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ABSTRACT

Documentation of mud volcanoes owing to their role in global ethane budget, explosive expansion of trapped
methane and as indicator of petroleum are made in Caspian Sea, Gulf of Mexico, Azerbaijan,Trinidad and Makran
coast of Pakistan. Mud volcanoes located in the frontal thrust areas of Andaman active tectonic zone where seismic
pumping enhance stress perturbation triggered methane mud volcano eruption after 2004 great Sumatra-
Andaman earthquake with M9. Intend of the present study isto characterize the relationship between resistivity and
gas hydrate concentration in the subsurface of mud vol canoes through Transient Electromagnetic technique. Pseudo
sections by coincident loop of 90x90 m reveal the average resistivity values of 4.0Qm; 3.5Qm and 6.3Qm for mud
and host sedimentary formations, whereas gas hydrate accumulated in chambers and vertical pipes show very high
resistivity values of 192.0 Q m, 250.0 Q m, and 1666.0 Qm in three mud volcanoes at Pusi , Rajathgarh and
Mirchitikiri respectively. The higher resistivity implies the higher gas hydrate concentration. Of the three mud
volcanoes, Mirchitikiri is in dormant stage and consequently higher gas pressure accumulated in the pressure
chamber and vertical pipe may be the cause for increasing of higher resistivity than the other two. Comparatively
low resistivity values observed as in the case of other two mud volcanoes can be assigned due to hydrate
dissociation where eruptions of mud volcanoes are in progress. Mud volcanoes in locations of Rajathgarh,
Mirchtikiri and Pusi in Baratang Island are aligned to the deep seated faults in N-S direction. From Transient
Electromagnetic (TEM) survey, it is evident that the zones containing gas hydrate are more resistive than the
surrounding host sedimentary formation and also seen that the resitivity of the gas hydrate increases
proportionately with increase of gas hydrate concentration. The characterization of the gas hydrate concentration
through TEM technique is dependent on the true resistivity (conductivity) rather than apparent resistivity of the
hydrated sediments.
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INTRODUCTION

In recent years interest in mud volcanoes has ase in many parts of the world, because of petrole
exploration, but also due to the role of mud votEmin global ethane budget, and a potential graeseh gas.
Worldwide distribution of mud volcanoes was docutednin areas of overpressure where explosive expamng
trapped methane has occurred during argillokindgisd volcanoes emitting methane are associatid w
substantial hydro carbon deposits in Caspian@aH,of Mexico , Azerbaijan in Absheron penirsulTrinidad ,
Romania and Makran coast of Pakistan . The mudawoles are often associated with the frontal throsts
accretionary margins in tectonically active areas th overpressure. Overpressure can be asmbevith rapidly
deposited sediments which have not had enougé tio dewater before being covered with impaie
material. Pressure can be further increased byriecstresses i.e. lateral migration of fluids leysmic pumping
such as in the active margin. It has been sugddhkat strain and stress perturbations from laagéhquakes can
also trigger large methane volcanoes eruptios. €daitted from the on shore mud volcanoes are pitimmaethane
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(70-99%) and C@ (Kopf, 2002). The traditional exploration workflorelies on indirect evidence to locate
hydrocarbon and seismic methods are mainly seasttivrock structure and not to the fluids withirer .In
contrast, controlled source of electromagnetic (IpEethods are sensitive to resistive fluids and talicate
hydrocarbon directly. Furthermore CSEM data carcteelated with seismic and other geological infation.
Logging of refracted energy of high power EM energpllected from subsurface layers indicate tteas of high
electrical resistivity - a direct indicator ofdrocarbons. Using traditional technique it haen reported that the
success rate were only 25 % , whereas CSEM tespects before drilling achieve far higher susaeges (
www.engineerlive.com The horizon which contains fluid conduit carnyiof free gas to the summit it is being seen
as resistor by Controlled Source of Electromagrei@ but not by the well data .Zones containing lgadrates are
more resistive than surrounding sediments creatingntrast, which is measurable with electromagrtethnique
(Collett and Ladd, 2000). The resistivity of gasdiate increases proportionally with increase &3 fydrate
concentration assessed by sonic velocities (Peatsdn1983).

STUDY AREA

The eruption of mud volcanoes and throwing of rabdve the height of the surrounding trees in Bagisland ,
middle Andaman occurred within several minutdter the 2004 great Sumatra — Andaman with Mréhguake

( Geological Survey of India , 2005) . The aim oé jpresent study is to map the subsurface elelctétare of gas
and gas hydrate filled Rajathgarh, (N12°07’ 19.7882°45’ 37.52") Pusi (N12°047’ 20.35” E92°76’ ®6") and

at Mirchtikkri (N12°07' 46.82” E92°47' 31.23") atBaratang Island (Figure 1).with controlled source
electromagnetic experiment. Seep structures irethesas are controlled by faults which can be imdneGround
Penetration Radar. Distributions of gas hydratectvthas accumulated beneath the seeps of the mudneas
revealed through CSEM data. Observations are cedfinto the shallow sediment section with deptte rafythe
entire sensitive to the presence and amount ofigdiste.

Burning of flame of methane gas continued more thao weeks at the centre of the mud spread after th
earthquake. Mud eruptions were reported at eigtations of Baratang Island in middle Andaman. Thawvbup
materials from mud volcanoes are composed of clay @jected argillaceous matrix with polymictiticcks
assemblages, expelled brine water, dark tingednizcgaaterial and methane gas (Figure2) . Evidesjibgtion of
mud from the subsurface is pressure dependent.Wdladinoes are the resultant of overpressure antbthetion
of diatremes normally associated with mud diapiri@nown, 1990). The driving force of the eruptionhanced
fluid pressure and the expansion of dissolved nmett{gopf, 2002). Mud volcanoes in Baratang Islarel aigned
along lines of weak zones following the North —$ouatriented extension fault tectonics over the tdpthe
underlying diaper. Andaman and Nicobar Island aacsliver plate is located between the active nmagfilndian
plate moving NE direction and subducting under Besenplate obliquely. Hence the horizontal shorggrand
lateral migration of fluids by seismic pumping hig active margin increased the pressure.

MECHANISM OF MUD VOLCANO FORMATION

The free gas diffusion through clay or silt as action of the median pore and kinematic diametegasf molecules
has developed ‘shale gases 'even over impermehhle section (Fertl, 1976). Often ‘shale gas’ isoagted with
abnormal pressure environment; however lack of sgah does not guarantee normal hydrostatic pressure
conditions. The hydrocarbon migration with variontensity in all stages of their existence in tlaetle crust both
dispersed and concentrated state (Fertl, 1976). arhglification of overburden pressure owing to etonary
wedge setting and thrusting of off scraped matémi@dlndaman Sliver Plate enhanced the pathwaymfgration of
fluids through the system (Figure 3).

Strain hardenings at depth (2.5-3 km) furnish aratteristic scaly fabric to mud for migration ofsgsaturated
brine. While, the strain softening of these fotiova in the upper part (1.0-1.5 km ) has allowdéskolved gas to
rapid expansion as it comes out of solution addveloped migration pathways to the surface uindines of
weakness prevailed to extensional tectonic dwetdp of the underlying diaper (Ware and Ichrdr@97).

The overpressure which gives rise to the mud vidcaralso causes increased expulsion efficiency.ebDeimg on

the geometric distribution of hydrate, Archie Lavaymot be representative model especially if hydimfound in

veins and fractures. The external bounds for dffectonductivity are HashinShtrikman bounds (HS rimts)

(Schmelisng, 1986). The HS lower bousHS- corresponds to resistive spherical inclusiothiwia conductive
matrix and the HS upper boustlS + corresponds to conductive spherical inclusithin resistive matrix (Hashin
and Shtrikman, 1963). In terms of hydrate, the Bi8el bound may represent a lower concentrationrafigar

disseminated hydrate distributed in isolated spheiiéhin the conductive sediment. In the clay rsgdiments the
hydrate may occur in veins or fracture and be bettgresented by HS upper bound where resistiteriah occur

in sheets impeding currents flow through the médttiid.
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RELATIONSHIP BETWEEN RESISTIVITY AND HYDRATE CONCENTRATION

The presence of gas hydrate based on the idetitficaf Bottom Simulating Reflection (BSR) is inapmte to
infer gas hydrate as suggested by drilling reseléswhere (Ramastal, 2006). The physical parameters derived
from Controlled Source Electromagnetic (CSEM) datalectrical conductivity or reciprocal electrigasistivity.
The electrical conductivity is the foremost marsediments, the pore fluids is also seawater caypiesistivity
values for the mud sediments are between(n® and 6.3Qm Hydrate filled sediments and gas electrically
insulating and enhance the bulk resistivity in arg@éere they form sufficient quantities. Becauset®fhigh
resistivity the gas hydrate along the fissures enagks are detected through CSEM techniques. Ebisnique is
sensitive to electric resistivity of the sedimeptéormation, porosity, permeability and pore fluil&/'eitemeyeet

al, 2006, Schwalenbeggal, 2005). Consequently this technique has greamnpiatdo detect gas hydrate when no
BSR is present (Yuan and Edwards, 2000).

Existence of hydrate or free gas in seismic blaotkes is representing as hydrate bearing pipdsv@enbergt al,
2005). To characterize gas hydrate distributeithé subsurface of mud volcanoes in Rajathgarh;hkkiri and
Pusi in Baratang Island, Transient Electromagnetitinique (Duncan Massie, 2009) with coincidentasguoop
configuration of transmitter (Tx) and receiver (Rige of 90x90 m were used.

A steady current is run through the ‘Tx’ transmitigop for sufficiently long time to allow turn dmansients in the
ground to dissipate. The current is then sharpiyitgated in a controlled manner in accordance Wiahaday’'s Law
and electromotive force (emf) is induced into tiheumd. This ‘emf’ causes eddy currents throughzwoial loops
flow into the ground expanding in radius and diiifigsto greater depths with time. By measuring teeosdary
magnetic field from the eddy currents developedgthlavise information of subsurface is retrievedcassively
through ‘Rx’ loop through sampling delay time 7625 ms to 465.9765 ms with 24 windows (40 to 88)anced
software is imbedded to store the survey files WiBIN extensions and transform the data into canigiities with

Terra TEM Plot on site and display it in the forfrptans or sections. Survey parameter manipulaimhnumerical
transforms can be accessed by Spiker Algorithm éig@mpt Conductivity Transformation). Images can é&eed in

bitmap and transformed directly in report readyrfat.

RESULTS

The depth penetration through the coincident Isiag of 90 x 90m recorded 350m, 830m and 2000nthdep
three sites of Rajathgarh, Pusi and Mirchtikkitir@e pseudo sections acquired from the subsuafaross the three
mud volcanoes (Figure 4,5 & 6) show the distribuattern of resistivity (conductivity) of mud $eents and gas
hydrate is tabled (Table 1A,B & C). The high etaal conductivity for mud or clay rich sedimentsdalow
electrical conductivity for hydrate in the labongta@ondition (winters et al 2003) and free gas auglated along
fault plane and to cracks and fissures on Opouawmmk Bndicate the resistivty anomalies ( Schwaleghadral ;
2009). Gas hydrate delineated in pseudo sectibow the variation of high resistivity of 192.Q0n to 1666.00
QOm than the host sedimentary formation surroundeti \ew resistivity values of 1.5@m to 10.00Qm in the
study area. The free gas accumulated exhibit tghehiresistivity. The methane gas is transpougdards
through the sediment section and gas hydrate wilfdomed within the gas hydrate stability zone frdissolved
methane. The dissolved gas derived from the gdsatey accumulated in the gas chambers and fraztures and
veins exhibited the highest resistivity valueshnee mud volcanoes as 192.Q0m for mud volcano at Pusi and
250.00Q m for mud volcano at Rajathgarh and 166&1B0 for mud volcano Mirchitikiri. The resistivity viation
of the gas hydrate with host sedimentary depositaiculated as 62.00; 465.00 and 30.00. The higdmémtions of
resistivity clearly replicate higher gas hydrate@entration. Of the three mud volcanoes, Mirchitiki its dormant
stage shows highest variation between the gasesnatated in mud chambers with mud sediments. Thhdsit
resistivity values obtained for the gas hydrateaed in the chambers and veins and fissures dfithehitikiri mud
volcano. Consequent to gas pressure accumulathe pressure chamber and vertical pipe incretseresistivity
of the Mirchitikiri gas hydrate than the other twoud volcanoes. Comparatively the low resistiwglues
observed as in case of mud volcanoes at RajathgathPusi can be assigned due to hydrate disisociavhere
eruption of mud volcanoes are in progress .
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Table1l A: Resistivity valuesretrieved

for host sedimentary for mations and gas hydrates accumulated in gas chambersand vertical pipes

from the pseudo section across the mud volcano through TEM

Profile 1

L ocation of Mud volcano

Rajathghargh
Tx and Rx loop size: 90*90 m
NE

Depth wise Distribution pattern of
mud and other sediment

distributed to depth of 200 m from surface in thef of horizontal layers.
The average resistivity values for the host sedimert.02352m

Mud and other sediments with resistivity values4Z®m to 6.4Qm (606.8 mS/m to 154.7mS/n

Depth wise distribution pattern of
gashydrate

Gas hydrate accumulated in chambers and vertipaspextended from 100 m to 350 m depth
resistivity values of 25@m (4mS/m).
The average resistivity values of the gas hydra2602m

ith

Remarks

Mud volcanoes erupting mud and gases through eréi@ release gas pressure accumulated.
The resistivity variation gas hydrate with hostlisments =250/4.0235=62.14

Table1B : Resistivity values retrieved for host sedimentary formations and gas hydrates accumulatedin gaschambers and vertical
pipes from the pseudo section across the mud volcano through TEM

Profilell

L ocation of Mud volcano

Mirchtikkiri
Tx and Rx Loop size: 90*90 m
NE

Depth wise Distribution pattern of
mud and other sediment

Horizontal layers of mud and other sedimentanyodés distributed from surface to depth of 30
with resistivity values ranging from 1.43688n to 5.73068m( 696.1mS/m to 174.5mS/m)
The average resistivity values for the host sedigveB.58362m

Dm

Depth wise distribution pattern of
gashydrate

Gas hydrate occurs in pipes extended from 250n@®@mn8 the resistivity values for gas hydrate exhibit

as 1666.62m ( 0.6mS/m)
The average resistivity values of gas hydrate =HB68m

Remarks

In this location no visible mud volcano is seerthie surface outcrops but fracture extended inth®l
The resistivity variation of the gas hydrate withshsediments = 1666.67/3.5836=465.08

Figure 1: Location Map of the Study Area
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Figure 2: Eruption of mud volcano with gasand organic matter in Pus Mud volcano.

7 AL

Table 1l C: Resistivity valuesretrieved for host sedimentary formationsand gas hydrates accumulatedin gas chambers and vertical

pipes from the pseudo section across the mud volcano through TEM

Profilel11

L ocation of Mud volcano

Pusi
Tx and Rx Loop size: 90*90 m
NE

Depth  wise Distribution | Mud and other sedimentary deposits are distribuschorizontal layers from surface to a depth25fm
pattern of  mud and other | with resistivity values of 2.6062m to 10.022m ( 383.7mS/m to 99.8mS/m).
sediment The average resistivity of the host sediments =831

Gas hydrate occurs in the form of vertical pipethatdepths of 200m to maximum of 2000m. Gas hgdr
Depth  wise  distribution | also exist in chambers surrounded by mud chamiiessadlow depth of 100 m to 400m. resistivity valy

pattern of gashydrate

recorded for gas hydrate is 19Q18. (5.2mS/m).
The average resistivity of the gas hydrate = 1Q3

0]

Remarks

Mud volcano erupted with 5 m thickness of sediments
The resistivity variation of the gas hydrate withshsediment

=192.3/6.313= 30.46

Figure 3: Accretionary prism showing avenues of fluid escape for ming mud volcanoes due to seismic pumping.
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Figure4: Pseudo section showing the distribution of vertical pipes of gas hydrates and horizontal layers of sedimentary deposits

in Rajathgarh
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Figure5: Pseudo section showing the distribution of vertical pipes of gas hydrates and horizontal layers of sedimentary deposits
in Mirchitikiri.
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Figure 6: Pseudo section showing the distribution of vertical pipes of gas hydrates and horizontal layers of sedimentary depositsin
Mirchitikiri.
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CONCLUSION

Gas hydrates exhibit higher electromagnetic regfigtihan their surrounding in the realm of mud canoes at
Rajathgarh, Mirchtikiri and Pusi in Baratang Islamshdaman. Controlled source of electromagnetic Ep

technique has been used to measure subsurfaceigsistiated to marine hydrocarbon exploratiorrétent years
verysuccessfully. The indication of high resigdfivis not sufficient to distinguish the gas hydrateoil from the

other geological features which can display higsistévity including salt, volcanic, carbonates anelsh water.
Pseudosection  obtained from TEM technique cleagleals that gas hydrates distribution in vertipgle

structures and chambers in horizontal layers agneti to the deep seated faults in N-S and E-W tilirec
Furthermore the shape of the structures and sutmogn sediments and regional geological knowledbave

obviously indicate that presence gas other Hhigh resistivity features such as fresh waterb@aate etc . From
transient Electromagnetic survey it is evident ttiet zones containing gas hydrate are more resistign the
surrounding host sedimentary formation and also $egt the resistivity of the gas hydrate incregsegortionately
with increase in gas hydrate concentration. Theasterization of the gas hydrate concentrationtgho TEM

technique is dependent on the true resistivity doetivity) rather than apparent resistivity of thgdrated

sediments. The relatively low resistivity pattetyserved for the gas hydrates at Rajathgarh andrRutsivolcanoes
in the study area can be accounted to dissociaiogas hydrates and high resistivity values obskrfee gas
hydrate in Mirchtikiri mud volcano is due to highncentration of gas hydrates.
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