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Executive Summary 

Natura l  gas  i s  an  im po rtant  energy  so urce .  Recent ly  the  wo r ld-wide 

co nsum pt io n i s  rap id ly  increas ing  due to  the  gro wing  dem and caused by  

indust r ia l  gro wth and a l so  by  sh i f t ing  to  c leaner  e nergy  so urce  dr iven 

env i ro nm enta l  co ncerns .  To  sat i s fy  dem and a lso  in  t he  future ,  i t  i s  necessary  to  

lo ok  fo r  a l ternat ives  so urces  o f  supply  o f  energy .   

 

An  a l ternat iv e  co uld be  the gas  pro duct io n  f rom Nat ura l  Gas  Hydrates  (NGH) ,  

which  are  i ce - l ike  c rysta l l ine  com po unds  that  fo rm f ro m water  and gas  at  lo w 

tem perature  and h igh  pressure .  NGH are  fo und in  subsur face  e i ther  near  the 

sur face  in  arct ic  reg io ns  o r  in  deep water  m ar ine env i ro nm ents .  The  est im ated 

v o lum e o f  NGH with  respect  to  energy  conta ins  twice  the  am ount  o f  current ly  

recov erable  wo r ld-wide  fo ss i l  fue ls .  IHC  Merwede  ( IHC)  i s  interested in  the  

po tent ia l  o f  deep sea m in ing  o f  NGH.   

 

Th is  def ines  the  research  quest io n:  “I s  d eep  sea  min ing  o f  gas  h yd ra tes  f rom 

th e  sea  f loo r  an d sed i men ts  fea s ib l e  f ro m a  techn ol og ical  and  eco no mic  

p ersp ect i ve? ” 

 

An  extens iv e  rev iew o f  l i terature  o n NGH-depo s i t s  sho ws  that  they  ex is t  

g lo ba l ly  but  o ccur  predom inant ly  aro und the  edge  o f  the  co nt inents  in  m arg ina l  

m ar ine  bas ins  and so me in  perm afro st  reg io ns .  The  o ccurrence  o f  hydrates  

depends  o n the  temperature ,  pressure  and the  k ind  o f  gas .  D epressur i zat io n,  

therm al -  and chem ica l  s t im ulat io n  are  three  po ss ib le  d i ssoc iat io n  m echanism s 

fo r  the  pro duct io n  o f  hydro carbo n gases  f ro m NGH.   

 

Fo r  fur ther  research  the  Atwater  Va l ley  in  the  Gul f  o f  Mex ico  was  cho sen based 

o n the  h igh  po tent ia l  and av a i lab le  info rm at io n abo ut  th is  s i te .  Th is  research 

was  necessary  to  v er i fy  the  techno lo g ica l  and eco nom ic  perspect ive  o f  m in ing 

m ar ine  natura l  gas  hydrates .   

 

The  main  conc lus ions  concer n ing  the  techno lo gi ca l  perspect ive  wer e ident i f ied:  

 

D eep sea  m in ing  o f  gas  hydrate  bear ing  sedim ents  (GHBS)  i s  po ss ib le  f rom  a 

techno lo g ica l  po int  o f  v iew.  Howev er ,  fo r  a  re l iab le  feas ib i l i ty  s tudy  o n 

po tent ia l  m in ing  o perat io ns  o f  GHBS mo re  research  into  geo lo g ica l  data  needs  

to  be do ne.  Neverthe less ,  th i s  s tudy  sho ws  that  ex i s t ing know-ho w and 

equipm ent  fo r  deep-sea  m in ing  co uld  be  used to  excav ate GHBS.  Thereby ,  

future  invest igat io ns  sho uld  fo cus o n the interm edi ate  t ranspo rt  o f  the 

excav ated sedim ent  to  a  separat io n  uni t .  Ev en tho ugh sev era l  techno lo g ies  are  

av a i lab le  to  rem ov e l iqu ids  and so l ids  fro m gases  t here  are  no  o perat io nal  

p lants  to  pro cess  GHBS.  Co m pressed Natura l  Gas  seem s to  be  the  best  way  to  

t ranspo rt  the  gas  f rom  the  m in ing  s i te  to  i t s  market .  
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The  main  conc lus ions  concer n ing  the  eco nomi c  per spect ive  were  ident i f ied  as :  

 

The  pro ject ’ s  eco nom ic  v iab i l i ty  o f  the base  case  i s  negat iv e .  A  sens i t iv i ty  

ana lys i s  (a  re lat iv e  change  o f  +/ -  3 0% o n the  input  v ar iab les )  sho ws  that  the 

eco nom ic  v iab i l i ty  rem ains  a lways  negat ive .  Th is  i s  m ain ly  caused by  the  h igh 

o perat ing-  and capi ta l  expendi tures .  Espec ia l ly  the  CAP EX  o n the  in i t ia l  phase  

o f  the  o perat io n  i s  h igh.  The  rev enues  are  no t  h igh  eno ugh to  o f fset  these 

expenses .   

 

To  m ake  the m in ing  eco nom ica l ly  at t ract iv e ,  the  requi red  gas  pr ice  has  to  be 

a lm ost  ten  t im es  the current  gas  pr ice  o f  4 .2  US$/m mBtu.  

 

Never the less  th i s  thes i s  pr ov ides  ins ight  into  the  var ious  aspects  of  the  r ecover y 

of  natur a l  gas  f r om GHBS  oper ated  fr om a  vesse l .  Based on  the  conc lus ions  of  

th i s  resear ch  i t  i s  reco mmend ed  to :  

 

D o  deta i led  research  into :  geo technica l  pro pert ies  o f  GHBS such as  

com press iv e- ,  tens i le -  and co hes ive  s t rength;  the  behav io ur  o f  NGH dur ing  

ext ract io n  and v ert ica l  t ranspo rtat io n;  the  env i ro nm enta l  impact  o f  phys ica l  

m in ing  o f  m ar ine  gas  hydrates;  the  pro cess ing  o f  GHBS;  the  pro ducable  reserv es  

f ro m NGH-depo s it s ;  and techno lo g ica l  innov at io ns  to  lo wer  OP EX  and CAPEX.   

 

The  deve lo ped cash f lo w mo del  fo r  NGH-o perat io ns  a l lows  ev a luat ing  the 

f inanc ia l  parameters .  Further  research and dev e lo pm ent  is  recomm ended to  

o pt im ise  the  m o del  fo r  o ther  deep sea  m in ing  o perat io ns .  
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1. Introduction 

Natura l  Gas  Hydrates  (NGH)  are  crysta l l ine  so l ids  com po sed o f  water  and gas ,  in  

which  the  ‘guest ’  gas  mo lecules  are  t rapped in  water  cav i t ies (ho st )  surro unded 

by  hydro gen-bo nded water  m o lecules  (S loan,  e t  a l . ,  2 0 08 ) .  NGH can be  fo rm ed 

when a  guest  m o lecule  i s  com bined with water  at  low  tem peratures  and h igh 

pressures .   

Of  part icu lar  indust r ia l  interest  are  the gas  hydrates ,  hydrocarbo n gases .  These 

NGH-depo s i t s  can  be  fo und in  two d i f ferent  sett ings  in  which  the 

thermo dynam ic  co ndi t io ns  are  su i tab le  fo r  the i r  ex i stence :  o nsho re in 

perm afro st  reg io ns  and o f fsho re  in  m ar ine  sedim ents .  The est im ated vo lum e o f  

NGH with  respect  to  the  energy  co ntains  twice  the  am o unt  o f  current ly  

recov erable  wo r ld-wide  fo ss i l  fue ls  (S lo an,  e t  a l . ,  2 00 8) .  Som e of  these  hydrates  

are  s i tuated at  o r  near  the  sea  f lo o r  in  gas  hydrate  bear ing  sedim ents .   

D ue  to  the co ns iderable  s i ze  o f  th i s  potent ia l  reso urce ,  even i f  o n ly  a  f ract io n  

o f  the natura l  gas  in  hydrates  can  be pro ven technica l ly  and eco nom ica l ly  

recov erable ,  the  product io n  o f  NGHs  co uld  becom e a  part  o f  the  wo r ld ’s  energy  

po rt fo l io  as  a  supply  o f  natura l  gas  to  g lo ba l  m ark ets .   

 

1.1.  Thesis scope 
 

IHC  Merwede  ( IHC)  i s  interested in  the  techno lo gy  to  ext ract  and t ranspo rt  

natura l  gas  hydrates  fo r  co mmerc ia l  purpo ses .  IHC  have  ga ined s ign i f i cant  

exper ience  in  dredging  and near  sho re  m ar ine  m in ing  o v er  the  years .  At  the 

m oment  IHC  i s  busy  to  expand th is  exper ience  towards  the  ext ract io n  o f  

m inera ls  f rom  o ther  depo s i t s ,  such  as  natura l  gas  hydrate  depo s i t s .  There  are  

d i f ferences  between NGH-depo s i t s  and i t s  dredging  o perat io ns  versus  near  

sho re  m in ing  o perat io ns .  These  are :  

•  D imens io ns and geotechnica l  pro pert ies  of  the  reso urce 

•  Sens i t iv i ty  to  hyperbar ic  e f fects  (which can be  att r ibuted to  greater  

water  depth  and/o r  ov erburden)  

•  Env i ro nm enta l  co ndi t io ns ;  and 

•  D istance  to  sho re 
 

1.1.1.  Thesis  Goal  and Object ives  
 

The  go a l  o f  th i s  thes is  i s  to  m ake  a  co ntr ibut io n  t o  the kno wledge  and 

understanding  o f  presence  o f  natura l  gas  hydrate  depo s i t s  and the 

requi rements  fo r  success fu l  ext ract io n  o f  depo s i t s .  

 

The  m ain  research  quest io n i s :  

 

“ I s  deep sea  mi ni ng  of  g as  hy drates  f rom the sea  f loor  and sedi ments  feas i b l e 

f rom a  tec hnol og ic a l  and ec onomi c  perspec t iv e? ” 

 

To  answer  th is  quest io n  the fo l lo wing  thesis  o bject ives  are  to  be  def ined:  
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•  Sum m ar ize  the  knowledge  o f  natura l  gas  hydrates  and the  potent ia l  w i th 

respect  to  the recov ery  and supply  to  the  m arket  p lace .  

•  Gain  bet ter  understanding  o f  ext ract io n,  t ranspo rtat io n  and pro cess ing 

that  are  su i tab le  fo r  gas  hydrate  depo s it s .  

 

To  reach these  o bject iv es  the  fo l lowing  spec i f ied  t asks  were  set :  

•  Research  what  k ind  of  m ar ine Natura l  Gas  Hydrate  depo s i ts  ex i st  g lo ba l ly .  

•  Analyse  the  co ndi t io ns  and pro pert ies  o f  these  depo s i t s  focus ing  o n:  

o  Types  o f  Natura l  Gas  Hydrates  

�  Structures  

�  Geo graphy 

�  Class i f i cat io n  

o  Lo cat io n  o f  hydrates  

o  Extens io n o f  reso urces  

o  Geotechnica l  pro pert ies  

o  Env i ro nm enta l  co ndi t io ns  

o  Types  o f  commo dit ies  that  o ccur  in  these depo s i t s  and the i r  v a lues  

 

Sev era l  NGH-depo s i ts  seem  to  be  v ery  pro m is ing  reso urces  in  the  supply  of  

natura l  gas .  Based o n pre l im inary  qua l i tat iv e  ana ly s i s  o f  three  d i f ferent  seabed 

gas  hydrate  depo s i t s  i t  was  dec ided to  do  a  m o re  in -depth  inv est igat io n  into  

o ne  o f  these  depo s it s .  

Fro m  a  m in ing  techno lo gy  perspect iv e  the  fo l lowing  to pics  were  inv est igated 

us ing  a  s tandard  m ine  p lanning  pro cess  as  a  gu ide l i ne :  

•  Ident i fy  co nst ra ints  fo r  success fu l  NGH ext ract io n,  pro cess ing ,  

t ranspo rtat io n  and markets .  

•  D eterm ine  the feas ib i l i ty  to  ext ract  these  gas  hydrate  bear ing  sedim ents .  

•  Analyse  and def ine the  eco nom ic  potent ia l  fo r  ext ract io n  fo r  one  spec i f ic  

depo s i t :  

o  Breakage techno lo gy  /  ext ract io n  metho d respect ing  the 

env i ro nm ent  and propert ies .  

o  Feas ib le  m etho d o f  vert ica l  t ranspo rtat io n f ro m  the  seabed depo s i t  

to  the  sur face  suppo rt  vesse l .   

o  An o verv iew o f  su i tab le  techniques  fo r  fur ther  pro cess ing  and 

t ranspo rtat io n.  

o  Eco no m ic  ana lys is  to  assess  the  eco nom ic  v iab i l i ty  

•  P ro po se further  av enues  o f  research  and/o r  invest igat io n.  

 

1.2.  Method of Approach 
 

The  bas ics  o f  an  extens iv e  l i terature  rev iew o n geo lo gy  o f  Natura l  Gas  Hydrate 

depo s i t s  prov ided ins ight  in  the i r  pro pert ies  and co ndi t io ns .   

 

Seco ndly  a  pre- feas ibi l i ty  s tudy  was  dev e loped fo r  a  spec i f i c  NGH-depo s i t  in  the 

Atwater  Va l ley ,  Gul f  o f  Mex ico .  The  requi rem ents  to  ext ract  the  Gas  Hydrate 

Bear ing  Sedim ents  were  based o n addi t iona l  l i te rature  rev iews,  d i f ferent  types 

o f  comm unicat io n  ( interv iews ,  bra insto rm  sess io n  and e -m ai l s )  w i th  superv iso rs  

and experts .  Addi t io na l ly ,  a  base  case  scenar io  mo del  was  c reated.  The  fo cus  o f  

th i s  pre- feas ib i l i ty  study  i s  o n an  ana lys is  to  ass ess  the  eco nomic  v iab i l i ty .  
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1.2.1.  Prefeasib i l i ty  Study Layout  
 

The  co ncept  s tudy  is  usua l ly  the  s tar t  o f  a  m in ing  o perat io n,  which  go es 

thro ugh sev era l  phases ,  a f ter  in i t ia l  explo rat io n  has  deemed a  depos i t  as  a  

pro m is ing  reso urce  (F igure  1 -1 ) .  In  appendix  A  ano t her  way  o f  lo o k ing  at  Mine 

P lanning  pro cess  steps  i s  presented (acco rd ing  S lagmo len,  2 00 9 ) .  That  

presentat io n  o f  the  pro cess  h igh l ights  the  i terat iv e  character is t i cs  which  m ean 

that  resu l t s  o bta ined at  an  ear l ie r  s tage  so met im es  hav e  to  be a l tered due  to  

co nst ra ints  at  a  la ter  s tage .  Th is  way a  system  can be  o pt im ised.  

 
Figure 1-1 Mine planning process (modified from Hustrulid and Kuchta (2006)) 

 

The  fo l lowing  descr ipt io n  o f  a  pre l im inary  o r  pre- feas ib i l i ty  s tudy i s  f rom 

Hustru l id  and Kuchta  (2 00 6) .  

 

A  pre l im inary  s tudy  i s  an  interm ediate- leve l  exerc i se ,  norm al ly  no t  su i tab le  fo r  

an  inv estm ent  dec is io n.  I t  has  the  o bject ives  o f  de term in ing  whether  the 

pro ject  co ncept  just i f ies  a  deta i led  ana lys i s  by  a  feas ib i l i ty  study ,  and whether  

any  aspects  o f  the  pro ject  are  c r i t ica l  to  i t s  v iab i l i ty  and necess i tate  in-depth 

inv est igat io n.  A pre l im inary  s tudy sho uld be  v iewed as  an  intermediate  s tage 

between a  re lat iv e ly  inexpens iv e  co nceptua l  s tudy  and a  re lat iv e ly  expens iv e 

feas ib i l i ty  study .  Some s tudies  are  do ne  by  a  two  o r  three-m an team s that  hav e 

access  to  co nsul tants  in  v ar io us  f ie lds  o thers  m ay  be  m ult i -group e f fo rts .  

 

The  pre l im inary  s tudy i s  based o n cr i t i ca l  sect io ns  l i ke  (Hust ru l id ,  e t  a l . ,  20 06 ) :  

•  Aim 

•  Technica l  co ncept  

•  F indings  

•  Ore  quant i ty  and grade  

•  Mining  and pro duct ion  schedule  

•  Capi ta l  co st  est im ate 

•  Operat ing  co st  est imate 

•  Revenue  est imate 

•  Taxes and f inanc ing  

•  Cash f low tab les  

The  degree  o f  deta i l  depends  o n the  qua l i ty  o f  in fo rm at io n.   
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2. Marine Natural Gas Hydrate deposits 

2.1.  Introduction 
 

Natura l  gas  hydrates  (NGH)  are  i ce  c rysta l l ine  com po unds  which  are  fo rmed by  

asso c iat io n  o f  m o lecules  o f  water  (ho st )  and natura l  gas  (g uest ) .  Typ ica l  natura l  

gas  mo lecules  inc lude m ethane,  e thane,  pro pane,  and carbo n d io x ide .  

The i r  fo rm at io n and d isso c iat io n  i s  descr ibed by  the genera l  equat io n 

 

    G    +        N H H 2 O      �   G  *  N H H 2 O  
( M e t h a n e )      ( W a t e r  o r  I c e )            ( H y d r a t e )  

 

(2 .1 )  

 

Where  N H  i s  the  hydrat io n  num ber  and G  i s  a  hydrate- fo rm ing  gas .  NGHs  i n  

geo lo g ica l  sys tem s co nta in  G=CH 4  as  thei r  m ain  gas  ingredient .  The  hydrate  

fo rmat io n react io n  i s  an  exo therm ic  pro cess  which  m eans  i t  generates  heat .  The 

d isso c iat io n  o f  gas  hydrates  i s  an  endo therm ic  pro cess  ( l i ke  i ce ) ,  which  m eans  i t  

abso rbs  heat .  The  fo rmat io n o f  NGH depends  o n press ure ,  tem perature ,  gas  

com po s it io n  and presence  o f  inh ib i to rs  ( i .e .  sa l t s ) .  Natura l  Gas  Hydrates  are  

fo und in  two  d is t inct  types  o f  set t ings :  perm afro st  in  arc t ic  reg io ns  and in  

deepwater  m ar ine sedim ents .  In  the past ,  NGH were seen as  negat ive  o bstac les  

because  o f  the  fo rm at io n o f  hydrates  in  p ipe l ines .  Ho wev er researchers  

d i sco vered that  certa in  chem ica ls  co uld be  in jected  into  the  p ipe l ines  to  

prev ent  fo rm ing  o f  hydrates  (Mako go n,  1 99 7 ) .   

 

The  g lo ba l  quant i ty  o f  hydrate-bo und m ethane  i s  es t imated to  be  (3 -5)  x  1 0 1 5  

m 3  (Mi lko v ,  2 00 4 ) .  The  character i zat io n  o f  NGH-depo s i t s  invo lves  co l lect io n  and 

interpretat io n  o f  geo -mechanica l ,  geo phys ica l ,  sed im ento lo g ica l  and therm al  

data .  I t  i s  im po rtant  to  ana lyse  the  pro pert ies  o f  hydrate  bear ing  sedim ents  

wi th  respect  to  the  gas  pro duct io n  and geo -m echanic a l  ins tab i l i t ies  re lated to  

hydrates .   

One  cubic  m etre  o f  m ethane  hydrate  can encapsulate  up  to  16 0  m 3  m ethane  at  

s tandard  tem perature  and pressure .   

 

Wher e i s  Natur a l  Gas  Hydr ate  found? 

Natura l  gas  hydrates  (NGH)  o ccur  predo m inant ly  aro und the  edge  o f  the 

co nt inents  and in  m arg ina l  m ar ine  bas ins,  l i ke  the B lack  Sea  and Gul f  o f  Mex ico ,  

and in  som e perm afro st  reg io ns,  as  shown in  the F igure  2 -1 .  The  whi te  do ts  are  

the  reco vered NGH sam ples ,  whi le  the  b lack  do ts  are  the  inferred NGH 

o ccurrence  based o n:  bo t tom  s im ulat ing  ref lect io n  ( BSR)  and wel l  lo gs .  Th is  m ap 

was  c reated in  20 07 ,  but  st i l l  shows  the  bas ic  patt ern  o f  wo r ld-wide  NGH 

d is t r ibut io n.   
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Figure 2-1 A global inventory of Natural Gas Hydrate occurrence  (Kvenvolden, et al., 2008) 

2.2.  The division of the oceans 
 

The  d iv i s io n  o f  the o ceans  i s  do ne  o n sev era l  lev e l s :  po l i t i ca l ,  geo lo g ica l ,  

b io lo g ica l ,  eco nom ica l  and sev era l  o thers .  Fo r  th i s  s tudy  the fo cus  wi l l  be  o n 

the  eco nom ic  v a lue  o f  m ar ine  depo s i t s ,  but  i t  i s  es sent ia l  to  understand the  

po l i t i ca l  and geo lo g ica l  d iv i s io n  as  we l l  to  m ake  a  go o d eco no m ic  assessm ent  o f  

the  m ar ine  depo s i t s .   

 

Mar ine  sed iments  

Chester  (2 00 3)  d iv ided the  sea  f loo r  into  three  m ajo r  to po lo gica l  reg io ns :  the  

co nt inenta l  m arg ins ,  the  o cean-bas in  f loo r  and the  m id-o cean r idge  system .  An 

extens iv e  descr ipt io n  o f  the  pro cesses  o f  these  reg io ns  i s  not  requi red  fo r  th i s  

pro ject .  A  sum mary  o f  leg is lat ive  c lass i f icat io n  as  we l l  as  the  v ar io us  supply  

pro cesses  o f  e lem ents  to  the  o cean f lo o r  i s  g iv en in  the  next  sub-paragraphs .   

 

Legis lat ion 

The  Internat io na l  Seabed Author i ty  ( ISA)  i s  an  auto no mous  internat io na l  

o rganisat io n  establ i shed under  the 19 82  Uni ted  Nat io ns  (UN)  Co nvent io n o n the 

Law o f  the  Sea .  Th is  co nv ent io n  and the  1 99 4  agreement  re late  to  the 

im plem entat io n  o f  part  X I  o f  the  UN conv ent io n  o n t he  Law o f  the  Sea .  I t  

def ined the  geo graphica l  bo rders  and the  r ights  o f  co asta l  nat io ns  to  the 

adjacent  ocean and o cean f lo o r  ( ISA,  2 00 9 ) .  The  ISA  i s  the  o rganisat io n  that  

o versees  the  adherence  to  the  co nvent ion  by  the internat io nal  comm unity  and 

d iv ides  the  ocean into  fo ur  areas  F igure  2 -2 :  

•  State  /  Terr i to r ia l  Sea  (wi th in  3  naut ica l  m i les  o f  the  co ast ) ;  

•  Co nt inenta l  She l f  (up to  the  co nt inenta l  s lo pe)  

•  Eco no m ic  Exc lus ive  Zo ne  (EEZ ,  w i th in  200  naut ica l  m i les  o f  the  co ast) ;  

•  The  Internat io na l  Area  ( the  area ,  o uts ide the  EEZ)  
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Figure 2-2 Continetnal shelf and slope (EIA, 2005) 

 

The  tendency fo r  NGH to  accum ulate  at  co nt inenta l  m arg ins  means  that  m uch o f  

i t  fa l l s  w ith in  the  EEZ  o f  co asta l  nat io ns  ( sho wn i n  F igure 2 -1) ,  m any  o f  which 

are  no t  present ly  energy  pro ducers .  Thus i f  gas  hydrate  pro ves  to  be  a  v iab le  

energy  so urce ,  i t s  presence  in  the  EEZ  o f  many  nat io ns  wi l l  change  g lo ba l  

energy  d ist r ibut io n  and i t s  eco nom ics  (Max ,  e t  a l . ,  200 6 ) .   

 

The  ISA  fo cuses  s t ro ngly  o n  the  im pact  o f  deep seabed m in ing.  I t  has  pro duced 

severa l  lega l  s tatements  that  intent  to  gu ide  these  act iv i t ies  in  a  sa fe  and 

respo ns ib le  m anner .  The  Co de  for  Env i ro nm enta l  Mana gem ent  o f  Mar ine  Min ing 

(CEMMM) i s  o ne  o f  these .  Th is  has  been created by  t he  Internat io na l  Mar ine 

Minera ls  So c iety  ( IMMS) .  The  o perat ing  gu ide l ines  a re  prov en benchm arks  by  

which  a  m in ing  com pany  can set  i t s  env i ro nm enta l  pro gram  fo r  a  m ar ine 

explo rat io n  o r  ext ract io n  s i te .   

Mar ine  m in ing  co m panies  ado pt ing  th is  env i ro nm enta l  co de  comm it  them se lv es  

to  the  fo l lowing  pr inc ip les  ( IMMS,  2 00 9) :  

•  To  o bserv e  the  laws  and po l i c ies  and respect  the  asp i rat io ns  o f  sov ere ign 

s tates  and the i r  reg io na l  sub-d iv i s io ns ,  and o f  internat io na l  law,  as  

appro pr iate  to  underwater  Minera l  dev e lopm ents .  

•  To  apply  best  pract ica l  pro cedures  fo r  env i ro nmenta l  and reso urce 

pro tect io n,  co ns ider ing  future  act iv i t ies  and dev e lo pm ents  wi th in  the 

area  that  m ight  be  a ffected.  

•  To  co ns ider  env i ro nm enta l  im pl icat io ns  and o bserv e  the  precaut io nary  

pr inc ip le  f ro m  in i t iat ing  a  pro ject  thro ugh a l l  s ta ges  f ro m  explo rat io n 

thro ugh deve lo pm ent  and o perat io ns ,  inc lud ing  waste  d ispo sa l ,  to  

ev entua l  c lo sure  and po st -c lo sure  mo ni to r ing .  

•  To  l ia i se  with  s takeho lders  and fac i l i ta te  comm unit y  partnersh ips  o n 

env i ro nm enta l  m atters  thro ugho ut  the project ’ s  l i fe  cyc le .  

•  To  m ainta in  an  env iro nmenta l  qua l i ty  rev iew pro gram  and de l iv er  o n 

com m itments .  

•  To  repo rt  publ ic ly  o n env i ro nmenta l  per form ance and  im plementat io n  o f  

the  Co de.   

 

With in  the  EEZ  leg is la t io n  depends  o n the ind iv idua l  co untr ies .  Exp lo rat io n  and 

m in ing  act iv i t ies  can  be  regulated by  severa l  d i f fe rent  sets  o f  leg is la t io n.  

Ano ther  c r i t i ca l  i s sue i s  that  vesse ls  can  be  sa i l ing  under  the  f lag  o f  a  d i f ferent  

co untry  than the  co untry  l inked to  EEZ  and therefo re  m ight  be a f fected by  two 

d i f ferent  sets  o f  leg is la t io n.  
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2.3.  Properties of Natural Gas Hydrate  

2.3.1.  Structures 
Al l  comm o n NGHs  be lo ng  to  o ne  o f  the  three  hydrate  s t ructures,  cubic  s tructure 

I  ( s I ) ,  cubic  s t ructure  I I  ( s I I )  o r  hexago nal  s t ructure  H ( sH) .  These c rysta l  

s t ructures  are  sho wn in  F igure  2 -3 .  

 

Cubic  s t ructure  I  ( s I )  i s  fo rm ed with  guest  m o lecules ,  such  as  methane,  e thane,  

carbo n d io x ide  and hydro gen su lphide .  The  guest  m o lecules  hav e d iameters  

between 0 .4  –  0 .6  nm  and are  predom inate  in  the  earth ’s  natura l  env i ro nment .  

St ructure  I I  ( s I I )  i s  fo rm ed with  larger  guest  m o lecules  with  d iam eters  between 

0 .6  –  0 .7  nm .  There are  hydrated mo lecules  (Ar ,  Kr ,  O 2  and N 2 )  w i th  sm al ler  

d iam eters  (<  0 .4  nm )  that  fo rm  st ructure  I I  as  s ing le  guests .  Hexago nal  

s t ructure  H ( sH)  m ay o ccur  in  e i ther  env i ro nments  w i th  larger  m o lecules  (0 .8  –  

0 .9  nm) ,  but  sH gas  hydrates  can  a l so  fo rm  in  com binat io n  wi th  sm al ler  

m o lecules  ( i .e .  m ethane,  hydro gen su lphide ,  o r  n i t ro gen) .  For  exam ple  5 1 2 6 4  

ind icates  a  water  cage  com po sed o f  12  pentago nal  and fo ur  hexago nal  faces .  

The  expo nents  ind icate  the  num ber  o f  cage  types .  S t ructure I  un i t  c rysta l  i s  

com po sed o f  two  5 1 2  cages ,  s i x  5 1 2 6 2  cages  and 4 6  water  m o lecules .  S t ructure  I I  

un i t  c rysta l  i s  com posed o f  s ix teen 5 1 2  cages ,  e ight  5 1 2 6 4  cages  and 13 6 water  

m o lecules .  S t ructure  H co ns is ts  o f ;  three  5 1 2  cages ,  two  4 3 5 6 6 3  cages ,  o ne  5 1 2 6 8  

and 3 4  water  m o lecules .  The  pro pert ies  are  tabulated in  Appendix  B .  

 
Figure 2-3 The common hydrate structures(Heriot-Watt-University, 2010) 

 

P ure  methane  (CH 4 )  and ethane (C 2 H 6 )  fo rm  st ructure  I  hydrates .  I f  a  

hydro carbo n gas  i s  la rger  than ethane  ( l i ke  pro pane ,  butane) ,  s t ructure  I I  

hydrates  are  fo rmed.  St ructure  H hydrates  o ccur  wi th  larger  gas  mo lecules  such 

as  butane  ( i .e .  i so pentane) ,  but  they  a l so  accommo date  sm al ler  mo lecules  (C 1 -

C 4 ) .   

2.3.2.  Density  
The  dens i ty  o f  gas  hydrates  can  v ary  f rom  0 .8  to  1 .2  g/ cm 3 .  Tab le  2 -1  sho ws  the 

dens i t ies  o f  som e pure  hydrates  at  0 °C  and s tandard  pressure  (0 .1  MP a) .  The 

dens i t ies  o f  hydro carbo n hydrates  are  s imi lar  to  that  o f  i ce ,  whi le  the  dens i t ies  

o f  other  hydrates  are  denser .  E .g . ,  the  dens i ty  o f  methane  hydrates  i s  0 .91 3 

g/ cm 3 ,  which  i s  less  than the  dens ity  o f  water  o r  ice .  Ho wever ,  there are  so me 

uncerta int ies  abo ut  the  dens i ty ,  because  no t  a l l  cav it ies  are  o ccupied.   
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Table 2-1 Densities of some hydrates at 0 °C (Carroll, 2009) 

 Hy drate  T y pe Dens i ty  [g /c m 3 ]  

M e t h a n e  I  0 . 9 1 3  

E t h a n e  I  0 . 9 6 7  

P r o p a n e  I I  0 . 8 9 9  

I s o b u t a n e  I I  0 . 9 3 4  

C O 2  I  1 . 1 0 7  

H 2 S  I  1 . 0 4 6  

I c e  -  0 . 9 1 7  

W a t e r  -  1 . 0 0 0  
 

 

2.3.3.  Enthalpy of  fusion 
The  ‘entha lpy  o f  fus io n’  o r  ‘heat  o f  fo rm at io n’  co u ld  be  a  usefu l  pro perty ,  

because  i t  co uld  g iv e  info rm at io n abo ut  the  energy  that  i s  requi red  to  m el t  a  

hydrate .  Table  2 -2  sho ws the  ‘entha lpy  o f  fus io n’  fo r  d i f ferent  hydrates .  

 

 
Table 2-2 Enthalpies of fusion for different gas hydrates (Carroll, 2009) 

 Hydrate  Type Entha lpy  o f  

Fus io n  [k J/ g]  

Entha lpy  o f  

Fus io n  

[k J/ mo l ]  

Entha lpy  o f  

Fus io n  

[Btu/ lb]  

M e t h a n e  I  3 . 0 6  5 4 . 2  1 3 2 0  

E t h a n e  I  3 . 7 0  7 1 . 8  1 5 9 0  

P r o p a n e  I I  6 . 6 4  1 2 9 . 2  2 8 5 0  

I s o b u t a n e  I I  6 . 5 8  1 3 3 . 2  2 8 3 0  

I c e  -  0 . 3 3 3  6 . 0 1  1 4 3  
 

 

 

2.3.4.  Compar ison of  propert ies  of  hydrates  and ice 
Mechanica l  pro pert ies  o f  hydrates  are  in  genera l  com parable  to  tho se  o f  i ce .  In  

Table  2 -3  a  sum mary  o f  m icro sco pic  and m acrosco pic  pro pert ies  fo r  i ce  and 

hydrate  st ructure I  and I I  a re  l i s ted.   
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Table 2-3 Comparison of properties of ice and hydrates  (Sloan, et al., 2008) 
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2.4.  Controls of hydrate stability 
 

P ressure ,  tem perature ,  gas  co m po s i t io n  and presence  o f  inh ib i to rs  in f luence  on 

the  s tab i l i ty  o f  natura l  gas  hydrates .  F igur e  2 -4  shows  the  equi l ibr ium  curv e  ( in  

red  l ine) .  The  equi l ibr ium  curv e  sh i ft s  to  the  r ight  (b lue  l ine  in  F igure  2 -4 )  when 

heav ier  hydro carbo ns ,  a lo ng  wi th  m ethane  part ic ipat e  in  hydrate  fo rm at io n.  

The  equi l ibr ium  curv e  sh i f t s  to  the le f t  (green l ine)  w i th  increas ing 

co ncentrat io n  o f  hydrate  inh ib i to rs  ( such as ;  sa l ts  and a lco ho ls) .  

 
Figure 2-4 Methane hydrate equilibrium curve (modified from Grover, 2008) 

 

2.5.  Gas hydrate stability zone 
 

Hydrates  o ccur  in  two  d i f ferent  reg io ns:  in  co nt ine nta l  po lar  reg io ns and in 

m ar ine  sedim ents .  In  m ar ine sedim ents  the  hydrates  are  fo und in  water  depths 

greater  than 20 0  to  6 00  m etres .  The  occurrence  o f  hydrates  depends  o n the 

tem perature  and pressure  o n the  seaf loo r  and the  gas  com po s it io n.  F igure  2 -5  

i l lus t rates  typ ica l  m ar ine  hydrate  depo s it s  o f  dept h-tem perature  zo nes  in  which 

NGH are  s tab le .  The  phase  bo undary  i s  actua l ly  the  equi l ibr ium  curv e  and the 

arched reg io n i s  the  Gas  Hydrate  Stab i l i ty  Zo ne  (GHSZ)  and i t  m eans  that  

acco rd ing  to  the  temperature  –pressure  windo w natura l  gas  hydrate  ‘ co uld ’  be 

present .  I f  hydrates  are  fo rmed in  the GHSZ  i t  w i l l  be  s tab le  in  th is  part .   
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Figure 2-5 Hydrate stability zone in an Oceanic Hydrate formation (Grover, 2008) 

 

2.6.  Origin of methane in gas hydrates 
 

Of  the  two  so urces  of  m ethane  (b io genic  o r  thermo ge nic )  in  NGH the  b io genic  

o ne  i s  the  mo st  comm o n (S lo an,  et  a l . ,  2 00 8 ) .  Biogenic  m ethane  i s  generated by  

bacter ia l  interact io n  wi th  bur ied  o rganic  m atter  in  an  ano x ic  env i ro nm ent .  The 

m ethane  that  i s  fo rm ed co mes  f rom  sha l lo w depths  and t rav e ls  a  re lat iv e ly  

sho rt  d i s tance .  Ther mogenic  methane  i s  generated by  c rack ing  o f  h igh  

hydro carbo ns  at  greater  depths .  The  m ethane  com es  f rom  e i ther  o i l  o r  natural  

gas  depo s i ts .   

 

2.7.   Dissociation mechanism 
 

The  t ransfo rm at io n o f  so l id  hydrate  to  water  and gas  i s  re ferred to  as  

‘d i sso c iat io n’ .  Th is  term  descr ibes  the  pro cess  by  which  a  chem ica l  

com binat io n,  such  as  hydrate ,  becom es  unstable  and breaks  up  into  i ts  

com po nent  co nst i tuents  thro ugh the appl icat io n  o f  e i ther  pressure  re lease o r  

tem perature increase,  o r  bo th  (Max,  et  a l . ,  2 00 6) .    

 

D i sso c iat io n:  Methane  Hydrate  �  Water L i q u i d  +  Methane G a s  

 

The  d issoc iat io n  o f  gas  hydrate  is  fa i r ly  s lo w even  dur ing  the  t ransfer  o ut  o f  the 

gas  hydrate  s tab i l i ty  zo ne .  Whi le  hydrate  fo rm at io n  pro duces  heat ,  hydrate  

d isso c iat io n  requi res  energy  in  o rder  to  break  the  c rysta l  st ructure  o f  the 

hydrate  and re lease  the  gas .  One  o f  the  reaso ns  for  th i s  s low t ransfo rm at io n i s  

the  endotherm ic  process  o f  gas  hydrate  d isso c iat io n .  I t  abso rbs  heat  when i t  

d i sso c iates  and resu l t s  in  d im in ishment  o f  the  rate  of  d i sso c iat io n.  Th is  

pheno meno n has  been re ferred to  as  ‘ se l f  preserv at io n’  (Max ,  et  a l . ,  

2 00 6 ) .D ur ing  som e research  pro jects  the dr i l led  sam ples  o f  gas  hydrate  o ften  

surv ive  the t r ip  f rom  the  sea f loo r  to  the  sur face .   
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Figure 2-6 Representative diagram of the pressure-temperature stability relationship for hydrate.  

Point A: T-P conditions at which hydrate is not stable. Point B: Equilibrium conditions at the same 
pressure found at point A. (Max, et al., 2006) 

 

F igure  2 -6  shows  the tem perature-pressure  re lat io nship  that  can  be  used as  a  

genera l i zat io n  fo r  a l l  hydro carbo n hydrates .  The grey  shaded area  sho ws  the 

co ndi t io ns  at  which  hydrates  are  s tab le .  The  reg io n  o n the  other  s ide  o f  the 

phase  bo undary  (b lack  l ine)  represents  co ndi t io ns  w here  hydrates  are  no t  

s tab le .   

 

There  are  d i f ferent  m echanism s  fo r  the  pro duct io n  o f  m ethane  f rom  gas  

hydrates ,  which  are :  

•  D epressur i zat io n 

•  Therm al  s t im ulat io n  

•  Inh ib i to rs  ( chem ica l  st im ulat io n)  

 

F igure  2 -7  sho ws the  d i f ferent  mechanism s  o f  hydrat e  d isso c iat io n.  

D epr essur i zat ion  m eans  that  m ethane  gas  i s  ext racted by  reduc ing  the  pressure 

ins ide  the  r i ser  by  reduc ing  the  spec i f i c  grav i ty  o r  amo unt  o f  the  dr i l l ing  m ud,  

caus ing  the  m ethane  hydrate  to  deco m po se .  

Ther mal  s t imulat ion  m eans  that  the  gas  i s  ext racted by  c i rcu lat ing  ho t  water  or  

s team  down thro ugh the  wel l  to  the  hydrate  bear ing  layer,  caus ing  the  NGH to  

decom pose .  Th is  m etho d was  used dur ing  the  Mal l ik  (o nsho re  at  Canada’s  

Mackenz ie  De l ta )  product io n  test ,  which  resu l ted  in  the  ext ract io n  o f  s ign i f i cant  

amo unts  o f  m ethane gas .   

The  las t  o ne  i s  a  chemica l  in ject ion  ( such  as  sa l t s  o r  so lv ents )  to  sh i f t  the 

equi l ibr ium  curv e  so  that  hydrates  are  d isso c iated at  a l ready  lower  tem perature 

and h igher  pressure .   
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Figure 2-7 Mechanisms of hydrate dissociation (Grover, 2008) 

 

2.8.  Classification of hydrate deposits 
 

The  accum ulat io n  o f  natura l  gas  hydrate  (NGH)  i s  de f ined as  o ccurrence  o f  NGH 

in  sedim ents  wi th respect  to  a  s t rat igraphic  capture  and/ o r  geo lo g ica l  

s t ructure .  I f  there  are  sev era l  GH accum ulat io ns  wi th in  a  bas in  they  are  

co ns idered as  a  GH ‘pro v ince ’ .   

There  are  three  types  o f  GH accum ulat ions  (Mi lkov ,  et  a l . ,  20 02 ) ;  st ructura l - ,  

s t rat igraphic -  and com binat io n  accum ulat io ns .  The a ccum ulat io ns  are  

d is t inguished based on the  f lu id  m igrat io n  and GH c o ncentrat ion  wi th in  the Gas 

Hydrate  Stab i l i ty  Zo ne  (GHSZ) .   

S t ructura l  accum ulat io ns  o ccur  where  m ud v o lcanoes ,  fau l t  system s and o ther  

geo lo g ica l  s t ructures,  such  as  sa lt  d iap i rs  fac i l i t a te  rap id  f lu id  t ranspo rt  f rom 

the  under ly ing  layers  into  the  GHSZ.  These  accum ulat io ns  occur  wo r ld-wide .  

Mo st  o f  them  tend to  be  located o n co nv ergent  m arg ins  (F igure  2 -1 ) .  

S t rat igraphic  accum ulat io ns  o ccur  in  re lat iv e ly  perm eable  s t rata  f rom  bacter ia l  

gas  which  i s  generated in  s i tu  o r  s lo wly  suppl ied  f rom  great  depth.  I t  i s  a l so  

po ss ib le  to  hav e a  com binat io n o f  the  prev io us ly  de scr ibed accum ulat io ns .   

 

S t r uctur a l  accumulat ions  

Structura l  GH accumulat io ns  o ccur  in  d i f ferent  tect o nic  set t ings  and water  

depths .  They  o ccur  in  adv ect ive  h igh  f lu id  f lux  sett ings  (Xu,  e t  a l . ,  1 99 9) .  Based 

o n sam pl ing  and o bserv at io n  o f  o utcro pping  gas  hydr ate  o n the  seaf loo r ,  i t  was 

co nc luded that  these  accum ulat io ns  have  m any  comm o n features  (Mi lkov ,  et  a l . ,  

2 00 2 ) .  Gas  v ents  (w i th  hydrocarbo n gas)  f rom  the  se a  f lo o r  to  the  sea ,  and 

chemo synthet ic  co mm unit ies  are  commo n.  Gas  hydrates  large ly  o ccur  as  p lates,  

pe l le ts  and no dules  in  re lat iv e ly  sha l lo w sedim ents .  In  these  accum ulat io ns  the 

gas  hydrate  co ncentrat io n  i s  re lat ive ly  h igh.  Th is  i s  caused by  the  h igh ly  

perm eable  f ractured ro utes  which  a l lo wed rap id  t ranspo rt  o f  gas  f ro m  great  

depth.   

Gas  hydrates  ( s I  &  s I I )  c rysta l l i ze  from  gas  o f  thermo genic ,  bacter ia l  and m ixed 

o r ig in .  Of  a l l  the  hydro carbo n gases,  methane  i s  the  dom inant  gas  in  GH.  

Ho wev er  o ther  hydro carbo ns  m ay  a l so  be  s ign i f i cant ly  present  in  s t ructure  I I  

gas  hydrates .  Gas  hydrates  coex is t ing  wi th  o i l  ex i s t  in  pro l i f i c  o i l  pro v inces .    
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F igure  2 -8  shows  gas  hydrate  accum ulat io ns  that  are  lo ca l i zed  aro und act ive  

fau l t s  and crates  o f  m ud vo lcano es .   

 

  
Figure 2-8 Two types of Structural accumulations. Arrows show fluid migration. Not to scale. 

 (Milkov, et al., 2002) 

 

 

Xu  et  a l .  (1 99 9)  suggested that  the  layers  o f  gas  hydrate  ( in  the GHSZ)  are  to  be 

th ick  because  o f  the  h igh  f lu id  f lux  rate .  The  o r ig in  o f  these  accum ulat io ns  can 

be  d iv ided into  fo ur  gro ups :  

 

1 .  Geo lo g ic :  

a .  Thick  sedimentary  cov er  (8 -2 2km) ,  m ain ly  com po sed o f  terr igeno us 

sedim ent ;  

b .  The  presence  o f  p last ic  sha le  layers  in  the  subsur face ;  

c .  A ro ck dens i ty  invers io n;  

d .  The  occurrence  o f  gas  accum ulat io ns in  the  deep subsur face ;  

e .  Abno rm al ly  h igh  fo rmat io n pressure .  

2 .  Tecto nic :  

a .  The  rap id  subs idence  o f  the  sedimentary  cov er  due  t o  the  h igh  

sedim ent  accum ulat io n  rate  o r  by  ov err id ing  thrust  sheets ;  

b .  The  occurrence  o f  d iap i r i c  o r  ant ic l ina l  fo lds ;  

c .  The  occurrence  o f  faul t s ;  

d .  Latera l  tecto nic  co m press io n 

e .  Se ism ic  act iv i ty ;  

f .  I so stat ic  pro cesses .  

3 .  Geo chem ica l :  

a .  P etro leum  generat io n in  the  deep subsur face ;  

b .  The  dehydrat io n  o f  c lay  m inera ls  

4 .  Hydro geo lo g ica l ,  i .e .  f lu id  f lo w a lo ng  f racture  zo nes .  
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These  reaso ns  have  of ten  been exam ined to gether  wi th  the  mechanism s  o f  the i r  

fo rmat io n.  Exam inat io n  o f  publ i shed se ism ic  pro f i le s  has  sho wn that  a l l  

s t ructura l  accum ulat io ns  are  fo rmed by  two  bas ic  me chanisms.  

The  f i r s t  m echanism  i s  the  fo rm at io n o f  a  s t ructura l  accum ulat io n  d i rect ly  o n 

the  to p o f  a  sea- f lo or -p ierc ing  sha le  d iap i r  as  a  c o nsequence  of  f lu id  m igrat ion 

a lo ng  the  bo dy  o f  the  d iap i r  ( case  B  o n F igure  2 -9 ) .  The  seco nd (and m o re 

com mo n)  m echanism  i s  the  fo rmat io n o f  s tructura l  ac cum ulat ions  as  a  resu l t  o f  

the  r i se  o f  gas  and f lu id ized m ud a lo ng  fau l t s  and f ractures  (case  D1  and D2,  

F igure  2 -9) .  In  th i s  case ,  sed iments  wi th  a  h igh  f lu id  co ntent  reach the sea f loor  

and fo rm  a s t ructura l  accum ulat io n  assoc iated with  a  fau l t  system  o r  a  m ud 

v o lcano .    

 
Figure 2-9 Submarine structural accumulations (SA) formed by two basic mechanisms.  

(A) seafloor-piercing shale diapir without a SA; (B) a SA formed on top of a seafloor-piercing shale 
diapir; (C) a seafloor seepage; (D1, D2) SAs formed due to the rise of fluidized sediments along faults. 

Arrows show the migration paths of fluids (Milkov, 2005). 

 

The  th ickness  o f  the  GHSZ  wi l l  be  higher  wi th  the presence  o f  heavy 

hydro carbo n gases  (Mi lko v ,  et  a l . ,  2 00 0 ) .  Sa l in i ty  o f  po re  water  has  a  retard 

inf luence  o n the  s tab i l i ty  o f  gas  hydrate  (S lo an,  19 98 ) .  Bo t tom  s im ulat ing 

re f lecto rs  (BSRs)  are  no t  co mmo n,  because  the  accum ulat ions  are  v ert ica l ly  

p i led  and these  accum ulat io ns  do  no t  sea l  m uch gas  be lo w the  gas  hydrate  layer  

in  co ntrast  w i th  the  s t rat igraphic  accum ulat io ns  (M i lko v ,  e t  a l . ,  2 00 0 ) .  Ano ther  

reaso n why  BSRs  are  no t  co mmo n i s  the  d is turbed bas e  o f  the  GHSZ  which  do es 

no t  para l le l  the  seaf lo o r .   

 

S t r at igr aphic  accumulat ions  

Strat igraphic  GH accum ulat io ns  o ccur  in  d i f fus io n  d o m inated-  o r  adv ect iv e  lo w 

f lu id  f lux  sett ings  (Xu,  e t  a l . ,  199 9 ) .  The  o ccurre nce  o f  these accum ulat io ns  are  

in  re lat ive ly  perm eable  s t rata  (F igure  2 -10;  a ) .   

The  crysta l l i zat io n  of  the  gas  hydrate  goes  smo othly  and i t  o ccurs  m ain ly  as  

sm al l  c rysta l s  in  pore  space .  But  research  sho wed t hat  i t  o ccurs  as  p late  

c rysta l s  and no dules  as  we l l .  GH tends  to  be  wide ly  d i ssem inated thro ugh the 

GHSZ  and the  co ncentrat io n  o f  GH i s  re lat iv e ly  low.  GHs  crystal l i ses  m ain ly  as  

s t ructure  I  f rom  bacter ia l  methane.  Methane  i s  s low ly  suppl ied  f ro m the  depth 

o r  i s  generated in  s i tu .  GH o ccurs  in  gra ined sedim ents  wi th  large  po re  space 

which  fac i l i tated gas  m igrat io n  into  this  reg io n.  T h is  a l l  to gether  m akes 

nuc leat io n  o f  GH poss ib le .  Furthermo re ,  GH appears  in  layers  near  the  base  o f  

the  GHSZ.   Mo st  o f  the  gas  hydrate  co ncentrat io ns  are  l i ke ly  to  o ccur  in  low f lux  

adv ect iv e  sett ings  (Xu,  e t  a l . ,  19 99 ) .  
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These  accum ulat io ns are  mo st ly  (but  not  a lways)  detected wi th  the  he lp  o f  

Bo t tom  S im ulat ing  Ref lecto rs  (BSR) ,  when f ree  gas  i s  present  be lo w the  GHSZ  

(Laherrere ,  2 00 0) .  

 

 
Figure 2-10 Stratigraphic- (a) and combination (b) accumulations. Arrows show fluid migration.  

Not to scale.(Milkov, et al., 2002) 

 

Combinat ion  accumulat ions  

The  las t  type  o f  accum ulat io n  i s  a  com binat io n  o f  t he  prev io us ly  descr ibed 

accum ulat io ns .  I t  occurs  in  re lat iv e ly  permeable  s t rata ,  but  in  co ntrast  w i th the 

s t rat igraphic  accum ulat io ns ,  the  gas  is  rap id ly  suppl ied  f rom  the  depth  in  the 

sect io n.  Th is  happens wi th  the  he lp o f  fau lt s  or  sa l t  d iap i rs  (F igure  2 -1 0;  b) .  The 

f lu id  f lo ws  into  the GHSZ  go es  thro ugh sha l lo w fau l t s  and into  act ive  m ud 

v o lcano es .  The fo rm at io n o f  GH o ccurs  in  the  re lat iv e ly  perm eable  sedim ents .   

 

Conc lus ion  

The  s t rat igraphic -  and co m binat io n  accum ulat io ns  are  current ly  espec ia l ly  

interest ing  as  they  can be  ext racted wi th  (mo di f ied)  techniques  f ro m  the 

petro leum  and gas  indust ry .  The  s t ructura l  accum ulat io ns  o n  the  seaf lo o r  are  

far  mo re  d i f f i cu l t  to  ext ract  w i th  the  co nvent io na l  ext ract io n  metho ds  f rom  the 

gas/ petro leum  indust ry .  These  accum ulat io ns  are  best  ext racted by  us ing  

techniques  mo re  s im i lar  to  tho se  in  m in ing.  In  the  l ig ht  o f  the  p ro ject  the  fo cus 

wi l l  be  o n the feas ib i l i ty  o f  the  s t ructura l  accum ulat io ns .  

 

2.9.  Detection methods 

2.9.1.  Seismic  techniques 
Gas  hydrate  bear ing sedim ents  (GHBS)  w i th  an  under ly ing  f ree  gas  reservo i r  

sho w a Bottom  s im ulat ing  re f lect io n  (BSR) .  Th is  re f lect io n  m arks  the inter face 

between the sedim ents  (GHBS)  and the  f ree  gas  zo ne .  Ho wev er ,  no t  a l l  gas  

hydrate  depo s i t s  ex is t  w i th  f ree  gas  zones  be low the gas  hydrate  bear ing 

sedim ents .  Th is  detect io n  m etho d canno t  be  appl ied  i f  there i s  no  f ree  gas  

be lo w the  GHBS.   
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2.9.2.  Cor ing techniques 
Co re sam pl ings  hav e been do ne by  v ar io us sc ient i f i c  expedi t io ns  e i ther  o nsho re 

o r  o f fsho re .  The  m ain  cha l lenge  wi th  co re  sam pl ing  i s  to  co l lect  the  hydrate  

bear ing  co res  with  l i t t le  o r  no  change f ro m  the  reservo i r ,  because  wi th 

decreas ing  pressure  and/ o r  increas ing  temperature  gas  hydrates  wi l l  d i sso c iate .  

In  the  past  researchers  co l lected the  hydrate  bear ing  sedim ents  in  co res  but  the 

gas  hydrate  mo lecules  co uld  no t  be  m ainta ined when the  co res  were  bro ught  to  

the  sur face  witho ut  d i sso c iat io n.  To  ov ercom e th is  hydrate  disso c iat io n  new 

too ls  fo r  co l lect ing  hydrates  at  in  s i tu  co ndi t io ns  needed to  be  dev e lo ped.  

D ur ing  a  sc ient i f ic  pro gram  (Sh ipbo ard Sc ient i f i c  P arty ,  20 03 ) ,  researchers  

succeeded to  ext ract  the hydrate  bear ing  co res  wi th  a  certa in  am o unt  o f  

hydrates  in  the  co res.  They  used new techno lo gy such as  ‘P ressure  Co re  Sam pler  

(P CS)  and ‘Hydrate  Auto c lav e  Co r ing  Equipm ent  (HYACE) .  

 

2.9.3.  Well  logging 
Wel l  lo gg ing  i s  used to  est im ate  the  co ncentrat io n  o f  NGH in  the  sedim ents .  

Th is  i s  based o n the unique  aco ust ic  propert ies  and  the  e lect r ica l  res i st iv i ty  

(Sh ipbo ard  Sc ient i f i c  P arty ,  2 00 3 ) .   

 

2.10.  Shape of gas hydrates in sediment 
 

In  sedim ents,  gas  hydrates  can  o ccur  as  sm al l  c rysta l s  in  po re  space 

(d issem inated) ,  p lates ,  no dules ,  v e ins  o r  as  m ass iv e  f i l l ings  ( see  Table  2 -4  and 

F igure  2 -11 ) .  

There  are  som e factors  that  in f luence  the geom etr ies  o f  hydrates  in  sedim ents :  

•  Attendance  o f  fau lt s  in  the  sedim entary  layers  (Mi lko v ,  e t  a l . ,  200 2 ) .  

•  F lux  o f  m igrat ing  gases .  The  amo unt  o f  gas  t rav e l l ing  thro ugh an  arb i t rar i ly  

def ined p lane  in  a  g iv en per io d  o f  t ime.  Fo r  exam pl e ,  m ass iv e  hydrate  layers  

o ccur  fo r  h igh  gas  f luxes .   

•  Geo -m echanica l  s t ress  in  the  sediments .  

In  genera l ,  d i ssem inated hydrates  are  fo und in  co arser -gra ined sedim ents ;  ve ins  

and layers  are  fo und in  f iner  gra ined sedim ents .  

 

 
 Table 2-4  Description of gas hydrate in porous sediments (Shipboard Scientific Party, 1996) 

G eometry  Descr i pt i on 

Lay er  T a b u l a r  g a s  h y d r a t e  t h a t  t r a n s e c t s  t h e  c o r e  c o n f o r m a b l e  t o  

b e d d i n g .  I t s  a p p a r e n t  t h i c k n e s s  i s  t y p i c a l l y  o f  t h e  o r d e r  o f  a  

f e w  c e n t i m e t r e s  

Lens  A  h y d r a t e  l a y e r  o r  o t h e r  f e a t u r e  w i t h  t a p e r i n g  m a r g i n  

Vei n  T a b u l a r  g a s  h y d r a t e  f e a t u r e  t h a t  t r a n s e c t s  t h e  c o r e  a t  a n  a n g l e  

t o  t h e  b e d d i n g .  I t s  a p p a r e n t  t h i c k n e s s  i s  o f  t h e  o r d e r  o f  a  f e w  

c e n t i m e t r e s  

Vei nl et  T h i n ,  t a b u l a r  g a s  h y d r a t e  ~ 1  m m  t h i c k  o r  l e s s ,  c o m m o n l y  

p r e s e n t  a d j a c e n t  t o  v e i n s  o r  l a y e r s  a n d  o r i e n t e d  i n  m u t u a l l y  

o r t h o g o n a l  d i r e c t i o n s  

N odul ar  S p h e r i c a l  t o  o b l a t e  f e a t u r e s  t y p i c a l l y  1 - 5  c m  i n  d i a m e t e r  

Di ssemi nated H y d r a t e  g r a i n s  l e s s  t h a n  3  m m  d i s t r i b u t e d  t h r o u g h o u t  t h e  

s e d i m e n t  m a t r i x  

Mass iv e  T h e  p r e s e n c e  o f  h y d r a t e  i n  c o r e  g r e a t e r  t h a n  ~ 1 0  c m  i n  

t h i c k n e s s  a n d  w i t h  l e s s  t h a n  2 5 %  i n t e r c a l a t e d  c e m e n t  
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Figure 2-11 Different types of geometries of gas hydrates (Shipboard Scientific Party, 1996) 



19 

 

 

 

3. Actual examples of gas hydrate resource on the sea 

floor 

3.1.  Preliminary qualitative analysis of different gas hydrate deposits 

world-wide 

 
Milko v  and Sassen (2 00 2 )  m ade  a  qua l i tat ive  ana lys i s  o f  d i f ferent  hydrate  

accum ulat io ns .  I t  i s  pro po sed that  the  U.S .  Geo lo g i ca l  Surv ey  (USGS)  

reso urce/ reserv e  c lass i f i cat io n  scheme fo r  m inera ls  be  appl ied fo r  natura l  gas  

hydrate  (NGH)  accum ulat io ns  and pro v inces  (F igure  3 -1 ) .  There  are  two  m ain 

c r i ter ia  fo r  th i s  c lass i f i cat io n:   

•  Geo lo g ica l  assurance  o f  NGH o ccurrence  (vert ica l ) ;  and 

•  Eco no m ic  feas ib i l i ty  o f  NGH recov ery  (ho r i zo nta l ) .  

 
 

 
Figure 3-1  Scheme of Resource vs Reserve classification for natural gas hydrates. 

(modified from Milkov and Sassen (2002)) 
 

 

Geologica l  assur ance 

Table  3 -1  shows  a  descr ipt io n  o f  d i f ferent  catego r ies .  Undiscover ed  NGH 

r esour ces  a re  depo s i ts  which  co uld  hav e  a  hydrate  reso urce  but  i t  i s  no t  prov en.  

Th is  category  i s  subdiv ided into  two  catego r ies;  (1 )  speculat ive  NGH reso urces  

and (2 )  Hypo thet ica l  NGH reso urces .   

Ano ther  m ain  catego ry  i s  Ident i f ied  NGH r esour ces .  Certa in  character i st i cs  

( lo cat io n,  quant i ty  and o ther  character i st i cs )  are  known o r  est im ated with  the 

he lp  o f  d i f ferent  detect io n  m etho ds :  geo lo g ica l ,  ge o chem ica l  and geo phys ica l .  

Ident i f ied  reso urces  are  subdiv ided into  three  cate go r ies;  (1 )  In ferred- ,  (2)  

Ind icated- ,  and (3)  Measured reso urces .   
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Table 3-1 Geological assurance of undiscovered and identified resources(Milkov, et al., 2002) 
 

Id
e

n
ti

fi
e

d
 

Measured: NGH resources in which the volume of hydrate bounded gas is defined by drill 

holes and cores. The content of hydrate-bearing sediment is estimated by detailed 

sampling. 

Indicated: include NGH deposits that have been sampled by drilling, coring or by research 

of a submersible. The volume of a resource is not known, because of too few data 

whereby it was impossible to give an accurate estimation of resources.  

Inferred: include identified NGH deposits which have not been directly sampled by coring 

or drilling.  The evidence of NGHs were found with the help of different detection 

methods (e.g. BSRs) 

U
n

d
is

co
v

e
re

d
 Hypothetical: include undiscovered NGH deposits that are similar known NGH deposits. 

These accumulations should have similar geological features. The estimated resource is 

hypothetical because it is an analogy between sampled hydrate-bearing mud volcanoes 

and other geologically similar features. 

Speculative: include undiscovered NGH deposits that could be present at favourable 

conditions (i.e. organic matter) and geological settings (continental margins), but no 

evidence for NGH has been found so far. 

 

There  are  som e natura l  gas  hydrate  (NGH)  reso urces  that  are  character i zed by  

the  h ighest  degree  (m easured natura l  gas  hydrate  reso urces)  o f  geo lo g ica l  

assurance  and m ay be  subjected to  an  econo m ic  ana ly s i s .   
 

 

Economic  feas ib i l i ty  

I f  a  reso urce  fa l l s  in  an  ‘ ind icated’  o r  ‘m easured’  geo lo g ica l  assurance i t  i s  

interest ing  to  do  an  eco nom ic  feas ib i l i ty  s tudy .  The  feas ib i l i ty  i s  subdiv ided 

into  three  catego r ies  that  are  based o n the increas ing  degree  o f  recov ery .   

 

•  Sub-eco nom ic  NGH reso urce 

•  Margina l  NGH reserve  

 

•  Eco no m ic  NGH reserve  

 Natura l  gas  hydrate  reso urce 

 

Natura l  gas  hydrate  reserv e 

 

 

S ub-economic  r esour ces  a re  NGH accum ulat io ns  fo r  which,  based o n the  m arket  

co ndi t io n o f  the  t ime,  pro duct io n  i s  no t  eco nom ica l ly  v a l id .  But  the  pro duct io n  

m ight  becom e eco nom ica l ly  just i f ied  i f  the  pro jecte d feas ib le  m arket  co ndi t io n 

and the  co ndi t io ns  for  the  investm ent  env iro nment  im prov e .   

 

Mar ginal  Reser ves  a re  accum ulat io ns  that  are  c lo se  to  the current  m arket  

co ndi t io ns,  but  they  m ay  no t  be  eco no m ica l ly  v a l id  yet .  However  these  reserv es  

wo uld  be pro duc ib le  i f  the  eco nom ic  and/or  techno lo g ica l  facto rs  change .  

 

Economic  r eser ves  a re  accum ulat io ns  where  gas  hydrate  reco very  i s  pro f i tab le  

under  the  def ined inv estm ent  assum pt io ns .  Techno lo g ica l ,  eco nom ica l  and 

geo lo g ica l  facto rs  a f fect  the  v iab i l i ty  o f  gas  hydrate  ext ract io n.   

Mo re  deta i led  quant i tat ive  eco no m ic  analys i s  i s  nec essary  to  determ ine  i f  a  

reserv e  i s  pro f i tab le  fo r  gas  hydrate  product io ns .  The  next  sect io ns  l i s t  the 

qua l i tat iv e  ana lyses  o f  three  d i f ferent  NGH depo s i t s  o f  st ructura l  

accum ulat io ns .   
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3.1.1.  Hydrate Ridge (Oregon,  USA)  
 

The  Hydrate  R idge  i s  a  w idespread area  (37 5  km 2 )  w i th  a  h igh  co ncentrat io n  (2 0 

–  6 0%)  of  gas  in  the gas -hydrate  bear ing sedim ent  at  water  depths  o f  70 0  –  

1 00 0m .  The  v o lum e of  th i s  reso urce  has  no t  yet  been est im ated.  Nev erthe less ,  

the  expected vo lum e i s  s im i lar  to  reserv es  o f  a  large  o r  g iant  gas  f ie ld  (10 1 1  m 3 ) .  

F igure  3 -2  shows  the  bathymetry  o f  the Hydrate  R idge .   

 
Figure 3-2 Hydrate Ridge bathymetry map (Hydrate Ridge Experiment, 2004) 

 

D ev e lo pment  co sts  and pro duct io n costs  sho uld  be  re lat ive ly  low because  NGHs 

o ccur  near  the  seaf lo o r  (0  –  2 00m )  at  a  re lat ive ly  sha l lo w water  depth  (700  –  

1 00 0m ) .   The  eco nomic  perspect iv e  o f  Hydrate  R idge  i s  h igh.  Ho wev er ,  there  i s  

no  inf rast ructure  (petro leum  and/o r  gas  pipe l ines )  in  th i s  reg ion.  Th is  resu l t s  in  

a  s ign i f i cant  inv estment  i f  the  ext ract io n  o f  gas  ( hydrate)  i s  rea l i zed.   Ano ther  

aspect  is  the  h igh  co ncentrat io ns (10 %)  o f  hydro gen su lphide  which requi res  

adv anced techno lo g ies  to  ensure  safe  recov ery  and t ransportat io n.   These 

facto rs  m ake  the  Hydrate  R idge  a  m arg ina l  reserve  whereby  mo re  deta i led 

ana lys i s  i s  needed befo re  further  dev e lo pm ent .   
 

3.1.2.  Haakon Mosby Mud Volcano (Norway)  
 

This  accum ulat io n i s  we l l  s tudied (27  co res  wi th in  1 .8  km 2 )  and i s  s i tuated at  a  

water  depth  o f  12 50  –  12 60  metres  in  the  Barents  Sea  (F igure  3 -3 ) .  The 

subsur face  depth  o f  gas  hydrate  o ccurrence  i s  0  –  1 60 m .  The area l  extent  i s  

sm al l  and the  gas  hydrate  s tab i l i ty  zo ne  is  sha l low .  These  co ndi t io ns  m ake  th is  

reso urce  ins ign i f i cant .  The  v o lum e o f  the Haako n Mo sby  Mud Vo lcano  (HMMV) 

i s  com parable  to  a  sm al l  co nvent io na l  gas  f ie ld .  The  dev e lopm ent  co sts  are  

re lat ive ly  h igh  and there  are  no  gas  and/ o r  petro le um  pipe l ines  nearby .  Th is  

im pl ies  that  the  HMMV is  a  sub-eco no m ic  NGH reso urce .  
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Figure 3-3 A 3-D perspective view of the Haakon Mosby Mud Volcano area.  

The view direction is from north and a vertical exaggeration of 20 (Beyer, et al., 2005). 

 

3.1.3.  Gulf  of  Mexico (USA)  
 

Two  types  ( st ructural  and s t rat igraphic )  o f  accum ulat io ns  o ccur  in  the  Gul f  o f  

Mex ico  (GOM).  F igure  3 -4  i l lus t rates  the  o ccurrence  o f  gas  hydrate  s i tes .  Only  

the  s t ructura l  accum ulat io n  i s  d i scussed in  th is  re po rt .  The  s t rat igraphic  

accum ulat io ns  are  found at  re lat iv e ly  h igh  subsur fa ce  depth  and are  thus  no t  

re lev ant  fo r  th i s  s tudy .  The  s t ructura l  accum ulat io ns  occur  in  sha l lo w sedim ents  

wi th  h igh  f racture  poro s i ty  and perm eabi l i ty .   

The  NGH co ncentrat io n  (av erage  2 0 -3 0%,  up  to  1 0 0%)  and the  reso urce  v o lume 

(8 -11  x  10 1 2  m 3 )  fo r  these s t ructura l  accum ulat io ns  are  h igh  to  s ign i f i cant .  

No nethe less  the  average  reso urce  dens i ty  o v er  the  GOM is  not  h igh  (4 -5  x  1 0 8  

m 3 / km 2 ) ,  but  i s  suggested to  be  m uch greater  in  some areas  (Mi lkov  and Sassen,  

2 00 1 b)  w ith  h igh  NG H co ncentrat io ns .  D ev e lo pment  co sts  co uld  be  lo w because 

these  reservo i rs  are  lo cated at  sha l lo w water  depths  (44 0  -2 500 m )  and are  near  

o r  o n  the sea  f loo r  (0-1 90 0  m ) .   
 

The  co sts  o f  gas  t ranspo rtat io n  co uld  be lo w due  to  ex i s t ing petro leum/ gas 

inf rast ructure .  The s tructura l  natura l  gas  hydrate  accum ulat io ns in  the  GOM are 

suspected to  hav e a  h igh  eco no m ica l  po tent ia l  because  o f  bo th  fav o urable  

facto rs .  The  accum ulat io ns  are  sca led  as  m arg ina l  o r  eco nomic  reserves ,  but  

s t i l l  a  mo re deta i led eco nom ic  ana lys i s  i s  needed to  assure the pro f i tab i l i ty  o f  

the  NGH recov ery .   
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Figure 3-4 Bathymetry Gulf of Mexico (Milkov, 2003) 

 

Ind iv idual  s t r uctur a l  accumulat ions  in  the  Gul f  o f  Mex ico  

Milko v  and Sassen (20 03 )  est im ate the  v olum e o f  hydrate-bo und gas  at  7  s i tes  

( lease  b lo ck) :  

 

•  Green Canyo n (GC):  

•  Garden Bank  (GB) :   

•  Miss iss ipp i  Canyo n (MC) :  

•  Atwater  Va l ley  (AV)  :  

1 84 /1 85 ,  2 34 /2 35  and 2 04 

3 88 

7 98 /8 42  and 8 52 /8 53 

4 25 

The  reso urces  in  ind iv idua l  NGH accum ulat io ns  are  com parable  (by  vo lume)  wi th 

the  reserves  in  v ery  sm al l  to  m ajo r  co nvent io na l  gas  f ie lds .   

Var io us  geo lo g ic ,  techno lo g ic ,  and econo m ic  facto rs  a f fect  the  eco no m ic  

po tent ia l  o f  these  accum ulat io ns .  Table  3-2  i s  a  summ ary  o f  these  invest igated 

NGH accum ulat io ns .  
 

Table 3-2  Geological characteristics of individual gas hydrate accumulations in the Gulf of Mexico 
(Milkov, et al., 2003) 

C h a r a c t e r i s t i c  G C  

1 8 4 / 1 8 5  

G C  

2 3 4 / 2 3 5  

G B  3 8 8  M C  

7 9 8 / 8 4 2  

G C  2 0 4  M C  

8 5 2 / 8 5 3  

A V  4 2 5  

W a t e r  d e p t h  [ m ]  5 0 0 - 6 5 0  5 0 0 - 6 7 0  6 5 0 - 7 5 0  8 0 7 - 8 2 0  8 5 0 - 1 0 0 0  1 0 8 0 - 1 1 2 0  1 9 2 0 - 1 9 4 0  

A r e a  [ k m
2

]  0 . 4 5  0 . 6 1  3 . 2  0 . 2 7  2 6 . 1 3  1 . 9 4  5 . 6 5  

D e p t h  o f  g a s  

h y d r a t e  

o c c u r r e n c e  [ m b s f ]  

0 - 3 9 0  0 - 4 0 0  0 - 4 9 5  0 - 5 8 0  0 - 6 4 0  0 - 7 8 0  0 - 3 8 0  

O b s e r v e d  g a s  

h y d r a t e  

c o n c e n t r a t i o n  i n  

s e d i m e n t s  [ v o l % ]  

5 - 2 0  

( u p  t o  9 0 )  
5 - 9 0  < 1 5  < 1 5  > 3 0  

> 3 0  

( u p  t o  1 0 0 )  
> 3 0  

R e s o u r c e   

[ x  1 0
8

 m
3

;  t c f ]  

4 . 9 - 1 5 . 9 ;  

0 . 0 1 7 -

0 . 0 5 6  

1 8 . 4 - 3 6 . 8 ;  

0 . 0 6 5 - 0 . 1 3  

3 1 . 2 - 2 3 7 ;  

0 . 1 1 - 0 . 8 4  

4 . 7 - 1 4 ;  

0 . 0 1 7 -

0 . 0 5 0  

2 5 1 - 1 2 6 0 ;  

0 . 9 - 4 . 5  

1 1 4 - 2 2 7 ;  

0 . 4 - 0 . 8  

1 6 0 - 3 2 0 ;  

0 . 6 - 1 . 1  

A v e r a g e  g a s  

h y d r a t e  r e s o u r c e  

d e n s i t y  [ m
3

/ m
2

]  

1 1 0 0 - 3 5 0 0  3 0 0 0 - 6 0 0 0  1 0 0 0 - 7 4 0 0  1 7 0 0 - 5 1 0 0  1 0 0 0 - 4 8 0 0  
5 9 0 0 -

1 1 , 7 0 0  
2 8 0 0 - 5 7 0 0  

A v e r a g e  g a s  y i e l d  

o f  h y d r a t e  

b e a r i n g  

s e d i m e n t s  d e n s i t y  

[ m
3

/ m
3

]  

3 - 9  7 . 5 - 1 5  7 . 5 - 1 5  3 - 9  7 . 5 - 1 5  7 . 5 - 1 5  7 . 5 - 1 5  
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3.2.  Overview examples 
 

Table  3 -3  i l lus t rates  a  summ ary  o f  a l l  the  f ind ings  in  sect io n 3 .1 .  

F igure  3 -5  sho ws  the schem e o f  reso urce/reserv e  c lass i f i cat io n fo r  these  three 

depo s i t s  and shows  that  the  gas  hydrate  s i tes  in  the  Gul f  o f  Mex ico  hav e the 

po tent ia l  to  be  a  gas  hydrate  reserv e  which  can be  pro duced eco nom ica l ly .  

Based o n the  po tent ia l  o f  the  gas  hydrate  s i te  in  t he  Gul f  o f  Mex ico ,  one 

s t ructura l  accum ulat io n  wi l l  be  h igh l ighted and wi l l  be  used as  an  exam ple for  

th i s  pre- feas ib i l i ty  s tudy .  The  next  chapter  g iv es  m o re  info rm at io n abo ut  the 

cho sen depo s i t .   

 
Table 3-3 Characteristics of gas hydrate accumulations and provinces (Milkov, et al., 2002) 

C h a r a c t e r i s t i c s  S t r u c t u r a l  a c c u m u l a t i o n s  

G u l f  o f  M e x i c o  H y d r a t e  R i d g e  H a a k o n  M o s b y  m u d  

v o l c a n o  

W a t e r  d e p t h  4 4 0  –  2 5 0 0  7 0 0  –  1 0 0 0  1 2 5 0  –  1 2 6 0  

A r e a l  e x t e n t  [ k m
2

]  2 3  0 0 0  3 7 5  1 . 8  

S u b s u r f a c e  d e p t h  o f  

g a s  h y d r a t e  

0  –  1 9 0 0  0  –  2 0 0  0  –  1 6 0  

G a s  h y d r a t e  o r i g i n  F r o m  t h e r m o g e n i c ,  b a c t e r i a l ,  a n d  m i x e d  g a s  r a p i d l y  m i g r a t e d  f r o m  

d e p t h  b e l o w  

G a s  h y d r a t e  

c o n c e n t r a t i o n  [ v o l % ]  

A v e r a g e  2 0 - 3 0 ,  u p  t o  

1 0 0  

U p  t o  2 0  -  6 0  U p  t o  2 5  

R e s o u r c e  [ m
3

]  8 - 1 1  x  1 0
1 2

 N o t  r e p o r t e d  3  x  1 0
8

 

A v e r a g e  r e s o u r c e  

d e n s i t y  [ m
3

/ k m
2

]  

4 - 5  x  1 0
8

 N o t  r e p o r t e d  1 . 7  x  1 0
8

 

P e r m e a b i l i t y  H i g h  ( f r a c t u r e )  

R e c o v e r y  f a c t o r  H i g h  

I n f r a s t r u c t u r e  W e l l  d e v e l o p e d  N o n e  N o n e  

E c o n o m i c  p o t e n t i a l  H i g h  A v e r a g e  t o  h i g h  L o w  
 

 

 
Figure 3-5 Outcome resource/reserve classification of the three deposits  

(modified from Milkov and Sassen (2002)) 
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4. Deposit Information 

Fro m a  geo lo g ica l ,  geo metr ica l  and geo graphica l  perspect iv e  o f  the  natura l  gas  

hydrate  depo s i t  lo cated o n o ne  o f  the  gas  hydrate  s i tes  in  the  Gul f  o f  Mex ico  

(GOM).  The  accum ulat io n  i s  lo cated in  the Atwater  Va l ley  (AV)  and i s  lo cated in  

Minera ls  Managem ent  Serv ice  (MMS)  lease  b lo cks  4 25 .  Mo st  info rm at io n was 

o bta ined f rom  studies  o n  the  accum ulat ion  and pro v i nces  in  the  Atwater  Va l ley .   

The  fo cus  o n  the  Atwater  Va l ley  in  the  GOM was  cho sen based o n pre l im inary  

research data  sho wn in  Table  3 -2 .  There is  a  lo t  o f  in fo rm at ion abo ut  th is  s i te  

and a  h igh  gas  hydrate  co ncentrat io n  m ade i t  a  v ery  interest ing  depo s i t .   

 

4.1.  Geology 
 

S t ructura l  accum ulat io ns  in  the  centra l  GOM co nt ine nta l  s lope  were  fo rmed 

dur ing  the  Tert iary  (6 2  –  2 ,58 8 Ma ago) .  A  sea  f loo r  m o und ov er l ies  a  sha l lo w 

sa l t  bo dy  in  Atwater  Va l ley  (AV) .  The  hydro carbo ns  ( i .e .  m ethane,  e thane  etc . )  

fo und the i r  way  through the  fau l t s  and f r actures ,  w here  they  d ispersed in  the 

subsur face  (0  –  7 80m )  o r  got  lo st  o n  the sea  f lo o r  at  a  water  depth  o f  1 9 20  –  

1 94 0  m .  The  d i f ferent  types  o f  gas  hydrates  are  descr ibed in  sect io n  2 .1 0 ( shape  

o f  gas  hydrate  in  sedim ents) .  F igure  4 -1  sho ws  a  sam ple  o f  m ar ine  gas  hydrate  

f ro m  the  Gul f  o f  Mexico .  F igure  4 -2  i s  a  schem at ic  b lo ck  d iagram  d isp lay ing  the 

s t ructure  o f  the  GOM no rthern  co nt inenta l  s lo pe  and  i l lus t rat ing  the  co nceptua l  

m o de l  o f  gas  hydrate  o ccurrence  in  the  GOM gas  hydrate  prov inces .   

 

 

  

 
Figure 4-1 Chunks of gas hydrate recovered from the Gulf of Mexico (USGS, 2002) 
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Figure 4-2 Conceptual model for gas hydrate occurrence (Milkov and Sassen, 2001b) 

 

 

Gas  y ie ld  of  hydr ate  bear ing  sed iment  

The  AV-4 25  i s  a  m easured gas  hydrate  reso urce ,  where  the  av erage  gas  hydrate  

reso urce  dens i ty  i s  28 00  -  5 70 0  m 3 /m 2  w i th  the  o ccurrence  o f  0  -  3 8 0m  be lo w 

the  sea  f lo o r .  The  dens i ty  o f  the  gas  y ie ld in  the  gas  hydrate  bear ing  sediment  

i s  between 7 .5  –  1 5  m 3 /m 3  at  s tandard  tem perature  and pressure  (STP ) .  

 

Molecular  and i sotopic  compos i t ion  of  hydrate  bound  gas  

The  hydrate  co ncentrat io n  in  sha l lo w sedim ents  o f  AV-4 25  is  es t imated to  

exceed 30  vo l .%.  The  mo lecular  d i s t r ibut io n  sho ws  a  s t ructure  I I  gas  hydrate  

depo s i t .  Methane,  e thane,  pro pane and butanes  are  present  in  the  GHBS.  Table  

4 -1  sho ws  that  methane  i s  the m ain  co mpo nent  (m ean =  9 1 .9%) ,  fo l lowed by  

pro pane  (m ean =  4 .7%) ,  e thane (2 .3 %) ,  i so butane  (1 .2 %) ,  no rmal  butane  (0 .8%) ,  

and i so pentane  (0 .3%) .  The  δ 1 3 C o f  methane  (mean =  -4 9 .3‰) and δD C1  (m ean =  

-1 73 ‰) are  co ns istent  w i th  thermo genic  gas  (Sassen,  e t  a l . ,  19 99 ) .  These  data 

are  co m parable  with  o ther  NGH s i tes  in  the  Gul f  o f  Mex ico .   
 

Table 4-1 Molecular (vol%) and isotopic (‰) composition of hydrate bound gas in the AV-425  
(Sassen, et al., 2001) 

 

A c c u m u l a t i o n  C 1  δ
1 3 C 1  δ D C 1  C 2  C 3  i - C 4  n - C 4  I - C 5  n - C 5  

A V  4 2 5 / 4 2 6  9 1 . 9  - 4 9 . 3  - 1 7 3  2 . 3  4 . 7  1 . 2  0 . 8  0 . 3  < 0 . 1  
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4.2.  Geography & Geometry 
 

The  Atwater  Va l ley  (AV)  i s  an  i so lated sea  f lo o r  v e nt  o n  the  lo wer  Gul f  s lo pe.  

The  gas  hydrate  bear ing  sediment  (GHBS)  i s  lo cated at  27 °34’  N  and 88 °29 ’W 

and i s  s i tuated at  192 0  –  19 30m  be lo w sea  leve l .  The  f lu ids  f ro m depth  p ierce 

the  th ick  apro n o f  sed im ent  depo s i ted  near  the  end o f  the  Miss i ss ipp i  Canyo n 

(Miss i ss ipp i  Fan) ,  F igure  4 -3  i l lus t rates  the  gas  hydrate  reso urce  est im at io n 

area  o f  the  Gul f  o f  Mex ico .  Be low the GHBS,  auto cht ho no us  sa l t  and m ult ip le  

so urce  ro cks  (Upper Jurass ic  thro ugh Lo wer  Cretaceo us)  o ccur  at  th i s  lo cat io n 

(Sassen,  et  a l . ,  20 01 )) .  The  m iddle  Jurass ic  sa l t  bo dies  are  s i tuated at  sha l lo w 

depth  and prov ide  condui ts  fo r  f lu id  m igrat io n.   

 
Figure 4-3 Gas hydrate accumulations and provinces  in the Gulf of Mexico 

 

Researchers  (Mi lko v ,  e t  a l . ,  2 00 3 )  assum ed that  gas  hydrates  o ccur  at  the  AV-

4 25  m o und in  an  area  o f  5 .65  km 2 .  The  hydrate  s tab i l i ty  zo ne  has  a  th ickness  o f  

1 37 0  m .  Ho wever ,  high  gas  hydrate  co ncentrat io ns  near  sa l t  bo dies  are  not  

expected because  gas  hydrates  do  no t  fo rm  in  sa l t  ( S lo an,  1 9 98 ) .  Se ism ic  

research  sho ws  sa l t  appearances  at  sha l low depths  o f  3 80  m  be lo w the  seaf loo r  

(F igure  4 -4 ) .  So  i t  i s  assum ed that  the  GH i s  prese nt  o nly  abo ve  these  sa lt  

d iap i rs .   H igh  GH-co ncentrat io ns  (≥  30  vo l .%)  o ccur  in  sha l lo w sedim ent .  With  a  

m in im um  gas  hydrate  saturat io n  o f  5  vo l .%  and m ax im um  saturat io n  10  vo l .%,  

the  est im ated v o lume o f  hydrate  bo und gas  at  the  Atwater  Va l ley  i s  1 .6  –  3 .2  *  

1 0 1 0  m 3 .  Th is  amo unt  i s  co m parable  (by  vo lume)  wi th  the re serv es  in  large  o r  

m ajo r  co nv ent io na l  gas  f ie lds  (Sandrea ,  2 0 09 ) .  The  AV-4 25 i s  the  deepest  

o ccurrence  o f  s t ructure  I I  gas  hydrate  thus  far  d i sco v ered in  the Gul f  o f  Mex ico  

(Sassen,  et  a l . ,  2 00 0) .  
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Figure 4-4 Bathymetric map and schematic geologic  cross section  

(Modified from Milkov & Sassen(2003)) 

 

4.3.  Climate 
 

The  m ar i t im e c l im ate o f  the  Gul f  o f  Mex ico  v ar ies  f ro m  t ro pical  to  subtro pica l ,  

where  dev astat ing  hurr icanes  m ay  s t r ike  the  reg io n.  D ur ing  the  summ er  and 

autum n the  who le  area  in  the  Gul f  o f  Mex ico  i s  pro ne  to  t ro pica l  s to rm s  and 

hurr icanes .  D ur ing  the  year  the  average  tem perature  v ar ies  between 2 0 °  -  29 °C .  

The  wind d i rect io n  is  genera l ly  so utheast  o r ientate d in  the  Gul f  o f  Mex ico .  

Ra infa l l  v ar ies  hard ly  thro ugho ut  the  year.  Mo nthly  prec ip i tat io n  averages are  

abo ut  8  –  1 6 cm . 

 

T r o p i c a l  s t o r m s  a n d  h u r r i c a n e s  

Annualy  abo ut  10  s torm s  t rav e l  the  At lant ic  Ocean,  the  Car ibbean Sea  and the 

Gul f  o f  Mex ico .  Ha l f  o f  these  s to rm s  wi l l  gro w into  7 5  m ph hurr icanes .  F igure 

4 -5  shows  that  the  m ost  act iv e  t ime fo r  hurr icane  dev e lo pment  i s  m id-August  

thro ugh m id-Octo ber .   

 
Figure 4-5 Number of hurricanes and tropical storms per 100 years.  (NOAA, 2009) 
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Temper ature  and Pr essur e 

The  av erage sur face water  tem perature  aro und the  Atwater  Va l ley  i s  aro und 28 

°C ,  whi le  the  m ean av erage tem perature  at  the  depths  which wi l l  be  m ined i s  4  

–  5  °C .  The  pressure at  the  m in ing  depth  (1 92 0  –  19 30m )  i s  aro und 19 5  bar  

(~19 .5  MP a) .   

 

W a v e s  a n d  c u r r e n t s  

The  m ean annual  wav e  he ight  in  the  Gulf  o f  Mex ico  i s  1 .0  m  (NOAA,  2 00 9 ) .  

F igure  4 -6  sho ws  the wav e  he ight  o n  a  mo nthly  and annual  ba s i s .  Th is  inc ludes  

the  t ro pica l  s to rm s.  Ho wev er  the  m ax im um  wav e  he ight  m easured in  th is  per io d  

o f  t im e (19 75  –  20 01 )  was  1 0 .9 m dur ing  hurr icane  Geo rge in  Septem ber  1 99 8 .   

 
Figure 4-6 Significant wave height Gulf of Mexico from 1975 – 2001 (NOAA, 2010)   

 

Water  enters  the  Gul f  o f  Mex ico  thro ugh the  Yucatan  St ra i t ,  c i rcu lates  as  the 

Loo p Current ,  and ex i t s  thro ugh the  F lo r ida  St ra i t  ev entua l ly  fo rm ing  the  Gul f  

S t ream .  Th is  Loo p Current  o ccurs  by  an  inter ference  o f  the  o ceanic  heat  and 

sa l t  f lux  f rom  the so utheast  (Car ibbean Sea)  w i th  t he  Miss i ss ipp i  R iv er  

d i scharge .  Th is  i s  c r i t i ca l  fo r  the  reg io na l  c l im at e in  the Gul f  o f  Mex ico  area  and 

the  water  v apo ur  t ranspo rt  to wards  h igh  no rthern  la t i tudes .  F igure  4 -7  

i l lus t rates  the  av erage  sh ip-dr i f t  der iv ed sur face  v e lo c i t ies  and the  o mega-

shaped f low pat tern  o f  the Loo p current .   

 
Figure 4-7 Average ship-drift derived surface velocities with the Loop current (Gyory, et al., 2002) 
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4.4.  Exploration 
 

The  so i l  pro pert ies  of  the  Atwater  Va l ley  (AV)  b lo ck  13  are  kno wn,  but  no t  in  

the  case  o f  AV-42 5 .  Suf f i c ient  geo technica l  data  are  necessary  to  understand 

the  behav io ur  o f  gas  hydrate  bear ing  sedim ents .  I t  i s  o f  pr im ary  im po rtance  to  

ga in  ins ight  into  the  inf luence  of  m in ing  the  GHBS and the  co nsequences  fo r  the 

s i te  and i t s  surro undings .  Co re  dr i l l ing ,  we l l  lo gg ing ,  bot tom  s im ulat ing  

re f lecto r  (BSR)  are  techniques  to  ga in  im po rtant  parameters .   

D ur ing  the  explo rat io n  phase  i t  i s  a l so  usefu l  to  m easure  the weather  

co ndi t io ns  such as  w ind speed,  wave he ight  and current  pro f i le .  These  

co ndi t io ns  p lay  a  m ajo r  facto r  in  hum an act iv i t ies  o f fsho re .  The  Atwater  Va l ley  

i s  a  hurr icane  and s to rm -v ulnerable  area  and can hav e  an  enorm o us  im pact  on 

the  o perat ing  co sts .  Ho wev er,  the  Gul f  o f  Mex ico  i s  a  fa i r ly  benign  o perat ing 

env i ro nm ent  fo r  m o st  o f  the  year  (Ka iser ,  et  a l . ,  20 07 ) .  
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5. General Project Considerations – AV-425 

A bro ad range  o f  aspects  can  have  an  inf luence  o n t he  v iab i l i ty  o f  the  pro ject .  I t  

co vers  the  m arket  out lo ok ,  t ranspo rtat ion  i ssues ,  labo ur  requi rem ents ,  and 

go v ernmenta l  aspects .  So c ia l  and env i ro nmenta l  i s sues are  a l so  co ns idered.  

 

5.1.   The market of natural  gas  
 

The  g lo ba l  energy  env i ro nm ent ,  seen f rom the  po int  o f  v iew o f  co nvent io na l  gas  

f ie lds ,  a t  f i r s t  m ight  appear  to  m ake any  near - term  dev elo pment  o f  any 

unco nv ent io na l  gas  reso urces  h igh ly  un l ike ly  as  v iab le  co mm erc ia l  enterpr i ses.  

Nev erthe less  there  are  a l ready  som e unco nv ent io na l  gas  so urces  l i ke  co a l  bed 

m ethane,  t ight  gas  sands  and sha le  gas  t hat  hav e  be en success fu l ly  dev e lo ped 

and are  im po rtant  parts  o f  the  No rth  Am er ican gas  supply  (Max ,  e t  a l . ,  20 06 ) .  

The  dev e lo pm ent  o f  each o f  these  unco nv ent io na l  so urces  was  rea l i sed  by  a  

sm al l  gro up o f  enthus iasts .  Max  et  a l .  (2 00 6 )  regard  natura l  gas  hydrate  as  

be ing  o n the sam e dev e lo pmenta l  path.   

 

5.1.1.  The use of  natural  gas  
 

Natura l  gas  i s  pr im ar i ly  used in  the indust ry ,  as  an  energy  so urce  to  

m anufacture  go o ds  (co mmo dit ies) ,  but  a l so  as  chem ic a l  feedstock  to  pro v ide  fo r  

ink ,  g lue ,  pa int ,  p last ics ,  laundry  detergent  and in  fer t i l i zers .  F iber  (e .g .  ny lo n)  

and synthet ic  rubber  co uld  no t  be  pro duced witho ut  the  chem ica ls  der iv ed f rom 

natura l  gas .  Furtherm o re  i t  i s  used fo r  the  heat ing  o f  bu i ld ings  (pr iv ate  or  

bus iness ) .  Another  im po rtant  part  i s  the use  o f  gas  fo r  e lectr ic i ty  generat io n.  

P ower  p lants  based o n burn ing  natura l  g as  pro duce  e lect r ic i ty  mo re  e ff i c ient ly  

and with  lo wer  em iss io ns  than co a l  po wer p lants .  Na tura l  gas  i s  a l so  used as  a  

fue l  fo r  the  t ranspo rt  secto r .  

5.1.2.  The Natural  gas  pr ice 
 

The  natura l  gas  pr ice  was  ret r ieved f rom the  webs i te  o f  New Yo rk  Mercant i le  

Exchange  (NYMEX)  and i s  based o n the  de l iv ery  at  the  Henry  Hub in  Lo uis iana .  

The  av erage pr ices  are  based o n the  US  do l lar  per  m i l l io n  Br i t ish  therm al  un i t s  

($ /mm Btu) .  In fo rm at io n o n com po s i t io n,  regulat io ns  and rest r i c t io ns  was 

o bta ined f rom  the  NYMEX (2 01 0 ) .  Natura l  gas  qua l i ty  spec i f i cat io ns  can  be 

fo und in  sect io n  7 .3 .   

 

The  Henry  Hub natura l  gas  pr ice  was  US$  4 .2  per  m i l l io n  Br i t i sh  therm al  un i t s  (1  

mm Btu =  2 8 .2 6m 3 )  on  Wednesday  1 2 t h  o f  May .  Graphs o f  h i s to r ica l  natura l  gas  

pr ice  changes  are  shown in  appendix  C .  

 

5.2.   Onshore Support Facilities 
 

Fo r  th i s  s tudy  Po rt  Fo urcho n,  Lo uis iana ,  is  used as  o nsho re  suppo rt  base .  Both 

m ar ine and av iat io n suppo rt  act iv i t ies  w i l l  be  do ne  f ro m  th is  lo cat io n.  I t  i s  

im po rtant  that  the  fac i l i t ies  are  adequate  to  suppo rt  the  o perat io na l  needs .  The 
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sho re  base  i s  equipped with  fac i l i t ies  re lated to  w areho use,  o uts ide  s to rage 

spaces ,  m ater ia l  handl ing  equipm ent ,  mar ine  vesse l  dock  space ,  fue l  s to rage,  

water  s to rage ,  comm unicat io n  equipment ,  secur i ty ,  he l i co pter  pad,  wa it ing  

ro om , o f f i ces ,  and v ehic le  park ing  lots .   

 

5.3.  Transportation 
 

T ranspo rtat io n  o f  perso nne l ,  goo ds ,  o re  and waste  to  and f ro m  the  o perat io n 

s i tes  can  be  do ne  in  a  v ar ie ty  o f  ways .  The  m in ing  suppo rt  v esse l  (MSV)  i s  

intended to  stay  at  o r  near  the  m in ing  s i te  fo r  the  com plete durat io n o f  the 

m in ing.  A l l  the  necessary  suppl ies  w i l l  be  bro ught  to  the MSV dur ing  th is  

per io d.   

5.3.1.  Personnel  and other  suppl ies 
 

P erso nne l  w i l l  be  t ranspo rted to  the s i te  by  a  fas t  c rew supply  v esse l  f rom Po rt  

Fo urcho n,  Lo uis iana  to  the  s i te .  The  use  of  th i s  v e sse l  depends o n the  dem and.  

Bes ides  o f fsho re  c rew cabins  i t  a l so  co nta ins  eno ugh space  for  cargo  ( such as  

fo o d,  m ater ia l s ,  lubr icants ,  spare  parts ,  too ls ,  etc ) .  In  so me cases  cargo  o f  

equipm ent  wi l l  depend o n i tem requi rem ents  and de l i very  t im e.    

5.3.2.  Fuel  
 

A D ual - fue l  eng ine  wi l l  supply  the  po wer  to  the  v es se l .  Th is  eng ine  runs 

s im ul taneo us ly  o n natura l  gas  and d iese l  fue l  o i l .  The  eng ine  can switch  f rom 

gas  to  l iqu id  fue l  (m ar ine  d iese l  o i l  o r  gas  o i l )  a utom at ica l ly  in  case  that  the gas  

supply  i s  interrupted.  Natura l  gas  i s  sup pl ied  at  a  lo w pressure  and i s  taken 

d i rect ly  f ro m  the  FPSO ( f lo at ing ,  pro duct io n,  s to rage  and o ff lo ading  v esse l ) ,  

whi le  the d iese l  fue l  o i l  i s  suppl ied  o n a  regular  bas i s .  Th is  w i l l  be  co ntracted 

o ut .  Co sts  o f  fue l  t ranspo rtat io n  wi l l  be  inc luded in  the  fue l  pr ice .   

5.3.3.  Ore and Waste 
 

Or e 

The  pro cess ing  (chapter  7 )  o f  the  gas  hydrate  bear ing  sedim ents  (o re  and 

waste)  w i l l  take  p lace  o n s i te  wi th  the  he lp  o f  a  f lo at ing ,  product io n,  s to rage 

and o f f lo ading  v esse l  (FP SO) .  Natura l  gas  wi l l  be  t ransported by  spec ia l ly  

equipped v esse ls .  A  m o re  deta i led  descr ipt io n  can be  fo und in chapter  8 .   
 

Waste 

There  are  d i f ferent  types  o f  o f fsho re wastes :   

•  Extract io n  and pro duct io n  wastes  (e .g .  dredg ing  m ud,  deck  dra inage  etc . )  

•  Hum an der ived wastes  (e .g .  Sani tary  wastes ,  t rash  and dom est ic  wastes ,  

such  as  k i tchen- ,  laundry  wastes  and s ink  and sho we r dra inage) .  

•  Other  indust r ia l  wastes  (e .g .  sc rap  meta l ,  woo d pa l lets ,  used chem ica ls  

and pa int  e tc . )  

 

Mo st  o f  the  hum an der iv ed wastes  and o ther  indust r ia l  wastes  wi l l  be  

t ranspo rted to  a  d i spo sa l  s i te  o nsho re .  Ho wev er  in  so me cases  the  d ischarge 

into  the  m ar ine  env i ro nment  ( san itary  and dom est ic  wastes ,  and so  o n) ,  do  no t  

p lay  an  essent ia l  ro les  in  the  env i ro nm enta l  s i tuat io n.  They  are  t reated and 

d ispo sed in  acco rdance  wi th  the  no rm s regulat ing  d i scharg es  f rom  the  sh ip .  
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Offsho re  o i l  and gas  fac i l i t ies  are  a l lowed to  d isc harge  wastes  (e .g . ,  pro duced 

water ,  water -based m uds)  into  the  sea  as  lo ng  as  they m eet  the  lega l  

requi rements .  A l l  the  other  ext ract io n and pro duct io n  wastes  (e .g .  o i l -based 

dr i l l ing  f lu ids  and cut t ings )  are  pro hib i ted  f ro m  d ischarge  by  the  perm its .  These 

wastes  wi l l  be  bro ught  to  sho re  (Ve i l ,  2 00 1) .   

 

5.4.  Utilities 
 

Com m unicat io n,  po wer ,  and f resh  and potable  water  are  ut i l i t ies  that  w i l l  be  

pro v ided by  o n bo ard  fac i l i t ies  o n the  MSV.  Ho wever  the  co sts  of  

com m unicat io n  system s,  f resh  and po table  water  are  no t  co ns idered in  sco pe 

fo r  th i s  s tudy .   

 

5.4.1.  Power 
 

The  Min ing  Suppo rt  Vesse l  w i l l  be  equipped with  an  e lect r ica l  po wer  generat ing 

p lant .  Mo st  o f  the  po wer  wi l l  be  generated by  gas  t urb ines  ( f rom  the  gas  

pro cess ing)  and the d iese l  eng ine  wi l l  be  used fo r  rest r ic ted  backup and 

essent ia l  serv ices .  The  gas  turb ine  eng ine  has  a  dua l  fue l  capabi l i ty  w i th  a  

waste  heat  recov ery  uni t  which  suppl ies  saturated steam  fo r  heat ing  the 

pro cess  and vesse l  system s.   

 

Fue l  

The  supply  o f  fue l  i s  assum ed to  be  co ntracted o ut  and a l l  co sts  re lated to  the 

supply  are  inc luded in  the  pr ice  per  l i t re .  The  pr i ce  o f  m ar ine  d iese l  o i l  i s  

assum ed to  be  US$  63 2 .50  per  m etr ic  to nne  (Bunkerwo r ld ,  20 10 ) .  

 

5.4.2.  Water  
 

The  water  necessary  fo r  the  m in ing  o perat io ns  wi l l  be  suppl ied  interna l ly .  Sea  

water  w i l l  be  turned into  f resh  po table  usable  wate r  w i th  a  desal inat io n  system . 

Addi t io na l  water  can  be  sh ipped to  the vesse l  when requi red.    

 

5.5.  Labour 
 

The  o perat io n  requi res  suf f i c ient  wo rkfo rce .   Recru i tm ent  wi l l  take  p lace  m ain ly  

in  the  U.S .  and eno ugh sk i l led  peo ple  are  av a i lab le .  

 

The  pro duct io n (m in ing  and pro cess ing)  i s  p lanned to  run 2 4 ho urs  a  day .  The 

pro duct io n wo rkfo rce wi l l  wo rk  in  two  1 2  ho ur  sh i f t s  o n  a  2  weeks o n and one 

week  of f  schedule  (3  sh i f t s  system ) .   

 

Wor kfor ce  Requi r ements  

The  m anager ia l  and eng ineer ing  po s i t ions  as  we l l  as  the  o ther  c rew (e .g .  

m aintenance ,  o perato rs  e tc . )  are  based o n annual  co ntacts .  A  com prehens ive 

o verv iew o f  the  com plete  wo rkforce  inc luding  sa lar ies  i s  sho wn in  appendix  D .  
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5.6.  Government Considerations 
 

The  Minera ls  Management  Serv ice  (MMS)  i s  the federa l  agency  in  the U.S .  

D epartm ent  of  the inter io r  that  m anages  the  nat io n’s  o i l ,  natura l  gas  and o ther  

m inera l  reso urces  in  federa l  o f fsho re  waters  o f  the  Gul f  o f  Mex ico  o uter  

co nt inenta l  she l f  (MMS,  2 00 9 ) .  MMS has  to  m anage  and regulate  leas ing ,  

exp lo rat io n,  dev e lo pm ent ,  and pro duct ion  o f  m inera l  reso urces  o n  the  o uter  

co nt inenta l  she l f  (OCS) .  Ru les  co ncern ing  explo rat io n,  dev e lo pm ent ,  and 

pro duct io n  act iv i t ies  in  the  Gul f  o f  Mex ico  are  pub l i shed o n the  MMS webs i te .   

 

Other  departments  such as  the  U.S .  Coast  Guard,  Env i ro nm enta l  P ro tect io n 

Agency  (EP A) ,  Nat iona l  Oceanic  and Atm ospher ic  Adm inist rat io n  (NOAA)  and 

F i sh  and Wi ld l i fe  Serv ice  are  invo lved in  the  OCS l eas ing  pro gram  ( inc luding  the 

‘Env i ro nm enta l  Im pact  Statement ’ ) .  

 

5.7.  Social and Environmental Aspects  
 

The  U.S .  Nat io na l  Env i ro nmenta l  P o l icy  Act  (NEP A) ,  passed in  196 9 ,  requi res  the 

federa l  gov ernm ent  to  co ns ider  the  env iro nmenta l  im pacts  of  any  pro po sed 

act io ns  as  we l l  as  reaso nable  a l ternat iv es  to  tho se  act io ns .  In  acco rdance  wi th 

the  EP A,  the MMS prepares  env i ro nmenta l  do cum ents  o n  v ar io us  act io ns  re lated 

to  the  OCS P ro gram . These  do cuments  may  be  Catego r ica l  Exc lus io n  Rev iews 

(CER) ,  Env i ro nm enta l  Assessments  (EA)  or  Env i ro nm enta l  Im pact  Statem ents  

(E IS ) ,  depending  upon the  nature  o f  the  act io n.  Th i s  depends  on the  s ign i f i cance 

o f  potent ia l  im pacts  asso c iated wi th  the act io n.   

 

The  po l icy  o f  MMS i s  to  invo lve  the publ ic  in  prepa r ing  and implem ent ing  the ir  

EP A pro cedures .  To  ach iev e a  success fu l  operat io n i t  i s  im po rtant  to  o bta in  the 

suppo rt  o f  the  peo ple  and the  go vernment  o f  the Uni ted  States .  I t  i s  therefo re 

im perat iv e  to  do  th is  in  an  o pen and respo ns ib le  m a nner  and i t  sho uld  be 

accom pl i shed thro ugh be ing ,  in  a  soc ia l  co ntext ,  re spo ns ib le  and pro mo t ing  a  

go o d re lat io nship  wi th  lo ca l  comm unit ies  and go v ernm ents .    

 

New and Unusual  Technologies  

D eep sea  m in ing  in  the  Gul f  o f  Mex ico  wi l l  be  a  new techno lo gy .  In  th i s  case the 

o perato rs  m ust  ident i fy  th i s  in  the i r  exp lorat io n  a nd dev e lo pment  p lans .  These 

techno lo g ies  are  rev iewed by  MMS fo r  a l ternat ive  com pl iance  o r  departures  

that  m ay  t r igger  addit io na l  env i ro nmenta l  rev iew.   

 

5.7.1.  Site Preparat ion 
 

Many  d i f ferent  aspects  hav e to  be  taken into  acco unt  fo r  the  intended purpo se 

o f  the  ent i re  pro ject .  As  in  a l l  a reas  o f  the  Gul f ,  a  w ide  v ar ie ty  o f  o rganisms 

(e .g .  s ing le -ce l led  bacter ia  and spec ia l  k ind  o f  f i shes)  inhabi t  the  so f t -bo ttom 

habi tat  at  a lm o st  ev ery  depth  in  the  GOM. Fo r  th is  s tudy  i t  i s  assum ed that  the 

sedim ents  l ie  in  an area  genera l ly  devo id  o f  any  sur face  features  and the 

ext ract io n  wi l l  have a  neg l ig ib le  im pact  o n  the  eco lo g ica l  funct io n  and 

b io lo g ica l  pro duct iv i ty  o f  the  surro unding  area .  Ho wever  c rush ing  o r  bur ia l  o f  

ind iv idua l  o rganism s co uld  take  p lace  wi th in  sm al l  a reas  o f  a  few square 

k i lom etres .  I t  i s  expected that  bot to m  disturbances  due  to  the  recov ery  pro cess  
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(m in ing ,  pro cess ing  and insta l la t io n  o r  m aintenance  o f  the  hydrate  recov ery  

too l )  w i l l  not  be of  a  suf f i c ient  s i ze  o r  durat io n  to  adv erse ly  a f fect  the 

o rganism s  to  any  s ign i f i cant  o r  perm anent  degree .  Rev ita l i s ing  o f  o rganism s  

takes  p lace  f ro m nearby  areas ,  and o rganism s  f rom  undis turbed areas  are  f ree 

to  m igrate  into  d is rupted areas  a f ter  the d is turbance  ceases .   

5.7.2.  Waste Management  and Recycl ing 
 

The  d ischarge  o f  waste  into  the  Gul f  o f  Mex ico  i s  regulated by  the  U.S .  

Env i ro nm enta l  P ro tect io n  Agency  (EP A)  under  the  autho r i ty  o f  the  C lean Water  

Act .  No  wastes  generated dur ing  o i l  and gas  o perat io ns  can  be  d ischarged 

o verbo ard  unless  they  meet  the  s tandards requi red  wi th in  a  Nat io na l  Po l lutant  

D ischarge  E l im inat ion  System  (NPD ES)  perm it .  A l l  waste  types generated f rom 

a l l  pro duct io n  act iv i t ies  fo r  the  Atwater  Val ley  P ro ject  w i l l  be  e i ther  d i scharged 

o verbo ard  in  com pl iance  wi th  NP DES requi rements  o r  t ranspo rted to  sho re  fo r  

d i spo sa l  in  perm it ted  o r  l icensed commerc ia l  fac i l i t ies  o r  fo r  recyc l ing .  The 

wastes  fo r  o verbo ard  d ischarge  and t ranspo rt  to  the  sho re fo r  recyc l ing  o r  

d i spo sa l  are  summ ar ised in  Table  5 -1 .  

 
Table 5-1 Wastes treatment from the Atwater Valley Project(MMS, 2008a) 

T y p e  o f  W a s t e  D i s c h a r g e  M e t h o d   T y p e  o f  W a s t e  T r e a t m e n t  a n d / o r  

S t o r a g e ,  T r a n s p o r t ,  

a n d  D i s p o s a l  M e t h o d  

W a t e r - b a s e d  m u d  O v e r b o a r d   T r a s h  a n d  D e b r i s  T r a n s p o r t  t o  s h o r e  

b a s e  f o r  p i c k u p  a n d  

d i s p o s a l  

M u d s ,  c u t t i n g  o n  

t h e  s e a f l o o r  

D i s c h a r g e d  a t  s e a b e d   H a z a r d o u s  L i q u i d  

–  U s e d  o i l  

T r a n s p o r t  t o  s h o r e  

b a s e  f o r  r e c y c l i n g  

S a n i t a r y  w a s t e  C h l o r i n a t e  a n d  

d i s c h a r g e  

   

D o m e s t i c  w a s t e  R e m o v e  f l o a t i n g  

s o l i d s  a n d  d i s c h a r g e  

   

U n c o n t a m i n a t e d  

f r e s h  o r  s e a w a t e r  

D i s c h a r g e  o v e r b o a r d     

 

 

5 .7 .3.  Sustainable development  
 

The  who le  pro duct ion  pro cess  i s  co ns idered as  i so la ted f rom  urban areas ;  the 

m in ing  com pany  i s  no t  respo ns ib le  fo r  the  so c ia l  dev e lo pm ent  o f  comm unit ies  

in  co asta l  areas  c lo se  to  AV-42 5 .  The com pany  wi l l  o n ly  take respo ns ib i l i ty  for  

sm al l  lo ca l  set t lements  which  are  establ i shed as  a  resu l t  o f  co ntracted 

perso nne l .   

 

Af ter  c lo sure  act iv i t ies  the  FP SO wi l l  be  deco mm iss io ned and reso ld  o r  

custom ised fo r  o perat io n  at  o ther  poss ib le  natura l  gas  hydrate  m in ing 

o perat io ns .  D ue  to  the  favo urable  lo cat io n  o f  the  s ho re  base  (Po rt  Fo urcho n,  

Lo uis iana)  i t  m ight  be  used fo r  o ther  purpo ses  that  are  re lated to  m ar ine 

m in ing  in  the  Gul f  o f  Mex ico .  
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5.7.4.  The purchase of  land 
 

A  lease agreem ent  needs  to  be  acqui red  fro m the U.S .  gov ernm ent  (MMS)  as  i t  

l ies  w i th in  i t s  ‘Eco no m ic  Exc lus iv e  Zo ne’ .  D espi te  the  co ndi t io ns  in  the  lease 

co ntract ,  i t  w i l l  be  im po ss ib le  to  leav e  the  area  exact ly  as  i t  was  befo re  the 

m in ing.  I t  i s  necessary  to  com pensate  changes  to  the  env i ro nment  which  m ight  

inf luence  other  indust r ies  such as  f i shery ,  to ur i sm ,  and sh ipping.   
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6.  Extraction Method 

The  ext ract io n  m ethod i s  appl ied  to  ext ract  the  gas  hydrate  bear ing  sedim ents  

(GHBS) .  The  phys ica l -chem ica l  pro pert ies  o f  the GHBS determ ine  the  des ign  and 

actua l  o perat io n.   

6.1.  Physical  Control  
 

6.1.1.  Soi l  propert ies 
 

Geotechnica l  pro pert ies  are  o f  c r i t ica l  im po rtance  fo r  the  ana lys i s  and des ign  o f  

sea  f loo r  pro cesses  and o perat io ns .  Cr i t i ca l  param eters  are  s lo pe  s tab i l i ty ,  

ancho rs ,  f racture ( i .e .  cut t ing)  and hydrate  fo rm at io n and destabi l i zat io n.  The 

so i l  pro pert ies  o f  Atwater  Va l ley  (AV)  b lo ck  4 25  are  not  known,  but  the so i l  

character i st i cs  o f  AV-b lo cks  1 3  are  kno wn.  AV-1 3  i s  lo cated at  2 7 °5 6 ’N- lat i tude  

and 8 9 °17 ’W- lo ngi tude  at  a  water  depth  o f  1 29 0m .  GHBS in  s t ructura l  

accum ulat io ns  o f  the no rthern  Gul f  o f  Mex ico  are  predom inant ly  h igh  po ro us 

and lo w permeable  m uds  and c lays  (D a i ,  e t  a l . ,  20 08 ) .  Fo r  th i s  s tudy the 

geo technica l  pro pert ies  o f  AV-42 5  are  assum ed to  be  s im i lar  as  AV-1 3 .  Table  6 -1  

sho ws  a  summ ary  of  the  AV-1 3  so i l  pro pert ies  that  are  gained dur ing  the  

“ DOE/ J IP  Gul f  o f  Mex ico  Hydrate  Research  Cru ise”  in  2 005  (Fugro ,  20 06 ;  

Winters ,  e t  a l . ,  2 00 8;  Yun,  e t  a l . ,  2 00 6 ) .  The  h igh  pH v a lues  in  these  sediments  

are  o ften  asso c iated wi th  the  presence  o f  carbo nate .  These  pro pert ies  re fer  to  

a  so i l  that  var ies  f rom  v ery  so ft  c lay  o n  the  seaf lo o r  to  hard  c lay  at  the  f ina l  

penetrat io n  depths  o f  aro und 2 00m  be lo w sea  f lo o r  ( Fugro,  2 0 06 ) .  Granular  

sedim ent  was  no t  fo und dur ing  the  co re  sam pl ing .  On  a  geo technica l  

perspect iv e  the  undra ined shear  s t rength,  gra in  dens i ty ,  bu lk  dens i ty  and 

p last ic i ty  index  are  usefu l  param eters  w ith  respect  to  the  excav at io n  dev ice .  

The  gra in  s i ze  d i s t r ibut io n  o f  the  GHBS i s  per fo rm e d in  term s  of  sand,  s i l t ,  and 

c lay  mean gra in  s i ze  and are  respect iv e ly  2 .1 0%,  25 .54 % and 72 .3 6%,  (Winters ,  

e t  a l . ,  2 00 8) .  

 
Table 6-1  Soil Properties Atwater Valley block 13  

Atw ater  Val l ey  b l oc k  1 3  at  19 20 m w ater  depth (0 -20  mbsf )  
p H

a
 7  –  9   

E l e c t r i c a l  c o n d u c t i v i t y  o f  S e d i m e n t s
a
 [ S / m ]  1 . 8  –  2 . 6  

S p e c i f i c  s u r f a c e
a
 [ m

2
/ g ]  9 0  –  1 4 0   

E l a s t i c  P - w a v e  v e l o c i t y
a
 [ m / s ]  ~ 1 5 0 0  

E l a s t i c  S - w a v e  v e l o c i t y
a
 [ m / s ]  2 0  –  7 0  

W a t e r  C o n t e n t
b

 [ % ]  5 5  –  7 0  

P l a s t i c i t y  i n d e x
b

 [ % ]  5 5  –  6 0    

L i q u i d i t y  i n d e x
b

 0 . 5  –  0 . 7  

U n d r a i n e d  S h e a r  S t r e n g t h
b  

[ k P a ]  5  –  1 7  

G r a i n  d e n s i t y
c
 [ k g / m

3
]  2 6 8 1  –  2 7 0 7  

B u l k  d e n s i t y
c
 [ k g / m

3
]  1 6 1 4  –  1 6 7 7   

V o i d  R a t i o
c
 1 . 5 8  –  1 . 9 1  

S a l i n i t y
c
 [ p p t ]  3 2  –  5 6  

a
 ( Y u n ,  e t  a l . ,  2 0 0 6 )  

b
 ( F u g r o ,  2 0 0 6 )  

c  ( W i n t e r s ,  e t  a l . ,  2 0 0 8 )  
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6.1.2.  Uniformity & Cont inuity 
 

The  th ickness  of  the  gas  hydrate  stab i l i ty  zo ne  (GHSZ)  i s  s ign i f i cant .  The  depth 

o f  gas  hydrate  o ccurrence  i s  0  –  3 80 m  be lo w sea  f loo r  (m bsf ) ,  w i th  an  o bserved 

gas  hydrate  co ncentrat io n  in  sedim ents  o f  3 0% o r  mo re .  Because  there  are  no t  

eno ugh geo lo g ica l  data ,  the  grades  o f  the o re  bo dy  o f  the  prev io us  sect io n  are  

assum ed to  be  uni fo rm  and co nt inuo us in  th ickness .    

 

6.1.3.  Geological  Structure & Geometry 
 

F igure  6 -1  sho ws  the geo lo g ica l  s t ructure  by  m eans  o f  a  bathym etr ic  m ap ( le ft )  

and a  schem at ic  geo lo g ica l  c ross -sect io n  (r ight )  o f  Atwater  Va l ley  gas  hydrate  

accum ulat io n.  The  cro ss -sect io n  o f  the conto ur  inte rv a l  i s  2 0m . The  geometry  of  

the  est im ated area  of  the  pro po sed o re  bo dy  i s  5 .6 5km 2 ,  whereby  the  depth  of  

gas  hydrate  o ccurrence  i s  0  –  3 80  m bsf .  The  av erage gas  y ie ld  o f  hydrate  

bear ing  sediments  is  7 .5  –  1 5  m 3 /m 3 .  Tak ing  a l l  these  param eters  into  

co ns iderat io n  m akes th is  reserve  (1 60  –  32 0 )  x  10 8  m 3  com parable  to  large o r  

m ajo r  co nv ent io na l  gas  f ie lds  (Sandrea ,  2 0 09 ) .  With  the  current  techno lo gy  the 

m ax im um  extract io n  depth  at  a  water  depth  o f  20 00m  is  ten  metres  be low sea 

f lo o r .  The  assum ed m ax im um  reso urce  wi l l  be  (4 .2 0  –  8 .40 )  x  1 0 8  m 3  o f  natura l  

gas .   
 

 

 
Figure 6-1 Bathymetric map (left) and schematic geologic cross-section (right) of  

AT 425 gas hydrate accumulation (Milkov, et al., 2003). 

 

Fo r  th i s  s tudy  the  fo l lo wing  assum pt io ns  on the  d imens io n were m ade:  

•  Grades  are  homo genous ;  

•  Co re  descr ipt io ns  suggest  h igh  hydrate  co ncentrat io ns  in  sha l low (0  –  1 00  

m )  sediments  that  may  exceed 3 0%.  The  av erage gas  y ie ld  o f  hydrate-

bear ing  sediments  dens i ty  i s  7 .5  -  15  m 3 / m 3  a t  s tandard  tem perature-

pressure  (STP ) ;  

•  Gas  hydrates  o ccur  at  Atwater  Va l ley  mo und in  an  area  o f  5 .65  km 2 .  

•  Maxim um depth  o f  access ib le  m in ing  i s  10  m  at  a  wat er  depth  o f  aro und 

2 00 0m .    
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6.1.4.  The weather 
 

The  o perat io na l  upt im e o f  deep sea  m in ing  i s  rest r i c ted  under  certa in  weather  

co ndi t io ns .  Weather  inf luences  are  catego r ized in  d i f ferent  sea  s tates  rang ing  

f ro m  zero  to  n ine  (appendix  E ) .  Fo r  th i s  o perat io n,  mo st  o f  the  requi red  annual  

o perat ing  upt im e should  be  less  than the  m ax im um sea  s tate ,  which  i s  set  at  5  

(Table  6 -2 ) .   
Table 6-2 Description of sea state 5 (Slagmolen, 2009) 

SEA DESCRIPTION COMMENT WIND FORCE WIND DESCRIPTION WIND SPEED RANGE 

        MIN MAX 

ROUGH 
 

Nominal 6 Strong breeze Knots Knots 

        28 33 

        
Km/hr Km/hr 

        51,9 61,1 

            

WAVE HEIGHT AVERAGE AVE 1/10th 
HIGH 

SIGNIFICANT RANGE 
OF PERIODS 

  AVERAGE 
PERIOD 

SIGNIFICANT     MIN MAX   

Metres Metres Metres Secs Secs Secs 

3,96 3,35 7,01 4,5 15,5 7,9 

6,71 4,27 8,53 4,7 16,7 8,6 

7,01 4,27 8,84 4,8 17 8,7 

7,92 4,88 10,06 5 17,5 9,1 

            

AVERAGE 
W/LENGTH 

Period Max 
Energy 

Spectrum 

Min Fetch Min Duration 

    
Metres Seconds Naut Miles Hours     

    64,62 11,3 230 20     
76,2 12,1 280 23     
77,11 12,4 290 24     
86,87 12,9 340 27     

 

 

 

The  Gul f  o f  Mex ico  i s  a  sem i-enc lo sed bas in  which  m eans a  smoo th sea  mo st  o f  

the  t im e.  Fo r  e f fect iv e  p lanning  and dec is io n-m ak ing  re l iab le  fo recasts  of  

current  weather  and o cean current  co ndi t io ns  are  requi red.  To  accom pl i sh  th is ,  

a  goo d co o perat io n wi th  the  Nat io na l  Weather  Serv ice  ‘NOAA’  i s  v i ta l .  

 

6.2.  Selectivity 
 

Grade  info rm at io n,  equipm ent  co nst ra ints  and phys ic a l  co ntro ls  o f  the  o re  bo dy 

are  o ne  of  the  m ain  se lect io n  cr i ter ia  in  the  m in ing  indust ry .  In  th i s  indust ry  i t  

i s  no rm al  that  tho se  parts  o f  the  o re bo dy that  are  m ined f i r s t  hav e  the  h ighest  

grade  and are  easy  to  access .  Th is  w i l l  resu l t  in  a  h igh  i n i t ia l  re turn  o f  

inv estm ent .  In  th i s  s tudy  the  o re  bo dy  i s  co ns idere d as  a  homogeno us  o re  bo dy 

( i .e .  grades  and phys ica l  co ntro ls) .  I t  i s  assum ed that  the  who le  o re  bo dy can be 

m ined with  a  m ax im um  depth o f  10  m etres  be low the  seaf loo r .  The  se lected o re 

bo dy  i s  shown in  F igure  6 -1 .  

.  
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6.2.1.  Ore recovery estimates   
 

Based o n Mi lkov  and Sassen (2 00 3 )  equipm ent  param eters  and the  phys ica l  

co ntro ls  stated in  the  prev io us sect io ns the  est im ated gas  y ie ld  o f  the  hydrate  

bear ing  sediments  i s  es t im ated to  be  7 .5  -  1 5  m 3 /m 3 .  Th is  is  a t  a  s tandard 

tem perature  and pressure .  On av erage  a  gas  y ie ld  o f  1 1 .2 5  m 3 / m 3  i s  recov ered 

which  cov ers  lo sses  in  m in ing  and pro cess ing .   

 

6.2.2.  Waste Mining and Disposal  
 

Sha les  and c lays  can  com pact  c lose ly  to gether  and fo rm  m any rando m zo nes  o f  

essent ia l ly  zero  perm eabi l i ty  that  rest r ic t  the passage o f  f lu ids ,  even tho ugh 

substant ia l  po ro s i ty  m ay  ex ist  (Max ,  et  a l . ,  2 00 6) .  The  lo w perm eabi l i ty  m akes  i t  

hard  to  m ine  separate ly .  Thus  i t  was  dec ided no t  to  m ine  waste  and o re 

separate ly  o n  the  seaf loo r ,  but  to  separate  o re  and waste o n bo ard.  I t  i s  

assum ed that  the  sedim ents  and water  are  d ischarged into  the o cean.  

 

6.3.  Pre-production requirements 
 

I t  i s  im po rtant  to  have  o bta ined a l l  lega l  requi rements  and perm iss io ns  befo re  a  

pro ject  s tarts .  The Minera ls  Management  Serv ice  (MM S) has  prepared a  

Supplem enta l  Env i ronm enta l  Im pact  Statement  (SE IS )  fo r  the  o i l  and gas  

indust ry .  Th is  s tatement  co uld  be  used as  a  gu ide l i ne  to  ana lyse  the  po tent ia l  

env i ro nm enta l  e f fects  o f  leas ing ,  exp lo rat io n,  dev e lo pment ,  and pro duct io n  in 

the  Gul f  o f  Mex ico  (MMS,  20 08 ) .  Subsequent ly  an  Env i ro nmenta l  Managem ent  

P lan  has  to  be  m ade.  S i te  preparat io n  fo r  deplo ym ent  o f  m in ing  m achines  and a  

suppo rt  system  co uld  be  requi red.  The  suppo rt  fac i l i t ies  that  are  descr ibed in 

sect io n  5 .2  sho uld  be f in i shed and addi t iona l  exp lo rat io n  has  to  be  scheduled.   

 

6.3.1.  Planning 
 

Befo re  the pro duct io n  phase  can s tar t  i t  i s  requi re d  that  the  feas ib i l i ty - ,  

perm iss io n-  and prepro duct io n  phase  has  f in i shed.  T able  6 -3  shows  that  a  

t im eframe o f  8  years  befo re  the  pro duct io n  phase  can beg in  i s  rea l i s t ic  

(S lagm o len,  2 00 9 ) .  
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Table 6-3  Pre-production activities (modified from Slagmolen (2009)) 

Act iv i ty  D urat io n Start  End 

Feas ib i l i ty  P hase 1 0 9 6  d a y s  1 - 1 - 2 0 1 2  1 - 1 - 2 0 1 4  

E x p l o r a t i o n  d r i l l i n g  P h a s e  1  3 6 5  d a y s  1 - 1 - 2 0 1 2  1 - 1 - 2 0 1 3  

P r e - F e a s i b i l i t y  1 8 3  d a y s  1 - 1 - 2 0 1 3  2 - 7 - 2 0 1 3  

F i n a n c i n g  3 6 5  d a y s  2 - 7 - 2 0 1 3  2 - 7 - 2 0 1 4  

F e a s i b i l i t y  1 8 3  d a y s  2 - 7 - 2 0 1 4  1 - 1 - 2 0 1 5  

P ermit t ing  P hase 1 2 7 8  d a y s  2 - 7 - 2 0 1 4  3 1 - 1 2 - 2 0 1 7  

A p p l i c a t i o n  f o r  m i n i n g  l e a s e  7 3 0  d a y s  2 - 7 - 2 0 1 4  2 - 7 - 2 0 1 6  

A c q u i r e  n e c e s s a r y  l e g i s l a t i v e  a p p r o v a l  1 0 9 5  d a y s  2 - 7 - 2 0 1 4  1 - 7 - 2 0 1 7  

E n v i r o n m e n t a l  &  s o c i a l  i m p a c t  a s s e s s m e n t  7 3 0  d a y s  2 - 7 - 2 0 1 4  2 - 7 - 2 0 1 6  

E n v i r o n m e n t a l  &  s o c i a l  m a n a g e m e n t  p l a n  1 8 3  d a y s  2 - 7 - 2 0 1 6  1 - 1 - 2 0 1 7  

N e g o t i a t e  l i c e n s e  t o  o p e r a t e   3 6 5  d a y s  1 - 1 - 2 0 1 7  3 1 - 1 2 - 2 0 1 7  

P r e-pr oduct ion  P hase 7 3 0  d a y s  3 1 - 1 2 - 2 0 1 7  3 1 - 1 2 - 2 0 1 9  

B u i l d  p r o c e s s i n g  f a c i l i t i e s  7 3 0  d a y s  3 1 - 1 2 - 2 0 1 7  3 1 - 1 2 - 2 0 1 9  

B u i l d  m a i n t e n a n c e  f a c i l i t i e s  5 4 8  d a y s  1 - 7 - 2 0 1 8  3 1 - 1 2 - 2 0 1 9  

E q u i p m e n t  p u r c h a s i n g  a n d  c o m m i s s i o n i n g  7 3 0  d a y s  3 1 - 1 2 - 2 0 1 7  3 1 - 1 2 - 2 0 1 9  

C o n t r a c t  n e g o t i a t i o n s  b u y e r s  3 6 5  d a y s  3 1 - 1 2 - 2 0 1 8  3 1 - 1 2 - 2 0 1 9  

C o n t r a c t  n e g o t i a t i o n s  s u p p l i e r s  1 8 3  d a y s  1 - 7 - 2 0 1 9  3 1 - 1 2 - 2 0 1 9  

W o r k f o r c e  r e c r u i t m e n t  3 6 5  d a y s  3 1 - 1 2 - 2 0 1 8  3 1 - 1 2 - 2 0 1 9  
 

 

6.3.2.  Requirements 
 

Fo r  som e act iv i t ies  in  the  pre-pro duct io n  phase  the re  are  several  requi rem ents .  

Equipm ent ,  labo ur  and capi ta l  are  the  m ain  requi rements .  

 

Equipment  

I t  assumed that  exp lo rat io n,  co nst ruct io n and co mm iss io ning  o f  pro cess ing  and 

m aintenance  fac i l i t ies  w i l l  be  so urced o ut .  The  o ther  fac i l i t ies  exc luding  the 

bas ic  o f f i ce  inf rast ructure  are  no t  requi red  unt i l  the  s tart  o f  the  pro duct ion 

phase .  

 

Labour  

There  are  act iv i t ies  fo r  the  pre-pro duct ion  phase  t hat  w i l l  be  do ne  by  in-ho use 

experts  (geo lo g is ts ,  m in ing  eng ineers ,  lega l  team ,  and m anagem ent) .  Other  

act iv i t ies  w i l l  be  so urced o ut  e .g .  exp lo rat io n  o pe rat io ns (e .g .  dr i l l ing) .  

Co nsul tants ,  lega l  counse l lo rs  and recru i tm ent  agenc ies  w i l l  be  h i red  to  ass i st  

in  co m plet ing  the  feas ib i l i ty  s tudy ,  acqui r ing  leg i s la t i v e  approv a l  and 

recru i tm ent  o f  wo rkfo rce respect ive ly .  

 

Capi ta l  r equi r ements  

The  est im ated capi ta l  expendi ture  o f  pre-pro duct io n  i s  US$  1 1  m i l l io n.   The 

m ain  com po nents  are  the  co sts  fo r ;  bu i ld ings ,  in f rast ructure ,  exp lo rat io n  and  

the  m in ing  lease .  

  



42 

 

 

6.4.  Production requirements 
 

 

The  requi rem ents  and pro cedures  fo r  the pro duct io n  co ns ist  o f  the  fo l lowing:  

 

1 .  Excavat io n:  the  gas  hydrate  bear ing  sedim ent  (GHBS)  has  to  be  lo o sened 

befo re  i t  can  be  excav ated.  The  sediments  can  be  lo o sened by  pass iv e  

excav at io n  (by  us ing a  f lo w o f  water )  and/ o r  by  mec hanica l  too ls  ( i .e .  

cut ters ) .  

2 .  P ick ing-up d is turbed m ater ia l :  a f ter  excavat ing  the  GHBS the  mater ia l  has  to  

be  p icked-up by  a  hydraul i ca l  pr inc ip le .   

3 .  L i f t ing  (vert ica l  t ranspo rt ) :  the  GHBS i s  v ert ica l l y  t ransported,  f rom  a 

seaf loo r  m in ing  m achine  to  the  FP SO (F lo at ing  pro duct io n s to rage  and 

o f f lo ading  v esse l ) .   

4 .  Minera l  process ing:  the  natura l  gas  i s  separated f ro m  so l ids ,  water  and 

o ther  waste  pro ducts .   

5 .  D ispo s ing  o f  waste  m ater ia l :  waste  pro ducts  l i ke  s i l ty -c lays  are  d ischarged 

o n the seaf lo or .  Water  i s  d i scharged after  a  water  t reatm ent  pro cess .   

6 .  Transpo rt ing  natura l  gas  to  sho re :  the  gas  wi l l  be  t ransported thro ugh 

spec ia l  equipped v esse ls  to  an  ex is t ing  o i l -  and ga s  p lat fo rm s  and f ro m  there 

to  an  o nsho re  lo cat ion.   

 

The  f i r s t  three  s teps wi l l  be  d iscussed in th is  sec t io n.  Mineral  pro cess ing  and 

t ranspo rtat io n  wi l l  be  presented in  chapter  7  and 8  respect iv e ly .   

 

Furthermo re a  num ber  o f  technica l  cha l lenges  have  to  be  faced (Verheul ,  e t  a l . ,  

2 00 4 ):  

•  An excav at io n  m etho d that  do es  no t  destabi l i se  the  Hydrate  Recov ery  

Too l  (HRT)  whi le  o perat ing  o n the  sea f loo r.  

•  The  excav at io n  fo rces  hav e  to  be  t ransferred to  the  sea  f loo r.  The  sea 

f lo o r  has  to  be  st ro ng  eno ugh to  carry  the  dev ice  ( s ince act io n  =  

react io n) .  Meanwhi le ,  the  dev ice  has  to  hav e  suf f i c ient  we ight  to  dea l  

w i th  the excav at io n  fo rces .  

•  The  repos i t io n ing  o f  the  dev ice  m ust  be  we l l  co ntro l lab le  s ince  a  m in ing 

o perat io n  at  great  depth  dem ands  t ight  o perat io na l  accuracy .  

•  The  ‘Hydrate  recovery  too l ’  m ust  be ab le  to  dea l  w i th the  lo ca l  

c i rcum stances  such as  the  h igh  surro unding  pressure ,  currents ,  the  poo r  

v i s ib i l i ty  and the  geo lo g ica l  character i st i cs  o f  the  sea  f lo o r .  

•  A safe  way  to  t ranspo rt  the  m ater ia l  through a  r ig id  and f lex i b le  p ipe  to  

the  sea  sur face  has  to  be fo und.   Thereby  the  num be r  o f  pum ps and the i r  

lo cat io n  a lo ng  the  c i rcu i t  i s  im po rtant .  

•  A suppo rt ing  v esse l  m ust  be  des igned that  can  rece iv e  the  dredged 

m ater ia l ,  co nnect  and lo wer  the  e lect r ic  po wer o f  the excav at ing  dev ice,  

and accomm o date  r ig id  and f lex ib le  p ip ing .   

•  Bo th the  suppo rt ing  v esse l  and the  excav at ing  dev ice  m ust  be  ab le  to  

m ainta in  the i r  po s i t io n  as  ho r i zo nta l  fo rces  act ing  o n the p ip ing  system 

that  i s  co nnected to  them . 

 

  



43 

 

 

So me pro duct io n  assum pt io ns  and dec is io ns  were  m ade  with respect  to  the 

o perat io n  schedule ,  the  equipment  se lect io n  and des ign.  These  are :   

•  Minera l  pro cess ing  wi l l  o n ly  take p lace at  the  sur face  suppo rt  vesse l .  

•  A hydraul i c  l i f t ing  system i s  used fo r  vert ica l  t ranspo rt  to  sea  lev e l .  

•  Gas  i s  t ranspo rted by  v esse ls ,  because  the  s i te  locat io n  i s  too  rem ote  and 

too  smal l  to  m ake the  co nst ruct io n  o f  p ipe l ines  fo r  natura l  gas  

pro hib i t iv e ly  expens iv e .   
 

6.4.1.  Planning 
 

There  are  lo ng- ,  m edium -  and sho rt  term fram es when p lanning  the pro duct io n.  

Lo ng  term  p lanning  i s  the  who le  l i fet ime o f  the  m ine  and annual  pro duct io n 

schedules  whereas medium  term p lanning  co nta ins  the  m o nthly  pro duct io n  and 

m aintenance  schedules .  Sho rt  term  p lanning  i s  o n  a  week ly  and da i ly  bases .  The 

fo cus  o f  th i s  s tudy i s  o n  the  lo ng  term  p lanning.  D ue  to  l im i ted  actua l  

kno wledge  in  NGH m in ing  m o re  deta i led  p lanning  ho r i zo ns  are  no t  appro pr iate .   

 

As  a  bas i s  fo r  in i t ia l  p lanning  a  ca lendar  year  a l l ows  32 0  wo rking  days  and 4 5  

days  where  the  system  i s  not  o perat ing .  Weather  co ndi t io ns  and scheduled 

m aintenance  are  inc luded in  the  4 5  days .  The  pro cess  o perates  2 4  ho urs  a  day ,  

7  days  a  week .  Each sh i f t  co vers  1 2 ho urs,  but  the  e f fect iv e  wo rk ing  ho urs  are  

assum ed to  be  10  ho urs .  Based o n these  t im e est im at es ,  the  tota l  e f fect iv e  

wo rk ing  ho urs  fo r  the m in ing  o perat io n  are  6 40 0 ho urs  per  year .   

 

6.4.2.  Equipment   
 

The  go a l  i s  to  recov er  m ethane  f rom  gas  hydrate  bear ing  sedim ents  by  means  of  

m in ing  (Max,  e t  a l . ,  20 06 ;  MH21  Japan,  2 00 2 ) .  In  th i s  s tudy  the  Sea  f loo r  Min ing 

Machine  (SMM) or  Hydrate  Recov ery  Too l  (HRT)  inv o lv es  m echanica l  m in ing  o f  

the  GHBS.  The  a im i s  to  excav ate  the  sediments  o n  t he seaf loo r .  Such 

m echanica l  m in ing  can be  acco m pl i shed in a  v ar ie ty  o f  ways .  F igure  6 -2  sho ws 

the  co nceptua l  des ign  o f  a  m in ing  system fo r  the  re co very  o f  the  gas  hydrate  

bear ing  sediment  (GHBS) .  
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Figure 6-2 Concept of Deep Sea Mining System  (Kotlinski, et al., 2008) 

 

 

The  equipm ent  o f  the  GHBS-m in ing  process  can  be  d iv ided into  three m ain  

com po nents :  

 

•  Com po nent  1 :  Hydr ate  Recover y  Tool  (HRT)  -  Th is  i s  an  excav at io n  dev ice  

in  the  fo rm o f  a  f rame,  po s it io ned o n the  sea  f lo o r .   

•  Com po nent  2 :  Ver t ica l  R i s ing  Mechanism (VRM )  –  Th is  i s  a  f lex ib le  and 

r ig id  p ip ing  system  thro ugh which  the  dredged m ater ia l  i s  t ranspo rted to  

the  sur face .   

•  Com po nent  3 :  Mining S uppor t  Vesse l  (MS V)  /  F loat ing  Pr oduct ion  S tor age 

and Of f loading  Vesse l  (FPS O)  – i s  the  f loat ing  dev ice .   
 

A breakdown o f  the  requi red  pro duct io n  equipment ,  together  wi th  i t s  

respect iv e  est im ated po wer  requi rem ents ,  pro duct io n  rate  o r  capac i t ies ,  

o perat io na l  l i fe  and capi ta l  costs ,  are  sho wn in  Ta ble  6 -4 .  

 
Table 6-4 Initial equipment requirements for start up of production phase 

T y p e  P o w e r  

[ k W ]  

S l u r r y  c a p a c i t y  

[ m
3
 o r  m

3
/ h ]  

L i f e  

[ y r ]  

C o s t  

[ U S $ ]  
2  x  H y d r a t e  R e c o v e r y  T o o l s  2 , 7 5 0  1 0 , 0 0 0  1 0  1 7 , 0 0 0 , 0 0 0  

V e r t i c a l  R i s i n g  M e c h a n i s m  1 8 , 0 0 0  1 0 , 0 0 0  1 0  1 2 6 , 0 0 0 , 0 0 0  

M i n i n g  S u p p o r t  V e s s e l   

( e x c l .  T o p s i d e / p r o c e s s i n g )  

2 2 , 8 0 0  1 5 , 0 0 0 , 0 0 0  2 5  2 8 9 , 6 5 0 , 0 0 0  
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6.4.2.1. The Hydrate Recovery Tool 
 

 The  a im  i s  to  ext ract  the  gas  hydrates  f ro m  the  sedim ent .  In  genera l ,  the  gas  

hydrate  bear ing  sedim ent  (GHBS)  may be rem ov ed f rom the o cean seabed by  

severa l  techniques .  There  are  d i f ferent  d i sso c iat io n  m etho ds as  descr ibed in  

sect io n  2 .7 .  The  f i r st  o ne  i s  to  c reate  depressur i zat io n  im mediate ly  abo ve  the  

sur face  o f  the  hydrates  to  a  po int  at  which  decom po s i t io n  o f  the  hydrates  

o ccurs  at  am bient  tem perature .  The  second o ne  i s  he at ing  to  a  tem perature  at  

which  the  hydrates  decom po se  wi th  the pressure  at  the  sur face  o f  the hydrates .  

The  th i rd  o ne i s  a  chem ica l  react io n ( such as  g lyco l  o r  sa l t s )  that  w i l l  cause a  

sh i f t  in  the  equi l ibr ium  curve  that  resu lts  in  decom po s i t io n.   A  com binat io n  o f  

these  m etho ds  m ay  be  ut i l i zed  as  we l l .  Ho wev er,  in  th i s  s tudy  the  focus  i s  o n 

the  mechanica l  appro ach that  i s  a l so  appl ied  wi th in  the  dredging-  and m in ing  

indust ry .  Th is  m ethod i s  adv antageo us  because  o f  the  greater  s tab i l i ty  of  gas  

hydrates  under  h igh  pressure  and lo w temperature  assoc iated wi th  the depth  o f  

the  Atwater  Va l ley .  I t  do es  no t  mean that  the  prev io us ly  descr ibed techniques 

are  not  usefu l .   

 

Cr i ter ia  analys i s  o f  the  Hydr ate  Recover y  Tool    

The  m in ing  too l  has  to  dea l  w i th  the  gas  hydrate  be ar ing  sedim ent  (GHBS) .  

Hydrate  c rysta l s  are  captured in  the  o pen spaces  o f  the  s i l ty-c lay  sediments ,  

but  m ass iv e  gas  hydrates  can  occur  at  interv a ls  as  we l l .  

The  spec i f i c  pro pert ies  o f  a  so i l  a re  an  impo rtant  facto r  to  determ ine  the  r ight  

m in ing  too l .  I t  i s  d i f f i cu l t  to  ident i fy  the m o st  a ppro pr iate  min ing  to o l  fo r  a  

so i l .  Table  6 -5  sho ws dredging  equipm ent  based o n t he  dredging  so i l .  
 

Table 6-5 Indication of application of mining equipment based on soil type (TID, 2009) 

T Y PE OF  EQUIPM ENT  
SOIL 

SIL T C L AY GR AVEL R OCK 
B A C K  H O E  R  G  G  R  

B U C K E T  D R E D G E R  G / R  R / G  R / G  R / G  

C U T T E R  S U C T I O N  D R E D G E R  G  G  G  R  

B U C K E T  W H E E L  D R E D G E R  G  G  G  N A  

G R A B  D R E D G E R  R / G  R  G  N A  

B E D  L E V E L L E R  G  N A / R  R  N A  

P L A I N  S U C T I O N  D R E D G E R  R  N A  G  N A  

G = G O O D  R = R E S T R I C T E D  N A =  N O  A P P L I C A T I O N  
 

The  sedim ent  i s  c lass i f ied  as  v ery  so ft  s i l ty -c lay .  Two dredging  techniques are  

su i tab le  fo r  the  ext ract io n  o f  so f t  s i l ty  c lays .  These  are  cut ter  suct io n  dredgers  

and bucket  whee l  dredgers .  The  bucket  whee l  dredger  i s  s im i lar  to  a  cut ter  

suct io n  dredger .  The key  d i f ference  i s  a  bucket  whee l  ins tead o f  a  cut ter  head 

as  a  m echanica l  cut t ing  dev ice .  The  cut ter  i s  mo st ly  used in  wet -m in ing 

appl icat io ns  due  to  i t s  h igh  co ncentrat io n  dredging  and to  i t s  bro ad 

appl icab i l i ty .  Fo r  th i s  pro ject  the  bucket  whee l  i s  cho sen instead o f  a  cut ter  

head because  a  wheel  exerts  equa l  cutt ing  fo rces  when swung in  bo th  d i rect io ns 

and thus  ensures  f ram e stab i l i ty .  Th is  resu l t s  in  a  co nstant  o utput  which  i s  

fav o ured fo r  the  process ing  p lant  dev e lo pm ent .  Furt hermo re ,  the  c lean-up ( se l f  

c leaning)  percentage by  us ing  a  whee l  i s  h igher  com pared to  that  o f  a  cut ter  

head (Verheul ,  et  a l . ,  20 04 ) .  Use  o f  a  whee l  deno tes  ex i s t ing  s im i lar i t ies  o f  too l  

usage  and pro duct ion  rates  that  character i se  deep dredging o perat io ns  and 

m in ing.   
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F igure  6 -3  i l lus t rates  the  co ncept  des ign  that  sho uld  be  sui tab le  fo r  GHBS 

excav at io n.  The pro blem s descr ibed abov e are  m in im ized by  keeping  the  des ign 

as  s im ple  as  po ss ib le .  

 

 
Figure 6-3 Tripod deep sea recovery tool (Verheul, et al., 2004) 

 

The  hydrate  recov ery  to o l  ( ‘TR IP OD ’ )  s tands  o n feet .  Because  the GHBS are  

c lo se  be low the  sea  f lo o r  and the  s t ructure  o f  the  hydrate  depo s i t s  i s  re lat iv e ly  

ho mo geno us  wo r ld-wide ,  a  hydrate  recov ery  to o l  sho uld  be  univ ersa l ly  

appl i cab le .  I t  was  ca lcu lated to  m ine  wi th  two  Hydr ate  Recovery  To o ls  w i th  a  

to ta l  av erage  o f  10 ,00 0  m 3 / hr  (5 ,00 0 m 3 / hr  ins i tu  GHBS and 5 ,00 0  m 3 / hr  water)  

and a  m ax im um  pro duct io n  rate  o f  20 ,0 00  m 3 / hr  based o n 15 year  pro duct io n 

t im e,  reaso nable  t rav e l l ing  speed and cut t ing  depth  fo r  the  m achine .  I t s  tota l  

po wer requi rem ents  are  27 50  kW and i t  costs  approx im ate ly  US$  17  m i l l io n.  

 

6.4.2.2. The Vertical Riser Mechanism 
 

Research  by  v an der  Koo i  (2 00 8 )  showed that  hydraul i c  l i f t ing i s  pre ferred for  

bu lk  t ranspo rtat io n  of  m ater ia l  f rom  the  seabed at  v ar io us  depths .  The  Vert ica l  

R i ser  Mechanism  (VRM)  as  stated wi l l  be  a  f lex ib le  and r ig id p ipe  r i ser .  The 

co ncept  i s  schem at ica l ly  presented in  F igure  6 -4 .   

 

 
Figure 6-4 Schematic representation of rigid pipe riser (van der Kooi, 2008) 
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Th is  system  co ns is ts  o f :  

•  Riser  p ipe 

•  Bo oster  s tat io ns  ( i .e .  centr i fuga l  pum ps)  

•  P inned co nnect io n  to  the  Min ing  Suppo rt  Vesse l  

•  F lu id ly  co nnect io n  between the  Hydrate Reco v ery  Too l  and the  Vert ica l  

R i ser  Mechanism . 

 

A  deta i led  descr ipt ion  o f  the  VRM is  sho wn in  appendix  F .  Mo re  info rm at io n on 

the  pro po sed VRM can be  fo und in  v an der  Koo i  (2 008 ) .  

 

Chal lenges  

Bes ides  the  m ain  cha l lenges  such as ,  hyperbar ic  co ndi t io ns ,  the  s lurry  

t ranspo rt ,  the  remo te  co ntro l  and m aintenance ,  the  behav io ur  o f  gas  hydrates  

wi th  respect  to  the  tem perature  and pressure  i s  an  im po rtant  aspect .  Hydrates  

d i sso c iate  into  gas  and water  when the  surro unding  tem perature  r i ses  and the 

pressure  decreases .  Th is  i s  im po rtant  fo r  gas  hydrate  pro duct io n,  but  m ust  be  

av o ided dur ing  GHBS  pro duct io n,  s ince  i t  wo uld  resu l t  in  gas  inv ading  the  r i ser  

m echanism .  The  temperature  and pressure  m ust  be m ainta ined at  leve ls  at  

which  the  hydrate  wi l l  no t  d i sso c iate .  

 

There  are  d i f ferent  techniques  to  prevent  d i sso c iat io n  (MH21  Japan,  2 00 2) :  

•  Tem perature  co ntro l  o f  the  s lurry  ins ide  the  v ert ica l  r i ser  m echanism 

(VRM) by  coo l ing  the  r i ser .   

•  P ressure  co ntro l  o f  the  s lurry  wi th  the  he lp  o f  pum ps  to  keep the 

pressure  at  a  g iv en tem perature  requi red to  s tab i l i se  hydrates .   

•  Add chem ica ls  and o ther  addi t ives  that  are  m ixed with  the s lurry  to  

prev ent  the  d isso c iat io n  o f  the  gas  hydrate .  Adding  chem ica ls  and o ther  

addi t iv es  hav e  a  po s i t iv e  e f fect  dur ing  the  reco very  and v ert ica l  

t ranspo rt ,  but  i t  requi res  a  m o re  so phis t icated separat io n  equipm ent  to  

separate  the  m ixture  o n the sur face .  

 

I t  i s  assum ed that  the  pressure co ntro l  by  means  o f  pum ping  i s  the  m o st  

appro pr iate  metho d to  prev ent  d i ssoc iat io n.  Hydraul i c  l i f t ing  i s  the mo st  

su i tab le  m echanism  fo r  s lurry  t ranspo rt  in  deep sea  m in ing  co ndi t io ns .  The f low 

o f  hydraul i c  t ransport  i s  induced by  pu m ps.  The  mai n  advantages  o f  th is  

m echanism  are  h igh  pro duct io n  capac i ty ,  h igh  p ick -up co ntro l lab i l i ty  and 

pro ven technica l  feas ib i l i ty  (v an  der  Koo i ,  2 00 8 ) .   

 

The  gas  hydrate  bear ing  sedim ents  near  the  sea  f loo r  are  stab le .  In  th i s  case 

the  water  depth  o f  the  m in ing  s i te  is  es t im ated to  be  between 19 20m  and 

1 94 0m .  Hence  the  hydro stat ic  pressure  i s  eno rm o us ,  w i th  the  sea  f loo r  water  

tem perature  o f  aro und 4  °C .  Th is  ind icates  that  the  hydrates  are  wi th in  the 

hydrate  stab i l i ty  zo ne  far  away  f rom  the equi l ibr ium  l ine  (b lue  l ine  in  F igure 

6 -5 ) .   
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Figure 6-5 Gas Hydrate Stability Zone of hydrate bearing sediment (modified from Grover, 2008) 

 

I t  i s  assumed that  there  i s  no occurrence  o f  hydrate  d issociat io n  when the 

sedim ent  i s  d i s rupted.  P o ss ib le  occur ing  gas  bubble s  are  co l lected by  the 

degass ing  system .  Dur ing  the  v ert ica l  t ranspo rt  the  tem perature  increases  

s l ight ly .  I t  i s  assumed that  the  m ax im um  tem perature  in  the  r i ser  system  i s  6  

°C .  The  m ax im um  pressure  depends  o n the  hydro stat ic  pressure .  I t  i s  assum ed 

that  the  gas  hydrates  are  s t i l l  s tab le  at  6  °C  and at  a  pressure  o f  m in im um  50 

bar  (5  MP a) .  Gas  in  the  pro duct io n  l ine could  cause  so -ca l led  a  ‘gas  lo ck ’  in  the 

pum ping  system ,  hence  i t  i s  necessary  to  avo id  the  fo rm at io n o f  a  v apo ur 

phase .   

 

P ump P os i t ion ing   

The  centr i fuga l  pump se lected fo r  the  Vert ica l  R i se r  Mechanism  can be  f ree ly  

po s i t io ned at  any  length  o f  the  r i ser  system .  A  Net  Po s i t iv e  Suct io n  Head i s  an 

im po rtant  param eter  in  the  pum p pro duct io n.  Wheneve r  the  l iqu id  (o r  s lurry )  

s tagnat io n  pressure  dro ps  be low the  v apo ur  pressure ,  bo i l ing  o ccurs  and a  gas  

phase  i s  fo rm ed,  f ina l ly  cav itat io n  occurs  dam aging  the  r i ser  system. 

Centr i fuga l  pum ps  are  part icu lar ly  v u lnerable  to  cav i tat io n  and to  negat iv e  

pressure  d i f ferences ,  i .e .  when the  am bient  ‘water ’  pressure  o uts ide  the r i ser  is  

h igher  than the  pressure  ins ide  the r i sers .  

 

I t  was  assum ed that  the  Gas  Hydrate  Bear ing  Sedim ent  co nta ins  between 7 .5  

and 1 5  m 3 /m 3  o f  gas .  Thus  dur ing  pro duct io n  i t  i s  v ery  impo rtant  to  av o id 

d isso c iat io n  o f  gas  hydrate  c rysta l s .  Fo r  th i s  s tudy  the  to ta l  pressure  lo ss  (∆p)  

o f  the  hydrate  bear ing  s lurry  in  the  system i s  assumed to  be 14  bar  per  1 00 

m etres .  The  hydro stat ic  pressure  decreases  1 0 bar  per  1 00  m etres  (Vercru i j sse,  

2 00 9 ) .   

 

To  f ind  the  o pt imal  d is t r ibut io n  two  co nf igurat io ns  are  d iscussed (F igure  6 -6 ) :  

a )  I n  “ c o n f i g u r a t i o n  a ”  a l l  p u m p s  a r e  p l a c e d  o n  t h e  s e a b e d   

b)  I n  “ c o n f i g u r a t i o n  b ”  t h e  p u m p s  a r e  d i s t r i b u t e d  o v e r  t h e  h e i g h t  o f  t h e  

r i s e r  s y s t e m .   



 

 

 

Blue line is the hydrostatic pressure, pink line illustrates the pump/riser pressure and the red dashed 
line give the hydrate phase stability line

 

Conf igur at ion  a  

F igure  6 -6 ; a  i l lus t rates  that  the  m ax imum  pressure  d i f ference  be tween the 

pressure  ins ide  the  r i ser  system  and the  hy

handl ing  the  hydrate  bear ing  sediments .  

 

Conf igur at ion  b  

F igure  6 -6; b  sho ws that  the  m ax im um pressure fo r  th i s  co nf igurat io n i s  

s ign i f i cant ly  reduced  in  com par iso n 

centr i fuga l  pum p adds  1 5  bar  to  the  r i ser  system  

pressure  de l iv ered by  the

Too l .  In  th i s  co nf igurat io n  e

requi red  wal l  th ickness  o f  l ines  and pum ps  needed t o  withstand the  pressure  i s  

reduced.  Each pum p uni t  has  an  av erage  po wer requi rem ent  of  3 ,0 00  kW.  At  a  

m in ing  depth  o f  20 00m  a  power  requi rement  o f  18  MW is  requi red  

2 00 9 ) .  

 

 

Fo r  th i s  s tudy  conf igur at ion  b

•  Co nf igurat io n  b  i s  pro v en techno lo gy.  Fo r  the  requi red  pressure  

d i f ferences  the  appl icat io n  o f  these  centr i fuga l  s lurry  pum ps  i s  fu l ly  

pro ven techno lo gy  in  the  dredg
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Figure 6-6 Pump configuration 
Blue line is the hydrostatic pressure, pink line illustrates the pump/riser pressure and the red dashed 

give the hydrate phase stability line at a maximum temperature of 6 °C
 

i l lus t rates  that  the  m ax imum  pressure  d i f ference  be tween the 

pressure  ins ide  the  r i ser  system  and the  hy dro stat ic  pressure  

handl ing  the  hydrate  bear ing  sediments .   

; b  sho ws that  the  m ax im um pressure fo r  th i s  co nf igurat io n i s  

s ign i f i cant ly  reduced  in  com par iso n with  the  prev io us co nf igurat io n.  

centr i fuga l  pum p adds  1 5  bar  to  the  r i ser  system  (Vercru i j sse ,  2 00 9 )

the  pum ps  i s  206  bar  at  20 00m ,  at  the  Hydrate  Reco very  

In  th is  co nf igurat io n  e xt reme pressure  peaks  are  avoided,  hence the 

requi red  wal l  th ickness  o f  l ines  and pum ps  needed t o  withstand the  pressure  i s  

Each pum p uni t  has  an  av erage  po wer requi rem ent  of  3 ,0 00  kW.  At  a  

m in ing  depth  o f  20 00m  a  power  requi rement  o f  18  MW is  requi red  

conf igur at ion  b  i s  cho sen,  because :  

Co nf igurat io n  b  i s  pro v en techno lo gy.  Fo r  the  requi red  pressure  

d i f ferences  the  appl icat io n  o f  these  centr i fuga l  s lurry  pum ps  i s  fu l ly  

pro ven techno lo gy  in  the  dredg ing  indust ry .  

Blue line is the hydrostatic pressure, pink line illustrates the pump/riser pressure and the red dashed 
at a maximum temperature of 6 °C. 

i l lus t rates  that  the  m ax imum  pressure  d i f ference  be tween the 

dro stat ic  pressure  i s  7 5  bar  fo r  

; b  sho ws that  the  m ax im um pressure fo r  th i s  co nf igurat io n i s  

us  co nf igurat io n.  Each 

(Vercru i j sse ,  2 00 9 ) .  The  to ta l  

Hydrate  Reco very  

aks  are  avoided,  hence the 

requi red  wal l  th ickness  o f  l ines  and pum ps  needed t o  withstand the  pressure  i s  

Each pum p uni t  has  an  av erage  po wer requi rem ent  of  3 ,0 00  kW.  At  a  

m in ing  depth  o f  20 00m  a  power  requi rement  o f  18  MW is  requi red  (Vercru i j sse ,  

Co nf igurat io n  b  i s  pro v en techno lo gy.  Fo r  the  requi red  pressure  

d i f ferences  the  appl icat io n  o f  these  centr i fuga l  s lurry  pum ps  i s  fu l ly  
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•  P ressure  d i f ferences are  sm al ler  so  that  the  requi red  wal l  th ickness  of  

l ines  and pum ps  to  wi thstand pressure i s  reduced.  T h is  resu l t s  in  a  

s ign i f i cant  reduct io n  in  o vera l l  we ight  and inv estm ent  co sts .  

•  I t  w i l l  be  eas ier  to  m ainta in  the  pum p uni t s ,  because  o f  the  m ult ip le  

sm al ler  and l ighter  pum p uni t s .   

6.4.2.3. The Surface Support Vessel 
 

The  Sur face  Suppo rt  Vesse l  i s  a  com binat io n  o f  two  o f fsho re  (m in ing)  pro cesses,  

nam ely  gas  and petro leum  pro duct io n  and d iam o nd m in ing.  Appl icab le  v esse ls  

are  (F igure  6 -7 ) :  

a )  Large  dr i l l  sh ips  as  used fo r  deep sea  explorat io n  (Huism an,  2 009 ) ;  

b)  Sem i-subm ers ib les  (BassTech,  20 10 ) ;  

c )  F lo at ing  pro duct io n  s to rage  and o f f lo ading  (FP SO)  v esse ls  that  are  used 

in  petro leum pro duct io n  (Nexus,  20 09 ) .  

 

 

A  
B  

 
C  
 

Figure 6-7 Comparable ships 
Drillship (a), semisubmersible (b) and a FPSO (c) 

 

 

In  th i s  s tudy  the  extracted m ater ia l  i s  a  m ixture  o f  water ,  sed im ents  and gas  

hydrates .  
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The  m in ing  suppo rt  v esse l  (MSV)  suppo rts  the  sub-sur face  act iv i t ies  (v an der  

Koo i ,  2 00 8 ):  

•  To  prov ide  genera l  suppo rt  (power supply ,  co ntro ls ,  m o nito r ing ,  

e lect r ics ,  hydraul i cs)  to  the  r i ser  system  and the  HRT 

•  To  comm iss io n  and decomm iss io n  the r i ser  and the  HRT 

•  To  pro v ide  hote l  funct io ns  fo r  perso nne l  

•  To  pro v ide  s t ructura l  suppo rt  fo r  the r i ser  system 

•  To  fac i l i ta te  a l l  m in ing  o perat io ns  and a l l  so l id/ l iqu id/ gas  separat io ns 

•  Tem po rary  s to rage o f  natura l  gas  

•  Off lo ading  o f  o re  m ater ia l   to  the  t ranspo rtat io n  v esse l  

 

A  deta i led  funct io nal  ana lys i s  o f  the  MSV o r  Sur fac e  Suppo rt  Vesse l  (SSV)  is  

sho wn in  appendix  F.  Key  co m po nents  o f  a  SSV and th e i r  est im ated co sts  and 

po wer requi rem ents  are  g iven in  Table  6 -6.   

 

 
Table 6-6 Estimated costs and power requirements of Mining Support Vessel 

C om pone nt s  Surface  Support  Ve sse l  

C om pone nt Quant ity 
-  

C ost  
[ M i l l i o n  U S $ ]  

Powe r  
[ k W ]  

H u l l  1  2 0 0  1 5 , 0 0 0  

R i s e r  t o w e r  /  m o o r i n g  1  3 0 . 5  3 , 5 0 0  

P o w e r  P a c k  1  1  8 0 0  

C r a n e s  2 5 t  1  5   

C r a n e s  2 0 t  1  3 . 5   

C r a n e s  5 t  3  1   

D y n a m i c  P o s i t i o n i n g  S y s t e m  1  0 . 5  3 , 5 0 0  

H o t e l  f a c i l i t i e s  1  2 0   

A n c i l l a r y  P r o j e c t s  @ 1 0 %  1  2 6 . 1 5   

T o t a l   2 8 9 . 6 5  2 2 , 8 0 0  

6.4.3.  Labour 
 

The  wages  are  d iv ided acco rd ing  to  the  f ive  key  funct io ns :  

•  Managem ent  and adm inis t rat io n 

•  Mining   

•  P rocess ing 

•  Anc i l la ry  

Maintenance  funct ions  are  inc luded in the  m in ing ,  pro cess ing  and t ranspo rt  

co sts .  The  labo ur  costs  are  shown in  Table  6 -7 .  An extended v ers io n  can be 

fo und in  appendix  D .   

 
Table 6-7  Annual labour costs 

T y pe In  m il l ion s US$/y 
M a n a g e m e n t  &  a d m i n i s t r a t i o n  0 . 4 7  
M i n i n g  &  M a i n t e n a n c e  8 . 0 5  
P r o c e s s i n g  4 . 9 1  
A n c i l l a r y  1 . 8 7  

T o t a l  1 5 . 3  

 

The  annual  co st  o f  the  requi red  wo rkfo rce  i s  es t im ated at  US$  15 .3  m i l l io n.   
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7. Processing Method 

 

The  po ss ib le  pro cess ing  m etho ds  to  ret r iev e  gas  f rom  the  gas  hydrate  bear ing 

sedim ents  o n  the  sur face  are  based f i r st ly  o n  the  kno wledge  o f  f i r s t ly  the 

m inera lo gy  o f  the  o re,  seco ndly  o n  certa in  pro duct  spec i f i cat io ns  and th i rd ly  o n 

the  po ss ib le  pro cess ing  fac i l i ty .  The  input  i s  m ain ly  used to  hav e  an  ind icat io n 

o f  co st  requi rem ents  fo r  fur ther  eco nom ic  and o perat io na l  ana lys i s .  

 

7.1.   Mineralogy 
 

Acco rd ing  to  sect io n 6 .1 .1  the sedim ents  can  be  c lass i f ied  as  s i l ty -c lay .  In  Table  

7 -1  the  gra in-s i ze  d is t r ibut io n  i s  g iven (Fugro ,  20 06 ) .  Very  so f t  to  f i rm  o l ive  

gray  c lay  o ccurs  in  th i s  area .  The  c lay  at  the  uppe r  part  o f  the  gas  hydrate  

bear ing  sediment  i s  c lass i f ied  as  v ery  so f t .    

 
Table 7-1 Grain-size distribution determined with a Coulter Counter (Fugro, 2006) 

D epth [m bsf ]  Sedim ent  C lass i f i cat io n  Sand [%]  S i l t  [%]  C lay  [%] 

5 .0 0 S i l ty  c lay  2 .3 0 2 7 .92 6 9 .78 

8 .3 1 C lay  1 .0 1 2 2 .85 7 6 .13 

1 0 .01 C lay  1 .3 9 2 1 .93 7 6 .68 

1 2 .35 S i l ty  c lay  1 .6 5 2 3 .92 7 4 .43 
 

 

The  gas  hydrate  bear ing  sediments  co ntain  m ain ly  m e thane (CH 4 ;  9 1 .9 %)  and 

som e o ther  h igher  hydro carbo n gases  such as  e thane  and pro pane.  In  Table  7 -2  

the  mo lecular  and i soto pic  com po s it io n  o f  the  hydra te-bo und gas  in  the  Atwater  

Va l ley  i s  g iven.  The gas  y ie ld o f  these  gas  hydrate  bear ing  sedim ents  i s  7 .5  –  15 

m 3 /m 3 .  

 
Table 7-2 Gas Hydrate concentration in Atwater Valley. 

Accum ulat io n C 1  δ 1 3 C 1  δD C 1  C 2  C 3  i -C 4  n -C 4  I -C 5  n -C 5  

Atwater  Va l ley a  9 1 .9  -4 9 .3  -1 73 2 .3  4 .7  1 .2  0 .8  0 .3  <0 .1  
a  M e a n  v a l u e s  c a l c u l a t e d  f r o m  s i x  g a s  h y d r a t e  s a m p l e s  ( S a s s e n  e t  a l . ,  2 0 0 1 b )  

 

 

7.2.   Alternative Processes 
 

Th is  sect io n  sho rt ly  rev iews  the  pro cess ing  o f  gas  hydrate  bear ing  sediments  

(GHBS) .  The  a im  i s  to  ext ract  the  hydrocarbo n gases  in  the  GHBS.  Methane,  CH 4 ,  

i s  the  m ain  hydro carbo n gas  in  these  sedim ents ,  but  gases  such as  e thane 

(C 2 H 6 ) ,  pro pane  (C 3 H 8 )  and heav ier  hydrocarbo ns  are  present  as  we l l .  F igure  7 -1  

sho ws a  schem at ic  d iagram  o f  the  process  ro utes  and  pro ducts .   
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Figure 7-1 Typical gas production process system (modified from Lyons & Plisga, 2005) 

 

7.2.1.  Pr imary separat ion  
 

At  the  mom ent  there  are  no  p lants  to  pro cess  hydrate  bear ing  sedim ents .  

Ho wev er,  sev era l  techno lo g ies  are  av a i lable  to  rem ov e  l iqu ids  and so l ids  f rom 

gases .  An expans io n v esse l  co uld  be  the  f i r s t -s tage  separato r  o perat ing  at  low-

tem peratures  separat ing  sediments ,  l iquids  and gase s .  Th is  v esse l  m ay  be 

equipped with  a  heat ing  co re  to  d isso c iate  hydrates ,  o r  a  hydrate- inh ib i to r  such 

as  g lyco l  m ay  be in jected into  the  s lurry  just  befo re  expans io n to  ev en enhance 

the  hydrate  d isso c iat io n  (Lyo ns ,  et  a l . ,  2 005 ) .  The gas  i s  then further  processed.  

The  remainder ,  nam ely  sediments ,  water  and gas  go  to  the  mud/ gas  separato r  

(Mokhatab,  e t  a l . ,  20 06 ) .  Th is  i s  a  vert ica l  cy l indr ica l  pressure  v esse l  (see 

F igure  7 -2 ) .  A  ser ies  o f  spec ia l ly  ang led  baf f le  p lates,  s tepped f rom  the  to p to  

the  botto m , in i t ia te  the  separat io n.   

 

 
Figure 7-2 Mud/Gas Separator (MacDougall, 1991)  

 

When the  m ud i s  ro uted into  the  separato r,  i t  f lows  do wnward success iv e ly  ov er  

each p late .  D ur ing  this  pro cess ,  the  entra ined gase s  break  o ut .  The  re leased gas  

i s  then carr ied  o n by  v ent  l ines  fo r  fur ther  gas  t reat ing .  
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7.2.2.   Gas  Treatment  
 

The  next  s tep  in  pro cess ing  natura l  gas  i s  the  ac id  gas  t reatment .  Raw gas  

co nta ins  heav y  hydro carbo ns ,  water  and o ther  co ntam inants  that  need to  be 

remo ved.  Hydro gen su lphide  (H 2 S)  and car bo n d io x ide  (CO 2 ) ,  and o ther  su lphur-

co nta in ing  spec ies  are  com po unds  that  requi re  com plete or  part ia l  remo v al .  

These  gases  are  co l lect ive ly  kno wn as  “ac id  gases” .  Natura l  gas  wi th  H 2 S  o r  

o ther  su lphur  com pounds  i s  ca l led  “ so ur  gas” ,  where as  gas  wi th  o nly  CO 2  i s  

ca l led  “ sweet  gas” .  Bo th  CO 2  and H 2 S  are  very  undes i rab le ,  as  they  cause 

co rro s io n  and present  a  m ajo r  sa fety  r i sk .  A  m o re  deta i led  descr ipt io n  can be  

fo und in  the  “ Handbo o k  o f  Natura l  Gas  Transm iss io n  and P ro cess ing”  of  

Mokhatab et  a l .  (2 006 ) .   

 

7.2.3.  Dehydrat ion 
 

Water  i s  comm o nly  no t  com plete ly  remov ed f rom  the  gas .  Ho wev er  to  ensure 

safe  pro cess ing  and transm iss io n  i t  i s  necessary  to  reduce  and co ntro l  the  water  

co ntent  in  the gas .  Be lo w the mo st  im po rtant  reaso ns  are  g iven:  

 

1 .  Natura l  gas  can  form  gas  hydrates  at  lo w tem peratures  and h igh  pressure 

in  the  presence  o f  water .  These  hydrates  can  p lug  v a lves  and p ipe l ines .   

2 .  Co ndensat io n  o f  water  f rom  gas  st ream s in  the  p ipe l ine  causes  s lug  f low 

and po ss ib le  ero s io n  and co rro s io n.  

3 .  P resence  o f  water  in  the  gas  s t ream  increases  the  vo lum e and decreases  

the  heat ing  va lue  o f  the  gas  and thus  the  qua l i ty  and pr ice  per  cubic  

m etre  o f  gas .  

4 .  Gas  sa les  co ntracts  and/ o r  p ipe l ine  spec i f i cat io ns o ften  hav e to  meet  a  

m ax im um water  co ntent  o f  7 .0  lb  per  m i l l io n  cubic  feet  (mm scf ) .  

 

Mult i s tage  separato rs  can  be  deployed to  ensure  the  reduct ion  o f  water  in  the 

gas  s t ream .  The remo v al  o f  water  ‘dehydrat io n’  o f  natura l  gas  i s  accom pl i shed 

by  coo l ing  the  gas  so  that  water  v apo ur  co ndenses  f ro m  the  gas .  Other  comm o n 

m etho ds  o f  dehydrat ing  natura l  gas  are  l iqu id  des ic cant  (g lyco l )  dehydrat io n 

and so l id  des iccant  dehydrat io n.  The separated wate r  i s  t ranspo rted to  s to rage 

tanks  fo r  d i scharg ing  and/ o r  d i spo sa l .  Af ter  the  na tura l  gas  m eets  the  gas  

spec i f i cat io ns ,  i t  i s  a  sa leable  gas .  

 

7.2.4.  Sol id and L iquid  treatment  
 

The  presence  o f  so l ids  increases  the s tab i l i ty  of  an  em uls io n.  Rem ov ing  these 

so l ids  he lps  to  break the  em uls io n.  Acco rd ing  to  Mokhatab et  a l .  (2 00 6 )  so l ids  

can  be  remov ed success fu l ly  by  a  recyc lab le  backwash f i l ter  system .  After  the 

so l id  rem ov al ,  the  hydro carbo ns  and water  are  fur ther  separated by  us ing  so -

ca l led  co a lescence .  F igure  7 -3  Co a lesc ing  in  so l id- l iqu ids  F igur e  7 -3  shows  the 

s teps  o f  the  water  t reatm ent  befo re  d isposa l .  F i r s t  the  so l ids  are  remo ved ‘pre-

f i l t rat io n’  and than the  hydro carbo n dro plets  co a le sce  befo re the  f inal  

separat io n  i s  do ne.  Next  the  pro duced water  and so l ids  w i l l  be  d ispo sed,  as  

they  m eet  a l l  d i scharge  requi rem ents .  
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Figure 7-3 Coalescing in solid-liquids (Mokhatab, et al., 2006) 

 

I t  go es  beyo nd the sco pe  o f  th i s  s tudy  to  fur ther  e labo rate  o n a l l  these 

pro cesses .  Howev er  i t  sho uld  be  reco gnized that  the se  pro cesses  are  c ruc ia l  fo r  

the  v iab i l i ty  o f  the who le  m in ing  o perat ion.  A  m o re  deta i led  s tudy  regard ing  the 

separat io n pro cesses  i s  essent ia l  fo r  m in ing  GHBS.   
 

7.3.  Production Quality and recoveries 
 

The  pro duct io n  qua l i ty  and spec i f icat io ns  of  natura l  gas  are  we l l -kno wn.  

Natura l  gas  occurs  in  three  fo rm s:  

•  Co nvent io na l  gas :  

o  Assoc iated  o r  cas ing head gas ,  which  o ccurs  in  co nv ent io na l  o i l  

f ie lds ;  

o  Non-assoc iated  o r  gas  we l l  gas ,  which  o ccurs  in  co nv ent io na l  gas  

f ie lds .  

•  Unco nvent io na l  (o r  co nt inuo us)  gas .  Some types  o f  unco nv ent io na l  gas  

are :  

o  “ t ight  (sand)  gas ” ,  which  i s  fo und in  lo w-permeable  ro ck;  

o  “ coalbed methane” ,  which  i s  natura l  gas  that  has  been fo rm ed 

a lo ng  wi th  the  geo lo gica l  pro cesses  that  form ed co a l ;  

o  “ natur a l  gas  f r om geo-pr essur i zed  aqui fer s” ,  which  re fers  to  gas  

d i sso lved under  h igh  pressure  and at  h igh  tem peratures;  

o  “ deep gas” ,  which i s  fo und at  leve ls  m uch deeper  than 

co nvent io na l  gas ;  

o  “ gas  hydr ates” ,  which  are  i ce - l ike  s t ructures  o f  water  and gas  

lo cated under  perm afro st  and m ar ine  sedim ents .  

 

The  qua l i ty  and pr ice  i s  determ ined based o n the  re leased energy  burn ing  a  

certa in  v o lum e o f  natura l  gas  and i s  g iv en in  Br i t i sh  thermal  un i t s  

(Btu) (Mo khatab,  e t  a l . ,  2 006 ) .  The  recov ery  o f  natura l  gas  sho uld  be goo d 

eno ugh to  guarantee  pro duct  qua l i ty .  The  energy  co ntent  of  natura l  gas  i s  

v ar iab le  and depends o n i t s  accum ulat io ns,  which  ar e  inf luenced by  the  am o unt  

and types  o f  the  energy  gases  (hydro carbo ns)  they  co nta in .  The  mo re  no n-



56 

 

 

com bust ib le  gas  in  a  natura l  gas ,  the  l o wer  the  ca lo r i f i c  va lue .  Ana lyses  o f  

natura l  gas  are  do ne at  each stage  o f  the supply  cha in .  A  gas  chrom ato graphic  

ana lys i s  i s  used to  determ ine  the  com pos i t io n  o f  a  gas .  The  com po nents  and 

the i r  co ncentrat io ns  are  co nverted into  a  gro ss  heat ing  v a lue  in  Btu  per  cubic  

fo ot  o r  m egajo ules  per  s tandard  cubic  metre .   
 

In  genera l ,  pro duced natura l  gas  i s  a t  f i r s t  no t  co mm erc ia l ly  sa leable  o r  su i tab le  

fo r  p ipe l ine  t ranspo rtat io n.  In  any case ,  a l l  gases  are  t reated to  remo ve  water,  

so l ids ,  o r  o ther  co ntam inants .  Table  7 -3  sho ws the qua l i ty  s tandard  o f  natura l  

gas  p ipe l ines  in  the  Uni ted  States .  Gas  v ar ies  w ide ly  in  qua l i ty  and co m po s i t io n.  

Ev ery  reservo i r  i s  inco m parable  and i t s  qua l i ty  and  com po s it io n depends  o n the 

so urce  f ie ld  and the i r  character i st i cs .  The m ain  com po nents  o f  natura l  gas  are  

m ethane  and ethane  with  a  v ary ing  am o unt  o f  heav ier  hydro carbo ns  ( i .e .  

pro pane,  butanes ,  pentanes  etc . )  as  we l l  as  carbo n d io x ide ,  hydro gen su lphide,  

o xygen and water  v apo ur .  Table  7 -4  shows  com po s i t io ns  o f  two  co nvent io na l  

natura l  gases  and gas  hydrates  o f  Atwater  Va l ley .  Th is  sho ws  that  the 

com po s it io n  o f  a  gas  hydrate  i s  co m parable  wi th  ‘gas  we l l  gas ’ .   

 

Fo r  th i s  s tudy  i t  i s  assum ed that  the  pro cessed gas  i s  character ized  as  ‘av erage  

gas ’  by  a  gro ss  Heat ing  Va lue  o f  1 0 3 5  Btu/ sc f .  Th is  gas  i s  assum ed to  be  a  

reaso nable  est im ate fo r  an  average  adjustm ent  gas  in  the  Uni ted  States  (FERC,  

2 00 5 ) .   

 

Table 7-3  Representative Pipeline Quality of Natural Gas (Foss, 2004) 
 M i n i m u m  M a x i m u m  

M A J O R  &  M I N O R  C O M P O N E N T S     

M e t h a n e  [ M o l % ]  7 5   

E t h a n e  [ M o l % ]   1 0  

P r o p a n e  [ M o l % ]   5  

B u t a n e  [ M o l % ]   2  

P e n t a n e  p l u s  [ M o l % ]   0 . 5  

N i t r o g e n  &  o t h e r  i n e r t s  [ M o l % ]   3 - 4  

C a r b o n  D i o x i d e  [ M o l % ]   3 - 4  

T R A C E  C O M P O N E N T S    

H y d r o g e n  S u l f i d e  [ g r / 1 0 0 s c f ]   0 . 2 5  –  1 . 0   

M e r c a p t a n  S u l f u r  [ g r / 1 0 0 s c f ]   0 . 2 5  –  1 . 0   

T o t a l  S u l f u r  [ g r / 1 0 0 s c f ]   5 - 2 0   

W a t e r  V a p o u r  [ l b / m m s c f ]   7 . 0   

O x y g e n  [ p p m v ]   0 . 2  –  1 . 0   

H E A T I N G  V A L U E    

H e a t i n g  V a l u e ,  B t u / s c f  g r o s s  s a t u r a t e d  9 5 0  1 1 5 0  
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Table 7-4 Gas compositions of conventional gas versus gas hydrate AT-425 (modified from Foss(2004)) 
 C a s i n g h e a d  

( W e t )  G a s  

[ m o l % ]  

G a s  W e l l  ( D r y )  

G a s  

[ m o l % ]  

G a s  H y d r a t e   

A T - 4 2 5
a

 

[ m o l % ]  

M e t h a n e  6 4 . 4 8  9 1 . 0 1  9 1 . 9  

E t h a n e  1 1 . 9 8  4 . 8 8  2 . 3  

P r o p a n e  8 . 7 5  1 . 6 9  4 . 7  

I s o - B u t a n e  0 . 9 3  0 . 1 4  1 . 2  

n - B u t a n e  2 . 9 1  0 . 5 2  0 . 8  

I s o - P e n t a n e  0 . 5 4  0 . 0 9  0 . 3  

n - P e n t a n e  0 . 8 0  0 . 1 8  < 0 . 1  

H e x a n e s  0 . 3 7  0 . 1 3   

C a r b o n  D i o x i d e  0 . 6 3  -   

N i t r o g e n  3 . 7 3  1 . 2 5   

H y d r o g e n  S u l f i d e  0 . 5 7  -   

T o t a l s  1 0 0  1 0 0   
a

 M e a n  v a l u e s  c a l c u l a t e d  f r o m  s i x  g a s  h y d r a t e  s a m p l e s  ( S a s s e n ,  e t  a l . ,  2 0 0 1 )  

 

 

7.4.  Topside Process Facilities 
 

Fo r  th i s  s tudy  i t  was dec ided to  keep the  pro cess ing  at  the  m in ing  s i te ,  because:  

•  There  i s  expert i se  at  hand with  f lo at ing ,  pro duct io n,  s torage  and 

o f f lo ading  fac i l i t ies  (FP SO) .  

•  P rocess ing  requi res  s ign i f i cant  energy  co nsum pt io n,  which m ight  be 

co vered part ly  by  the pro duced gases .  

•  Mo st  o f  the waste  can be  d ischarged into  sea  a f ter  appro pr iate  t reatment  

( l iqu ids  and so l ids ) .  Only  a  sm al l  am o unt  o f  waste  wi l l  be  t ranspo rted to  

sho re  fo r  recyc l ing  and d ispo sa l .  

 

FP SOs  are  mo st  e f fect ive  at  remo te  o r  deepwater  locat io ns  where  m ar ine 

p ipe l ines  are  cost ly .  Addi t io na l ly  FP SOs  can a l so  be  used fo r  sm al ler  gas  f ie lds  

which  are  exhausted af ter  a  few years  and which  wo uld no t  just i fy  the expenses 

o f  ins ta l l ing  a  f i xed  gas  p lat fo rm .  Once  the  f ie ld  i s  depleted,  the  FP SO can be 

m ov ed to  a  new lo cat io n.   
 

The  use  o f  FP SOs  in  the  Gul f  o f  Mex ico  i s  a l so  adv a ntageo us  as  they  can re lease 

the i r  moo r ing/ r i ser  turret  and sa i l  away in  case  o f  an  emergency  o r  heavy 

weather .  The  turret  stays  at  the  lo cat io n  and s inks .  Later  i t  can  be  reco nnected 

to  the  FP SO.   

 

F igure  7 -4  shows  process  fac i l i t ies  o n deck  o f  the vesse l .  I t  a l so  sho ws how the 

fac i l i ty  can  be  expanded further  and/o r  adapted.  Fo r  th is  s tudy  i t  i s  assumed 

that  the  equipm ent  fo r  the  pr im ary  separat io ns  i s  ins ta l led  in  the  expanded 

areas  ( shaded red) .   
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Figure 7-4 Vessel topside process facilities (Nexus, 2009) 

 

 

7.4.1.  Capital  Requirements  
 

The  capi ta l  requi rements  fo r  the pro cess ing  fac i l i t ies  are :  

 

•  P ower  p lant ,  Co ntro ls  and Inst rumentat io n  

•  P r im ary  Separat io n  

•  Gas  Treat ing  

•  D ehydrat io n  p lant  

•  Water handl ing  p lant  and d ispo sa l  system 

•  So l ids  co ntro l  and d ischarge  equipment  

•  Trace  hydro carbo n rem ov al  p lant  

•  CNG p lant  w i th  o f f lo ading  fac i l i t ies  inc lud ing  com p resso rs  

•  Sto rage  Tank 

 

The  co sts  o f  a l l  these pro cesses  are  sho wn in  Table  9 -3  in  chapter  9 .  
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8. Transportation 

Natura l  gas  i s  an im po rtant  energy  reso urce .  Recent ly  the  wo r ld-wide 

co nsum pt io n has  rapid ly  increased because  o f  the growing  dem and fo r  c lean 

energy  and env i ro nm enta l  co ncerns .  Acco rd ing  to  the  ‘ Internat io na l  Energy  

Out loo k  2 00 9 ’  repo rt  o f  the  Energy  Info rm at io n Adm inis t rat ion  (E IA ,  2 00 9)  the 

g lo ba l  tota l  natura l  gas  co nsum pt io n has  increased to  an  av erage  o f  1 .6  percent  

annual ly ,  f rom  104  t r i l l io n  cubic  feet  (~  3  x  1 0 1 2  m 3  )  in  200 6  to  po ss ib ly  1 53  tcf  

(~4 .3  x  10 1 2  m 3  )  in  2 0 30  (F igure  8 -1;  a ) .  In  F igure  8 -1 b the  natura l  gas  

co nsum pt io n in  No rth  Am er ica  i s  d i sp layed.  The  co ns um pt io n increases  by  an 

av erage  o f  0 .8  per  cent  per  annum  fro m  20 06  to  20 30  (F igure  8-1 ;  b) .  To  sat is fy  

such a  dem and in  the  future ,  i t  i s  necessary  to  a l so  explo it  sm al ler  and less  

at t ract iv e  reservo i rs .  D i f ferent  t ranspo rtat io n  techno lo g ies  are  ava i lab le  to  

t ranspo rt  the  gas  to  po tent ia l  m arkets .   

 

(a )  

 
 

(b)  

 
Figure 8-1 Natural Gas Consumption in 2006 to 2030;  

globally (a) and in North America by Country and Sector (b) (EIA, 2009) 

 

8.1.  Transportation technologies 
 

Acco rd ing  to  Na j ib i  (2 00 9 )  there  are  fo ur  o pt io ns  o f  mar ine  t ranspo rt  o f  natura l  

gas  to  the  m arket  ( see  F igure  8 -2 ) :  

 

1 .  As  gas  thro ugh p ipe l ines  (P NG) ,   

2 .  Gas  in  a  d i f ferent  aggregat io n  state  to  reduce  the  v o lum e and then 

t ranspo rted in  vesse ls :  

•  LNG ( l iquef ied  natural  gas ) ,   

•  CNG (com pressed natura l  gas )  and  

•  NGH (natura l  gas  hydrates )  

3 .  Co nvers io n o f  gas  to  o ther  pro ducts  o f fshore :  

•  Gas  to  Com mo dity  (GtC)  such as  pro duct io n  o f  a lum in ium , g lass ,  

i ro n.  A l l  h igh  leve ls  of  energy  used per  to n  o f  end  pro duct;  

•  (GTL)  pro cesses  such as  F i scher -Tro psch (F -T )  synthet ic  fue l  and 

m ethano l  pro duct io n.  

4 .  Co nvers io n  o f  gas  to  e lectr ic i ty  and t ransm iss io n  by  cable  to  m arket  

(GTW.    
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P ipe l ines  and L iquef ied  Natura l  Gas  (LNG)  are  curre nt ly  the  m o st  appl ied 

m etho ds  fo r  transpo rt ing  gas  to  the m arket  (Tho m as ,  et  a l . ,  2 003 ) .   

 

 

 
 

Figure 8-2 Gas Transport Options  

 

 

8.1.1.  Pipel ine Natural  Gas  (PNG)  
 

Of fsho re gas  i s  t ranspo rted o nsho re  by  p ipe l ines .  T h is  opt io n  i s  a  v ery  

co nvenient  m etho d fo r  gas  t ranspo rtat io n,  but  i t  de pends  o n the  inf rast ructure 

and i s  therefo re  not  v ery  f lex ib le .  Furthermo re  the  co nst ruct io n  o f  p ipe l ines  

requi res  a  lot  o f  cap i ta l  and huge  prov ed gas  reserv es .  Th is  m akes  i t  an 

uneco nom ic  metho d fo r  sm al l  gas  f ie lds .  

 

8.1.2.  Liquef ied natural  gas  (LNG) 
 

When P NGs  are  no t  eco nom ica l ly  v iab le ,  LNG i s  o ften  co ns idered an  a l ternat iv e .  

LNG i s  the  l iqu id  fo rm  o f  natura l  gas .  Therefo re  the  gas  i s  coo led  to  aro und -162 

°C  so  that  i t  i s  l iquef ied.  The  vo lume i s  aro und 1 /6 00  of  the  v olum e o f  the  gas  

at  ro om  tem perature.  LNG carr iers  can  be  e f f i c ient  fo r  sh ipping  large  v o lumes 

o f  gas  ov er  lo ng  d istances .  Howev er ,  h igh  in i t ia l  e xpense  fo r  the  l iquefact io n  

p lant  and asso c iated fac i l i t ies  m ake  LNG of ten unat t ract ive  for  m edium  to  sm al l  

s i zed  reso urces .   

 

8.1.3.  Compressed natural  gas  (CNG) 
 

CNG i s  gas  that  can  be  t ranspo rted in  conta iners  at  h igh  pressures ,  o f  aro und 

1 25  bar  fo r  r i ch  gases  ( s ign i f i cant  amo unts  o f  h igher  hydrocarbo ns)  o r  2 50  bar  

fo r  lean gases  (m ain ly  methane) .  In  co ntrast  to  LNG carr iers ,  CNG carr iers  can 

co pe  with  unprocessed gas .   
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Altho ugh t ranspo rtat io n  o f  CNG star ted a  lo ng  t im e ago ,  unt i l  no w,  the 

com merc ia l  m anufactur ing  o f  CNG-carr iers  has  no t  be en establ i shed,  pr im ar i ly  

due  to  the  h igh  co sts  o f  the  pressure  vesse l .  A  comm erc ia l  CNG-carr ier  i s  in  the 

im plem entat io n  s tage  (Chang,  2 0 01 ) .  Co m pressed natura l  gas  techno lo gy 

pro v ides  an  e ffect iv e  way fo r  shorter -d is tance  t ranspo rt  o f  gas.  The  techno lo gy 

i s  a im ed at  mo net iz ing  o f fsho re  reserv es ,  which  so  far  co uld  no t  be  pro duced 

because  o f  lack  o f  a  p ipe l ine  o r  because  other  t ranspo rtat io n  m etho ds  l i ke  LNG 

carr iers  are  too  expens iv e  (Eco nom ides ,  e t  a l . ,  20 06 ) .   

 

8.1.4.  Natural  Gas  Hydrate (NGH) 
 

The  t ranspo rtat io n o f  gas  a f ter  t ransfo rm at io n,  e .g .  Gas- to -So l ids  o r  

t ransfo rm ed gas  into  Natura l  Gas  Hydrate (NGH) ,  i s  a  v iab le  a lternat ive  to  LNG 

o r  p ipe l ine  fo r  natura l  gas  t ranspo rtat io n f ro m  so urce  to  m arket .  NGH i s  the 

pro duct  o f  m ix ing  natura l  gas  wi th  water  to  form  a  s tab le  snow- l ike  substance .  

The  gas  mo lecules  are  t rapped in  the cav it ies  o f  the  ice - l ike  c rysta l l ine  

m o lecular  st ructure .  With  respect  to  t ranspo rtat io n  and sto rage ,  som e new 

po tent ia l  appl i cat io ns  were  fo und (Tho mas ,  e t  a l . ,  2 00 3;  Javanm ardi ,  et  a l . ,  

2 00 5 ) .  Hydrate  m ay  be  co ns idered as  a  m edium  fo r  gas  sto rage ,  as  1  m 3  o f  

hydrate  co nta ins  about  1 6 0  m 3  (a t  s tandard  tem perature  and pressure)  gas  and 

0 .8 5m 3  o f  water .  The hydrate  techno lo gy  is  no t  yet  in  the  im plem entat io n  s tage 

and the  o perat io na l  co ndi t io ns  and the  processes  ar e  no t  we l l  es tab l i shed.  

 

8.1.5.  Gas to  Liquids  (GtL)  
 

GtL  i s  the  co nvers ion  o f  natura l  gas  to  a  l iqu id .  T yp ica l ly ,  syncrude  methano l  

and ammo nia  are  the f ine  l iqu ids  that  are  be  t ranspo rted.  GtL  techno lo gy  is  not  

new.  Methane  i s  f i r st  m ixed with  s team  and co nverte d to  synthet ic  gas  (a  gas  

m ixture  that  co nta ins  v ary ing  am o unts  o f  carbo n mo nox ide  and hydro gen)  by  

o ne  o f  a  num ber  o f  ro utes  us ing  appro pr iate  cata lysts  (Mokhatab,  e t  a l . ,  20 06 ) .  

The  synthet ic  gas  is  then co nverted into  a  l iqu id  us ing  a  F i scher -Tro psch 

pro cess  ( suppo rted by  a  cata lys t )  o r  an  oxygenat io n  m etho d (m ix ing  synthet ic  

gas  wi th  o xygen in  the  presence  o f  an  appro pr iate  cata lyst ) .  The  pro duced 

l iqu id  can  be  fue l  (e .g .  syncrude,  d iese l ) ,  o r  m ethano l ,  amm onia ,  lubr icant  o r  

som e precurso r  fo r  the  m anufactur ing  o f  p last ics  (e .g .  d im ethy lether ) .  These 

l iqu ids  are  sh ipped in  su i tab le  tankers .   

 

8.1.6.  Gas to  Wire (GtW) 
 

Current ly ,  m uch o f  the  t ranspo rted gas  i s  used as  fue l  fo r  e lect r ic i ty  generat io n.  

E lect r ic i ty  generat ion  can be  anywhere ,  so  i t  i s  po ss ib le  to  do  th is  a t  o r  near  

the  so urce .  The  produced energy  i s  then t ranspo rted  by  cable  (GtW)  to  the  

m arket (s ) .  Neverthe less ,  ins ta l l ing  h igh  po wer  l ine s  to  reach the  sho re l ine  is  

a lm ost  as  expens ive  as  p ipe l ines ,  which  m akes  i t  le ss  at t ract ive .  
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8.1.7.  Gas to  Commodity (GtC) 
 

The  pro duct io n o f  comm o dit ies  such as  g lass ,  a lum in ium ,  i ro n  bars  and cem ent  

a l l  requi re  large  amounts  o f  energy .  Gas to  co mmo dity  (GtC)  o r  t ranspo rt ing  the 

‘gas ’  as  a  com mo dity  requi res  the  co nv ers io n  o f  gas  into  therm al  o r  e lect r ica l  

po wer .  Th is  energy  i s  used fo r  the  pro duct io n  o f  the  comm o dit ies ,  which  is  then 

so ld  o n  the  o pen market .  The  g lo ba l  m arkets  o f  these  com mo dit ies  are  very  

hect ic ,  i .e .  a  vo lat i le  m arket  w i th  r isky  pr ices  (vo lat i l i ty  h igh) .  Hence ,  m uch has  

to  be  co ns idered befo re  em bark ing  o n a  pro ject  and m o net iz ing  gas  th is  way 

(Thom as ,  e t  a l . ,  20 03) .  

 

8.2.  The suitable transport method 
 

 

As  d i scussed in  the  prev io us  sect io n,  there  are  a  num ber  o f  ro utes  o f  

t ranspo rt ing  natura l  gas  f ro m  gas  f ie lds  to  the  m arket .  Any  gas  t ranspo rt  o pt ion 

requi res  a  huge  inv estment  in  inf rast ructure  and lo ng-term  “ fa i l -pro o f”  

co ntracts  (≥  ~20  years ) .  Fo r  th i s  s tudy  the  gas  i s  t ranspo rted to  an  o f f lo ading 

fac i l i ty  in  P o rt  Fo urcho n.  The  d is tance  f ro m  the  m i n ing  s i te  and P o rt  Fo urcho n 

i s  appro x im ate ly  2 50  km .   

 

“ What  is  the best  way  to  tr anspor t  the  gas  f r om the  min ing  s i te  to  the  mar ket?”  

 

CNG i s  the  m o st  feas ib le  t ranspo rtat io n  metho d.  The  m in ing  s i te  i s  co ns idered a  

sm al l  reserv o i r  ( (4 .20  –  8 .4 0)  x  1 0 8  m 3 ) .  CNG co uld  be  an  opt io n  fo r  serv ing  

n iche  m arkets  fo r  st randed gas  reserv es  and fo r  asso c iated smal l  gas  f ie lds  (o n-  

o r  o f fsho re)  which  canno t  be  explo i ted  econo m ica l ly .   

 

T ranspo rtat io n  o f  natura l  gas  l i ke  NGH o r  CNG i s  be l ieved feas ib le  at  co sts  

lo wer  than fo r  LNG and when t ranspo rt  v ia  p ipe l ines  i s  no t  po ss ib le  (Tho m as ,  et  

a l . ,  2 0 03 ) .  The  com pet i t ive  adv antage  o f  NGH o r  CNG o ver  the  o ther  o pt io ns  

(exc luding  p ipe l ines )  i s  that  the  techno lo g ies  are  int r ins ica l ly  s im ple,  m ak ing  

them m uch eas ier  to  im plement  at  lo wer  co sts ,  pro v ided eco nom ica l ly  

at t ract iv e  m arket  o ppo rtuni t ies  can  be  nego t iated.  I s sues  to  be  co ns idered are  

the  eco no m ic  r i sks  p lus  negat ive  e f fects  due  to  po ss ib le  terro r i st  act iv i ty ,  

po l i t i ca l  changes ,  and t rade  em bargo s  over  lo ng  per io ds  o f  t im e.  Tho m as  and 

D awe (20 03 )  cov er  m any  o f  the  essent ia l  technica l  po ints .  Bro ad eco no m ic  

po inters  need to  be part  o f  the ev a luat io n  to  enter  the  d iscuss io n  o f  gas  

t ranspo rtat io n  to  m onet ise  sm al l  natura l  gas  reserv o i rs .  F igure  8 -3  sho ws  the 

range  o f  appl i cat io ns  fo r  the  current ly  kno wn o r  co ntem plated techno lo g ies  

su i tab le  to  m o net ize  natura l  gas .  
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Figure 8-3 Production volume versus distance to market framework for 

various gas technologies (Wood, et al., 2008) 

 

Acco rd ing  to  Subero  et  a l .  (20 04 )  p ipe l ines  and CNG  techno lo gies  are  the best  

su i ted  to  m ax im ize  returns  o f  gas  t ranspo rt  pro ject s  for  sho rter  d i s tances  and 

LNG fo r  lo ng  d is tances .  In  l i terature  the  t ranspo rt at io n  o f  gases  by  m eans  o f  

NGH i s  seen as  a  pro m is ing  a l ternat iv e .  Ho wever ,  the techno lo gy i s  not  as  

m ature  as  the  CNG techno lo g ies .  Therefo re ,  in  th i s  s tudy  i t  i s  assum ed that  CNG 

(barge)  i s  the  m ost  su i tab le  m etho d (Stephen,  e t  a l . ,  20 06 ) .  Ho wev er ,  NGH can 

be  co ns idered a  com pet i t ive  so lut io n  fo r  the  future .   
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9. Project Economics of mining marine GHBS 

An eco no m ic  ana lys is/m o del  has  been dev e lo ped to  prov ide ins ight  in  the  

pro f i tab i l i ty  o f  deep sea  m in ing  in  Atwater  Va l ley .  Based o n the  mo del ,  the  

assum ed co sts  and the  capi ta l  inv estm ent  f igures  a  f inanc ia l  apprec iat io n  can 

be  m ade  suppo rt ing  tak ing  a  dec is io n  o n the  explo it at io n  o f  natura l  gas  f ro m 

m ar ine  gas  hydrates .   

A  key  parameter  in  the  in i t ia l  eco nom ic  v iab i l i ty  e v a luat io n  i s  the  net  present  

v a lue  (NP V)  which  i s  ca lcu lated us ing  the d isco unte d cash  f low (D CF)  metho d.  

Th is  m etho d t rans lates  the  future  cash  f lo w into  a  present  va lue .  A  d isco unt  

rate  i s  appl ied  to  def ine  the  present  v a lue o f  a  pro ject ’ s  future  spending.  

 

The  assumed pro ject  sho uld  be  capable  o f  pro duc ing  3 2  m i l l io n  m 3  sed im ent  per  

year ,  which  equates  to  3 60  m i l l io n  m 3  natura l  gas  per  year .  The  input  s t ructure 

o f  the  m o del  co ns ist s  o f  a  base-case  scenar io  o n  the  explo itat ion  o f  natura l  gas  

f ro m m ar ine  gas  hydrates  o f  1 5  years ,  which  inc ludes :  

•  Genera l  Input  ( i .e .  tax  rate ,  d i sco unt  rate ,  pro duct io n  growth,  interest  

rate )  

•  Capi ta l  expendi ture  (CAP EX)  

•  Operat io na l  expendi ture  (OP EX)  

•  Revenue  est imat io n 

•  D eprecat io n assum ing  a  s t ra ight  l ine  deprec iat io n  

•  Tax  est im ates  

•  Interest  rate  

•  Wo rk ing  capi ta l  

 

The  o utput  of  the model  co ns ist s  o f :  

•  Cash f low m o del  ov erv iew  

•  Net  P resent  Va lue  (NP V)  

•  Interna l  Rate  o f  Return  ( IRR)  

•  Year  o f  payback   

 

A  v ery  im po rtant  ca lcu lat io n  when p lanning  and s tar t ing  up  a  pr o ject  i s  the  cash  

f lo w ca lcu lat io n.  I t  sho ws  the  co nsum ed f inanc ia l  f unds  and/o r  the  generated 

pro f i t s  o ver  a  g iv en per io d.  

 

A  sens i t iv i ty  ana lys i s  was  do ne  to  ev a luate  the  e f fect  o f  changes  in  gas  pr ice ,  

gas  y ie ld  per  cubic  metre  sedim ent,  taxes ,  ro ya lt ies  and capi ta l -  and 

o perat io na l  expendi tures  o n  the  pro f i tab i l i ty  and e co no m ic  v iab i l i ty  o f  the 

o perat io n.   

 

Co st  est im at io n  and eco no m ic  mo del l ing was  do ne  by  us ing  the  SME Mining 

Eng ineer ing  Handbo ok  (Hartm an,  1 99 2 ) ,  and Sur face  M in ing  (Kennedy ,  19 90 ) .  

Addi t io na l ly ,  em ployees  o f  IHC  Merwede-  and externa l  experts  were  co nsul ted  

to  o bta in  expendi ture  deta i l s  as  accurately  as  po ss ib le .  F igure  9 -1  i l lus t rates  

the  s t ructure  o f  the  m o del .   
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Figure 9-1 Structure Cash Flow Model (Lay-out / Menu tab) 

 

9.1.  Capital Costs 
 

Capi ta l  expendi tures  (CAPEX)  are  those  expenses  m ade  to  acqui re  o r  dev e lo p 

capi ta l  assets ,  o f  which  benef i t s  w i l l  be  der iv ed ov er  severa l  years .  The largest  

po rt io n  o f  CAP EX  i s  incurred in  the  in i t ia l  s tages  o f  the  pro ject ,  but  so me CAP EX 

are  incurred annual ly  thro ugho ut  the  l i fe  o f  the  m ine/o perat ion.  The  CAP EX  o f  

the  presented o perat io n  are  based o n equipment  and inf rast ructura l  

requi rements  fo r  m in ing  and pro cess ing .  Th is  inc ludes  a l l  m in in g  m achinery ,  the 

sur face  suppo rt  v esse l  w i th the  pro cess ing  p lant ,  spec i f i c  port ,  m aintenance-,  

in f rast ructure ,  and anc i l la ry  requi rem ents.   

 
In  th i s  s tudy  the  tem po rary  s to rage  fac i l i ty  (o n-  o r  o f fsho re)  o f  the  rece iv ing 

term ina l  ( the  po rt )  i s  no t  co ns idered in  the  expendi ture  est imate .  The 

assum pt io n i s  that  an  inf rast ructure  ex ist s  to  unlo ad vesse ls  and rece ive  the 

natura l  gas  adequately .  Table  9 -1  i l lus t rates  the  requi red  in i t ia l  cap i ta l  co sts  o f  

the  gas -hydrate  deep-sea  m in ing  o perat ion.     
 

Table 9-1 Initial Capital Costs required at start of operation 

T y p e :  C o s t s  [ m i l l i o n  U S $ ]  

M i n i n g  4 3 3  

P r o c e s s i n g  P l a n t  6 2 5  

A n c i l l a r y  a n d  I n f r a s t r u c t u r e  6 4  

T o t a l
a  

1 , 1 2 2  
 

a
 C o n t i n g e n c y  o f  + / -  3 5 %  d u e  t o  t h e  g r e a t  u n c e r t a i n t i e s  
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The  to ta l  in i t ia l ly  requi red  capi ta l  o ut lay  fo r  the  co mm iss io ning  o f  th i s  

o perat io n  i s  US$  1 ,122  m i l l io n.  The  explo rat io n  o f  the depos i t  i s  so urced o ut ,  no 

CAP EX  fo r  exp lo rat io n  equipm ent  are  def ined.  The  co sts  fo r  m aintenance 

equipm ent  in  wo rksho ps  and v esse l  were  set  at  US$  3  m i l l io n  wi th  an  av erage 

wo rk ing l i fe  o f  2  years .  Addi t io na l ly  a  1 0% co nt ingency was est im ated fo r  i tems  

no t  inc luded so  far .  With  th is  the  co sts  fo r  the  in i t ia l  phase  sum s up to  

appro x imate ly  US$  112  m i l l io n.   

 

Pre-produc t i on 

In  the  pre-pro duct ion  phase  the  capita l  co sts  are  t he equipm ent  and fac i l i ty  

co sts .  These  costs  inc lude  the  m in ing  lease  and o ther  fac i l i t ies  such as  the  re -

gas i f i cat io n p lant  and o f f i ce  bui ld ings  and are  re f lected in  the  anc i l la ry  and 

inf rast ructure  co sts  (Table  9 -1 ) .   

 

Mi ni ng 

The  m in ing  co sts  inc lude  a l l  cap i ta l  equipm ent  as  o ut l ined in  chapter  6 .  An 

o verv iew o f  the  co sts  i s  shown in  Table  9 -2.  

 
Table 9-2 Costs of mining equipment 

T y p e  o f  E q u i p m e n t  C o s t s  [ m i l l i o n  U S $ ]  
H y d r a t e  R e c o v e r y  T o o l  ( 2  H R T  +  1  s p a r e )  1 7  

V e r t i c a l  R i s e r  M e c h a n i s m  1 2 6  

M i n i n g  S u p p o r t  V e s s e l  2 9 0  

T o t a l  4 3 3  
 

 

Proc ess i ng  

The  process ing  i s  subdiv ided into  fo ur  s teps  as  descr ibed in  chapter  7 :  

•  P r im ary  separat io n  ( separate  gas  f rom so l ids  and l iqu ids )  

•  Gas  t reatm ent  (gas  t reat ing ,  dehydrat io n  and s to rage)  

•  So l id  and L iqu id  t reatm ent  (water  handl ing ,  t race  hydro carbo n remo v al ,  

so l id  co ntro l ,  water  treatm ent ,  d i spo sa l )  

•  CNG p lant  (w i th  lo ading  fac i l i t ies  inc lud ing  co m presso rs ,  p ipe l ines  and 

buo ys)  

In  Table  9 -3  the  co sts  fo r  the  d i f ferent  steps  are  g iven.  

 
Table 9-3 Processing capital costs 

P r o c e s s  C o s t s  [ m i l l i o n  U S $ ]  
P o w e r  p l a n t ,  C o n t r o l s  &  I n s t r u m e n t a t i o n  

a
 1 0 0  

P r i m a r y  S e p a r a t i o n  
a

 1 2 5  

G a s  t r e a t i n g  
a

 1 1 0  

D e h y d r a t i o n  p l a n t  
a

 2 5  

W a t e r  H a n d l i n g  p l a n t  &  d i s p o s a l  s y s t e m  
a

 5 0  

S o l i d  C o n t r o l  
a

 2 5  

S o l i d s  D i s c h a r g e  e q u i p m e n t  
a

 5 0  

T r a c e  H y d r o c a r b o n  R e m o v a l  p l a n t  
a

 2 5  

C N G  p l a n t  w i t h  o f f l o a d i n g  f a c i l i t i e s  
b

 4 0  

S t o r a g e  t a n k  
a

 7 5  

T o t a l  6 2 5  
a  ( B l u e w a t e r ,  e t  a l . ,  2 0 1 0 ) ;  

b  ( E c o n o m i d e s ,  e t  a l . ,  2 0 0 6 )  
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Anc i l l ary  and I nfrastruc ture 

Sev era l  in f rast ructure  co sts  such as  o f f i ce  bui ld ings ,  wo rksho ps ,  and po rt  

fac i l i t ies  are  no t  co vered in  the prev io us  sub-sect io ns .  Anc i l la ry  costs  

o r ig inat ing  f rom ,  e .g . ,  comm unicat io n  system s and e xplo rat io n  leases  a l so  have 

to  be  pa id  fo r .  The  breakdown o f  anc i l la ry  and inf r ast ructure  co sts  i s  l i s ted  in 

Table  9 -4 .  

 
Table 9-4 Ancillary and Infrastructure costs 

T y p e  C o s t s  [ m i l l i o n  U S $ ]  
B u i l d i n g s  3 . 5  

C o m m u n i c a t i o n s  2 . 5  

P o r t  5 0  

E x p l o r a t i o n -  &  M i n i n g  L e a s e  5  

A n c i l l a r y  P r o j e c t s  3 . 1  

T o t a l  6 4 . 1  

 

9.2.  Operating Costs 
 

In  th i s  wo rk  the  o perat ing  expendi tures  (OP EX)  are  the  expenses  re lated to  the 

pro duct io n  o f  natura l  gas .  Th is  sect io n  inc ludes  th e  OP EX  est im at io n  of  labo ur-  ,  

fue l - ,  and lubr icant  co sts .  A l l  these  facets  cov er  m in ing ,  pro cess ing ,  anc i l la ry  

o perat io ns  and m aintenance  costs .  The  t ranspo rtat io n  o f  natura l  gas  i s  

co ntracted o ut ,  whereby  the  pr ice  i s  the  sum  o f  o perat io na l  co sts  as  we l l  as  

recov ery  o f  cap i ta l  spent  by  the  co ntracto r  and i s  g iv en in  US  do l lars  per  m i l l io n 

Br i t i sh  therm al  un i t  (mm Btu) .  The  annual  o perat ing  co sts  were  est imated at  

a lm ost  US$  1 14  m i l l io n,  which  equates  US$  3 .54  per  cubic  m etre  o f  gas  hydrate  

bear ing  sediments  (GHBS) .  These co sts  ( sho wn i s  Tab le  9 -5 )  were  based o n the  

fo l lowing  i tem s:  

•  Labo ur 

•  Fue ls  and Lubr icants  

•  Transpo rtat io n 

•  Anc i l la ry  
 

 
Table 9-5 Total Operating Costs of Gas Hydrate Project 

 

O P E X  $ / y r  $ / m
3
 P e r c e n t a g e  

M a n a g e m e n t  a n d  L a b o u r  C o s t s  1 5 , 2 9 2 , 5 0 0  0 . 4 8  1 3 . 5 %  

F u e l s  a n d  l u b r i c a n t s  C o s t s  5 9 , 3 4 2 , 2 7 3  1 . 8 5  5 2 . 3 %  

T r a n s p o r t a t i o n  C o s t s  3 5 , 0 2 7 , 2 8 3  1 . 0 9  3 0 . 9 %  

A n c i l l a r y  C o s t s  3 , 7 3 1 , 7 3 9  0 . 1 2  3 . 3 %  

T o t a l  O P E X  c o s t  f o r  B a s e  C a s e  1 1 3 , 3 9 3 , 7 9 5  3 . 5 4  1 0 0 , 0 %  

 

 

Manag ement  and Labour  Costs  

The  labo ur  co sts  are  est im ated at  US$  1 5.3  m i l l io n  per  year  which  equates  to  

0 .4 8  US$ /m 3  GHBS.  These  co sts  are  the  aggregate  o f  m anagem ent- ,  m in ing-  and  

pro cess ing  co sts .   
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Fuel s  and l ubr ic ants  

As  shown in  Table  9-5 ,  the annual  fue l  and lubr icant  co sts  are  appro x im ately  

US$  60  m i l l io n,  which equates  to  1 .8 5  US$/m 3  o f  GHBS.  

 

Fue ls  

Fo r  the  who le  o perat io n,  po wer co sts  are  fu l ly  re la ted to  fue l  costs .  Fo r  th is  

pro ject  the  eng ine  capac i ty  was  set  at  0 .3  l i t res  per  ho ur  per  k i lo watt  (No akes ,  

e t  a l . ,  1 99 3) .  Hence the  est im ated fue l  co sts  us ing  the  fo l lo wing equat io n:  

 

�� � � � 0.3 � 	
	 � �� �   

 

Where:  
 

S y m b o l  D e s c r i p t i o n  E s t i m a t e d  U n i t  
C f  F u e l  c o s t s    U S $  

P  E n g i n e  c a p a c i t y  4 3 , 5 5 0  k W  

F J F  F u e l  j o b  f a c t o r  0 . 4  f o r  m i n i n g  

0 . 4  f o r  p r o c e s s i n g  

-  

-  

C u  U n i t  c o s t  o f  f u e l  0 . 5 6  U S $ / L  

h  H o u r s  7 6 8 0  h o u r s  

 

 

The  fue l  co sts  fo r  min ing  inc lude  po wer  requi rement s  fo r  m in ing ,  sa i l ing  and  

m aintenance  act iv i t ies  re lated to  the  min ing  equipm ent  and m in ing  suppo rt  

v esse l .  P ower/ fue l  costs  fo r  m in ing  were  est im ated at  just  ov er  US$  2 2 .4  m i l l io n  

per  year ,  which i s  0 .70  US$/m 3  o f  GHBS.   

 

The  assum pt io ns o f  the  fue l  co sts  o f  the  pro cess ing  are  based on the  60 ,0 00  kW 

and are  therefo re  est im ated at  US$  30 .8  m i l l io n  per  year  and 0 .9 6  US$/m 3  o f  

GHBS (B luewater ,  e t  a l . ,  2 01 0) .   

 

Lubr icants  

The  annual  lubr icant  co sts  fo r  the  who le  pro cess  are  est imated at  US$  6 .2  

m i l l io n  o r  0 .19  US/m 3  GHBS.  These  co sts  are  re lated to  m in ing,  pro cess ing  and 

m aintenance  (Table  9-6 ) .   

 
Table 9-6 Lubricant costs 

 

 
 

 
 

a  ( B l u e w a t e r ,  e t  a l . ,  2 0 1 0 )  

 U S $ / y r  
M i n i n g

 
4 , 2 5 0 , 0 0 0  

P r o c e s s i n g  
a

 1 , 5 0 0 , 0 0 0  

M a i n t e n a n c e
 

4 7 5 , 0 0 0  

 

T ransportat i on 

The  CNG-v esse l  i s  leased f rom  a co m pany  l i ke  ‘Enersea ’  and ‘Sea  NG’ .  The 

est im at io n  o f  th i s  type  o f  t ranspo rtat ion  i s  2 .7 5  do l lar  per  m i l l io n  Br i t i sh 

therm al  un i t  (mm Btu) ,  which  equates  0 .0 9 7  US$ /m 3  o f  natura l  gas  (D unlo p,  

2 01 0 ) .  With  an  annual  pro duct io n  o f  36 0  m i l l io n  cub ic  m etre  of  gas  the  annual  

t ranspo rtat io n  co st  are  US$ 35  m i l l io n.  The  owner  o f  the  vesse l  pro v ides  a  

t ranspo rt  serv ice  under  a  lo ng  term  co ntract  that  inc ludes  bo th  capi ta l  and 

o perat ing  co sts .   
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Anc i l l ary  

The  to ta l  annua l  anc i l la ry  o perat io na l  costs  were  e st imated at  appro x im ate ly  

US$  3 .73  m i l l io n,  which  equates  to  US$  0 .1 2  per  cub ic  metre  o f  gas  hydrate  

bear ing  sedim ents .  These  co sts  are  based o n 5  per  cent  o f  the labo ur- ,  fue l -  and 

lubr icant  co sts .   

 

9.3.  Revenue Estimation 
 

The  gas  pr ice  and average  gas  y ie ld  o f  the  gas  hydrate  bear ing  sedim ents  and 

the  recov ery  rates  o f  m in ing  and process ing  are  input  param eters  to  est im ate 

the  to ta l  gross  revenue.  The  rev enue  per  excav ated cubic  metre  o f  va luable  

reso urces  can be  ca lcu lated as  fo l lows .  

 

 

������� ��� �� ���$ ������� !
� "⁄ �

�$%� 

28,26��� ��*+�⁄ "
� ,$%�  � ��� � $ � �-./0���� $ 1  1.67 ��$ ������� !

�⁄    

 

 

Where:  

S y m b o l  D e s c r i p t i o n  E s t i m a t e d  U n i t  
P g a s  G a s  P r i c e  4 . 2  U S $ / m m B t u  

γ g a s   g a s  y i e l d  p e r  m
3

 s e d i m e n t s
a

 1 1 . 2 5  m
3

/ m
3

 

R m i n i n g   R e c o v e r y  r a t e  m i n i n g  1 0 0  %  

R p r o c e s s i n g  R e c o v e r y  r a t e  p r o c e s s i n g  1 0 0  %  
a  

A v e r a g e  g r a d e  w h i c h  c o v e r s  l o s s e s  i n  m i n i n g  a n d  p r o c e s s i n g  

 

The  annual  pro duct io n  o f  th i s  pro ject  i s  es t im ated to  32  m i l l io n  m 3 .  Th is  i s  

ca lcu lated f rom :  

 

 
4���56 ��78�9+:7����" � 8�-!��� � ����0!�;� � �� ��!� <=>? � @�AB/. � 32 �:66:7� �� 

 

 

Where:  

S y m b o l  D e s c r i p t i o n  E s t i m a t e d  U n i t  
d u p t i m e  A n n u a l  o p e r a t i o n  u p t i m e  3 2 0  D a y s  

h e f f e c t i v e  E f f e c t i v e  h o u r s  p e r  d a y  2 0  H o u r s  

P i n s i t u  G H B S  P r o d u c t i o n  i n s i t u  G H B S  p e r  H R T  2 , 5 0 0  m
3  

H R T N o .  N u m b e r  o f  H y d r a t e  R e c o v e r y  T o o l s  2   

 

By  m ult ip ly ing  the  rev enue  per  cubic  metre  natura l  gas  present  in  GHBS with  

the  annual  pro duct io n  in  cubic  m etre  o f  sed iment  the  annual  pro duct io n 

rev enue i s  o bta ined.  F igure  9 -2  shows  the  annual  cum ulat ive  gas  pro duct io n 

and gro ss  revenue  fo r  the  l i fe  o f  the  m ine .  The  annual  gro ss  rev enue  fo r  the 

o perat io n  in  the  base case  is  US$ 53 .5  m i l l io n.   
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Figure 9-2 Cumulative Gas Production & -Gross Revenue 

 

The  ro ya l ty  rate  i s  subtracted f rom  the pro duct io n  revenue  and the  res idua l  

v a lue  i s  added in  the las t  pro duct io n  year.  Res idua l  va lue  i s  ano ther  nam e for  

sa lv age  v a lue ,  which co nta ins  the rem aining  v a lue  o f  the  to tal  m in ing  system 

af ter  deprec iat io n.  Addi t io na l  features  are  the ov e rburden rat io  and a  max im um 

fo r  the  m inera l  reso urces .  With  the  s i ze  o f  the  Atwater  Va l ley  depo s i t ,  which  is  

es t im ated to  be  0 .056 5  km 3  (5 .6 5  km 2  w ith  a  m ax im um  extract io n  depth  o f  1 0m ) 

the  m in im um  requi red  s i ze  o f  the  depo s i t  sho uld  be  at  least  8  t im es  larger  fo r  a  

pro duct io n  per io d  o f  1 5  years .   
 

9.4.  Depreciation and Residual Value 
 

S im ply  s tated  depr ec iat ion  i s  the  lo ss  o f  v alue  caused by  the  wear  o f  equipm e nt  

dur ing  the  equipm ent ’s  l i fe  span.  Fo r  th is  o perat io n  a  s t ra ight - l ine  deprec iat io n 

was  assum ed fo r  a l l  equipm ent .  The  r es idual  va lue  (o r  sa lv age v a lue)  co nta ins  

the  rem ain ing  v a lue  o f  the  to ta l  m in ing  system  and i s  ca lcu lated fo r  a  10 ,  15  

and 2 0  year  pro ject  l i fe t ime.  

 

9.5.  Taxes 
 

Fo r  th i s  thes is  i t  i s  no t  requi red  to  d i la te  upo n taxes .  Therefo re  a  tax  rate  o f  

3 0% i s  assum ed to  be pa id  to  the  Uni ted  States ,  cov er ing  a l l  types  o f  taxes  that  

m ight  be  im po sed.   

 

9.6.  Interest 
 

The  net  interest  is  the  net  am o unt  o f  interest  payments  and interest  incom e.  

These  are  bo th  inc luded in  the  com putat ion  o f  the  c ash  f lo w.  The  net  interest  i s  

based o n the  av erage o f  o ne  year’ s  eco nom ic  ba lance .  
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9.7.  Working Capital  
 

The  net  wo rk ing  capi ta l  equa ls  current  o perat ing  assets  minus  no n- interest  

bear ing  current  l iab i l i t ies  (def ined as  the sum  o f  the  o perat ing  cash,  debto rs  

and s to cks ) .  The  o utstanding  rece iv ables  and inv ent o r ies  are  expressed in  days  

per  year  m ult ip l ied  by  the  annual  gro ss  rev enue.  The  o utstanding  payables  are  

expressed in  days  per  year  m ult ip l ied  by  the  annual  o perat ing  expendi tures .   

Fo r  th i s  pro ject  i t  was  est im ated to  assume 6 0  days  to  ga in  rece iv ables  and 30 

days  fo r  invento r ies .  P ayables  are  requi red to  be  pa id  a f ter  4 5  days .   

 

9.8.  Cash Flow Model Results 
 

Th is  cash  f lo w mo del  presents  the  f inanc ia l  data  o f  a  gas  hydrate  m in ing 

pro ject .  I t  i s  im po rtant  to  take  the  fo l lowing  assum pt io ns  into  acco unt  in  o rder  

to  judge  the  o utcom e.  

 

Assumpt i ons  

Table  9 -7  presents  genera l -  and addi t io na l  rest ruct ur ing  assum pt io ns  fo r  the 

cash  f low ca lcu lat io ns .  The  deta i led assum pt io ns  fo r  CAP EX and OP EX  are  l i s ted 

in  Appendix  G.  

 

 
Table 9-7 Assumptions for the cash flow calculations 

G e n e r a l  i n p u t :     R e v e n u e  i n p u t :    

S t a r t  o f  p r o d u c t i o n  2 0 2 0  y r   G a s  y i e l d  p e r  m
3

 s e d i m e n t  1 1 . 2 5  m
3

/ m
3

 

    M i n i n g  R e c o v e r y  1 0 0  %  

T a x  r a t e  o v e r  

i n c o m e  

3 0  %   P r o c e s s i n g  P l a n t  R e c o v e r y  1 0 0  %  

N P V  d i s c o u n t  r a t e  1 5  %   R o y a l t y  3  %  

A n n u a l  g r o w t h  r a t e  0  %   V o v e r b u r d e n / V b u l k  R a t i o  0  %  

I n t e r e s t  r a t e  5  %   H y d r a t e  R e c o v e r y  T o o l  2   

    P r o d u c t i o n  i n - s i t u  G H B S  

p e r  H y d r a t e  R e c o v e r y  T o o l  

2 , 5 0 0  m
3

/ h  

O P E X :        

A n n u a l  O P E X  1 1 3 , 3 9 3 , 7 9 5  $   M i n e r a l  R e s o u r c e s         

( m a x .  1 0 m  m i n i n g  d e p t h )  

0 . 0 5 6 5  k m
3

 

       

    A m o u n t  o f  m i n e r a l  

r e s o u r c e s  

7 . 9 3  t i m e s  

C A P E X :     A n n u a l  O p e r a t i o n  u p t i m e :    

I n i t i a l  C A P E X  1 , 1 2 1 , 7 0 0 , 0 0 0  $    3 2 0  D a y s  

     2 4  H o u r s  

     2   S h i f t s  

    E f f e c t i v e  H o u r s  p e r  s h i f t  1 0  H o u r s  

 

Constra i nts  

The  cash  f lo w ca lcu lat io n  reco gnises  certa in  co nst ra ints  o n the  input  and 

o utput .  

 

Co nst ra ints  o n  input:  

•  The  revenue  data  are  generated to  descr ibe  the  resul t s  fo r  gas  hydrate  

pro jects .  Ho wev er  with  a  few adjustm ents,  th i s  m o de l  can  be  appl ied  to  

o ther  deep-sea m in ing  pro jects .  
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Co nstra ints  o n  o utput :  

•  The  o utput  o f  the  perm it t ing  and pre-product io n  pha se  i s  f i xed  at  e ight  

and two years  respect iv e ly  befo re s tar t -up.   

•  Stra ight - l ine  deprec iat io n  o ver  the equipment ’s  l i fe  span.  

•  The  l i fe  o f  m ine/o perat io n  i s  f i xed  at  10 ,  15  and 20  years .  

 

Resul ts  of  Model  

Appendix  H  l i s t s  the  resu l t s  o f  the  OP EX,  CAP EX,  de prec iat io n,  res idua l  v a lue ,  

gro ss  revenue,  interest ,  work ing  capi ta l  and f ina l  cash  f lo w o f  1 0 ,  15  and 2 0 

years  l i fespan.  No te  fo r  a  bet ter  understanding  and co rrect  interpretat io n  o f  

the  o utco me o f  the  mo del  the  use  o f  the  exce l  wo rkbo ok  i s  s t ro ng ly  

recomm ended.  The  resu l t s  o f  the  base  case are  sho wn in  Appendix  H.  
 

9.9.  Cash Flow Overview 
 

G as  pr i c e  of  4 . 2  US$ /mmBtu (B ase  Case  of  1 5 y ears )  

The  graph in  F igure 9 -3  shows  the  year ly  cash  in-  and o ut f lo w with  a  gas  pr ice  

o f  4 .2  US$ /mm Btu (1 2 t h  o f  May  2 01 0 ) .  Th is  f igure  c lear ly  presents  that  the 

com pany  wo uld no t  generate eno ugh cash  to  meet  i t s  expenses  at  th i s  gas  

pr ice .  S im ply  put ,  cash  o ut f lo w i s  greater  than cash  inf low.  

 

 
Figure 9-3 Cash flow Overview with gas price of 4.2 US$/mmBtu 

 

F igure  9 -4  shows  the net  cash  f low (annual ly  d i sco unted)  and the  cum ulat iv e  

cash  f lo w.  The  b lue  l ine  sho ws  a  negat iv e  cum ulat ive  net  cash  f lo w o f  

appro x imate ly  US$  3 .8 0  b i l l io n  a f ter  15  years .  
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Figure 9-4 Cumulative Cash Flow with gas price of 4.2 US$/mmBtu 

 

 
G as  pr i c e  of  15  US$/mmBtu 
 

In  the  winter  o f  200 5  the  gas  pr ice  was  aro und 1 5  US$ /mm Btu(Aeberm an,  

2 01 0 ) .  Ev en with  th is  pr ice  there  wi l l  be  no  paybac k  per io d  ( sho wn in  F igure 

9 -5 ) .  The  ana lys i s  sho ws  that  even at  th i s  gas  pr ic e  the  capi ta l  expenses  co uld 

no t  be reco vered.   

 

 
Figure 9-5 Cumulative Cash Flow with gas price of 15 US$/mmBtu 

 

 
  



74 

 

 

 

Requi red g as  pr ic e   

To  determ ine  the  eco nom ic  v iab i l i ty ,  the  rate  of  re turn  o f  the d isco unted cash 

f lo w o r  interna l  rate  o f  return  ( IRR)  is  the  key  facto r .  A  typica l  comm erc ia l  

m in ing  pro ject  sho uld  at  least  hav e an  IRR  o f  15 % (Mi l lar ,  2 008 ) .  The  IRR i s  the 

d isco unt  rate  that  resu l t s  in  a  Net  P resent  Va lue  (NP V)  o f  zero  fo r  a  ser ies  o f  

future  cash  f lo ws .   A  NP V o f  zero  m eans  the  inv estment  wo uld  ne i ther  ga in  no r  

lo se  v a lue  fo r  the  f i rm .  To  accommo date  1 5% IRR  the  gas  pr ice  sho uld  become 

at  least  4 0 .0 5  US$ /mm Btu.  Th is  i s  a lmo st  1 0  t im es  t he  gas  pr ice  o n  Wednesday 

1 2 t h  o f  May  201 0 .  F igure  9 -6  i l lus t rates  the  cum ulat iv e  cash  f lo w with  a  gas  

pr ice  o f  40 .05 US$/mm Btu.  Th is  f igure  a lso  shows  that  the  payback  per io d  i s  

reached in  the  year  20 25 ,  f i v e  years  a f ter  the  pro ject  s tar ts .  The payback  per io d 

i s  def ined as  the  m in im um per io d o f  t ime  theo ret ica l ly  necessary  to  recov er  the 

o r ig ina l  inv estm ent .   

 
Genera l ly  o ne  barre l  o f  o i l  i s  the  amo unt  o f  fue l  t hat  equa ls  a  Br i t i sh  therm al  

un i t  (Btu)  co ntent  o f  5 .8  m i l l io n  ( IRS ,  1 9 99 ) .  With  a  gas  pr ice  o f  40 .05 

US$ /mm Btu the  equiv a lent  is  US$ 23 2  per  barre l ,  whi le  the o i l  pr ice  i s  US$ 

7 6 .22  per  barre l  o n  Wednesday 12 t h  o f  May  20 10  (B loom berg,  2 01 0 ) .   

 

 
Figure 9-6 Cumulative Cash Flow with required gas price of 40.05 US$/mmBtu 

 

 

9.10.  Sensitivity Analysis 
 

Based o n the  resu l t s  o f  a  sens i t iv i ty  ana lys i s  i t  c an  be  est im ated ho w m uch the  

o r ig ina l  ana lys i s  wo uld  change  due  to  changes  in  the input  data .  I t  he lps  to  

ev a luate  the  o perat io ns  pro f i tab i l i ty  and eco nom ic  v iab i l i ty  g iv en changes  in  

gas  pr ice ,  gas  y ie ld ,  interest ,  co rpo rate  tax ,  o perat io na l -  and capi ta l  

expendi tures .  The  e ffect  o n  the  NP V due  to  changes  o f  these  param eters  is  

sho wn in  F igure 9 -7 .  
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Figure 9-7 Net Present Value (@ 15%) Sensitivity Analysis to key parameters (gas @ US$ 4.2 / mmBtu) 

 

As  co uld  be  expected the  reco very  o f  natura l  gas  f rom  gas  hydrate  bear ing 

layers  i s  v ery  capi ta l  expens ive .  The  sp ider  p lo t  (F igure  9 -7 )  sho ws  that  the 

capi ta l  expenses are  the  key  parameter .  Ev en a  change  o f  CAP EX  by  30  per  cent  

i s  no t  eno ugh to  br ing  the  NP V to  zero .   

The  p lot  a l so  ident i f ies  that  re lat ive  changes  in  t he o perat ing  co sts  has  a  

greater  im pact  o n  the  v iab i l i ty  o f  the  pro ject  than  the  gas  y ie ld  and the  gas  

pr ice .  With in  the  base  case  the  co rpo rate  tax  rem ains  zero ,  due to  the  negat ive  

annual  net  income befo re  tax  (EBIT )  thro ugho ut  the l i fe  o f  the  mine .   
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10. Conclusions and Recommendations 

10.1.  Conclusions 
 

The  fo l lo wing  co nc lus io ns  can  be drawn with  respect  to  natura l  gas  hydrate  

(NGH)  depo s it s :  

 

•  NGH ex is t  g lo ba l ly  but  o ccur  predo m inant ly  aro und t he edge  o f  the 

co nt inents  and in  m arg ina l  m ar ine bas ins ,  l i ke  the  Gul f  o f  Mexico  and in 

som e perm afro st  reg io ns .  The lo cat io ns  o f  a l l  m ar ine  gas  hydrate  

depo s i t s  are  wi th in  the  Eco nom ic  Exc lus ive  Zo nes  o f  co untr ies .   

•  The  est im ated vo lume o f  NGH with  respect  to  energy  co nta ins  twice  the 

amo unt  o f  current ly  recov erable  wo r ld-wide  fo ss i l  fue ls .   

•  The  occurrence  o f  hydrates  depends  o n the  tem perature  and pressure  o n 

the  seaf loo r  and the  k ind  o f  gas  inc luded.  

•  D epressur i zat io n,  therm al -  and chem ica l  s t im ulat io n  are  three  po ss ib le  

d i sso c iat io n  m echanism s  fo r  the  pro duct io n  o f  hydrocarbo n gases  f rom 

NGH.  

 
To  answer  the  m ain  research  quest io n:  ‘ I s  deep sea  min ing  of  gas  hydr ates  fr om 

seaf loor  and sed iments  feas ib le  f r om a  tech no log i cal  per spect ive? ’ :  

 

•  Techno lo g ica l ly  i t  seem s to  be  po ss ib le  to  ext ract  natura l  gas  f ro m  gas  

hydrate  bear ing  sedim ents  (GHBS) .   

•  The  geo lo g ica l  data  av a i lab le  o n  GHBS o f  the  Atwate r  Va l ley  o r  o ther  gas  

hydrate  depo s i t s  st ro ng ly  suppo rts  fur ther  inv est igat io n into  the 

feas ib i l i ty  o f  a  po tent ia l  m in ing  o perat io n.  

•  I t  seem s feas ib le  to  des ign  and co nst ruct  a  m in ing  system  o perated f rom 

a  v esse l .  Thereby  the  com binat io n  o f  v ar io us  ex i s t ing  techno lo g ies  

requi red  fo r  the  gas  pro duct io n  f rom  GHBS i s  new and needs  mo re 

research.   

•  The  m ax im um  pro duct io n  rate  depends  on the  av a i lab l e  equipm ent  and 

expert i se  o f  the  workfo rce .  Therefo re  m o re  research i s  necessary  to  

dev e lo p a  m etho d to  m ake  a  mo re  rea l i s t i c  es t im at io n  o f  these  v a lues .   

•  At  the  m om ent  there  are  no  p lants  to  pro cess  GHBS.  However ,  sev era l  

techno lo g ies  are  av a i lab le  to  remo ve  l iqu ids  and so l ids  f rom  gases .   

•  Com pressed Natura l  Gas  seem s to  be  the  best  way  to  t ranspo rt  gas  f rom 

the  m in ing  s i te  to  i t s  m arket .  

 

To  answer the  m ain  research  quest io n  ‘ I s  deep sea  min ing  of  gas  hydr ates  f r om 

seaf loor  and sed iments  feas ib le  f r om an eco no mi c  per spect ive? ’ :  

 

•  Based o n the  resu l ts  f rom  the  eco nom ic  ana lys i s  o f  the  base  case,  

ext ract io n o f  mar ine  gas  hydrates  has  current ly  no  eco nom ic  perspect ive .  

Th is  i s  caused m ain ly  by  the  h igh  Operat ing-  and Ca pi ta l  Expendi tures .  

Espec ia l ly  the  CAP EX  o n the s tar t  o f  the  o perat io n i s  h igh.   

•  Est im ated revenues are  co ns iderable ,  ho wever  they  are  based on 

assum pt io ns  needed to  be  v er i f ied  o r  m o re accurate ly  deta i led.  
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•  D ue to  the re lat iv e  lo ng  pre-pro duct io n per io d,  the  negat ive  cash  f low is  

co ns iderable  and thus  a  h igh  r i sk .  Espec ia l ly  as  the net  cash  f lo w s tays  

negat iv e  dur ing  the  who le  pro duct io n per iod.   

•  The  sens i t iv i ty  ana lys i s  sho ws  that  ev en after  changes  o f  the  input  v a lues  

o f  the key  param eters  the  net  present  v a lue  rem ains  negat iv e .  

•  To  m ake  the  m in ing  eco nom ica l ly  att ract ive ,  the  requi red  gas  pr ice  has  to  

be  ten  t imes  the  current  gas  pr ice  o f  4 .2  US$ /mm Btu.  

•  The  Atwater  Va l ley  i s  a  sub-eco nom ic  NGH reso urce .  Based o n the  current  

m arket  co ndi t io n,  pro duct io n  is  not  eco nom ica l ly  v a l id.  But  the 

pro duct io n m ight  beco me eco nom ica l ly  just i f ied  i f  t he  pro jected feas ib le  

m arket  co ndi t io n  and/ o r  the  co ndi t io ns  fo r  the  inve stm ent  env i ro nm ent  

im prov e .  

 

10.2.  Recommendations 
 

A l tho ugh th is  m in ing  pro ject  i s  current ly  no t  eco nom ica l ly  feas ib le  wi th  the 

appl ied  data  i t  i s  a  go o d exerc ise  to  prov ide  ins ight  and to  ident i fy  the  need to  

gather  necessary  info rmat io n.  I t  i l lus t rates  where  m o re  research  and s tudy  i s  

needed to  ev a luate  co m parable  o perat io ns  in  the  fut ure :   

 

•  Geotechnica l  pro pert ies  ( i .e .  com press iv e- ;  tens i le - ;  and co hesive 

s t rength)  o f  gas  hydrate  bear ing  sedim ents  to  o pt im ise  des ign  o f  m in ing  

and pro cess ing  and thus  reduce  CAP EX and OP EX.  

•  The  behav io ur  o f  natura l  gas  hydrates  dur ing  the  who le  pro duct ion 

pro cess,  inc lud ing  the  chem ica l  and phys ica l  s tab i l i ty  o f  the  co m po unds 

i s  needed to  def ine  a  sa fe  and re l iab le  o perat io n;  in  part icu lar  

o  D ur ing  the  cut t ing  o f  GHBS.  Thereby ,  the  im pact  ( i .e .  v ibrat io n,  

water  f lo ws)  o n  GHBS sho uld  be  lo o ked at  in  the  v ic in i ty  o f  the 

m in ing  equipm ent .   

o  D ur ing  the  v ert ica l  t ranspo rtat io n  o f  the s lurry  (50 % GHBS and 

5 0% seawater )  in  the  r i ser  and the centr i fuga l  pum ps.   

o  D ur ing  the  pro cess ing  o f  GHBS.   

•  The  intens i ty  and the  im pact  o f  m ar ine  m in ing  o n d i f ferent  

env i ro nm enta l  param eters  as  we l l  as  ev a luat ing  the  pro cesses  of  

resto rat io n  and rev ita l i s ing  o f  the  deep sea  env i ro nm ent  and an im al  

com m unit ies .  I t  i s  a  m ust  to  hav e  that  kno wledge  to  ga in  publ ic  suppo rt  

and perm it  approv a ls .   

•  Whether  NGH depo s its  ex i s t  w i th eno ugh reserv es .  

o  Higher  gas  y ie ld o f  GHBS 

o  Area  o f  NGH reso urces  o n  the  sea  f lo o r .   

•  Sc ient i f i c  innov at io ns whereby  the  co nvent io na l  tec hnique  i s  rep laced by  

a  breakthro ugh techno lo gy .   

o  Fo r  instance  a  pr imary  separat io n  at  the  seabed,  e i ther  w i th 

phys ica l  ( lo ca l  pressure  and tem perature)  o r  chem ica l  metho ds .   

•  Carefu l  mo ni to r ing  of  g lo ba l  supply  and dem and o f  fo ss i l  fuel  so urces,  

which  m ay  lead to  feas ib le  exp lo i tat io n  o f  GHBS.  

•  Team  up with  o i l  and gas  com panies  that  are  fam i l ia r  w i th  m in ing  and 

pro cess ing  o f  natura l  gas .   
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Based o n the  exper ience  us ing  the  cash  f low m o del ,  i t  i s  recomm ended to:  

•  Opt im ise  the  cash  f lo w mo del ,  fo r  instance  by  inco rpo rat ing  the 

po ss ib i l i ty  to  change:  

o  The  pro duct io n  l i fe  t im e 

o  The  years  of  the  perm itt ing-  and pre-pro duct io n  phase  befo re 

s tar t -up.   

•  Im prov ing  and adjust ing  the  mo del  so  that  i t  can be  appl ied  fo r  o ther  

deep see  m in ing  o perat io ns .  Th is  sho uld  he lp  m in im i s ing  uncerta int ies  

o n  eco no m ic  v iab i l i ty  o f  NGH-  o r  o ther  deep sea  m in ing  o perat ions .   
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A. Mine Planning Process 

 
Figure A-1 Mine Planning Process (Slagmolen, 2009) 
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B. Hydrate Crystal Cell Structures 

An o verv iew o f  the  Crysta l  pro pert ies  o f  s I ,  s I I ,  and sH.  

 

 
Table B-1 Hydrate Crystal Cell Structures (Sloan, et al., 2008) 

 
 

  



 

 

C.  Commodity prices natural gas 

 

An  o verv iew o f  the  natura l  gas  pr ices  in  May  20

Figure C-1 Natural gas January 2009 

 

An  o verv iew o f  the natura l  gas  pr ices  in  graphs  fo r  1 ,  3  and 1 0 years  in  

D ecem ber  20 09.  Natura l  Gas  Futures  Trading  

(www.tradingeco nomics .com

 

 

 

Figure C-2 Natural gas 1 year prices from 
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Commodity prices natural gas 

An o verv iew o f  the  natura l  gas  pr ices  in  May  20 10 .  

Natural gas January 2009 - May 2010 [US$ / mmBtu](tradingeconomics, 2010)

An o verv iew o f  the natura l  gas  pr ices  in  graphs  fo r  1 ,  3  and 1 0 years  in  

.  Natura l  Gas  Futures  Trading  -  Chart  w i th  His to r ica l  P r ices  

www.tradingeco nomics .com ) .  

Natural gas 1 year prices from December 2009 [$ / mmBtu] (tradingeconomics, 2010).

Commodity prices natural gas  

 
(tradingeconomics, 2010) 

An o verv iew o f  the natura l  gas  pr ices  in  graphs  fo r  1 ,  3  and 1 0 years  in  

H is to r ica l  P r ices  

 
] (tradingeconomics, 2010). 
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Figure C-3 Natural gas 3 year prices from December 2009 [$ / mmBtu] (tradingeconomics, 2010). 

 
Figure C-4 Natural gas 10 year prices from December 2009 [$ / mmBtu] (tradingeconomics, 2010). 
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D.  Workforce Requirements 

Table D-1 Workforce for gas hydrate mining system 

 
 

  



 

 

 

89 

E.  Seastate 

Figure E-1 Overview Seastate 
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F. Functional Decomposition of Mining System 

 

 
 

Figure F-1 Functional decomposition of Seafloor Mining Tool (van der Kooi, 2008) 
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Figure F-2 Functional decomposition of Vertical Transport Mechanism (van der Kooi, 2008) 
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Figure F-3 Functional Decomposition of Surface Support Vessel (van der Kooi, 2008) 
 

 

  



 

 

G.  Assumptions for Cash Flo

Operat i onal  Expendi tures  Ov ervi ew

Managem ent  and Labo ur  co sts  are  sho wn in  

Fue l - ,  lubr icants - ,  t ranspo rtat io n
Table G-1 Fuel
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Assumptions for Cash Flow 

Operat i onal  Expendi tures  Ov ervi ew 

 

Managem ent  and Labo ur  co sts  are  sho wn in  Table  D

,  t ranspo rtat io n-  and anc i l la ry  co sts  are  l i sted  in  
Fuel-, lubricants-, transportation- and ancillary costs

 

D -1 .  

and anc i l la ry  co sts  are  l i sted  in  Table  G-1  
and ancillary costs 
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Capi ta l  Expendi tures  ov ervi ew wi th  2  Hy drate  Rec ov ery  T ool s  

 
Table G-2 Overview Capital Expenditures  
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H.  Results Cash Flow Analysis 

 

 
  



 

 

Table H-1
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1 Results Capital Expenditures and Depreciation 

 



 

 

Table 
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Table H-2 Results Operational Expenditures 
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Table H-3 Results Revenue 
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Table H-4 Residual Value 
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Table H-5 Results Cash flow 10 years 
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Table H-6 Results Cash flow 15 years 
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Table H-7 Results Cash flow 20 years 
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