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Functionalization of synthesized zeolite was done with
the sterically hindered AMP. This facilitated the adsorp-
tion of CO, at higher temperatures and also improved
adsorption capacity in the presence of moisture, which is
otherwise a major concern in case of zeolite for flue gas
stream from power plants. Regeneration studies revealed
that the adsorption capacity decreased after the second
cycle of adsorption. Efforts must now be taken to
improve regeneration in the later cycles of adsorption in
further research.
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Subsurface hydrocarbon reservoirs act as effective
thermal barriers to the Earth’s heat flow from the
interior to the surface. As a result, a positive thermal
anomaly below a hydrocarbon reservoir and a nega-
tive thermal anomaly on the surface above the reser-
voir are observed. The use of remote sensing satellite
images is a rapid, cost-effective and accurate method
of determining land surface temperature of a region.
The present study uses recent Landsat 8 operational
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land imager-thermal infrared sensor images to detect
land surface temperature distribution in a part of the
Assam—Arakan Fold Belt, North East India, using a
single-channel algorithm. Two anomalous negative
surface temperature zones to the south of the study
area are found to be important. High-resolution
Landsat 8 panchromatic image, surface geological
map, NDVI map and SRTM data rule out the effects
of artefacts, urban settlements, and variations in
lithology, vegetation or topography on these anomal-
ous zones. The superimposition of the surface temper-
ature map over the previously determined hydrocarbon
prospect map reveals that these negative surface
temperature anomalies lie over two significant hydro-
carbon prospect zones. Thus, the effect of subsurface
petroleum reservoirs is evident on the land surface
temperature distribution of the area. Therefore, satel-
lite image-based land surface temperature mapping
can be used as an aid in detecting potential target
areas for hydrocarbon exploration in the entire basin.

Keywords: Hydrocarbon exploration, satellite images
remote sensing, surface temperature anomaly.

IT is well established that the temperature of the Earth
increases with depth. Thus, heat flows from the Earth’s
interior to the surface, which is evident from wells drilled
into the Earth’s crust'. The heat generated in the subsur-
face flows through the solid crust, primarily in the form
of conduction’. Thus, depending upon the thermal
conductivities of the subsurface rocks, the temperatures
of the Earth’s surface will vary. For example, in case of
shale beds that have low thermal conductivities, the sub-
surface heat cannot escape through and accumulates
below them'. Thus, an increase in temperature below the
shale strata and a low temperature above the strata are
observed. On the other hand, salt beds, being highly
conductive, pass the heat easily to the surface and cause
an increase in the surface temperature'. Hydrocarbons are
considered as thermally more insulative than other com-
mon Earth materials, and hydrocarbons along with
connate water act as a greater thermal barrier than hydro-
carbons alone, which causes an increase in temperature
below the zone of hydrocarbon accumulation and a
decline in temperature above the petroleum reservoirs’.
Thus, a negative land surface temperature (LST) anomaly
is observed over the hydrocarbon reservoirs®. Several
studies have indicated that surface temperature anomalies
exist over the oil or gas fields and LST mapping can help
locating subsurface hydrocarbon deposits*”’. Measure-
ment of surface temperature over a region by field sur-
veying is a difficult task because of differences in many
inherent factors like diurnal variation, local surface mois-
ture, etc.®. Satellite-based remote sensing, however, over-
comes these difficulties by collecting data within a few
minutes in a stable condition® and can be effectively used
to determine even the subtle variations in LST rapidly,
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cost-effectively and accurately. The regions of negative
thermal anomalies, excluding the effects of artefacts
(urban areas, roads, etc.), water bodies (lakes, canals and
wet fields), ground vegetation, topography, and lithology
may be considered as possible targets for further detailed
hydrocarbon exploration’. In a study over Cambay Basin
in India, it was found that the ASTER-based LST map
exhibits preferential clustering of anomalous cooler
pixels over the known oil fields’. In a similar study in the
same basin, using ASTER night-time data, it was proved
that low-temperature anomalies exist over the oil fields’.

The present study utilizes Landsat 8 (OLI-TIRS; Oper-
ational Land Imager—Thermal Infrared Sensor) images to
calculate LST over a part of the Assam—Arakan Fold Belt
(AAFB) in North East India using a single-channel algo-
rithm. The superimposition of the LST map over the pre-
viously detected hydrocarbon prospect map of the same
area shows distinct negative thermal anomalies over the
two significant hydrocarbon prospects. The study, thus,
indicates that analysis of satellite-based land surface
thermal anomalies may have the potential in locating
hydrocarbon prospects in the entire basin.

The exploration of hydrocarbons by conventional me-
thods like 2D or 3D seismics, exploratory well-drilling,
etc. is costly and time-consuming and, therefore, cannot
be used indiscriminately over the sizeable areal extent of
a sedimentary basin. The use of unconventional remote
sensing techniques offers more help in delineating the
prospective targets for hydrocarbons in the preliminary
stage of exploration. The primary objective of this study
is to verify the correlation between the Landsat 8-based
surface temperature distributions and the occurrence of
subsurface hydrocarbon reservoirs in the study area. The
result of the study will, therefore, may help find primary
prospective areas for hydrocarbons and in reducing the
exploration cost.

The study area lies in the southernmost part of the
AAFB around Cachar district, Assam, NE India (Figure
1 a). Geographically, the study area is bounded by the
24°31’N/24°57'N and 92°37’E/93°07’E, covering an area
of approximately 2400 sq. km. Topographically, the area
is surrounded by hilly forested terrain to the north, east
and south. The remaining part of the study area is covered
by alluvial plains of River Barak and its tributaries, with
intermittent small hillocks. The region is characterized by
heavy rainfall, with an average annual rainfall of more
than 3000 mm. A natural colour composite map of the
study area of Landsat 8 (4-3-2, RGB space) is presented
in Figure 1 b, to show the vegetation and land cover.

AAFB is one of the oldest petroliferous basins of India
with several oil and gas-producing fields. Though the
AAFB basin is considered to have been endowed with
substantial hydrocarbon resources, it is still under-
explored due mainly to poor understanding of the
subsurface configuration arising out of the tectonic com-
plexities®.
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Geologically, the AAFB basin is characterized by a
series of NNE-SSW trending narrow and elongated
plunging anticlines separated by broad flat synclines. The
basin shows progressive structural complexities from
west to east”'’. It comprises a thick succession of clastic
sediments with ages ranging from Palacocene to Recent®.
Figure 2 shows a surface geological map of the study area
(adapted from refs 11, 12).

Landsat 8 OLI-TIRS images of the study area were
thoroughly searched, and a recently acquired clear scene
with least cloud cover was downloaded from the USGS
EROS (United States Geological Survey-Earth Resources
Observation and Science) Data Center (https://earth-
explorer.usgs.gov.) with the specifications depicted in
Table 1.

To determine LST, three separate bands — band 4 (red),
band 5 (near-infrared) and band 10 (thermal infrared sensor
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Figure 1. a, Geographical location of the study area. b, Natural

colour composite map of the study area formed by Landsat 8 bands 4-3-
2 in RGB space.
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(TIRS)) of Landsat 8 data were used. It is important to
mention here that though Landsat 8 has two TIRS bands
(bands 10 and 11) suitable for determining LST, follow-
ing the 2014 USGS notice, only band 10 has been used to
calculate LST here. The band images were already geo-
metrically corrected, but were in 16-bit unsigned digital
number (DN) values. The single-channel algorithm was
followed to convert these DN values into LST'*'*. The
followings steps were used for LST calculation.

(i) Determination of top of atmospheric (TOA) spectral
radiance. This was done using the formula'®

L/1=ML*Qcal+AL= (1)

where L, is the spectral radiance, M| the radiance multi-
plicative scaling factor for band 10 and is 0.0003342 as

92°400"E 92°50'0"E 93°0'0"E

24°50'0"N
24°50'0"N

24°40'0"N
24°40'0"N

92°40'0"E 92°50'0"E 93°0'0"E
Legend 0 5 10 15
- ———
—-— Anticline i
- Kilometers
== == 8yncline [_IBokabil Formation
[T Atlavium —/1 Upper Bhuban Formation

[ bupitila Formation ] Middle Bhuban Formation
[ Tipam Formation [ Lower Bhuban Formation

Figure 2. Surface geological map of the study area (adapted from refs

11, 12).

Table 1. Specifications of Landsat 8 scene for the study area

136/43

Date of acquisition 29 January 2018
Scene centre time 04:18:09.43 (GMT)
Cloud cover 0.11

Path/row

Sun azimuth 146.28628095
Sun elevation 40.30336560
Map projection UTM

Datum WGS84

UTM zone +46
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specified in the metadata of the image, Q. the level-1
pixel value of band 10 in DN and A is the radiance addi-
tive scaling factor for band 10 and is 0.10 as specified in
the metadata of the scene.

(i1) Determination of at-sensor or brightness temperature
(BT). BT is the effective temperature viewed by the satel-
lite under unit emissivity. The conversion of TOA
radiance to BT (°C) was done as follows

K,
In 5+l
L;
where K; and K, are band-specific thermal conversion

constants with values 774.8853 and 1321.0789 respec-
tively, as specified in the metadata of the scene.

BT = -273.15, ()

(iii) Calculation of normalized difference vegetation index
(NDVI). The 16-bit DN values of band 4 (red) and band 5
(infrared) were converted into TOA reflectance (R) using
following formula'®

Qe *Mp+ Ap
sing

R= 3)

where O, is the quantized and calibrated DN value of
the band, M, is the band-specific multiplicative rescaling
factor, 4, is the additive rescaling factor and & is the sun
elevation (deg). The NDVI was calculated as follows:

_(R5-R4)

NDVI = ,
(R5+ R4)

4

where R5 and R4 are the reflectance values of band 5 and
band 4 respectively.

(iv) Calculation of the proportion of vegetation (Py). The
proportion of vegetation was calculated using the follow-
ing formula

B ( (NDVI - NDVIs) ]2 )

V| (NDVIv - NDVIs

where NDVIs and NDVIv are the NDVI values of soil
with no vegetation and densely vegetated areas respec-
tively. The value of NDVIs is taken as 0.20 and NDVIv
as 0.5 taken as global values (ref. 16).

(v) Calculation of land surface emissivity LSE (¢&).

While determining LSE, the following conditions were
considered. (a) When NDVI <0, the object is classified
as water, and LSE is taken as 0.991. (b) when
0.20 <NDVI = 0, the object is classified as bare soil, and
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LSE is taken as 0.966. (c¢) When NDVI > 0.50, the
objects is described as dense vegetation, and LSE is taken
as 0.973. (d) When 0.50 <NDVI =2 0.20, the following
equation is used.

e=g* Pyt &(1-Py)+C, (6)

where &, is the emissivity of the vegetation which is equal
to 0.973 for Landsat 8 band 10, & the emissivity of the
soil which equal to 0.966 for Landsat 8 band 10, and C,
is the surface roughness which is taken as 0.005 (ref. 17).

(vi) Calculation of LST (°C): LST was calculated using
the following equation

LST = [BT/{1 + (A*BT/r) * In(&)}], (7)

where A is the average wavelength of Landsat 8 band 10
which is equal to 10.895 um and r is equal to 1.4388 x
107 mK.

All the above calculations were performed in ArcMap
using the Raster calculator tool. Figure 3 shows the Land-
sat 8 image-derived LST map of the study area.

The Landsat 8-based LST map of the study area was
analysed for the influence of artefacts and urban settle-
ments by identifying objects with the help of high-
resolution Landsat 8 panchromatic band (Figure 4) and
Google Earth images. The urban settlements (urban heat
islands) were observed to be characterized by higher
LST. For example, over the populated Silchar town, LST
was around 21°C. The metalled roads also depicted high-
er surface temperature. Again, as evident from the TOA-
corrected NDVI map (Figure 5), the northern, eastern and
southern parts of the study area were covered by dense
vegetation. These vegetated areas appear to have low sur-
face temperature (17°C or less). Also, the scattered vege-
tated areas to the west of the study area showed low
surface temperature distribution. As the image was
acquired in the daytime, it is evident that the land surfaces
show higher temperatures than that of the water bodies.
The Barak River flowing in the central part of the image
having negative NDVI values showed clear low LST dis-
tribution (about 18°C) compared to its surrounding land
surfaces (about 21°C).

To study the variation of LST with topography in the
study area, the LST map was compared with a high-
resolution Shuttle Radar Topography Mission (SRTM)
image (Figure 6). The SRTM image clearly shows topo-
graphical highs to the northern, eastern and southern
parts, which are characterized by low LST distribution.
The central part of the image comprises plain lands with
almost uniform height.

The LST map of the study area was superimposed on
the satellite image-derived hydrocarbon microseepage
prospect map of the same area generated previously'®.
The superimposition revealed two prospective areas for
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hydrocarbons (A and B, Figure 3) with conspicuous low
LST. The average surface temperature of prospects A and
B was 18.59°C and 18.60°C respectively. Three different
areas representing non-prospective hydrocarbon regions
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Figure 3.
area.

Land surface temperature distribution map of the study
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Figure 4. Landsat 8 panchromatic image (15 m resolution) of the
study area.
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(C-E, Figure 3) having the same type of landforms as those
of the prospective areas (A and B) were also marked
for comparison. The LST data showed that average sur-
face temperature of the hydrocarbon non-prospective
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Figure 5. Top of atmosphere (TOA)-corrected NDVI map of the
study area.
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Figure 6. Shuttle radar topography mission image of the study area.
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areas, viz. C, D and E was 19.61°C, 19.64°C and 19.87°C
respectively. Thus, the hydrocarbon prospect areas have
about 1°C less surface temperature than that of the non-
prospect areas. The surface geological map of the area
shows that all these hydrocarbon prospective as well as
non-prospective areas are located on the same alluvium
plains of Barak River. Again, the SRTM image
reveals no variation in topographic altitude among the
prospective and non-prospective areas. Also, the NDVI
map reveals that the areas are characterized by the same
type of vegetation densities. The panchromatic image of
the area rules out human or urban activities over the
anomalous regions. Therefore, the observed negative
thermal anomalies over the hydrocarbon prospect areas
may be attributed to the occurrence of subsurface hydro-
carbon reservoirs.

Subsurface hydrocarbon accumulation causes negative
thermal anomalies on the land surfaces over them. Satel-
lite images can help detect such subtle thermal anomalies
in a rapid and cost-effective manner and consequently
assist in hydrocarbon exploration, at least in the prelimi-
nary stage. The present study carried out in a pre-
established hydrocarbon prospect area indicates that the
average LST over two prominent hydrocarbon prospect
areas is about 1°C less than that of the non-hydrocarbon-
bearing areas. Therefore, this study concludes that satel-
lite-based surface temperature anomalies can be utilized
as an effective unconventional tool to target potential
prospect areas for hydrocarbons in the entire AAFB and
this may help in reducing the cost of hydrocarbon explo-
ration.
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