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High-resolution shallow seismic investigations on
inner continental shelf of Goa have been carried out to
map gas-charged sediment zones and investigate ori-
gin of trapped gas. Analyses of data reveal that the gas
is trapped by different stratigraphic layers and is dis-
tributed in two zones. Zone-1 is restricted up to ~30 m
water depth and in the southern part of the study
area. In this zone, gas is confined within the Holocene
layers above the Holocene maximum Hooding surface
(MFS). Whereas, zone-2 is comprised of several iso-
lated gas-charged patches which are distributed in the
entire study area mostly between ~20 m and ~45 m
water depth. In this zone, gas is confined below Holo-
cene-MFS in incised river bed or a layer just below
MFS or both. Gas-charged sediment in zone-1 is
formed due to degradation of organic material which
is predominantly early Holocene mangrove derived,
whereas, zone-2 it is formed due to degradation of
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organic material which were deposited by ancestral
rivers during the post-glacial sea level rise of the Late
Pleistocene. The distribution pattern of zone-1 is con-
trolled by coastline configuration, long-term long-
shore current pattern, Holocene rapid sea level rise
and lithological character of exposed inter-tidal zone.
Whereas, distribution of zone-2 is controlled by
palaeo-rivers of different glacial periods and their
hydraulic energy condition during the base level rise.

Keywords: Acoustic blanking, acoustic turbidity, cen-
tral west coast of India, gas-charged sediment, mangrove,
shallow seismic.

THE number of studies of shallow gas-charged sediment
zones has increased over recent decades. One of the main
reasons for the growing interest is methane seepage from
seabed which alters the surrounding ecosystem and food
chain supply system. On a global scale, methane seepage
plays an important role in the biogeochemical cycling
and elemental transformation of carbon, sulphur and
nitrogen' . Since the gas that escapes from shallow
gas-charged sediments is mostly methane, this also con-
tributes to global warming®. Therefore, the study of gas-
charged sediment zones has become important for climate
change analysis. For example, methane emitted through
gas-charged sediment zones on the continental shelf
around the United Kingdom is estimated to contribute
~40% of the total national emission’. Additionally, shal-
lowly trapped gas may also cause sediment instability®
which poses hazards to coastal infrastructure.

Shallow gas-charged sediment zones are formed due to
microbial methanogenesis of organic material in a sedi-
mentary environment’ over thousands of years. Sea level
variations during the Late Quaternary changed the sedi-
mentary environment and altered the distribution and
quantity of organic matter available at the site, thus pro-
viding various types of gas traps’. Accumulation of these
gases may occur on or beneath the surface of the sedi-
mentary column, as well as in dissolved form in the water
column’. The shallow gas-charged sediment zones ob-
served in the seismic profile occur in the form of acoustic
blanking, acoustic curtains, acoustic columns, acoustic
turbidity, turbidity pinnacles and intra-sedimentary
plumes®.

On the western continental shelf of India, the presence
of shallow gas-charged sediments has been reported’ .
These gas-charged sediment zones are characterized by
acoustic blanking, wipe outs and acoustic turbidity.
Methane gas is most abundant in these shallow gas-
charged sediments''. Earlier studies on the western conti-
nental shelf of India were based on analysis of either iso-
lated high-resolution shallow seismic profiles or profile
lines were taken at coarser spacing (more than 10 nautical
miles). Detailed study of these shallow gas features is
still lacking on the western continental shelf of India. In
this regard, the present study investigates shallow gas-
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charged sediment zones off Goa, central west coast of
India, using closely spaced, high resolution, shallow
seismic survey tracks and seeks to discuss origin and fac-
tors controlling the distribution pattern of the observed
gas-charged sediment zones.

Geographically, the study area is located on the inner
continental shelf off Goa, central west coast of India, be-
tween lat. 14°43’N and 15°38'N and long. 73°24’E and
74°05’E where water depth varies from ~8 m to ~55 m
(Figure 1). The inner continental shelf is marked by an
even and gentle topography with a slope of 1:700 to
1:3300 (ref. 14). It is covered by silt and clay up to
~50 m water depth'*. A wedge-shaped sediment package
on the inner continental shelf off Betul-Karwar is identi-
fied">">'%, which is characterized by low amplitude, con-
tinuous and parallel reflectors extending seaward'>'.
This wedge-shaped sediment package thickens towards
the shore and pinches out around 50 m water depth'*'>!¢.
Earlier studies have also identified weak reflectors within
the wedge, downlapping against a planar surface and
referred to the same as maximum flooding surface (Holo-
cene-MFS)'*1°.

Chapora, Mandovi, Zuari, Sal, Talpona and Galgibag
are major estuaries of Goa, which carry terrigenous ma-
terial from highlands of the Western Ghats and finally
debouch in the Arabian Sea. Heavy rainfall in the mon-
soon season (June—September) on the slopes of the
Western Ghats leads to heavy runoff in the catchment
area of these estuaries.

The study is primarily based on ~1650 line kilometre
of High-Resolution Shallow Seismic (HRSS) data acquired
along 50 parallel track lines with 1 nautical mile line
spacing (Figure 1) onboard CRV SagarSukti and MFB
Falguni. The data was acquired using a sparker system
comprising of energy source CSP D700, multi-tips squid
spark array, data acquisition unit Octopus 760 and a 20
element hydrophone array with 0.25 m hydrophone
spacing. Energy source unit was set to supply 300 J per
shot through multi-tipped sparker squid and the seismic
signal received through the hydrophone array streamer
was recorded at 24 kHz sampling frequency for 500 ms
record length. Each shot was geo-referenced using a dif-
ferential global positioning system (DGPS).

Acquired data was processed using seismic data
processing software package SeisSpace”ProMAX" of
Landmark Solutions. The data was re-sampled at 0.1 ms
interval and stored in an internal format of Seis-
Space"ProMAX". Re-sampled data was first subjected
to trace editing and top muting. Later, it was subjected to
bandpass filtering, deconvolution and gain correction
to improve seismic reflectors. P-wave velocities of
1500 m/s for water column and 1583 m/s for sedimentary
layers were used to convert two-way travel time into
depth'”. The navigation data was extracted from the SEG-
Y header of each trace representing a shot point for gene-
rating seismic track plot.
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Figure 1. Map depicting study area and hinterland. Solid red lines represent seismic tracklines. Parts of

the seismic tracklines, highlighted with blue colour, refer to the locations corresponding to seismic sec-
tions used in subsequent figures. Bathymetric contours (25 m and 50 m) are shown with solid black lines.

Star shows location of borehole SK-148/14.

Analysis of seismic sections reveals lens-shaped sedi-
ment package comprising of low amplitude, continuous
and parallel reflectors, which pinch out at ~50 m water
depth (Figure 2). The occurrence of lens-shaped sediment
package in all seismic profiles makes it a characteristic
feature of the study area (Figure 2 a). The weak reflectors
within this sediment package downlap against a trans-
gressive surface (Figure 2 b). This transgressive surface,
formed due to Holocene transgression, is termed as maxi-
mum flooding surface (MFS)"*'®. The Holocene MFS,
overlying numerous buried channels, differentiates Holo-
cene sediments from the Late Pleistocene sediments.
From shore to ~35 m water depth, the study area exhibits
seismic signatures corresponding to rocky basement with
thin layer of sediment. In this region MFS works as the
boundary between rocky basement and Holocene sedi-
ment package (Figure 2a). The gas-charged sediments
are often marked by reflection free patches in the HRSS
sections which are caused due to absorption of seismic
energy. HRSS sections from the study area revealed sig-
natures related to gas-charged sediment. Acoustic blank-
ing and acoustic turbidity are most abundant in the study
area (Figures 3-5). In addition, gas chimneys are also ob-
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served at few locations. Analyses of seismic profiles re-
veal that the top of these reflection free patches is con-
fined by different stratigraphic layers. On the basis of
characteristic gas feature and confining layers, identified
gas zones are divided into two zones, viz. zone-1 and
zone-2 (Figure 6).

Zone-1 is characterized by acoustic blanking with dis-
tinct flanks (Figure 3). This zone is marked between ~8 m
and 30 m water depth and limited to the southern part of
the study area (Figure 6). The width of acoustic blanking
varies between 150 and 12,000 m. Shallow gas features
are trapped at ~1.5 to 5 m below sea floor (mbsf) in the
Holocene sedimentary layers underlain by the MFS.
Seismic profiles do not reveal any signature of gas see-
page from this zone.

Zone-2 consists of several isolated small patches of
acoustic blanking, acoustic turbidity and gas chimneys
which are trapped at ~6 to 15 mbsf. Unlike zone-1, shal-
low gas features in zone-2 are mostly trapped below the
MFS. These features are mostly found over the Late
Pleistocene channel incision and have altered the incision
signatures (Figure 4). These identified shallow gas fea-
tures are either confined by river beds or by layers just

CURRENT SCIENCE, VOL. 116, NO. 8, 25 APRIL 2019
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Figure 2.

a, Seismic sections along trackline SaSu-36, showing general characteristic of sedimentary

architecture of the study area. An enlarged seismic section of the rectangular box, depicting rocky signa-
ture, is shown in lower right corner of the figure. b, Seismic section along part of the trackline GK-14,
showing downlapping of Holocene sedimentary strata over Holocene MFS (see Figure 1 for locations).

MFS: Maximum flooding surface.

below MFS or by both (Figure 4). Widths of shallow gas
features in zone-2 vary from ~120 m to ~2500 m and are
comparatively smaller than the zone-1 features. Interes-
tingly, widths of observed shallow gas features in zone-2
are always comparable or smaller than the size of river
incision related to it. It may be noted that zone-1 gas fea-
tures do not show any such relation with incised channel
signatures. As mentioned earlier, zone-2 consists of sev-
eral small patches of gas features, which are located off
Chapora, Mandovi, Zuari, Colva, Sal, Talpona and Galgi-
bag rivers. Also, zone-2 gas features are mostly confined
between ~20 and 45 m water depths in the entire study
area except near Mandovi and Zuari rivers, where shal-
low gas features are found beyond ~50 m water depth
(Figure 6).

From the study of HRSS profiles, it is found that the
anomalous seismic reflection-free patches in the inner

CURRENT SCIENCE, VOL. 116, NO. 8, 25 APRIL 2019

continental shelf off Goa appear just a few metres below
the seafloor. It is found that shallow gases are trapped by
Holocene layers at ~1.5-5 mbsf in zone-1, whereas, these
are trapped below the Holocene MFS between ~6 m and
~15 mbsf in zone-2. Trapping of these shallow gases by
different stratigraphic layers reveals that the distribution
and extent of the gas-charged zones are not only dependent
on favourable condition such as temperature and pressure,
but also dependent on the lithological character of the
region.

The gas in marine sediments can originate either from
biogenic or thermogenic processes'®?'. The most com-
mon gas in shallow-water sediments reported globally is
biogenic and is produced by microbial methanogenesis
under anaerobic conditions®. In our study area, previous
studies reveal that the trapped gas in the sediments is
mainly methane and biogenic in nature'. Fine-grained
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a, Seismic sections along trackline GK-03, showing gas trapped by the Holocene sedimentary layers

in zone-1 (see Figure 1 for location). b, An enlarged section of the rectangular box (Figure 3 a), showing acoustic

blanking with distinct flanks.
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Figure 4.

a, Seismic section along trackline SaSu-36. b, Interpreted seismic section showing gas trapped below

MFS and river bed. It also depicts various seismic signatures corresponding to gas masking such as acoustic

blanking and gas chimney.

muddy sediment zones that receive high fluxes of organic
material provide ideal conditions for the formation of
biogenic methane”. The probable sources of organic
material on the inner continental shelf are: (i) intertidal
vegetation (mangroves) which were buried due to the sea
level rise, (ii) the terrigenous material brought by river
channels through its course during the lowered sea level
condition, (iii) the terrigenous materials supplied by the
river channels during highstand sea level and were driven
away by coastal long shore currents, and (iv) marine
productivity. Since gas features in zone-1 are not linked
with any channel incision, it is interpreted that the organ-
ic material which caused gas formation in zone-1, might
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have been derived from the buried intertidal vegetation
(mangroves) and from the material carried by coastal
long shore currents. Acoustic masking similar to zone-1
is not observed in the entire area. Further, limited occur-
rence of gas-charged sediment (zone-1) off Betul-Cancona
region (Figure 6) might be due to its bay like coastline
configuration. Presence of Cabo-de-Rama headland with
its coast line configuration might have acted as a barrier
for long shore current and made a sheltered basin for
sediment deposition with low energy condition. Further,
available Holocene sea level curve of the west coast of
India reveals nearly stand still condition at ~25 m below
present sea level during 10,000-9,000 years BP (ref. 24).

CURRENT SCIENCE, VOL. 116, NO. 8, 25 APRIL 2019
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Figure 6. Map depicting shallow gas-charged sediment zones in the
study area. Shaded patch with orange colour represents zone-1. Shaded
patches with green colour represent zone-2. Bathymetric contours (10,
20, 30, 40 and 50 m) are shown with solid black colour lines.

Relatively stable sea level and gently sloping intertidal
areas with suitable substrate (silt and clay) provide ideal
conditions for intertidal vegetation (mangroves)>. There-
fore, this period was favourable for extensive mangrove
growth in the then exposed intertidal zone which is pre-
sently submerged between 20 and 30 m water depth. It
may be mentioned here that previous studies based on
sediment core analysis revealed the presence of peat

CURRENT SCIENCE, VOL. 116, NO. 8, 25 APRIL 2019

a, Seismic sections along trackline SaSu-35, showing acoustic turbidity. b, Enlarged seismic section

within the silty substrate from several locations of shal-
low water region of central west coast of India***’. Sedi-
ment core data off Goa—Karwar (SK-148/14 in Figure 1)
region revealed mangrove derived peats which were
formed during the early Holocene. This peat dominated
layer is overlain by clay layers (sticky clay). Zone-1,
where the gas is trapped within the Holocene layer above
the MFS is one such zone. Therefore, source of organic
material in zone-1 is interpreted to be predominantly bu-
ried mangrove remains. Cabo-de-Rama headland with its
coast line configuration had provided the favourable shel-
tered region for preservation of mangroves during rapid
sea level rise (12 m/kyrs) between 9000 and 7000 years
BP. Over a period of time, these preserved mangrove
remains were converted first to peat and later became a
source of gas trapped in sediments of zone-1.

Zone-2 consists of several isolated patches of gas-
charged zones. More than 90% of the observed columnar
acoustic blanking and turbidity in zone-2 are found in the
immediate vicinity of the lenticular channel incision. In
zone-2, shallow gases are trapped mostly below MFS and
buried river bed. These observations indicate that gas fea-
tures in zone-2 can be linked with channel incisions. The
organic materials, brought by these palaeo-channels
which are subsequently buried in the channel due to post
glacial sea level rise, are the cause of it. Channel inci-
sions are found to be carved during different low stand,
half cycle of sea level associated with different glacial
periods'®. Therefore, it can be interpreted that the organic
material responsible for these gas-charged zones was also
brought by rivers during different glacial periods. In the
region of gentle slopes, hydraulic energy of the river
channel decreases downstream. Base level (i.c. sea level
for coastal rivers) rise causes aggradations of river bed in
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the lower hydraulic energy condition. The loss in hydrau-
lic energy of the incised river downstream with rising
base level might be the reason for limited offshore extent
of the zone-2, which is mostly located up to ~45 m water
depth and rarely found beyond ~45 m water depth.

Although bathymetry of the study area does not show
any signature related to gas escape through seabed, HRSS
profiles at very few locations suggest gas seepage in
zone-2 of the study area. These features are related to
acoustic turbidity which is mostly confined below MFS
(Figure 5). In the absence of clear evidence of gas see-
page, it is suggested that high resolution sonography of
the seabed and chemical analysis of sediment and water
samples need to be studied to ascertain seepages of gas
from the seabed.

Analysis of HRSS data allowed us to mark two differ-
ent types of gas-charged sediment zones on the inner con-
tinental shelf off Goa, central west coast of India. Zone-1
has limited areal extent between ~8 and 30 m water depth
in the sheltered basin of the study area, whereas zone-2 is
distributed in the entire study area mostly between ~20 m
and ~45 m water depth. Lithological characteristics of the
Late Pleistocene—Holocene sedimentary deposits con-
trolled the distribution of gas-charged sediment. The
source organic material as well as sediments of zone-1
and zone-2, were deposited in the Holocene and Late
Pleistocene respectively. The biogenic gases in zone-1
are confined within the Holocene sedimentary layers
whereas they are confined in zone-2 below the Holocene
MFS within the palaeo-river bed or a layer just below
MEFS or by both. Gases in zone-1 were formed by organic
material which was predominantly mangrove (intertidal
vegetation) derived. Further, our study suggests that coast-
line configuration, long-term longshore current pattern,
Holocene rapid sea level rise and lithological character of
exposed intertidal zone had played a key role in the for-
mation and distribution of gas-charged sediment of zone-
1. On the other hand, biogenic gases in zone-2 were
formed by organic material which was predominantly
derived by ancestral rivers through its course during dif-
ferent glacial periods of the Late Pleistocene. The distri-
bution pattern of palaeo-rivers and their hydraulic energy
condition during the base level rise played a key role in
formation and distribution of gas-charged sediments in
zone-2.
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Carbon sequestration potential of
mango orchards in the tropical hot
and humid climate of Konkan region,
India
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and R. M. Bhatt
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Cultivated grafted mangoes are not the same as
polyembryonic seedling-based wild mangoes in terms
of biomass production and carbon sequestration. We
estimated the carbon sequestration potential of man-
goes in Konkan region, which is a prime mango belt of
India producing the popular Alphonso mangoes. Al-
lometric equation developed for grafted mangoes was
used to estimate tree biomass. Konkan mango belt
spread over 106,210 ha sequesters 9.913 mt of carbon.
However, the carbon sequestration potential of these
cultivated grafted mangoes is very low compared to
polyembryonic seedling-grown mangoes in the wild.
Since mangoes in the Konkan region have mostly
occupied degraded lands of lateritic origin, such re-
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gions have been brought under productive mango
orchards. As a consequence where forests have disap-
peared and mangoes have occupied the region, the
carbon sequestered by them is a bonus apart from the
production of mangoes. The administrators in these
regions must use this information for claiming carbon
credits for the benefit of farmers and the local popula-
tion.

Keywords: Carbon sequestration, mango orchards, soil
carbon stocks, tree biomass.

THE most dreaded problem of the new millennium caused
by the impact of human activity is global warming. Anth-
ropogenic activities like enhanced fossil-fuel consump-
tion coupled with deforestation are causing serious public
and political concerns on greenhouse gas (GHG) emis-
sions and their consequences on loss of biodiversity and
climate change' *. An option for augmenting the emission
of GHGs is to enhance the carbon stored in perennial
trees through sequestration. Forests sink about 40% of the
global carbon on land’. However, perennial orchards,
plantations and agro forestry are other alternatives for the
trapping of carbon. It is considered that in the Indian con-
text forests, agroforestry and perennial horticultural crops
trap a significant amount of carbon emitted through
fossil-fuel combustion®. The dynamics of this forest car-
bon has a significant influence on the global carbon
budget. Estimates based on global or regional soil carbon
densities of various forests shows that Indian forests
sequester about 5.3-6.7 Pg C (refs 7, 8). In the present
scenario, the forest area is declining while perennial fruit
orchards and plantation area are on the increase’.

Generally, during the initial stage of establishment,
both orchards and forests sequester similar amounts of
carbon. Comparing orchards with forests is not justified
as the former have a management component completely
anthropogenic, while management of the latter in Asian
countries is more towards silviculture and not input-
backed management. Nevertheless, orchards do have the
potential similar to forests but on a lower scale because
of indirect C emissions associated with orchard manage-
ment practices. An estimate of the carbon sequestration
potential of fruit orchards in India is therefore essential
for any strategic planning, offsetting GHG emissions and
for trading carbon.

Mango is the major fruit crop grown throughout India
in areas having a distinct dry and wet season. Being an
evergreen and deep-rooted (1.0 m and deeper) tree, it has
adopted to fix carbon under large seasonal variation of
light and water. Two types of mango population occur in
India, the wild polyembryonic mangoes and the culti-
vated grafted mangoes. Estimates of the population and
area occupied by wild polyembryonic mangoes are not
available, but surely is a sizable area as India is the origin
of mangoes. Cultivated mango occupies an area of nearly
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