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ABSTRACT

Timely analysis of active lava flow dynamics and emplacement are typically limited by current ground, UAV, and satellite-based
observational capabilities. The Python Miniature Thermal Instrument for Uncrewed Aircraft Systems (PyMTI-UAS) is a relatively
inexpensive, low-mass, low-power multispectral thermal infrared instrument capable of measuring rapid changes in thermal and
gas dynamics of lava flows to at high resolution. The 2022 Meradalir effusive eruption in Iceland offered an opportunity to
acquire visible and multispectral thermal infrared data with PyMTI-UAS of recently emplaced lavas. A successful deployment
occurred during the end of the 2022 eruption and the resulting thermal infrared data provide insights into lava surface texture
relationships, post-emplacement alteration, and gas and thermal flux during cooling. This study demonstrates that PyMTI-UAS
offers the framework to provide accurate multispectral thermal infrared data at low cost from small UAVs to provide data vital
for monitoring volcanic activity and aiding hazard response.

Keyworps: UAV Multispectral Thermal Infrared Spectroscopy; Visible and Thermal 3D Reconstructions; Lava
Morphology; Meradalir, Iceland; Structure From Motion.

1 INTRODUCTION and population. In a hazard response scenario, gathering

Large lava flows (>5 km?) are routinely imaged from orbit to
investigate eruption rates and lava flow dynamics to improve
hazard assessment and response. Such satellite-based remote
sensing presents significant limitations associated with spatial
resolution (typically >30 m in the thermal infrared (TIR)). In
addition, the relatively low saturation temperatures of current
TIR instruments make it harder to detect small scale tempera-
ture changes both across and down flow from orbit. Increased
proximity improves TIR assessments of highly dynamic vol-
canic surfaces (i.e. lava, gases, and ash), as well as other phe-
nomena like wildland fires, urban heat, and power plant emis-
sions. To that end, we developed a TIR imaging system de-
signed to mount under a small uncrewed aerial vehicle (UAV),
which provides an advantage over conventional ground-based
cameras by the ability to cover large areas quickly and de-
ploy over inaccessible/dangerous regions. Volcanic hazards
are a primary focus of the system, which was intentionally
developed to be cost-effective so it could be deployed by agen-
cies and observatories around the world. The UAV-borne TIR
imaging system also collects hypertemporal multispectral and
fully unsaturated TIR data that enable thermodynamic analy-
ses over timescales of seconds, with implications for lava flow
emplacement but also for air quality monitoring, lava model-
ing, and management efforts.

During effusive eruptions, lava flow emplacement and
propagation pose hazards to the surrounding infrastructure

*& james.thompson@beg.utexas.edu

observations (lava temperature, effusion rate, crystal content,
vesicle content, local topography) to perform accurate flow
modeling is time consuming and can take several days to pro-
cess [Ramsey and Harris 2013]. Temperature is considered
the foremost variable because it influences rheology [Harris et
al. 1998; Cashman et al. 1999; Gregg and Fink 2000]. The ma-
jority of basaltic lava flow propagation models rely on input
variables including viscosity, effusion rate, and local topogra-
phy, where viscosity is influenced by temperature, crystals and
vesicles, with temperature being inversely correlated to viscos-
ity [Park and Iversen 1984; Dragoni and Tallarico 1994; Harris
and Rowland 2001]. Thermal properties are routinely esti-
mated/assumed from previous field or laboratory studies [e.g.
Harris and Rowland 2001; Avolio et al. 2006; Bilotta et al. 2012],
or are derived from satellite-based Advanced Very High Reso-
lution Radiometer (AVHRR) and Moderate Resolution Imaging
Spectroradiometer (MODIS) thermal infrared (TIR) data [e.g.
Del Negro et al. 2007; Vicari et al. 2008; Herault et al. 2009; Vi-
cari et al. 2011]. Near-ground UAV-based observations allow
visual observations to be combined with high spatial, spectral,
and temporal multispectral TIR data acquisitions, thus allow-
ing active lavas to be monitored with near real-time results.

The characterization and mapping of effusive eruptions, in-
cluding lava cones, lava flows, and fumaroles (Figure 1) us-
ing UAV-based instruments is now a common practice within
volcanology [e.g. Carr et al. 2019; James et al. 2020]. Safely
accessing such dynamic events on the ground remains chal-
lenging, but UAV systems now provide feasible means to ac-
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Figure 1: Photos of the Meradalir lava flow field from August 23-26, 2022, highlighting the main regions of interested investigated
during the deployment. [A] Lava cone (vent), [B] distal lava flow front to the east, [C] distal lava flow to the south, and [D] an
active fumarole near the lava cone [A]. These observations are used to inform our interpretations of the UAS-based results.

quire observations at high spatial, temporal, and spectral res-
olutions, as well as perform rapid mapping of local sites.
UAV systems also offer a more cost-effective means of ac-
quiring these datasets remotely, compared with more expen-
sive and complex crewed aircraft deployments (e.g. airplanes
and helicopters). The flexibility of UAV deployments allows
targeted measurements of dynamic lava emplacement pro-
cesses from a safe distance and with some logistical advan-
tages over crewed platforms [Albadra et al. 2020; James et al.
2020]. The majority of previous UAV-based data include vis-
ible and broadband thermal infrared datasets that have been
used in photogrammetry and/or feature tracking [Carr et al.
2019; Albadra et al. 2020; James et al. 2020; Etchells et al.
2022]. However, UAVs used in volcano research tend to lack
the high spatial resolution multispectral data required for de-
tailed thermal/compositional analysis, or are far too expen-
sive (>$100,000) for widespread adoption by global civil ser-
vice agencies tasked with volcano monitoring. We recognized
that a valuable opportunity existed to develop an inexpen-
sive open-access alternative that would be deployable on most
low/moderate lift UAVs (e.g. a papload of <1 kg).
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Our UAV-based TIR imaging system was first deployed to
the field in the spring of 2022, with an effusive basaltic erup-
tion beginning on August 3, 2022 in Fagradalsfjall, on the Reyk-
janes peninsula, Iceland. This eruption, referred to here as
the 2022 Meradalir eruption, emplaced 11 + 0.4 x 10® m3 of
basaltic lava covering 1.28 km?, with activity ceasing on Au-
gust 21, 2022. The 18-day long 2022 eruption has a mean
output rate of ~7 m> s!, starting with initial effusion rates
greater than 30 m® s~! followed by an exponential declin-
ing effusion rate [Gunnarson et al. 2023; Pedersen et al. 2024].
The 2022 Meradalir eruption occurred proximally to the 2021
Geldingadalir lava field, which emplaced 150 + 3 x10® m3
of basaltic lava covering an area of 4.8 km? from March 19,
2021 to September 18, 2021 [Kahl et al. 2022; Pedersen et al.
2022; Barsotti et al. 2023; Pedersen et al. 2024] These events
were the first known eruptions in the past 700 years on the
peninsula, and have provided the volcano community with an
accessible opportunity for investigation by modern analytical
instruments and techniques [e.g. Seemundsson et al. 2020; Kahl
et al. 2022; Matthews et al. 2024].

The August 3, 2022, eruption started through a 375 m long
effusive fissure northeast of the 2021 eruption centers [Parks et
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Figure 2: [A] Overview of the lava flow field on the Reykjanes peninsula during the 2021 Geldingadalir and 2022 Meradalir erup-
tions. [B] The C, E, S labels refer to analyses at the proximal lava/scoria cone (Figure 1A), eastern distal flow front (Figure 1B),
and southern distal flow front (Figure 1C), respectively. Note the yellow dotted lines represent the approximate location of the

initial fissures of both eruptions.

al. 2023]. Over the subsequent days the activity converged to
the north of the fissure forming a centralized vent (Figure 1A,
label C in Figure 2B. Lava from the fissure and later from the
central vent mainly propagated to the southeast for ~2 km,
bounded by preexisting topography [Parks et al. 2023; 2024]
(Figure 1B). This vent was active until the end of the effu-
sive eruption on August 21, 2022. Field deployment at Mer-
adalir commenced on August 23, just 2 days after the eruption
ceased, when the site was free from tourists and remained an
excellent natural volcanic laboratory. The objectives of the
2022 Meradalir eruption deployment were to (1) test the sys-
tem over a range of eruption features (lava flows, fumaroles),
temperatures, and flight conditions to assess the limitations of
the system in a near real world eruptive scenario; (2) to under-
stand the complex relationship between lava surface morphol-
ogy, surface temperature, and post-emplacement conditions,
and (3) understand how those relationships relate to vent con-
ditions and post-eruption extents. Here, we share concurrent
visual and thermal results of the vent and distal portions of
the lava field, and our subsequent interpretations of vent dy-
namics and emplacement processes.

2 METHODS

We developed the Python Miniature Thermal Instrument for
Uncrewed Aircraft Systems (PyMTI-UAS; Figure 3) as a mul-
tispectral TIR imaging system that can be mounted on a small
UAV (ie. DJI Phantom 3). The design resembles a miniature
and refined version of the MMT-Cam, previously developed
and successfully deployed on Hawai'i [Thompson et al. 2019;
Thompson and Ramsey 2020a; b]. The PyMTI-UAS system
was specifically engineered to optimize miniaturization, cost
reduction (<$2000 USD), and automation. Here, we make
the PyMTI-UAS design freely available* for researchers, espe-
cially those at volcano observatories but also across the Earth

*see GitHub repository; https://github.com/jthompson2710/PyMTI-UAS
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and environmental sciences, to deploy it as a valuable and
low-cost tool. We flew PyMTI-UAS in challenging real-world
conditions, above an active volcanic system, in rugged ter-
rane, in winds up to 40 km h~!, and in sporadic precipitation
(Figure 3B).

The PyMTI-UAS system uses FLIR Lepton 3.5 commercial,
off-the-shelf, uncooled VOx microbolometer thermal imaging
detector cores. The Lepton core and microcontroller interface
are powered directly from the UAV power source (lithium bat-
teries), resulting in 20—40 minutes of flight time, which varies
with atmospheric conditions. The system acquires TIR data
at five spectral bands (8.5, 9.0, 10.0, 10.5, and 11.0 pum) with a
160 x 120 active pixel focal plane array [FLIR Systems 2014;
2018} An instantaneous multispectral image set is captured
every 1.0 second. The TIR data are saved locally on the mi-
crocontroller and downloaded post flight for calibration and
processing. The TIR core has two operating modes that allow
it to collect unsaturated TIR data, even over high temperature
surfaces (<1600 K). PyMTI-UAS thus provides the resolution
required to observe spatiotemporal variability of cooling tar-
gets (Figure 3A). The TIR data are then combined with a vi-
sual dataset acquired from a second UAV. Our deployment
used the DJI Phantom 4 for the PyMTI-UAS and a DJI Mavic
3 for visual observations, with the Phantom 4 visible camera
providing backup data at lower resolution compared to the
Mavic 3 data. The visible camera on the DJI Mavic 3 has an
image sensor format of 4/3 CMOS, with a field of view of 84°
and 5280 x 3956 pixel focal plane array.

2.1 Data collection and calibration

Field deplogyment commenced on August 23, just 2 days af-
ter the eruption ceased, and continued until August 26, 2022.
During deployment at Fagradalsfjall, the visual data were col-
lected from an altitude of 30 m above ground level over the
three observation sites (cone, east distal, and south distal; Fig-
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Figure 3: [A] View of the bottom of the PyMTI-UAS showing five FLIR Lepton 3.5 cores shielded by plexiglass squares that hold
the TIR bandpass filters. The system is mounted to the base of a DJI Phantom 4 using a custom 3D printed plastic carriage.
[B] PyMTI-UAS deployed on the active lava flows at Fagradalsfjall, Iceland in August 2022. Note, [F] shows the location of the
multispectral analysis in Figure 10.

Band-to-Band
| Registration

Instument
J Calibration \

Radiance 3D

rthomosaic

Structure
J from Motion \

nd Registered
rface Radiance

Temperature

Emissivit
| Separation |\
Algorithm

[l Visible Data
[e] Thermal Infrared Data

Thermal
Infrared
Geolocation

Structure
from Motion

Visible 3D DEM
~and Orthomosaic

Georeference

Temperature
and Emissivity

Figure 4: The processing pipeline of the TIR (red ovals) and visible (blue ovals) products.

Table 1: An example of the DEM validation results from cross correlation and control points.

Region Location Elevation
(latitude, longitude) ~ This study Gunnarson et al. [2023] ~ Control point
Cone 63.8985, —22.2490 238.6 2377 N/A
Cone 63.8980, —22.2491 236.1 236.1 N/A
Cone 63.8976, —22.2480 2393 238.1 238.5
Eastern Distal 63.8889, —22.2234 185.2 N/A 185.5
Eastern Distal 63.8881, —22.2246 204.7 N/A 204.6
Southern Distal ~ 63.8859, —22.2289 131.9 N/A 131.0
Southern Distal ~ 63.8866, —22.2301 132.8 N/A 133.2
Southern Distal ~ 63.8881, —22.2263 130.7 N/A 131.8

ure 1A, B, C, respectively). The thermal infrared data were ac-  est (cone, fumaroles, textures). Flight path planning prioritized

quired from 10-20 m above ground level over the same three limiting the likelihood of vehicle loss. Additionally, during the

observation sites. These flight altitudes were chosen to ensure planning, flight paths that provided ~65% data overlap were

detailed observations of thermal, textural, and gas variability created based on the PyMTI-UAS field of view of 8-22 m and

across the lava flow field at a spatial resolution of <0.15 m. a temporal resolution of 1 Hz.

Flights paths were chosen based on: (1) limited duration of

flight (~20 minutes), (2) weather conditions (wind speed and Raw PyMTI-UAS data were calibrated to correct for instru-

direction), (3) access to lava flow field, and (4) target of inter- ment geometry (including sensor planarity), optical attenua-
tion, and atmospheric effects. We used variable, full-aperture

% Presses universitaires de Strasbourg
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Figure 5: [A] Hill-shaded DEM and [B] orthomosaic reconstructions of the vent during the 2022 Meradalir eruption. The DEM
highlights the relief of the vent, collapsed flank block, and linear features. The orthomosaic highlights thermochemical alter-

ations post tephra and lava emplacement.

blackbodies from 283 to 483 R to quantify the instrument
response using known target temperatures and internal in-
strument temperatures. These internal and target tempera-
ture corrections account for instrument heating and detector
drift [Thompson et al. 2019]. For example, over active (hot-
ter; >1000 K) degassing lava flows, the optical attenuation will
increase with temperature of the sensor and optics, causing
self-reflective effects and response shift. Instrument geometry
correction or sensor planarity was achieved through calculat-
ing optical distortion coefficients based on a template match-
ing algorithm in the laboratory [Zhang 2000; Liu et al. 2023].
Thermal data of a metallic “checkerboard” pattern target with
a temperature contrast achieved by heating from sunlight were
used for the matching, with distortion coefficients calculated
using OpenCV. This method was chosen based on the mean
reprojection error analysis conducted in previous studies [e.g.
Liu et al. 2023; Roshan et al. 2024]. The distortion coefficients
were then applied to at-sensor radiance data to correct for
sensor planarity.

To convert the at-sensor radiance data to surface radiance
data, an atmospheric compensation technique was developed
that is reliant upon temperature, humidity, and line-of-sight
distance [e.g. Rothman et al. 2013; Thompson et al. 2019] (Fig-
ure 4). For example, volcanic gases absorb radiation at certain
wavelengths, causing the lava surface to appear cooler than
the true value. Briefly, the PyMTI-UAS data calibration uses a
modified Temperature-Emissivity Separation (TES) algorithm
to separate emissivity and temperature from the atmospheri-
cally corrected surface radiance data and account for spectral
contract across different wavelengths [e.g. Gillespie et al. 1996;
Thompson et al. 2019]. Cumulative errors in PyMTI-UAS data
are <4 % based on the thorough calibration procedure.
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2.2 DEM and orthomosaic generation

Overlapping flight paths produced visible camera image over-
lap of 50-80 %, with a ground sampling distance of ~14 mm
(Figure 4). We aligned the images in Metashape and gener-
ated Digital Elevation Models (DEMs) of the proximal vent and
distal flow fronts. Dense point clouds were produced by pro-
cessing at the “high quality” and “mild depth filtering” param-
eter settings in Metashape to preserve the small details. After
the point clouds were reconstructed, polygonal mesh models
were generated at the “high” polygon count and interpretation
parameter settings in Metashape. DEMs were produced from
the dense point cloud models. Visible orthomosaics with a
50 mm pixel size were then generated using the DEMs. The
visible data products were georeferenced using the onboard
GNNSS data (corrected by ground control station), resulting in
a georeference accuracy of <2 m horizontally and ~3 m verti-
cally. The DEMs and visible orthomosaics were validated for
accuracy using a combination of comparison with previously
published DEMs and ground control points. All elevations
validated were within 1.5 m of the verification data, with a
mean error of 0.65 m (Table 1).

Thermal 3D orthomosaic surface models were also pro-
duced. Thermal data were collected with an image overlap of
40-75%, with a ground sampling distance of 30-50 mm (Fig-
ure 4). The calibrated and atmospherically corrected radiance,
temperature, and emissivity data were spatially aligned be-
tween bands (band-to-band) and georeferenced across the de-
plogment area. The band-to-band registration was achieved
by implementing a Discrete Fourier Transform technique for
translation, rotation and scale-invariance between band im-
ages [e.g. Reddy and Chatterji 1996; Xie et al. 2003; Matungka
et al. 2008] The algorithm was implemented by transla-
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Figure 6: 3D [A] thermal and [B] zoomed visual orthomosaic (from orange box in Figure 5B) reconstructions of the vent during the
2022 Meradalir eruption. The thermal mosaic illustrates the thermal flux pathways post emplacement. The visual orthomosaic
highlights interpreted thermochemical alterations and degassing post emplacement. Note the oblique view and orientation
change of the reconstructions, to highlight the structure of the thermal variability and interpreted alteration.
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Figure 7: 3D visual reconstructions of the eastern distal lava flow front emplaced during the 2022 Meradalir eruption: [A] hill-
shaded DEM and [B] orthomosaic reconstructions. The DEM highlights relief, pressure ridges and inflation-related marginal
cracks planes, channels, slump scarps (vertical offset), and surface morphology. The dashed white line provides our interpreta-
tion of the boundary between lava textures related to re-emplacement of remnant mobile 2021 lavas in response to the overlying
2022 lava (based on Hennig [2023]).

tion, rotation, and scale variation calculations between two
bands, and by calculating the image spectrum using the log-
polar transformation. The technique was applied to all the
bands based on the same reference band (8.5 pum) and opti-
mized to remove any residual geospatial offsets. The maxi-
mum spatial errors are 0.15 x 0.16 pixels (in x and y, typically
at the image corners), resulting in approximately 10-50 mm
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spatial inter-band registration error during the deployments
in Iceland. The individual band-to-band registered TIR im-
ages were then photogrammetrically processed using Struc-
ture from Motion (Agisoft Metashape Professional 2.1)
to complete the thermal 3D surface model. The georeferenced
visible 3D structures were overlain on the TIR datasets to pro-
duce georeferenced TIR datasets, with an accuracy within 3 m.
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Figure 8: Photos of the Meradalir lava flow field from August 23-26, 2022. [A] distal lava flow front to the east and [B-D] distal lava
flow to the south, showing the relationship between flow episodes and lava textures. [C] and [D] were acquired from 63.886425°N,
22.230594°W (166 m altitude) and 63.886262°N, 22.229953°W (227 m altitude). The dashed red arrows indicate potential flow
paths (see Volcanology and Natural Hazards Research Group [2022]).

3 RESULTS

3.1 Proximal scoria cone

The DEM reconstructions of the vent region from the PyMTI-
UAS deployment reveal the relief of the lava/scoria cone to be
~30 meters and show a collapsed flank block to the southwest,
in the orientation of the initial fissure( Figure 5). The collapsed
block likely formed when lava breached the flank of the cone,
similar to those observed at other cones [e.g. Pulido and Riggs
2013]. The DEM and orthomosaic reconstructions also reveal
a concentration of ~10-15 linear features to the south of the
cone rim, ranging from 4 to 22 m long. The orthomosaic
reconstruction highlights lighter units expanding radially 20
to 40 m from the vent across the flanks of the cone (Figure 5),
interpreted as low levels of alteration (Figure 1A).

The 3D thermal reconstructions of the vent region show
linear elevated thermal features (~500-550 K) expanding ra-
dially from the vent that geographically correspond with the
lighter domains observed in the visible orthomosaic recon-
structions (Figure 5 and Figure 6) and were confirmed in field

S

Presses universitaires de Strasbourg

photos (Figure 1A). There is a pronounced absence of ele-
vated temperatures directly over the vent (<450 K). Instead,
elevated thermal anomalies are concentrated at the rim of the
lava/scoria cone, along topographic highs (550-700 K). The
interpreted high levels of alteration (orange-red deposits; Fig-
ure 6B observed in the visible orthomosaic reconstructions
correspond to the highest detected thermal anomalies (<700 K)
(Figure 6). Elevated thermal anomalies are also observed along
the collapsed flank block on the southwest of the vent.

3.2 Eastern distal flow front

The terminal flow front to the east of the vent (label E in Fig-
ure 2B) is dominated by block and rubbly surface textures,
based on DEM and orthomosaic reconstructions, which are
consistent with an ‘a'a lava morphology (Figure 7). The ex-
treme eastern extent of the flow appears dominated by slabby
and ropy pahoehoe morphology, which is confirmed through
field observations and photographs (e.g. Figure 1B and Fig-
ure 8A). This region is 30 by 140 m in size, and rests ~10 m
topographically below the ‘aa. The visible orthomosaic re-
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Figure 9: 3D visual reconstructions of the southern distal flow front emplaced during the 2022 Meradalir eruption: [A] hill-
shaded DEM and [B] orthomosaic reconstructions. The dashed white line provides our interpretation of the boundary between
lava textures in the visible orthomosaic (based on Hennig [2023]). The clinker rafts are also shown in Figure 8B.

construction shows an apparent hue difference between these
two textures. The DEM reconstruction indicates lava chan-
nels ~5-27 m wide running perpendicular to the flow front
and pressure ridges that form parallel to the flow front with
vertical relief <5 m (from DEM). Channel widths based on the
visible orthomosaic agree with the DEM-based estimates to
within 0.55 meters and channel depths based on control points
agree with the DEM-based estimates to within 0.78 meters.

3.3 Southern distal flow front

The terminal flow front to the southeast of the vent (label
S in Figure 2B) is dominated by smooth plate surface tex-
tures, based on DEM and orthomosaic reconstructions, which
are consistent with pahoehoe lava morphologies (Figure 8B-D
and Figure 9). The visible orthomosaic reconstruction shows a
contrast between the ropey-dominated (to the northwest) and
slabby-dominated (to the southeast) pahoehoe lava textures
(Figure 9B), as well as lava clinker rafts within the slabby-
dominated pahoehoe lavas (Figure 8B). The DEM reconstruc-
tion provides an opportunity to measure the size of the slabby
pahoehoe sheets, which range between 5 and 15 meters in
diameter (longer axis) with an average of 9 m. Additionally,
the slabby texture transitions to a blockier texture within the
final 10 m of the flow front. The blocky texture preserves a
rough topography of a collisional jumble of plates as the flow
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was constrained by the preexisting topography of the valley
(Figure 8D).

3.4 Spectral analysis

Spectral analysis from the emissivity data derived from the
PyMTI-UAS radiance data (Section 2.1) of the main vent area is
able to differentiate between different surface textures, oxida-
tions states, and emissions (Figure 10). The PyMTI-UAS emis-
sivity spectra reveal the presence of high temperature (<690 K)
fumaroles emitting SO, and water vapor (red and orange spec-
tra in Figure 10), depicted by the strong absorption (emissiv-
ity <0.75) at 8.5 and 9.0 um. Low level surface oxidation is
also observed on the cooling flanks (~400-500 K), portrayed
a weaker absorption (emissivity >0.8) at 8.5 and 9.0 um and
minimal absorption (emissivity >0.97) at 10 pm (green spec-
trum in Figure 10). The spectrum acquired of the cooling flank
is likely influenced by low concentrations of SOy. The main
lava/scoria cone and its crater are some of the coolest portions
of the main vent area. Most areas are <350 R and have a typ-
ical basaltic emissivity spectrum, characterized by weak ab-
sorption (emissivity >0.89) at all wavelengths (8—14 pm) with
a minimum at ~10 pm [Thompson et al. 2019; Thompson and
Ramsey 2020a; Biren et al. 2022] (blue spectrum in Figure 10).
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Figure 10: Temperature and emissivity variability across a small active fumarole(~15 x 8 m), shown as inset F in Figure 3B. The
processed PyMTI-UAS data can detect SO,, surface composition (basaltic to felsic), and silica oxidation during surface cooling.

4 DISCUSSION

UAV systems like PyMTI-UAS provide flexible platforms for
researchers to acquire accurate, high-resolution visible and
TIR data. Such systems allow near real-time monitoring of
mass and flux rates of lava and volcanic gases. Multispectral
TIR data of volcanoes deliver critical information about ther-
mal and gas fluxes pre-, syn-, and post- eruptions, which are
useful for simulations of volcanic products (e.g. lava flows),
air quality, and mitigation strategies [e.g. Tang et al. 2020; de-
Graffenried et al. 2021; Lowenstern et al. 2022; Barsotti et al.
2023]. Typically, these data are not available in a timely man-
ner and with high resolution (<5 m), limiting the ability to pro-
vide detailed analyses and conclusions about activity. This is
because of the long repeat cadences of satellite data and lim-
ited perspectives offered by ground-based data [Ramsey et al.
2022]. UAV-based TIR instruments provide flexibility and rel-
ative logical ease to acquire data at high resolution over entire
lava flow fields [Carr et al. 2019; James et al. 2020]. UAV col-
lected data can also be used to produce 3D reconstructions
of high resolution DEMs and orthomosaics, which enable the
interpretation of emplacement dynamics and surface textures
[e.g. Carr et al. 2019; Andaru et al. 2021; Carr et al. 2021].

PyMTI-UAS successfully collected multispectral TIR
datasets during the initial field deployment to Fagradalsfjall
in August 2022. The data PyMTI-UAS collected in its
maiden deployment also offer insights into lava dynam-
ics and cessation-adjacent post emplacement processes,
including degassing, surface oxidation, and collapse in
basaltic eruptions. Observations show unmodified tephra
deposits arranged around the vent, that are aligned with
the primary fissure (Figure 11). Such features are typical
of Icelandic lava/scoria cones [Boreham et al. 2018]. The
relative completeness of the collapsed flank block to the
south observed in the DEM, recognizable in both thermal
and orthomosaics reconstructions (Figure 5, Figure 6 and
Figure 11), implies that the collapse occurred towards the
conclusion of the eruption. The development of the cone was
observed gradually throughout the eruption with a collapse
towards the end of the active eruption from August 12-16,
2022 [Global Volcanism Program 2022]. The data acquired
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by our study could potentially be collected by other UAS but
not with the same thermal infrared spectral information and
at the cost achievable through the PyMTI-UAS system.

The thermal features correspond to geomorphological fea-
tures observed in the DEM and orthomosaics reconstructions.
The highest thermal anomalies (<700 K) are observed where
the strongest fumarolic/degassing activity occurs on the rim
of the lava/scoria cone [e.g. Spampinato et al. 2011]. The in-
terpreted alteration of tephra on the flanks of the cone (ob-
served as lighter linear features on the flanks in Figure 1, Fig-
ure 5 and Figure 6), correspond with higher thermal emission
regions (<550 R). The alteration implies the thermal pertur-
bations are driven by gas/fluid release patterns post-eruption
[Head and Wilson 1989]. Similar radial rill structures have
been recognized at active lava domes [Hutchison et al. 2013],
eroded cones [Valentine et al. 2007], and altered historic cones
[Reynolds et al. 2015; RKésik et al. 2016; Fitch and Fagents
2020]. However, to our knowledge, these radial rill thermal
structures have not been previously described at recently em-
placed lava/scoria cones. Calvari and Pinkerton [2004] ob-
served similar thermal arcuate cracks on a small portion of
the flank of Laghetto cone in 2001, but these were not con-
tinuous around the cone, and it is unclear if alteration was
associated. The radial rills at Laghetto cone formed as the re-
sult of drainage of underlying magma from the fissure causing
instability [Calvari and Pinkerton 2004]. If the features on the
Meradalir lava/scoria cone are formed by a similar process, it
would imply the fissure system is centered directly under the
cone, forming the radial rills/cracks around the entire flanks
of the cone. Contrary to the Laghetto scoria cone [Calvari
and Pinkerton 2004], there are no visible cracks observed in
these regions at Meradalir. Additionally, the features at Mer-
adalir formed rapidly in the 1-2 days following the extrusive
eruption, which suggests the drainage occurred over a shorter
period than at Laghetto. Therefore, we instead propose that
the strong radial symmetry, visible alteration, and elevated
temperatures suggest these are cooling pathways controlled
by rapid (1-2 days) systematic drainage of unerupted magma
post eruption.
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Figure 11: Photos of the Meradalir lava flow field from August 23-26, 2022. [A] lava/scoria cone showing the collapsed flank
block, [B] lava/scoria cone showing the relationship between the cone and fissure.

The lava flows produced from the lava/scoria cone
breached the southern flank from the base [Global Volcan-
ism Program 2022], resulting in instability and subsequent col-
lapse toward the end of the eruption, due to lava drainage and
magma static pressure drop of the magma column. Data ac-
quired by this study show the lava flows around the vent are
dominated by blocky and clinker ‘a‘a textures implying the ef-
fusion of a relative high viscosity lava potentially emplaced at
moderate effusion rates [Harris et al. 2016; Global Volcanism
Program 2022] (Figure 1, Figure 5 and Figure 11). Viscosity
modeling results imply 2.8-3.5 Pa s at 1665 R compared to
20.9-29.5 Pa s at 1471 K [Soldati et al. 2024]. The deformation
modeling results by Parks et al. [2023] measured initial mean
effusion rates of 32 m3 s~! which decreased to ~10 m3 s~ to-
wards the end of the eruption [Gunnarson et al. 2023]. There-
fore, the lavas around the cone were likely emplaced during
the later phase, with regions of slabby and ropy pahoehoe lava
inferring some sporadic pooling and inflation of lava during
emplacement.

‘A'a and pahoehoe lava are both observed by this study at
the distal lava flow fronts (Figure 1, Figure 7, Figure 8 and Fig-
ure 9). The main portion of the eastern distal lava flow front
is dominated by blocky ‘a‘a textures with large pressure ridges
(1-10 m periods and 5-15 m amplitudes). The pressure ridges
are attributed to the constriction of the lava flow to the preex-
isting topography of the valley and typically run perpendicular
to the topographic gradient (as shown in Figure 7) [Harris et
al. 2016]. A zone of pahoehoe lava is also observed by this
study at the very edge of the eastern distal lava flow front and
continues to the southernmost part of Meradalir, appearing
much fresher than adjacent 2021 lava (Figure 8). The lava was
clearly recently emplaced, as parts of the flow were still hot
enough to boil water on the lava surface (>375 R) (see multi-
spectral thermal infrared data in Figure 6A and Figure 10), and
the glassy exterior of the lava had not yet been tarnished like
the older 2021 pahoehoe (Figure 8). Although not observed
directly, it is hypothesized that this pahoehoe lens represents
a remnant from the 2021 eruption that was remobilized and
emplaced in 2022 as a result of the load exerted by the new
overlying lava. Other studies also hypothesize this mecha-
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nism because the crystal cargo contains large euhedral olivine,
which is characteristic of the 2021 lava and not the 2022 lava
[Halldérsson et al. 2022; Marshall et al. 2023; Caracciolo et
al. 2024; Marshall et al. 2024]. The pahoehoe texture of this
lava observed in this study, implies that these were emplaced
through slow toes breakout and inflation dynamics [Harris et
al. 2016; Volcanology and Natural Hazards Research Group
2022] (Figure 8). The mineralogical/geochemistry differences
from the 2022 lava [Marshall et al. 2023; 2024; Wainman et al.
2024], the emanation of the lava from beneath the 2021 lava,
detailed mapping of the interaction between lavas [Barsotti et
al. 2023; Hennig 2023] additionally highlighted in this study),
and the freshness of the pahoehoe surface observed in this
study (Figure 8), together implies that this lava is remobilized
2021 lava. Work, published only on social media by the Uni-
versity of Iceland, Volcanology and Natural Hazards Research
Group [2022] also shows that the new flows raise the surface
of the lava field by about 4 m above the level of the pre-2022
eruption lava field, and that the older 2021 lava in the north-
ern extent of eastern Meradalir had inflated. Together, these
combined observations infer that beneath the surface of the
solidified 2021 lava, molten lava remained and was displaced
by the weight of the 2022 lava on the surface of the 2021 lava
field, resulting in changes in the height of the lava field and
the "squeezing out" of remnant 2021 lava onto the surface.

The extensive (150 x 500 m), low relief (~2 m), and rela-
tively thin (<10 m thick) lava surface in the southern distal
region, imply these are slabby pahoehoe flows that were later
inflated [Thordarson and Self 1998; Harris et al. 2016]. The
surface is also marked with shallow (~2 m) monoclines and
tumuli, features typically associated with thick pahoehoe flow
(e.g. Hawai'i). These slabby pahoehoe flows exhibit distinc-
tive jointing in hexagonal/polygonal structures caused through
inflation and contraction of the lava surface. This is consis-
tent with results from Discrete Fourier Transform 2D anal-
ysis of the DEM reconstruction, which shows strong (ampli-
tudes >700) variability in 4 orientations (approx. N-S, E-W,
NE-SW, and NW-SE) at ~28-m intervals (Figure 12). Similar
polygons are present on the pahoehoe flows from the 1974
Mauna Ulu flows and earlier 1990 Puu ‘O6 flows [Harris et
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Figure 12: [A] Discrete Fourier Transform 2D analysis of the [B] DEM reconstruction of the southern distal flow front emplaced
during the 2022 Meradalir eruption. The pixel size for the analysis is 0.05 meters. The analysis reveals the directionality of the

slabby pahoehoe sheets.

al. 2016]. The Discrete Fourier Transform 2D analysis also
reveals the ~E—W orientation as the direction of greatest vari-
ability at all spatial scales from ~5 to 30 m (Figure 12), which
implies the dominant orientation of forces active during em-
placement. Similar analysis can be applied to historic flows
to improve interpretations of their emplacement dynamics.

The PyMTI-UAS instrument offers a contribution to future
technological enhancement of multispectral TIR imaging sys-
tem for volcanic and other geoscience applications. The de-
velopment of a low-cost, versatile instrument that is deploy-
able on multiple platforms (ground and air) to capture high-
resolution TIR spectral data can provide new insights into dy-
namic geological processes. We demonstrate that it is pos-
sible to develop relatively inexpensive, operationally-flexible
multispectral TIR imaging systems that can acquire accurate
thermal and spectral information of volcanic process across
a variety of temperatures. PyMTI-UAS has limitations and
offers the potential for future development. For example, the
lack of real-time data telemetry limits the application for rapid
data analysis and hazard assessment, but this can be achieved
through the integration of a data downlink. Another limitation
relates to the optical design that limited the radiometric cal-
ibration. Future development could involve redesigning the
optics with the filters between the lens and focal plane ar-
ray, with the flat field correction shutter on the outer most
optical surface. This would also reduce the geometric cor-
rection required. The spatial (~0.1 m) and temporal (1 Hz)
resolution and field of view (8-22 m) also limited operating
from close distances to maintain the high-resolution required
to provide insightful science data and actionable analysis for
hazard response. Sensors with larger focal plane arrays can be
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integrated with the architecture to improve the overall opera-
tional flexibility by increasing the spatial resolution and field
of view, with an improved data interface increasing tempo-
ral resolution. All these potential future developments will
improve the applicability and adaptability potential. How-
ever, these will add cost, weight, and power requirements that
may ultimately reduce the utility and adoptability of a system.
Overall, we think the PyMTI-UAS provides a foundation for
future development in multiple directions that can be tailored
to applications addressing particular needs across geosciences
and hazard management.

5 CONCLUSIONS

The 2022 Meradalir effusive eruption in Iceland provided
an opportunity to test the capabilities of the PyMTI-UAS in-
strument and allowed us to develop algorithms to enable
broad use of the instrument in the community and beyond.
The PyMTI-UAS performed well, offering insights into ther-
mal and gas flux from volcanic cones and lava flows post-
emplacement. The multispectral thermal infrared data con-
tained 10-50 mm spatial registration error between bands
with up to 3 m horizontal georeferencing error, enabling the
precise location of thermal anomalies within the lava flow
field. The resulting thermal data contained cumulative tem-
perature and emissivity errors of <4 % that provided the accu-
racy needed to detect subtle changes in lava surface tempera-
ture and gas fluxes from fumaroles. PyMTI-UAS successfully
deployed on a small UAV for 30-minute flights with moderate
wind conditions and, overall, acquired actionable data.

The high resolution visible and multispectral thermal in-
frared data were used to analyze lava surface textures and
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morphologies and suggest some emplacement processes. The
spectral and temperature data were able to constrain major
spectral variabilities, surface oxidation, and thermal anoma-
lies, as well as volcanic thermal and gas emissions from dif-
fuse and point sources. However, there are limits to the de-
tection capabilities of multispectral thermal infrared data from
UAVs due to resolution, power, and mass constraints. Further
deployment at active volcanic systems and thorough ground
truthing of data will improve the accuracy and reliability of
data, which will lead to higher confidence in results. The sci-
entific results and conclusions discussed here offer some in-
sights into the types of questions we hope to answer moving
forward.

Overall, PMTI-UAS was developed as a relatively inex-
pensive multispectral TIR instrument designed to be deploy-
able on a small UAVs to maximize logistical flexibility. We
want PyMTI-UAS to be an accessible resource that aids sci-
entists, volcano observatories, and hazard agencies across the
global community. The methodology and results developed
for PyMTI-UAS during the 2022 Meradalir campaign provides
a framework for further development and innovation, with the
aim of improving monitoring and analysis of volcanic systems
at all scales. Our hope is that PyMTI-UAS or similar innova-
tions will enhance measurement capabilities of all scientists
and agencies responsible for the investigation and response
to volcanic activity, and that applications may even extend
beyond volcanology, into other geological and geographical
studies.
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