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   Abstract  

We  estimate  the  gas-‐‑hydrate  saturation  in  fractured  reservoirs  of  gas  hydrate-‐‑rich  marine  sediments  from  Krishna-‐‑Godavari  basin  

along  the  eastern  margin  of  India.  Effective  medium  modeling  (EMM)  is  a  combination  of  self-‐‑consistent  approxi-‐‑mation  (SCA),  

differential   effective   medium   (DEM)   modeling   and   smoothing   and   ideals   with   the   anisotropy   associated   with   clay   platelets’  

orientation.  It  proves  to  be  a  good  choice  attributable  to  its  dependency  on  physical  parameters  alone.  Previous  approaches  appertain  

to  the  implementation  of  orientation  distribution  function  (ODF)  on  clay  platelets  alone  assuming  a  vertical  ellipsoidal  shape  of  

gas  hydrates  whilst  in  the  present  study,  we  have  implemented  ODF  on  hydrate  bearing  fractures  assigning  an  ellipsoidal  shape  

to  them  as  well.  A  bias  of  ~2-‐‑4%  in  the  saturation  estimates  streamlines  the  betterness  of  this  approach.

I.  INTRODUCTION  

Gas   hydrates   are   clathrates   composed   of  

water   molecules   and   natural   gas   (primarily  

methane),   stable   at   low   temperature,   high  

pressure   and   format   favorable   solubility  

conditions  for  gas.  The  narrow  range  of  pressure  

-‐‑  temperature  for  hydrate  stability  and  abundant  

supply   of   natural   gas,   govern   natural   gas  

hydrates’   distribution,   which   are   most   often  

found  in  outer  shallow  continental  margins  and  

permafrost   regions   [Kvenvolden   1993,   Sloan  

1998,   Kvenvolden   and   Lorenson   2001,   Thakur,  

N.K.  and  Rajput,  S.  2011]  

National   Gas   Hydrate   Program   (NGHP),  

formulated   by   Indian   government   in   1996   to  

explore  gas  hydrate  resources  in  India,  found  one  

of  the  richest  deposits  of  gas  hydrates  in  the  clay-‐‑

rich  marine   deposits   of   Krishna-‐‑Godavari   (KG)  

Basin   (Figure   1),   along   the   eastern   continental  

margin   of   India.   During   the   first   expedition  

(NGHP-‐‑01),   in   the  year  2006,  a   total  of  39  holes  

were   drilled   at   21   sites   and   the   gas   hydrate  

deposits  were  spotted  at  13  sites.  Site  10  (NGHP-‐‑

01-‐‑10)  was  found  to  be  the  richest  in  terms  of  gas  

hydrate  accumulation  [Collett  et  al.  2008].  At  site  

10,   coring,   logging   while   drilling   (LWD)   and  

wireline   logging   were   performed   within   few  

meters   of   depth   and   it   was   reported   that   gas  

hydrates   are   present   within   25-‐‑160   m   below  

seafloor  (mbsf)  [Collett  et  al.  2008].  Gas  hydrate  

morphologies   can   be   pore-‐‑filling   and   grain-‐‑

displacing,   where   pore   filling   hydrates   can   be  

load  bearing  (contact  model)  or  non-‐‑load  bearing  

(non-‐‑contact   model)   depending   upon   whether  

they  are  connected  or  isolated  in  pores  [Chand  et  

al.  2004,  Holland  et  al.  2008,  Ghosh  et  al.  2010].  

The  LWD  borehole  resistivity-‐‑at-‐‑bit  (RAB)  image  

of  hole  10A  (Latitude:  15°  51.86'ʹ  N;  Longitude:  81°  

50.07'ʹ   E)   exposed   massive   gas   hydrates,  

commonly   occurring   in   fractures   of   clay-‐‑rich  

sediments  [Collett  et  al.  2008,  Cook  and  Goldberg  

2008,   Ghosh   et   al.   2010].   X-‐‑ray   computed  

tomographic  (CT)  images  of  core  recovered  from  

hole  10B  (~10m  distant  from  10A)  suggested  that  

gas  hydrates  are  in  form  of  solid  nodules,  veins  

and  high-‐‑angle   fracture   fills   [Collett   et   al.   2008,  

Holland  et  al.  2008].  Cook  et  al.  [2010]  and  Rees  

et  al.  [2011]  converge  towards  a  relative  random  

fracture  orien-‐‑tation  by  plotting  the  projection  of  

equal-‐‑area  lower-‐‑hemisphere  of  fractures  in  well  

10A  and  10B.  The  studies   further  claim  that   the  

fractures  tend  to  align  at  high  angle,  between  50-‐‑

90°,   in   majorities   of   holes   that   underwent  

investigation.   Considering   the   above   studies,   it  
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can  be   assumed   that   the   fractures   at   site   10   are  

partially  aligned  in  vertical  direction.  
Figure  1.  Location  map  of  the  study  area    

Clay-‐‑rich   sediments   are   anisotropic   by  

nature   due   to   clay   platelets   orientation   that  

depends  on  the  size  and  shape  of  platelets  as  well  

as   on   depositional   history   and   geological  

environment   [Hornby   et   al.   1994,   Sayers   1994].  

Clay  deposits  can  show  transverse  isotropy  as  in  

most   cases,   clay   platelets   have   preferred  

horizontal   alignment   i.e.   clay   platelets   have   (in  

most   cases)   symmetric   orientation   distribution  

function   about   vertical   direction   [Bennett   et   al.  

1991].   Jakobsen  et  al.   [2000]  used  a  hypothetical  

orientation   distribution   function   for   clay-‐‑rich  

sediments,   making   sediments   transverse  

isotropic,  to  find  elastic  properties  of  gas  hydrate  

bearing  sediments.  

Numerous  rock  physics   theories  have  come  

up  relating  seismic  velocities  with   the  sediment  

morphology   and   gas   hydrate   saturation.   A  

plethora  of  authors  (Miller  et  al.,  1991;  Hyndman  

and  Spence,  1992;  Dvorkin  and  Nur,  1993;  Wood  

et   al.,   1994;   Lee   et   al.,   1996;   Ecker   et   al.,   1998;  

Guerin  et  al.,  1999;  Helgerud  et  al.,  1999;  Jakobsen  

et   al.,   2000;   Gei   and   Carcione,   2003)   applied   a  

number  of  rock  physics  theories  to  compute  gas  

hydrate   saturation   assuming   uniform,   isotropic  

and   pore-‐‑filling   morphologies.   Some   other  

methodologies   are   based   on   semi   empirical  

formulae  where  a  weighing  factor  or  an  arbitrary  

constant  comes  into  picture  which  has  to  be  fixed  

initially.   For   instance,   a   combination   of   time  

average  equation   [Wyllie   et   al.   1958]   and  wood  

equation  [Wood  1941]  is  used  by  Lee  et  al.  [1996]  

adding   a   weighing   factor   and   a   constant   to  

simulate   the   rate   of   lithifaction   with   hydrate  

concentration.  Jakobsen  et  al.  [2000]  made  use  of  

an   effective  medium  modeling,   to   compute   gas  

hydrate  saturation  at  Blake  Ridge  (South-‐‑Eastern  

U.S.  Continental  Margin).  It  is  based  on  physical  

parameters  and  considers  the  anisotropy  of  clay  

through   an   orientation   distribution   function  

(ODF)  of  clay  platelets’.  

In  the  present  study,  a  combined  approach  of  

self-‐‑consistent   approximation   (SCA)   [Willis  

1977],   differential   effective   medium   (DEM)  

theory   [Nishizawa   1982]   and   first   order  

smoothing  approximation  [Frisch  1968]  towards  

the  computation  of  clay  platelets’  distribution  is  

used.  The  above  approach  is  further  used  for  gas  

hydrate   saturation   measurements   associated  

with  various  morphologies  of  hydrates  [Jakobsen  

et  al.  2000;  Chand  et  al.  2004;  Chand  et  al.  2006;  

Ghosh   et   al.   2010].   Effective  medium  modeling  

[Jakobsen   et   al.   2000]   is   capable   of   calculating  

elastic   properties   of   isotropic   as   well   as  

transverse   isotropic   gas-‐‑hydrate   bearing  

sediments   and   ODF   is   implemented   on   clay  

platelets.   Ghosh   et   al.   [2010]   used   effective  

medium   modeling   to   calculate   gas   hydrate  

saturation   at   well   10D,   corresponding   to   three  

different   morphologies.   In   this   approach,   we  

emphasize   on   how   ODF   is   implemented   on  

fractures   and   have   focused   on   its   influence   in  

pushing   the   precision   in   the   estimates   towards  

the  higher  side.  

X-‐‑ray   computed   tomographic   (CT)   images  

advocates   high-‐‑angle   fractures,   on   other   hand,  

projection   of   equal-‐‑area   lower-‐‑hemisphere  
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suggests   a   relative   random   orientation   of  

fractures  in  site  10  [Collett  et  al.  2008,  Holland  et  

al.  2008,  Cook  et  al.2010,  Rees  et  al.  2011].  Hence,  

implementing   ODF   on   hydrate-‐‑filled   fractures,  

preferably  aligned  in  vertical  direction  is  one  step  

forward.  In  present  study  we  estimated  hydrate  

saturation   for   well   10A   and   10D,   considering  

fractures   filled   with   hydrates   as   well   as   for  

combined   approach   (pore   filling   +fractures)  

incorporating   fracture   orientation   distribution  

function   (ODF).Cracks/fractures   are   assumed  

ellipsoidal   in   shape   and   embedded   in  host   and  

the   effective   elastic   tensor   of   aggregates   was  

calculated   using   Nishizawa   [1982]   approach  

[Ghosh   et   al.   2010].   Method   of   Grechka   and  

Tsvankin  [2004]  was  used  to  rotate  the  fractures.  

The  compliance  matrix  of  a  medium  is  separated  

into  fracture  compliance  matrix  and  background  

materials   compliance  matrix.   Then,   the   fracture  

compliance   is   rotated   via   bond   transformation  

[Winterstein   1990].   Finally   the   background  

material   compliance   and   fracture   rotated  

compliance   are   added   to   get   the   compliance   of  

effective  medium  with  oblique/vertical  fracture.  

II.  METHODOLOGY  

Effective  medium  modeling  was  developed  

following   the   approach   used   by   Hornby   et   al.  

[1994]  and  Sheng  [1990]  in  which  self-‐‑consistent  

approximation   (SCA)   [Willis   1977]   was  

incorporated   along   with   differential   effective  

medium   (DEM)   theory   [Nishizawa  

1982]followed  by  smoothing  of  aggregates[Frisch  

1968].   In   SCA,   a   single   inclusion   having  

comparatively  infinitesimal  volume  goes  in  host  

having  the  elastic  properties  of  effective  medium  

(yet  to  be  determined),  and  the  process  continues  

until  the  desired  volume  of  inclusion  material  is  

achieved.   SCA   loses   bi-‐‑connectivity   except   the  

porosity   stays   within   40-‐‑60%   [Berryman   1980,  

Hornby   et   al.   1994]   so   to   maintain   the   bi-‐‑

connectivity   a   combined   approach   of   SCA   and  

differential  effective  medium  modeling  (DEF)  is  

used  in  which  first  effective  medium  is  generated  

using  SCA  (within  the  range  of  40-‐‑60%  porosity),  

then  successively  removing  the  infinitesimal  sub-‐‑

volume  of  host  material  and  replacing   it  with  a  

corresponding  sub-‐‑volume  of  pore  fluid  [Hornby  

et  al.  1994,  Jakobsen  et  al.  2000].  A  combination  of  

SCA  and  DEM  provides  the  elastic  properties  of  

effective  medium  for  desired  porosity.  

The   edge   effects   due   to   the   orientation   of  

individual  platelets  are  minimized  by  calculating  

Voigt   [1928]   average   followed   by   a   ‘method   of  

smoothing’   [Bonilla   and   Keller   1985].   Locally  

aligned  clay  platelets  together  with  pore  fluid  are  

averaged   for   their  ODF.ODFs  of   locally  aligned  

clay   platelets   together   with   pore   fluids   are  

averaged  by  Voigt  [1928]  averaging  technique  in  

which  the  clay  platelets  are  successively  rotated  

through   desired   angles   and   their   ODFs   are  

averaged.      Hornby   et   al.   [1994]   explained   the  

above  process   in   these   steps:   for   each  angle   (θ)  

specified  by  ODF,  the  effective  tensor  of  stiffness  

for   the   aligned   clay   fluid   composite   is   rotated  

along   one   of   the   horizontal   axis   by   θ   and   then  

made  symmetric  with  respect  to  the  vertical  axis  

of  symmetry  by  a  series  of  successive  rotations  of  

π/3  and  averaging  the  result.  Then  finally  rotated  

stiffness   tensor   for   all   rotated   domains   are  

averaged  over  θ  and  weighted  according  to  D(θ)  

where  D(θ)  is  normalized  distribution  function  of  

clay  platelets  (see  equation  1).    

c
v
=
1

6
D(n)c

*
(n,ϕ

i

i=1

6

∑
n=1

N

∑ )    (1)  

where   cv   is   the   effective   stiffness   of   whole  

composite,   n   in  D(n)   stands   for  discrete   angles,  

c*(θ,  φ)  is  the  tensor  of  effective  stiffness  for  the  

aligned   clay-‐‑fluid   sub-‐‑composites   whose  

symmetry   axis   is   rotated   by   the   polar   angles   θ  

relative  to  vertical  and  φ  is  azimuthal  angle.  The  

notations   in   the   equation   are   same   as   used   by  

Hornby   et   al.   [1994].   To   further   improve   the  

results,   methods   of   smoothing   [Frisch   1968;  

Gubernatis   and   Krumhansl   1975;   Bonilla   and  

Keller  1985;  Sheng  1995]  is  applied.  Sayers  [1994]  

developed   an   alternate   and   simpler   way   to  

perform  Voigt   averaging   by   providing   the   tow  

non-‐‑zero  constants,  W200  and  W400  (others  are  zero  

in   the   case   of   transverse   isotropy)   in   terms   of  

generalized  Legendre  functions.  

From   modeling   point   of   view,   non-‐‑load  

bearing  hydrate  modeling  is  achieved  by  starting  

SCA   with   clay   and   water   and   then   replacing  
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water   with   hydrates   through   DEM.   In   load-‐‑

bearing   the   sequence   of   water   and   hydrate   is  

interchanged   [Chand   et   al.   2004;   Chand   et   al.  

2006;  Ghosh  et  al.  2010].  Silt  and  other  particles  (if  

present)  can  be  added  later  via  DEM  approach  in  

sub-‐‑composite  of  clay,  water  and  hydrate.  

In   fine   grain   sediments,   gas   hydrates   can  

create  and  occupy  veins  and  fractures  apart  from  

residing   in   pores   [Malone   1985;   Kvenvolden  

2000;  Kvenvolden  1994;  Chand  et  al.  2004].  In  this  

study,   fractures/veins  are  assumed  as  ellipsoids  

filled   with   hydrates   and   embedded   in   clay,  

quartz,   water   and   pore-‐‑hydrate   composites  

[Ghosh   et   al.   2010].   In   grains   displacing  

morphology,   hydrates   embedded   as   ellipsoids  

force  apart  the  matrix  composed  of  clay,  quartz,  

water  and  pore-‐‑hydrates  (if  present)  [Chand  et  al.  

2004;  Holland  et   al.   2008;  Ghosh  et   al.   2010].   In  

such  environments  where  hydrates  are  in  pore  as  

well   as   in   fractures,   a   combined   approach   of  

pore-‐‑filling  and  grain-‐‑displacing  can  be  applied.  

1.  Inclusion  of  fractures  with  ODF  

Here,   fractures/veins   are   considered   as  

ellipsoids  filled  with  hydrate,  whose  aspect  ratio  

varies   from   0.001   (thin   vein)   to   1.0   (nodule)  

[Collett  et  al.  2008;  Ghosh  et  al.  2010].  Fractures  

with   ODF   can   be   embedded   through   effective  

medium   modeling,   by   two   different   ways  

depending   upon   their  ODF.   First   one   is   simple  

and  easy  to   implement  and  works   in  case   if   the  

ODFs  of  fractures  and  clay  platelets  are  identical.  

In   this   approach,   fractures   are   embedded   in  

individual   sub-‐‑composite   of   clay,   quartz,  water  

and   pore-‐‑hydrates   prior   to   Voigt   [1928]  

averaging.  The  volume  of  hydrate-‐‑filled  fracture  

in   each   sub-‐‑composite   should   be   equal   to   the  

desired   volume/fraction.   Suppose   in   a   case,  

where   the   fracture  porosity   is  10%  of   total   rock  

volume  in  that  case  in  each  sub  composite  of  clay  

and  quartz,  we  can  add  10%  fractures  (filled  with  

hydrates  in  this  case)of  the  total  volume  and  then  

rotate.  Once   fracture   is   embedded,   then  during  

rotation   via   bond   transformation   [Winterstein  

1990]   of   each   domain   (fracture+sub-‐‑composite),  

fracture   undergoes   the   same   rotation   and,   as   a  

result  we  achieve  the  desired  ODF  for  fracture  in  

sediments.  In  this  approach  averaging  can  also  be  

achieved  by  Sayers’  [1994]  simplified  approach  if  

W200  and  W400  are  known.  A  schematic  diagram  of  

clay   sub-‐‑composite   embedded   with   vertically  

oriented  ellipsoidal  hydrates,  prior  to  averaging  

and  smoothing,  is  shown  in  figure  2.  
Figure  2  (a)  Schematic  diagram  of  clay  sub-‐‑composite  

embedded  with  hydrate-‐‑filled  fractures  approximated  

as   ellipsoid   for   effective  medium  modeling.   (b)   Two  

ODF   for   clay   platelets.   ODF   with   W200=0.0167   and  

W400=0.0029  is  used  by  Jakobsen  et  al.  [2000]  and  ODF  

with   W200=0.0317   and  W400=0.03957   is   estimated   and  

used  by  Ghosh  et  al.  [2010]  for  gas  hydrate  saturation  

measurements  for  well  10D  for  KG  basin.  In  this  study  

we  use  latter  as  ODF  of  clay  as  well  as  of  fractures.  

In   another   approach,   if   the   ODF   of  

fractures  and  clay-‐‑platelets   are  different,   in   this  

case  total  porosity  of  fractures  filled  with  hydrate  

is  achieved  by  controlling  the  volume  of  fractures  

to  be  embedded,  in  each  sub-‐‑composite  prior  to  

averaging   and   smoothing.   Volume   of   each  

ellipsoid  filled  with  fracture  hydrate  in  respective  

sub-‐‑composite   is   orientation’s   angle   (θ)  

dependent   controlled   by   ODF   of   fracture   and  

clay.  

For  example,  to  embed  a  total  of  10%  of  

hydrate-‐‑filled   fractures,   if   normalized   statistical  

weight  of   clay  platelets   at   60°with  horizontal   is  

0.10  and  of  hydrate-‐‑filled  fracture  is  0.12,  then  at  

this  particular   angle,  volume  of  hydrate   should  
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be   included   as   (0.12/0.10)×10=12%   and   during  

averaging,  ODF  of  clay  should  be  used.  If  hfa  is  the  

overall   saturation   in   fracture   to   be   achieved   in  

sediments,   Df(n)   is   normalized   discrete  

distribution   function   of   fractures,   Dc(n)   is  

distribution   function   of   clay   platelets,   hf(n)   is  

hydrate   volume/frac-‐‑tion   to   be   embedded   at  

particular  angle  (n),  then  hf(n)  can  be  represented  

in  the  form  of  other  variables  as  

fa

c

f

f h
nD

nD
nh

)(

)(
)( =          (2)  

Once   each   domain   is   ready   with   vertical  

fractures   of   volume   as   defined   by   equation   (2),  

each  domain  is  rotated  through  angle  defined  by  

denominator’s   ODF   (in   this   clay   ODF)   and  

averaged   using   Voigt   averaging,   followed   by  

smoothing.   To   toggle   between   W200   and   W400,  

required  for  Sayers’  [Sayers  1994]  approach  and  

statistical  weight  of  discrete  angles,  required  for  

Voigt  averaging  [Voigt  1928],  one  can  follow  the  

methodology  adopted  by  Johansen  et  al.   [2004].  

Figure   (2   b)   shows   two   different   orientation  

distribution   functions   for   clay   platelets.   ODF  

with   W200=0.0167   and   W400=0.0029   is   used   by  

Jakobsen  et  al.  [2000]  and  ODF  with  W200=0.0317  

and  W400=0.03957  is  estimated  and  used  by  Ghosh  

et   al.   [2010]   for   gas-‐‑hydrate   saturation  

measurements  for  well  10D  of  KG  basin.    

III.  RESULTS  AND  DISCUSSIONS  

Gamma  ray,  density,  resistivity  and  acoustic  

P-‐‑wave  logs  of  well  10A  were  acquired  through  

LWD  while  gamma  ray,  density,  acoustic  P-‐‑wave  

and   S-‐‑wave   logs   of   well   10D   were   acquired  

through  wireline  logging  [Collett  et  al.  2008].  Site  

10  is  nano  fossil-‐‑rich  clay  where  the  mineralogy  

estimated  from  core  data  is  95%  clay  and  5%  silt  

on  average  [Collett  et  al.  2008,  Ghosh  et  al.  2010].  

In  the  present  study,  ODF  of  fractures  is  assumed  

the  same  as  of  clay  platelets,  where  W200  =0.0317  

and  W400=0.03957  are  used  [Ghosh  et  al.  2010]  for  

the  purpose  of  averaging.  The  values  of  density  

(ρ),  bulk  moduli  (K),  shear  moduli  (µμ)  used  in  this  

study  have  been  shown  in  Table  1.    

  

Constituent   K(GPa)   µμ  (GPa)   ρ  

(g/cm3)  

Clay   21.20   6.66   2.60  

Quartz   37.79   44.07   2.70  

Watera   2.25   0   1.03  

Hydrateb   8.27   3.49   0.92  
aDensity  of  water  from  Collett  et  al.  [2008];  

bValues  for  Hydrate  are  from  Helgerud  et  

al.[2009]  

Table  1.  Bulk  moduli  (K),  shear  moduli  (µμ),  densities  

(ρ)  used  in  this  study  [Jakobsen  et  al.  2000]  

Here,   SCA   (50%   porosity)   is   combined  

with   DEM   to   establish   bi-‐‑connectivity   for   clay-‐‑

water  composite  followed  by  inclusion  of  quartz  

as   isolated  phase   through  DEM.  Then   fractures  

are  included  as  hydrate  ellipsoids,  having  aspect  

ratio  =  0.001,  removing  matrix  and  pore-‐‑fluid  in  

such  a  way  that  final  composite  is  an  aggregate  of  

all.  This  is  followed  by  averaging  and  smoothing  

to  consider  the  effect  of  clay,  fracture  orientation  

and  to  remove  edge  effects,  respectively.  Starting  

with   isotropic  background  (aspect   ratio   for  clay  

platelets   is   1),   we   calculated   the   sonic   velocity  

(VP)   as   a   function   of   increasing   hydrate  

saturation,  due  to  fractures  filled  with  hydrates.  

Figure  3(a  toc)  shows  modeled  VP  associated  with  

horizontal  and  vertical  fractures  and  for  fractures  

with   ODF   corresponding   to   three   different  

porosities  φ=73.7,  φ  =62  and  φ  =57.  Figure  3(d  to  

f)  shows  the  effect  of  fracture  rotation  on  velocity.  
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Figure   3.   (a   to   c)   Variations   of   VP   with   hydrate  

saturation   in   fractures   with   three   porosities   and  

aligned  in  horizontal,  vertical  and  preferably  oriented  

in   vertical   direction   with   ODF.   (d   to   f)   Percent  

difference   in   calculated   VP   for   purely   vertical   and  

fractures   with   ODF   with   respect   to   horizontal  

fractures.  

Effect   of   rotation   is   more   for   higher  

porosities   and   intermediate   saturations   and  

decreases   as   porosity   decreases.   About   4%  

difference   is   observed   when   saturation   is  

calculated   for   purely   vertical   fractures   or   for  

fractures   rotated   with   ODF.   We   estimated   gas  

hydrate   saturation   in  both   the  wells   for   contact  

(load-‐‑bearing)   and   non-‐‑contact   (non-‐‑load  

bearing)   modes   of   pore   filling   morphologies.  

Figure   4   shows   hydrate   saturation   estimates   of  

well  10A  and  10D  with  isotropic  and  anisotropic  

(more  precisely,  transverse)  background.  Aniso-‐‑

tropy  is  achieved  using  an  aspect  ratio  of  1:20  for  

clay   platelets   and   pore   fluids   [Jakobsen   et   al.  

2000]  during  SCA  and  DEM  modeling.  For  well  

10D,  maximum  hydrate  saturation  estimated  for  

anisotropic   non-‐‑contact   model,   at   ~67   mbsf,   is  

58%  which  is  ~2%  more  than  that  was  calculated  

by  Ghosh   et   al.   [2010],   and   this  may   be   due   to  

different   elastic   moduli   of   hydrates   taken   into  

consideration.  
  

  

Figure  4.  Gas  hydrate  saturation  for  well  10A  and  10D  

in   case   of   pore   filling   morphology.   Saturation  

measured  via  pressure   core  also   shown   for  well   10D  

and  10B   (within  ~10m  distance   to  10A)   [Collett   et  al.  

2008,  Lee  and  Collett  2009].  

We   found   52%,   41%,   and   19%   hydrate  

saturation  for  anisotropic  contact,  isotropic  non-‐‑

contact   and   isotropic   contact   models,  

respectively.   For   well   10A,   maximum   hydrate  

saturation  estimated   is  59%,  54%,  47%  and  29%  

for   pore   filling   morphologies   modeled   as  

anisotropic   non-‐‑contact,   anisotropic   contact,  

isotropic   non-‐‑contact   and   isotropic   contact,  

respectively.   Each   depth   point   is   given   a  

normalized   weight   proportional   to   its   total  

distance   from   lower   and   upper   depth   points  

during   averaging,   as   all   points   are   not   equally  

spaced.  Average  hydrate  saturation  is  50%,  41%,  

24%,  ~1%  for  10D  and  25%,  18%,  8%,  ~1%  for  10A,  

in   anisotropic   non-‐‑contact,   anisotropic   contact,  

isotropic   non-‐‑contact   and   isotropic   contact  

morphologies,  respectively.  

Further,   figure   5   shows   gas   hydrate  

saturation  for  wells  10A  and  10D  if  hydrates  are  

present   in   fractures.   Three   different   scenarios  

have  been  taken  into  consideration  for  fractures,  

first  if  all  fractures  are  vertical,  second  if  fractures  

are  oriented  as  ODF,  third  if  fractures  have  ODF  
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but   are   fixed   to   20%   of   the   total   porosity.   In  

modeling,  all  fractures  are  considered  to  be  filled  

with  hydrates.    

  
Figure  5.  Gas  hydrate  saturation  varying  with  depth  is  

depicted   for   well   10A   and   10D.   Red   (light   line)  

represents   grain   displacing   morphology   if   fractures  

are   vertical.   Black   (dark   line)   represents   saturation  

variation   with   depth   for   fractures   oriented   and  

smoothed   according   to   ODF.   Dotted   and/or   star  

represents  hydrate  saturation  for  combined  approach  

of  pore  filling  and  grain  displacing  if  fractures  porosity  

contribute  to  20%  to  the  total  porosity.    

When   estimated   for   fractures   with   and  

without  ODF,  saturation  goes  to  a  maximum  of  

41%  and  42%  for  well  10D  and  33%  and  36%  for  

well  10A,  respectively,  while  average  saturation  

is  28%  and  29%  for  well  10D  and  14%  and  13%  for  

well  10A.  For  fracture  porosity  limited  to  20%  of  

total   porosity   (combined   morphology),  

maximum   observed   hydrate   saturation   is   52%  

and   49%   for  well   10D   and   10A,   respectively.   It  

should  be  noted  that  if  hydrate  saturation  is  less  

than   20%   which   means   hydrate   filled   fracture  

porosity  considered  should  be  less  than  20%,  so  

in  this  case  saturation  can  be  limited  to  saturation  

observed   for   grain   displacing   morphology   i.e.  

dark  black  line  in  figure  4.  

Lee  and  Collett  [2009]  estimated  a  maximum  

of  44%  saturation  at  10D  through  anisotropic  P-‐‑

wave  modeling  while  it  was  21%  from  observed  

S-‐‑wave   velocity   following   approach   of   White  

[1965].   Maximum   calculated   saturation   from  

Archie’s   [1942]   equation   using   higher   n   and  m  

parameters,   corresponding   to   anisotropic  

condition   in  well  10A  is  ~70%.  At10A,  recorded  

P-‐‑wave  velocity  may  be  less  than  the  actual  value  

due   to   dissociation   of   gas   during   LWD   in   gas  

hydrate  interval  [Lee  and  Collett  2009].  This  may  

be   one   reason   of   underestimating   gas   hydrate  

saturation  at  10A  when  compared  to  core  data.  At  

10D,   though   estimated   hydrate   saturation   for  

filled   fracture   is   on   the   higher   side   when  

compared  to  core  data,  [Lee  and  Collett  2009]  up  

to  4%  underestimation  is  permissible.  Numerical  

studies   point   out   that   the   hydrate   reservoir   is  

complex   and   even   fluid   flow   could   alter   the  

geomechanical   characteristics   of   reservoir   [Kim  

et  al.  2012],  and  hence  outcome  of  logs.    

IV.  CONCLUSIONS  

Effective   medium   modeling   for   hydrate  

saturation   via   SCA,   DEM   and   smoothing  

depends   on   physical   parameters   and  

implementing   ODF   on   fractures   can   be  

considered  as  an  improvement  in  the  method.  At  

site   10,   it   is   observed   that   two   approaches,   all  

vertical  fractures  or  fractures  with  ODF,  differ  by  

~2-‐‑4%  in  hydrate  saturation  estimates.  Further,  it  

can  be  concluded   that   the  difference   in  velocity  

calculated  by  forward  modeling  (which  in  turn  is  

saturation   measured   by   inverse   modeling)   is  

higher   for  high  porosities  and   it   is  maximum  if  

hydrate  saturation  is  ~35-‐‑45%  [Figure  3].  
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