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Abstract - Research on surface geothermal evidence has been done extensively using remote sensing techniques. For
detailed remote sensing exploration on geothermal areas, UAV and airborne based were preferred over the satellite-based
sensor. In this research, anomalies in surface temperature, mineral occurrence, and ammonia emission were studied
on a set of airborne hyperspectral imagery from NASA, the Hyperspectral Thermal Emission Spectrometer (HyTES).
High-resolution surface temperature and mineral maps were able to identify and describe the mineralogy of the mud
pots and gryphons at the Davis-Schrimpf Geothermal Field, Salton Sea, California. From the surface temperature
map, the surface temperature of the geothermal features wa s measured at approximately 314°K (40°C) and higher.
The purest pixels from MNF transformation of the first four cleanest bands of emissivity map produce endmembers
that include the geothermal indicator minerals (barite, anhydrite, quartz, gypsum). Based on the mineralogy deposits,
these manifestations are classified as potassic alteration types from a porphyry system that could be an indication of
an active geothermal system. This also explains that the surface features are part of the upper reservoir of the Salton
Sea Geothermal Field. On the other hand, ammonia detection that was performed in this research failed to get any
clear recognition from the simple image processing. It is concluded that the airborne hyperspectral imagery could
be a reliable option for remote sensing geothermal exploration, as it was able to characterize the surface geothermal
manifestation with quite good detail using this imagery from a wide area of survey.
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INTRODUCTION

Background

Remote sensing has been used in many geo-
thermal exploration studies. Not only to identify
several direct evidences such as the occurrence
of the caldera, hot springs, or other surface geo-
thermal manifestations, indirect proof such as
surface temperature could also be mapped using

the various wavelength ranges from camera sen-
sors. Der Meer et al. (2014) published a compre-
hensive review of the usability of the application
of geological remote sensing for geothermal
exploration.

There are three types of remote sensing plat-
forms, satellite, airborne, and Unmanned Aerial
Vehicles (UAV), each type has its strength and
limitation. Satellite-based imagery costs the lowest
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compared to the other two platforms. However,
the coarser image resolution is a major drawback
to be used in a surface geothermal manifestation
identification, because most of the manifestations
are smaller than the size of a single-pixel from
satellite imagery (30 m or higher). Several studies
using UAV (Harvey and Luketina, 2014; Nishar et
al.,2016) and airborne (Ramdhan, 2019) platforms
were able to capture the surface features with the
designated image resolution.

The UAV campaign surely costs much lower
than the airborne flight, but this could only be ap-
plicable to a small and reachable area. In Indonesia,
there are plenty of large and remote geothermal
areas that need to be discovered. For this reason,
this paper is focusing on airborne hyperspectral im-
agery to find the surface geothermal manifestation.

A set of open source datasets from NASA
airborne hyperspectral campaigns on a geother-
mal field, the Hyperspectral Thermal Emission
Spectrometer (HyTES) imagery of Salton Sea,
was used as the case study material in this paper.
From this image, the mineral deposit concept on
identifying the active geothermal system by Bogie

et al. (2000) was adapted to define the surface
geothermal features. A previous remote sensing
study by Reath (2011) combining the information
from SEBASS and ASTER imageries with SEM
and XRD was able to identify the geothermally
related minerals at the Salton Sea.

This paper aims for a similar result using
HyTES imagery, but more focusing on charac-
terizing the features in a smaller area (Davis-
Schrimpf Field). Another research objective is
also added to identify the occurrence of ammonia
using several simple image processing tech-
niques. Field information from past studies were
used to confirm the findings.

Geological/Stratigraphic Settings

The Salton Sea Geothermal Field is located
at the Salton Sea in southern California. The
intrusions that happened in the extension zone
at Salton Trough act as the heat sources of the
geothermal systems in this area (Younker et al.,
1982). This extensional system is along the San
Andreas Fault and surrounded by granitic and
metasediment ridges (Figure 1).
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Figure 1. Left, the location of the Salton Sea Geothermal Field (California Energy Commission). Right, simplified geology

map of Salton Sea Trough (Mueller and Rockwell, 1995).
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Helgeson (1968) described that the trough
consisting of Tertiary sediments of lacustrine and
deltaic sand shales are overlain by Quaternary
alluvium. This accumulation happened in the
mid-Pleistocene when the sea level was low rep-
resenting the long sequence of inland seas since
the Pleistocene (de Kamp, 1973).

Younker et al. (1982) divided the reservoir
rocks into two different types: the upper reservoir
comprising sandstones, siltstones, and shales has
the indication of minor alterations (silicification
and clay mineral reactions), and the lower reservoir
extensively altered is proven by the appearance
of the epidote and silica filling the reservoir pores
replacing calcite and anhydrite. A recent field
study at Davis-Schrimpf by Svensen et al. (2009)
measured that the temperature of the mud pot and
gryphons are approximately at 40 - 60°C.

METHODS AND MATERIALS

Geothermal manifestation on the Salton Sea
has been found since early 1540 where multiple
indication such as “field of boiling mud”, notable
thermal springs, and geyser activity were exposed
by many earlier researchers (Reath, 2011). The
geomorphology condition of the Salton Sea that
does not contain much of vegetation makes the
remote exploration attempts using satellite and
airborne survey possible.

In this study, the surface temperature and emis-
sivity recorded by HyTES were used to identify
the anomalous surface temperature and map the
mineral as an identifier of surface geothermal man-

ifestations. The thermal infrared sensors were used,
because it measured the emitted energy instead of
the reflectance. Both processes were executed on
the atmospheric corrected HyTES images.

The appearance of ammonia was also tried
to be detected from visual inspection, principal
component analysis, and band ratio. Detailed
explanations of each process are as follows, sum-
marized in Figure 2.

Pre-Processing

In-Scene Atmospheric Compensation (ISAC)
was applied to the image for the emissivity and
temperature separation. This algorithm corrected
the atmospheric path of transmittance and
radiance. It also separates the image spectrum
by searching for blackbody-like pixels on the
image, and calculates radiance and emissivity
(Brian, 2002).

Temperature Map

There are numerous papers demonstrating
the use of thermal infrared data to investigate the
surface temperature anomaly. Coolbaugh et al.
(2007) used the thermal sensor of ASTER images
to detect the anomalies that are associated with hot
springs and fumaroles in the Great Basin, Nevada.
In this research, the temperature map was used
separatedly from HyTES imagery to investigate
the anomalous temperature at Davis-Schrimpf
Geothermal Field, Salton Sea, California.

Mineral Mapping
As the first step of the mineral mapping,
endmembers were extracted from the emissivity
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Figure 2. Flow chart of the methodology.
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spectrum by performing Minimum Noise Frac-
tion (MNF) transformation (Green et al., 1988).
This process was done to remove the noise signal
and get the spectrally pure pixels to avoid the mix-
ing endmembers of each mineral. Endmember
is a spectral signature of a pixel that represents
the surface type from the image, in this case the
mineral type.

This transformation is theoretically similar to
Principal Component transformation, except that
MNF orders the bands by the estimated noise.
The bands here are different from the bands of
the image captured by the HyTES sensor; these
bands represent the principal component/eigen-
value number from the transformation of MNF.
The higher the eigenvalue, the higher the signal
to noise ratio. Bands are only selected with high
eigenvalue with expectation only a small amount
of noises included (Figure 3). However, visual
checks were also done on every band of the im-
age to inspect if there are any important features
that could be found in the higher noised bands.

[
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Figure 3. Illustration of band selection (indicated by the
wavelength) based on eigenvalue to remove the noise us-
ing MNF. Only bands with high eigenvalue are used (high-
lighted by the blue box).

From the MNF transformation, endmembers
were selected from the purest pixels from the
Pixel Purity Index (PPI) result and defined manu-
ally by referring to the available spectral librar-
ies. In this study, the John Hopkins University
Spectral Library was used, ECOSTRESS, as the
endmember reference.

122

After the endmembers were retrieved, Spectral
Angle Mapper technique was applied to define the
mineralogy of each pure pixel on the image. This
method classified the pixel based on the similarity
between the spectrum of the endmembers (r) and
the target (t). It measures the angle between the
vectors of band combination in the feature space
(Figure 4) and expressed in Equation 1.

2ottt | (1)
DI I

SA = cos™

band j

band i

Figure 4. Illustration of spectral angle difference between
the endmember spectrum (r) and the target spectrum (t) in
two-dimensional feature space.

Ammonia Detection

Multiple approaches were taken on ammonia
detection. The first observation carried out the
radiance spectra inspection of the ammonia by
referring to the spectrum model of ammonia from
the MODTRAN model (Ghandehari ez al., 2017).
As the follow-up, band ratio composite was done
by dividing the value at wavelength 10.3 which
has the high radiance against 8.3 that has the sig-
nificant radiance value to get a better recognition
from the visual assessment (Figure 5).

The third analysis performed was the band
combinations based on Principal Component
Analysis and the absorption features of ammonia
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Figure 5. Spectral model of ammonia from radiance spec-
tra (Ghandehari et al., 2017). The blue line indicates the
wavelength of low radiance at 8.3, the red line indicates the
wavelength of high radiance at 10.3.

at thermal infrared wavelength. Hall ez al. (2015)
detected ammonia using SEBASS and MAGI by
highlighting the absorption features within the
range of 10 - 11 micrometers (Figure 6). PCA
was done on this wavelength range to get both
absorption features captured.

Materials

The airborne hyperspectral imagery used in this
research is HyTES (2015-02-15_201611 Salton-
Sea 1 1 02). HyTES imagery has 256 bands
between 7.5 and 12 micrometers in the thermal
infrared ranges. The sensor was flown on Febru-
ary 15" 2015, from 2000 m altitude producing
an image with 3,41 m pixel size. The image was
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Figure 6. Absorption features of ammonia at 46-nm SE-
BASS and MAGI (Hall ez al., 2015).

retrieved from NASA on August 17%, 2018 (Fig-
ure 7).

HyTES thermal sensor called Quantum Well
Infrared Photodetector (QWIP) produces a high
accuracy temperature imagery. According to
William (2011), this device is expected to meet
the standard of the previously developed JPL
thermal infrared spectrometer (QWEST) that has
absolute errors on temperature measurements
below 0.1°C.

RESsuLTS

Pre-Processing

The ISAC algorithm separates the temperature
image and 256-bands of wavelength emissivity
images after removing the atmospheric effect
from the original image.

11538°0"W

1538°0°W 11536°0°W H5380°W

11532°0°W

11536'0°W

Figure 7. Left, HyTES (2015-02-15 201611 _SaltonSea 1 1 02) L1 image. Right, the location of the zone of interest (the

mud pots and gryphons) at Davis-Schrimpf Geothermal Field.
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Emissivity Map

Based on the statistical result, the quality of
the first fifty bands (wavelength range 7.52 - 8.39)
of the sensor is not quite good. This was indicated
by the quite deviated value at these wavelengths.
However, these bands were decided to be kept and
used for the next processes, despite the quality
being a little bit lower to make sure the features
was not missed from the shorter wavelength of
the minerals (Figure 8).

Temperature Map

The resulting temperature image from the
separation of the HyTES image indicates the
ground temperatures of the two targeted zones
(more precisely at the mud pots and the gryphons)
are high compared to the surrounding area. The
estimated temperatures of the mud pots are ap-
proximately 314°K (40°C) and higher, which
are matched with the temperature from the field
measurement (Figure 9).

% Mean:SaltonSea

Mean: Saltor

115370" W 11536'30" W 115°370" W

Figure 8. Left, the statistic of emissivity images. Right, the emissivity images represented by one of the bands that has good

quality (Band 83).

33°13'30" N

115°36'30" W 115°37'0" W

Figure 9. Temperature map of the Davis-Schrimpf Geothermal Field. The high temperatures were found at two circles

highlighting the fumaroles.
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Mineral Map
MNF

After transforming the emissivity image us-
ing MNF, only the first four bands (high signal
to noise ratio) were used for further processing.
Figure 10 displays the eigen values from the first
twenty-five bands and images of the first twelve
bands from the total of 256 bands.

According to the eigen value from the sta-
tistical results (Figure 10), Bands 1 - 4 show
significantly higher values compared to the rest
of the bands. This is also supported by the visual
inspection of the images from the higher bands
that are poorly noised. At some higher bands,
the images are still capturing some surface
features, but it is decided to take only bands
that have eigenvalue higher than 15 to get the
least noised result in the further steps of image
processing.

End Member Selection
The only pure pixel maintained from the four
bands of MNF transformation is shown in Figure

11. From these pixels, four endmembers were
retrieved and referenced to the John Hopkins Uni-
versity Spectral Library. From these purest pixels,
geothermal indicator minerals such as anhydrite
and barites were found in the studied area.

The spectra for barite endmembers from PPI
is showing a good match with the library, the
first and second absorption features at 8.1 and
8.9 clearly exist. Endmembers of anhydrite and
quartz from PPI also show a good reference with
the appearance of the absorption features at a
similar wavelength as the libraries.

Although the endmember of gypsum was not as
good as the other, the spectra are quite comparable
by looking at the absorption features around the
wavelength of 8.5 (Figure 12).

1 194891256
2 36.503302
3 18.257354
4 16.309834
5 9.996705
6 7.227808
7 5.445391

4928395

13 2971132
14 2894791

15 25843599 I8
16 2.78848
17 2721648

18 27136
19 2681201
20 2594614
21 2572385
22 2562754
2 2521359
24 2.475066

4 N S S T T I T N

Figure 10. Top left, the recapitulation of the eigen values of the first twenty-five bands. Top right, the plot of eigen values
of the first twenty-five bands. Bottom, images of the Bands 1 - 12.
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Figure 11. The black coloured pixels indicate the distribution of the pixels that are retained and considered as the purest
pixels by the PPI operation.
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Figure 12. The spectra comparison of each endmember pixels from PPI and JHU Spectral Library.
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Spectral Angle Mapper (SAM)

From the collected endmembers, the SAM
algorithm classifies the pixels based on the refer-
ence, and the results given are shown in Figure
13. In this operation, the maximum angle differ-
ence was specified as 0.1 in order to get the result
as close as possible to the endmember spectrum.
The pixels that had a higher angle than the cut-off
were classified as another mineral.

The mineral map displays the distribution
of the minerals from endmembers extracted
previously. The distribution of anhydrite as the
mineral indicator of geothermal in the Salton Sea
is scattered in many areas. However, massive ac-
cumulations of anhydrite were found surrounding
the mud pots and gryphons together with quartz
and barites.

Ammonia Detection

The ammonia detection did not provide a
result that was expected. Despite several pixels
that resemble the radiance spectra of ammonia
from previous research were found (Figure 14),
the result of band ratio composite and principal
component analysis on the pre-defined wave-
length range can not display the unique features
that represent the appearance of the ammonia in
this studied area (Figure 15). There are no unique

and significant areas that could represent the am-
monia emitted by the mud pots or fumaroles in
the studied area.

DiscussioN

HyTES imagery was able to produce a high-
resolution surface temperature and mineral map
of the Davis-Schrimpf Geothermal Field. The
3.41m resolution allows us to catch the smaller
information inside the geothermal manifestation
complex.

Regarding the endmember selections, the lack
of quality from the gypsum endmember spectra
might be caused by the noises from the MNF
band 3 that could be seen visually in Figure 10.
However, this band was used to keep the impor-
tant features in the zone of interest.

From the temperature map, areas with high
surface temperature (>40°C) were found precisely
at the previously identified mud pot and gryphons.
The mineral map was also able to reveal the min-
eral composition of features and made it possible
to describe this from the aerial image.

Overlaying both images gives a better under-
standing of the suspected areas (Figure 16). The
accumulation of Salton Sea geothermal system

33'13'0"N

Figure 13. Mineral map from Spectral Angle Mapper.
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Figure 14. Inspection of the radiance spectra from the surrounding Davis-Schrimpf Field that resembles the spectra of am-
monia. The plots on the right side display the radiance spectra of pixels from selected locations.
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Figure 15. Left, PCA from wavelength 10-11 micrometer of imagery.

mineral indicators, anhydrite and barites were
centred in the areas with high temperatures. The
fact that barites exclusively occurred in the centre of
the features, is consistent with the previous research
that stated this mineral occurred at the hydrother-
mal brine of the Salton Sea Geothermal Field.

Based on the mineralogy, the alteration type of
these features is classified as the potassic altera-
tion in the porphyry system. This is shown by the
appearance of alteration mineral indicators, quartz
and anhydrite, at the centre of the manifestation.
From this information, it is confirmed that these
features are the direct evidence of surface geo-
thermal addressed in this studied area.

128

The occurrence of the ammonia was not able
to be recognized using simple band manipula-
tions. There is a possibility that the fumaroles
and mud pots were not emitting any ammonia
during the survey. However, other advanced im-
age processing might also be done instead of only
PCA and Band Ratio.

CONCLUSIONS
Based on the temperature map, the surface

manifestations have similar values with the result
of field measurements (>40°C, the mud pots and
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gryphons at the Davis-Schrimpf Field were re-
corded as the hot zones on this map. PPI processes
from the first four bands of MNF transformation
results were able to generate endmembers that
include the geothermal indicator minerals (bar-
ite, anhydrite, quartz, gypsum). The mineralogy
examination shows that the surface geothermal
features are considered as part of the upper res-
ervoir of the Salton Sea geothermal system. This
formation is described as slightly altered, proven
by the anhydrite that still remained where it was
known altered in the lower reservoir formation.
To sum up, this research displays the ability of
HyTES to identify the surface temperature anom-
alies and the occurrence of mineral indicators, but
failed to diagnose the ammonia emission related
to surface geothermal manifestation.
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