 2015 signal magma injection that disrupted the overlying
hydrothermal system, whereas the disappearance of H:S in emissions marked the transition from phreatic to
phreatomagmatic activity.” [15].

Ambient air monitoring and HAZMAT response have become some of the most prominent applications for
miniaturized hardware payloads designed for UAS. Data of the volcanic plume and its effects of atmospheric
chemistry are easily collected by the Sniffer4D and analyzed by the software program Sniffer4D Mapper which
provides a quick, sustainable, safe and reliable way to quantify these emissions and develop a national baseline
for volcanic activity in Costa Rica.

The Sniffer 4D could give promising results if it is flown all around the crater in circles or doing a transect
crossing the crater from upwind to downwind. Another advantage of deploying this system is the ability to see
vertical profiles of volcanic emissions downwind from the eruption site. This investigation outlines UAS volcanic
applications designed to detect and quantify different gases of volcanic origin in order to assist volcanologists with
their eruption forecasts.
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