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Executive	  Summary	  
Drilling	  an	  ultra-‐deep	  hole	  in	  an	  intact	  portion	  of	  oceanic	  lithosphere,	  through	  the	  crust	  
to	  the	  Mohorovičić	  discontinuity	  (the	  'Moho'),	  and	  into	  the	  uppermost	  mantle	  is	  a	  long-‐
standing	   ambition	   of	   scientific	   ocean	   drilling,	   and	   remains	   essential	   to	   answer	  
fundamental	  questions	  about	  the	  dynamics	  of	  the	  Earth	  and	  global	  elemental	  cycles.	  The	  
2010	  MoHole	  workshop	  had	  two	  interconnected	  objectives,	  which	  have	  been	  discussed	  
jointly	  between	  ocean	  lithosphere	  specialists,	  marine	  geophysicists,	  and	  engineers:	  

• to	  initiate	  a	  roadmap	  for	  technology	  development,	  and	  the	  project	  implementation	  
plan,	  to	  achieve	  the	  deep	  drilling	  objectives	  of	  the	  MoHole	  project,	  

• to	  identify	  potential	  MoHole	  sites	  in	  Pacific	  fast-‐spread	  crust,	  where	  the	  scientific	  
community	  will	  focus	  geophysical	  site	  survey	  efforts	  over	  the	  next	  few	  years.	  

New	  deep	  drilling	  technology	  now	  make	  it	  possible	  to	  fulfill	  our	  long	  term	  aspiration	  to	  
drill	   completely	   through	   intact	   oceanic	   crust	   and	   a	   significant	   distance	   into	   the	  upper	  
mantle,	   and	   address	   a	   number	   of	   first-‐order	   scientific	   goals:	   what	   is	   the	   geological	  
nature	   of	   the	  Moho?	   How	   is	   the	   oceanic	   crust	   formed	   at	  mid-‐ocean	   ridges,	   and	  what	  
processes	   influence	   its	   subsequent	   evolution?	  What	   are	   the	   geophysical	   signatures	   of	  
these	  magmatic,	  tectonic,	  hydrothermal,	  and	  biogeochemical	  chemical	  processes?	  What	  
is	   the	   global	   composition	   of	   the	   oceanic	   crust,	   and	   what	   are	   the	   magnitudes	   of	  
interactions	   with	   the	   oceans	   and	   biosphere,	   and	   their	   influence	   on	   global	   chemical	  
cycles?	  What	  are	  the	  limits	  of	  life,	  the	  factors	  controlling	  these	  limits,	  and	  the	  changes	  in	  
biological	  community	  composition	  with	  depth?	  What	  is	  the	  physical	  and	  chemical	  nature	  
of	  the	  uppermost	  mantle,	  and	  how	  does	  it	  relate	  to	  the	  overlying	  magmatic	  crust?	  

The	   selected	   MoHole	   target	   would	   ideally	   meet	   a	   suite	   of	   scientific	   requirements	  
including	  fast	  spreading	  rate,	  simple	  tectonic	  setting,	  "normal"	  crustal	  seismic	  structure,	  
and	   strong	   reflectivity	   of	   Moho.	   Several	   technological	   constraints	   limit	   the	   range	   or	  
possible	  sites,	  including	  in	  particular	  the	  trade-‐off	  between	  seafloor	  depth,	  which	  should	  
be	   small	   enough	   to	   allow	   using	   mud	   re-‐circulating	   technologies,	   and	   temperature	   at	  
Moho/upper	  mantle	  depths,	  which	  should	  be	  low	  enough	  (~≤250°C)	  to	  allow	  ultra	  deep	  
drilling	  (6000	  to	  7000	  meters	  below	  seafloor)	  in	  basement.	  The	  workshop	  participants	  
discussed	  three	  areas	  in	  the	  Pacific	  Basin:	  	  

• The	  Cocos	  plate	  region	  encompasses	  a	  section	  of	  the	  Cocos	  Plate	  off	  Central	  America	  
with	  crustal	  ages	  between	  15	  and	  25	  Ma.	  This	  area	  includes	  ODP	  Hole	  1256D,	  a	  site	  
of	   on-‐going	  deep	  drilling	   into	   intact	  ocean	   crust.	  This	   region	   sits	  within	   a	   corridor	  
that	  includes	  a	  complete	  tectonic	  plate	  life	  cycle,	  making	  it	  an	  excellent	  candidate	  for	  
understanding	   ocean	   crust	   evolution	   from	   a	   spreading	   center	   to	   subduction.	  
However,	   temperature	   at	   Moho	   depth	   at	   Site	   1256	   may	   exceed	   technology	  
limitations.	  

• The	  Off	  Southern/Baja	  California	  region	  encompasses	  a	  section	  of	  the	  eastern	  Pacific	  
Plate	  between	  ~10-‐33°N,	  and	  ~130-‐115°W,	  with	  crustal	  ages	  20-‐35	  Ma.	  Very	   little	  
modern	  geophysical	  information	  exists	  in	  this	  region.	  

• The	  Hawaii	  region	  is	  located	  north	  of	  Oahu	  in	  the	  flexural	  arch,	  where	  the	  crust	  is	  80	  
Ma,	  and	  was	  formed	  at	  an	  intermediate	  half	  spreading	  rate	  of	  35-‐40	  mm/yr.	  This	  site	  
offers	   the	   lowest	   temperature	   at	   Moho	   depth,	   but	   crustal	   structure	   is	   potentially	  
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affected	   by	   hotspot	   volcanism,	   and	   its	   cretaceous	   age	   makes	   it	   difficult	   to	   relate	  
geochemical	  changes	  to	  modern	  ocean	  chemistry	  or	  conditions.	  

Short-‐term	  priority	   is	   to	   conduct	   large-‐scale	   geophysical	   surveys	   (spatially	   coincident	  
MCS,	  wide-‐angle	  OBS,	  multi-‐beam	  bathymetry,	  gravity,	  heat	  flow,	  and	  magnetic	  anomaly	  
data)	   in	   the	   three	   selected	   regions,	   which	   will	   lead	   to	   the	   identification	   of	   a	   MoHole	  
target	  that	  best	  satisfies	  the	   listed	  requirements.	  The	  first	   large-‐scale	  survey	  will	  be	   in	  
the	   Off	   Southern/Baja	   California	   region;	   baseline	   reconnaissance	   seismic	   data	   are	  
urgently	  required	  to	  assess	  whether	  this	  area	  can	  possibly	  meet	  the	  requirements.	  After	  
an	   appropriate	   drilling	   target	   has	   been	   identified,	   the	   community	   should	   conduct	  
detailed	   seismic	   surveys	   in	   its	   vicinity,	   to	   accurately	   image	   intracrustal	   reflectors	   and	  
Moho,	   and	   to	   assess	   crustal	   structure	   and	   thickness	   variability	   and	   upper	   mantle	  
velocity	  structure/anisotropy.	  Although	   JAMSTEC	   is	   taking	   the	   lead	   for	  conducting	   the	  
first	   large-‐scale	   survey	   in	   2011,	   other	   partners	   should	   make	   efforts	   to	   conduct	   or	  
contribute	  to	  other	  large-‐	  and	  small-‐scale	  surveys.	  The	  scope	  and	  costs	  of	  these	  are	  too	  
large	  to	  be	  undertaken	  by	  a	  single	  nation	  or	  funding	  agency;	  international	  collaboration	  
is	  required.	  

Engineering	  efforts	  must	  be	  directed	  to	  ensure	  that	  our	  scientific	  goals	  are	  achieved.	  The	  
technology	   and	   engineering	   development	   should	   be	   launched	   as	   soon	   as	   possible	   in	  
conjunction	   with	   site-‐survey	   activities.	   To	   do	   so,	   establishing	   a	   realistic	   roadmap	   of	  
technological	  development	  and	  testing	  is	  imperative.	  To	  drill	  an	  ultra	  deep	  borehole,	  the	  
provision	   for	   continuous	   mud	   circulation	   is	   a	   top	   priority	   technology	   requirement.	  
Various	   options	  were	   discussed	   at	   the	  workshop,	   and	  will	   need	   to	   be	   fully	   evaluated.	  
Other	   major	   areas	   requiring	   engineering	   consideration	   include	   logging	   and	   coring	   in	  
high	  temperature	  environment,	  drill	  bits	  (specifically	  designed	  for	  abrasive,	  hard	  rocks)	  
and	   drill	   string	   (high	   tensile	   strength),	   drilling	  mud	   (developed	   for	   high	   temperature	  
environment),	   and	   casing/cementing	   materials	   and	   strategies	   (specifically	   designed,	  
ideally	  to	  the	  bottom	  of	  the	  hole).	  

Major	   challenges	   of	   the	   MoHole	   project	   will	   be	   associated	   with	   collecting	   the	   cored	  
material,	  making	  in-‐situ	  measurements,	  installing	  casing	  and	  keeping	  the	  borehole	  open	  
for	   successive	  episodes	  of	  deepening	   in	  a	  multiyear,	  multiphase	  operation.	  To	  gear	  up	  
for	   operations,	   all	   issues	   related	   to	   drilling,	   casing,	   coring,	   and	   logging	   must	   be	  
adequately	  explored	  and	  included	  in	  a	  comprehensive	  and	  complete	  operation	  plan,	  as	  
soon	   as	   the	   site	   characteristics	   are	   known.	   The	   well	   design	   of	   the	   primary	   site	   may	  
require	  data	  from	  a	  pilot	  hole,	  to	  properly	  evaluate	  parameters	  such	  as	  mud	  weights	  and	  
casing	  set	  points.	  The	  pilot	  hole	  may	  be	  either	  a	  separate	  hole,	  or	  simply	  a	  pilot	  section	  
of	  the	  main	  hole.	  	  

The	   keys	   for	   a	   successful	  MoHole	   project	   include	   scientific	   considerations,	   as	   well	   as	  
technology	   development,	   industry	   engagement,	   and	   public	   engagement	   through	  
outreach	  activities	  and	  education.	  The	  MoHole	  project	  will	  be	  one	  of	  the	  largest	  scientific	  
endeavors	   in	   Earth	   science	   history,	   and	   this	   formidable	   challenge	   should	   provide	  
precious	   opportunities	   to	   diverse	   scientific	   and	   technology	   communities.	   It	   will	   be	  
essential	   to	   share	   these	   opportunities	   and	   achievements	   across	   a	   broad	   spectrum	   of	  
Earth	   and	  Life	   scientists.	  Many	  of	   our	  primary	   scientific	   goals	  will	   require	   continuous	  
core	  samples.	  To	  be	  regarded	  as	  successful,	  the	  MoHole	  project	  must	  at	  least	  return:	  

• Continuous	  cores	  of	  critical	  intervals	  (lithological	  boundaries;	  the	  region	  identified	  
by	  seismic	  imaging	  as	  the	  Moho;	  the	  lower	  ~500m	  of	  the	  mafic	  and	  ultramafic	  
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cumulate	  rocks	  in	  the	  oceanic	  crust;	  ~500m	  of	  peridotites	  and	  associated	  lithologies	  
in	  the	  uppermost	  mantle	  below	  the	  Moho;	  sufficient	  sections	  of	  the	  igneous	  oceanic	  
crust	  to	  test	  models	  of	  crustal	  accretion,	  melt	  movement,	  resolve	  the	  geometry	  and	  
intensity	  of	  hydrothermal	  circulation,	  and	  document	  the	  limits	  and	  activity	  of	  the	  
deep	  microbial	  biosphere).	  

• A	  continuous,	  comprehensive	  suite	  of	  geophysical	  logs	  and	  borehole	  experiments	  to	  
measure	  in	  situ	  physical	  properties,	  to	  acquire	  borehole	  images,	  and	  to	  identify	  key	  
geophysical	  and	  lithologic	  regions	  and	  transitions	  throughout	  the	  ocean	  crust	  and	  
into	  the	  upper	  mantle.	  

Measurements	   of	   temperature	   and	   chemical	   compositions	   of	   the	   fluids	   are	   required	  
together	   with	   biological	   analyses.	   Ultimately,	   it	   will	   be	   essential	   to	   integrate	  
core/log/survey	   data	   in	   a	   comprehensive	   synthesis	   study	   of	   the	   Project	   Area.	   Post-‐
drilling	   studies,	   such	   as	   successive	   fluid	   measurements/sampling,	   in	   situ	   microbial	  
incubation	  in	  the	  borehole,	  or	  VSP	  experiments	  should	  also	  be	  performed.	  

As	  the	  oil	  and	  gas	  industry	  conducts	  operations	  in	  increasingly	  deep	  water,	  continuous	  
collaboration	  with	  industry,	  and	  introduction	  of	  new	  technologies	  to	  the	  MoHole	  project	  
will	  be	  keys	  to	  success.	  It	  will	  be	  necessary	  to	  establish	  a	  strategy	  to	  engage	  the	  industry	  
in	  the	  project,	  exchange	  personnel,	  and	  plan	  joint	  development	  work.	  

Another	   key	   component	   of	   the	   success	   of	   a	  Mohole	   project	  will	   be	   to	   improve	   public	  
support	   and	   understanding	   of	   the	   scientific	   goals	   and	   excitement	   of	   the	   project.	  
Engaging	   the	   public	   through	   outreach	   and	   education	   activities,	   as	   well	   as	   being	   pro-‐
active	  in	  advertising	  the	  project	  to	  the	  wider	  scientific	  community,	  will	  be	  essential.	  One	  
tool	   to	   greatly	   increase	   the	   public	   and	   scientific	   profile	   of	   the	   project	   should	   be	   a	  
dedicated,	   multi-‐language	   MoHole	   website,	   that	   should	   be	   implemented	   as	   soon	   as	  
formal	  scoping	  activities	  commence.	  

The	   size	   and	   duration	   (10	   years	   or	   more)	   of	   the	   MoHole	   project	   will	   require	   an	  
appropriately	   funded,	   centralized	   science	   operations	   and	   engineering	   management	  
group	  to	  oversee	  the	  project	  from	  start	  to	  successful	  completion.	  This	  project	  office	  will	  
be	  vital	  key	   to	   success,	   and	   in	  order	   to	   succeed,	   it	  must	  be	  a	   truly	   international	  effort	  
staffed	  by	  the	  best	  available	  project	  managers,	  engineers,	  and	  scientists.	  
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1.	  Introduction	  
The	  global	  system	  of	  mid-‐ocean	  ridges	  and	  the	  new	  oceanic	  lithosphere	  formed	  at	  these	  
spreading	   centres	   are	   the	   principal	   pathways	   for	   energy	   and	  mass	   exchange	   between	  
the	  Earth’s	  interior,	  hydrosphere,	  and	  biosphere.	  Bio-‐geochemical	  reactions	  between	  the	  
oceans	  and	  oceanic	  crust	  continue	  from	  ridge	  to	  subduction	  zone,	  and	  the	  physical	  and	  
chemical	   changes	   to	   the	   ocean	   lithosphere	   provide	   inventories	   of	   these	   thermal,	  
chemical	   and	   biological	   exchanges.	   Drilling	   an	   ultra-‐deep	   hole	   in	   an	   intact	   portion	   of	  
oceanic	   lithosphere,	   through	   the	   crust	   to	   the	   Mohorovičić	   discontinuity	   (the	   'Moho'),	  
and	   into	   the	  uppermost	  mantle	   is	   a	   long-‐standing	   ambition	  of	   scientific	   ocean	  drilling	  
(e.g.,	  Bascom,	  1961;	  Shor,	  1985;	  Ildefonse	  et	  al.,	  2007),	  and	  remains	  essential	  to	  answer	  
fundamental	  questions	  about	  the	  dynamics	  of	  the	  Earth	  and	  global	  elemental	  cycles.	  

The	   2010	   MoHole	   workshop	   in	   Kanazawa,	   Japan,	   followed	   on	   from	   several	   recent	  
scientific	   planning	   meetings	   on	   ocean	   lithosphere	   drilling,	   in	   particular	   the	   Mission	  
Moho	  Workshop	  in	  2006(http://www.iodp.org/mission-‐moho-‐workshop;	  Christie	  et	  al.,	  
2006;	  Ildefonse	  et	  al.,	  2007),	  and	  the	  "Melting,	  Magma,	  Fluids	  and	  Life"	  meeting	  in	  2009	  
(http://www.interridge.org/WG/DeepEarthSampling/workshop2009,	   Teagle	   et	   al.,	  
2009).	   Participants	   to	   these	   previous	   meetings	   reached	   consensus	   that	   a	   deep	   hole	  
through	  a	  complete	  section	  of	  fast-‐spread	  ocean	  crust	  is	  a	  renewed	  priority	  for	  the	  ocean	  
lithosphere	  community.	  The	  scientific	  rationale	  for	  drilling	  a	  MoHole	  in	  fast-‐spread	  crust	  
is	   developed	   in	   the	   workshop	   reports	   (available	   online),	   and	   most	   thoroughly	  
articulated	   in	   the	   2007	   IODP	   Mission	   Moho	   drilling	   proposal	   (IODP	   Prop	   719MP;	  
http://www.missionmoho.org;	  see	  also	  Appendix	  1).	  

The	  2010	  MoHole	  workshop	  had	  two	  interconnected	  objectives:	  

• To	   initiate	   a	   roadmap	   for	   the	   technology	   development	   and	   the	   project	  
implementation	  plan	  that	  are	  necessary	  to	  achieve	  the	  deep	  drilling	  objectives	  of	  the	  
MoHole	  project;	  

• To	   identify	   a	   limited	   number	   of	   potential	   MoHole	   sites	   in	   the	   Pacific	   (i.e.,	   in	   fast-‐
spread	   crust),	   where	   the	   scientific	   community	   will	   focus	   geophysical	   site	   survey	  
efforts	  over	  the	  next	  few	  years.	  Selecting	  drilling	  sites	  is	  essential	  to	  clearly	  identify	  
the	   range	   of	   water	   depths,	   drilling	   target	   depths	   and	   temperatures	   that	   we	  
anticipate,	   and	   better	   define	   the	   technology	   required	   to	   be	   developed	   and	  
implemented	  to	  drill,	  sample	  and	  log	  the	  MoHole.	  	  

The	   MoHole	   workshop	   discussions	   were	   held	   jointly	   between	   ocean	   lithosphere	  
specialists,	  marine	  geophysicists,	  and	  drilling	  engineers,	  with	  the	  aim	  of	  identifying	  the	  
best	   possible	   sites	   in	   fast-‐spread	   crust	   given	   our	   current	   geological,	   geophysical	   and	  
technological	   knowledge	   and	   expertise,	   and	   to	   list	   the	   items	   that	   will	   need	   to	   be	  
considered	   in	   a	   technology	   roadmap	   for	   the	   MoHole.	   This	   report	   summarizes	   these	  
discussions,	  and	  provides	  the	  starting	  point	  to	  initiate	  the	  MoHole	  project.	  
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2.	  Scientific	  Rationale	  for	  the	  MoHole,	  a	  Crustal	  Journey	  and	  Mantle	  
Quest	  
The	  Moho	  is	  the	  fundamental	  boundary	  within	  the	  upper	  part	  of	  our	  planet,	  yet	  we	  have	  
little	   knowledge	   of	   its	   geological	  meaning.	  New	  deep	   drilling	   technology	   now	  make	   it	  
possible	   to	   fulfill	   scientists’	   long	   term	   aspiration	   to	   drill	   completely	   through	   intact	  
oceanic	   crust,	   through	   the	   seismically	   defined	   Moho,	   and	   then	   a	   significant	   distance	  
(~500	  m)	  into	  the	  upper	  mantle.	   	  Our	  scientific	  goals	  can	  be	  divided	  into	  the	  following	  
principal	  tightly	  interconnected	  threads:	  

• What	   is	   the	   physical	   nature	   of	   the	   Mohorovičić	   Discontinuity?,	   and	   what	   is	   the	  
geological	  nature	  of	  this	  boundary	  zone?	  

• How	  is	  the	  (lower)	  oceanic	  crust	  formed	  at	  the	  mid-‐ocean	  ridges,	  and	  what	  processes	  
influence	   its	   subsequent	   evolution?	   What	   are	   the	   geophysical	   signatures	   of	   these	  
magmatic,	  tectonic,	  hydrothermal,	  and	  biogeochemical	  chemical	  processes?	  

• What	  can	  we	   infer	  about	   the	  global	  composition	  of	   the	  oceanic	  crust,	  and	  what	  are	  
the	  magnitudes	  of	   interactions	  with	   the	  oceans	   and	  biology	   and	   their	   influence	  on	  
global	  chemical	  cycles	  ?	  

• What	   are	   the	   limits	   of	   life,	   and	   the	   factors	   controlling	   these	   limits?	   How	   do	   the	  
biological	   community	   compositions	   change	   with	   depth,	   and	   the	   evolving	   physical	  
and	  chemical	  environments	  through	  the	  oceanic	  crust?	  

• What	  is	  the	  physical	  and	  chemical	  nature	  of	  the	  uppermost	  mantle,	  and	  how	  does	  it	  
relate	  to	  the	  overlying	  magmatic	  crust?	  

These	  objectives	  (figure	  1)	  are	  comprehensively	  articulated	   in	  the	  2007	  Mission	  Moho	  
proposal	   (http://www.missionmoho.org;	   see	   Appendix	   1),	   as	   well	   as	   in	   the	   2006	  
"Mission	   Moho"	   workshop	   report	   (http://www.iodp.org/mission-‐moho-‐workshop;	  
Christie	   et	   al.,	   2006)	   and	   the	   2009	   "Magma,	  Melting,	   Fluids	   and	   Life"	  meeting	   report	  
(http://www.interridge.org/WG/DeepEarthSampling/workshop2009;	   Teagle	   et	   al.,	  
2009),	  and	  are	  briefly	  summarized	  below.	  

2.1.	  The	  Mohorovičić	  Discontinuity	  
In	  the	  oceans,	  the	  Moho	  is	  commonly	  a	  bright	  seismic	  reflector	  at	  5	  to	  8	  km	  depth	  and	  
marks	  an	  abrupt	  increase	  in	  P-‐wave	  seismic	  velocity	  (Vp)	  to	  values	  in	  excess	  of	  8	  km/s.	  
It	   is	   generally	   assumed	   that	   the	   Moho	   also	   represents	   the	   boundary	   between	   mafic	  
igneous	  rocks	  crystallized	  from	  magmas	  that	  form	  the	  crust	  and	  residual	  peridotites	  of	  
the	   upper	   mantle.	   However,	   this	   interpretation	   has	   never	   been	   tested.	   Alternatively,	  
there	   are	   geologically	   valid	   scenarios	   where	   the	   Moho	  might	   delineate	   the	   boundary	  
between	   mafic	   and	   ultramafic	   cumulate	   rocks	   within	   the	   crust,	   or	   it	   may	   be	   located	  
below	  serpentinized	  peridotites	  that	  were	  previously	  part	  of	  the	  mantle.	   	  Observations	  
and	   sampling	  of	   the	  Moho,	   the	  petrologic	   crust-‐mantle	  boundary	   and	   the	   rocks	  of	   the	  
upper	   mantle	   are	   fundamental	   to	   understanding	   the	   geodynamics	   and	   chemical	  
differentiation	  of	  our	  planet.	  A	  foremost	  goal	  is	  to	  reconcile	  geophysical	  imaging	  of	  the	  
Moho	  with	  direct	  geological	  observations	  of	  cores	  and	  downhole	  measurements;	  e.g.,	  is	  
the	  Moho	   in	  our	   study	   region	  a	   sharp	   compositional	  boundary	  or	   a	   transition	   zone	  of	  
significant	  thickness	  (~100s	  of	  m)?	  
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Figure	   1:	   Schematic	   cross-‐section	   of	   fast-‐spread	   crust	  with	   anticipated	  MoHole	   penetration.	  
The	  thicknesses	  of	  sediment,	  lavas	  and	  sheeted	  dike	  complex	  are	  taken	  from	  ODP/IODP	  Hole	  
1256D	  (Teagle	  et	  al.,	  2006).	  Top	  photograph:	  sheeted	  dike	  complex	  /	  gabbro	  contact	   in	  Hole	  
1256D.	  Predicted	  physical/chemical	  profiles	  in	  the	  crust:	  original	  figure	  from	  Rosalind	  Coggon	  
(NB	  :	  the	  predicted	  Mg#	  profile	  for	  a	  sheeted	  sill	  model	  assumes	  that	  on	  average	  deeper	  sills	  
will	   be	   more	   primitive	   and	   tend	   to	   feed	   shallower	   ones,	   the	   intrusion	   of	   primitive	   sills	   at	  
shallow	  levels	  cannot	  be	  excluded	  though);	  lower	  crust	  accretion	  models:	  after	  Korenaga	  and	  
Kelemen	  (1998).	  Bottom	  microphotograph:	  Mantle	  peridotite	  xenolith	  from	  French	  Polynesia	  
(Tommasi	  et	  al.,	  2004).	  Figure	  by	  Benoît	  Ildefonse.	  

2.2.	  Formation	  of	  the	  lower	  crust	  
On	   the	   road	   to	   the	   Moho,	   we	   will	   make	   paradigm-‐testing	   observations	   of	   the	   lower	  
oceanic	  crust	  and	  the	  deep	  magmatic,	  tectonic	  and	  hydrothermal	  processes	  that	  occur	  at	  
the	  mid-‐ocean	   ridges.	  Our	  principal	   target	  will	   be	   intact	   ocean	   crust	   formed	   at	   a	   fast-‐
spreading	  ridge,	  which	  should	  be	  relatively	  laterally	  uniform,	  and	  where	  we	  have	  well-‐
developed	   theoretical	  models	  of	   crustal	   accretion	   that	   can	  be	   tested	  by	  drilling.	   Is	   the	  
lower	  oceanic	  crust	  formed	  from	  the	  subsidence	  of	  a	  high-‐level	  magma	  chamber,	  or	  are	  
there	  multiple	  melt	  bodies	  at	  different	  levels	  within	  the	  oceanic	  crust	  (or	  upper	  mantle)	  
at	  fast	  spreading	  ridges?	  

Magnetic	  stripes	  document	  the	  history	  of	  ocean	  crust	  formation	  and	  are	  the	  very	  basis	  of	  
plate	   tectonic	   theory,	   yet	   we	   have	   little	   information	   on	   what	   contribution	   the	   lower	  
crust	  has	  to	  this	  fundamental	  signature.	  Similarly,	  seismic	  profiling	  remains	  the	  key	  tool	  
for	  investigating	  the	  deep	  crust	  but	  these	  regional	  scale	  measurements	  have	  never	  been	  
calibrated	   against	   core	  or	   in	   situ	  measurements.	   It	   remains	   challenging	   to	   confidently	  
develop	  geological	  interpretations	  from	  geophysical	  measurement	  of	  the	  oceanic	  crust.	  
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2.3.	  Composition	  and	  hydration	  of	  the	  ocean	  crust	  
A	  full	  penetration	  will	  provide	  the	  first	  direct	  estimate	  of	  the	  bulk	  composition	  of	  ocean	  
crust	   critical	   for	   Earth	   differentiation	   models.	   How	   deeply	   do	   seawater-‐derived	  
hydrothermal	   fluids	   penetrate	   and	   how	   efficient	   is	   hydrothermal	   circulation	   at	   heat	  
extraction	   and	   chemical	   alteration?	   Is	   fluid	   flow	   channeled	   by	   major	   faults	   or	   more	  
pervasive?	  (Fig.	  2)	  

	  
Figure	   2.	   A.	   Schematic	   architecture	   of	   a	   mid-‐ocean	   ridge	   flank	   (not	   to	   scale),	   illustrating	  
parameters	  that	  may	  influence	  the	  intensity	  and	  style	  of	  hydrothermal	  circulation	  through	  the	  
ridge	   flanks,	   such	   as	   faults,	   seamounts,	   basement	   topography,	   and	   impermeable	   sediments,	  
which	  isolate	  the	  crust	  from	  the	  oceans.	  Arrows	  indicate	  heat	  (red)	  and	  fluid	  (blue)	  flow.	  The	  
yellow	  dashed	   line	   is	   a	   hypothetical	   trajectory	   of	   the	  ~120°C	   isotope	   as	   ocean	   crust	  moves	  
away	  from	  the	  ridge	  crest.	  	  B.	  The	  calculated	  global	  hydrothermal	  heat	  flow	  anomaly	  decreases	  
to	  zero,	  on	  average,	  by	  65	  Ma.	  C.	  The	  effects	  of	  parameters	  such	  as	  basement	  topography	  and	  
sediment	   thickness	  on	   the	   intensity	  and	  relative	  cessations	  of	   fluid	   flow,	   chemical	  exchange,	  
and	   microbial	   activity	   remain	   undetermined.	   D.	   Evolution	   of	   porosity,	   permeability,	   and	  
alteration	   intensity	  with	  age.	  E.	  Hypothetical	  change	   in	  microbial	  community	  structure	  with;	  
the	  depth	  limit	  of	  life	  increases	  with	  crustal	  age.	  F.	  Schematic	  cross-‐section	  of	  fast-‐spread	  crust	  
with	  anticipated	  MoHole	  penetration.	  Figure	  by	  Rosalind	  Coggon;	  Damon	  Teagle,	  and	  Kentaro	  
Nakamura.	  
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We	  distinguish	   two	  end-‐member	  modes	  of	   fluid	   circulation	   through	  oceanic	   crust,	   i.e.,	  
high-‐temperature	   circulation	   at	   on-‐/near-‐axis	   and	   low-‐temperature	   circulation	   at	   off-‐
axis.	   Near	   the	   ridge	   axis,	   seawater	   penetrating	   into	   oceanic	   crust	   is	   heated	   by	   high-‐
temperature	   heat	   source	   (magma),	   resulting	   in	   vigorous	   hydrothermal	   reactions	  with	  
surrounding	   rocks	  and/or	  phase	  separation	   into	  vapor	  and	  brine	  at	   relatively	   shallow	  
level	  in	  the	  oceanic	  crust,	  close	  to	  the	  gabbro/sheeted	  dike	  interface.	  Parts	  of	  the	  high-‐
temperature	  hydrothermal	  fluids	  upwell	  through	  oceanic	  crust	  and	  finally	  venting	  at	  the	  
seafloor.	  Some	  fraction	  of	  the	  high	  temperature	  fluids,	  perhaps	  segregated	  brines,	  may	  
penetrate	   deeper	   into	   the	   crust,	   and	   possibly	   the	   mantle,	   with	   fluids	   physical	   and	  
chemical	   properties	   altered	  by	  phase	   separation	   and	  host-‐rock	   reactions.	   To	  date,	   the	  
physicochemical	  characteristics,	  volumes,	  and	  depth	  of	  penetration	  of	  high-‐temperature	  
fluids	  are	  unknown.	  The	  MoHole	  project	  will	  provide	  the	  first	  opportunity	  to	  access	  the	  
samples	  necessary	  to	  address	  these	  questions.	  	  

Equally	   important	   will	   be	   the	   characterization	   of	   late	   stage,	   off-‐axis	   low-‐temperature	  
fluid	   interactions	   that	  will	   leave	  an	   imprint	  on	  rocks	  as	   the	  crust	  ages	  and	  cools	  away	  
from	  the	  ridge	  axis.	  These	  lower	  temperature	  reactions	  may	  be	  related	  to,	  enhanced	  by,	  
or	  promote	  biological	  activity.	  	  

The	  knowledge	  of	  modes	  of	  penetration	  of	  the	  hydrothermal	  fluids,	  and	  of	  the	  extent	  of	  
their	  interactions	  with	  the	  lithosphere,	  is	  required	  to	  estimate	  chemical	  exchanges	  with	  
the	   oceans,	   as	   well	   as	   to	   assess	   the	   volume/variety	   of	   materials	   transferred	   to	   the	  
mantle	  via	  subduction.	  

2.4.	  Limits	  and	  controlling	  factors	  of	  life	  
Earth	  is	  known	  as	  a	  watery	  planet	  that	  is	  characterized	  by	  the	  presence	  of	  liquid	  water	  
on	  its	  surface.	  Water	  plays	  a	  key	  role	  in	  the	  cycling	  of	  material	  between	  lithosphere	  and	  
hydrosphere	  (see	  section	  2.3	  above).	   It	   is	  well	  accepted	  that	   liquid	  water	   is	  one	  of	   the	  
key	   ingredient	   contributing	   to	   the	   emergence	   and	   development	   of	   life	   on	   Earth.	  
Elucidating	   the	   extent	   and	   characteristics	   of	   the	   deep	   hydrosphere	   is	   crucial	   to	  
understanding	  not	  only	  chemical	  exchanges	  between	  ocean	  and	  oceanic	  crust	  but	  also	  
biological	  activity	  in	  the	  deep	  subseafloor.	  	  

Understanding	   the	   limits	   of	   life,	   and	   the	   factors	   controlling	   these	   limits,	   is	   one	   of	   the	  
most	  fundamental	  scientific	  goals	  for	  geo-‐	  and	  biosciences,	  essential	  for	  understanding	  
the	  origin,	  evolution,	  distribution,	  and	  future	  of	  life	  on	  Earth	  as	  well	  as	  celestial	  bodies.	  
To	  date,	   the	   limits	  of	   life	   even	  on	  our	  own	  planet	   remain	  poorly	  defined.	  The	  MoHole	  
project	   provides	   a	  unique	  opportunity	   to	   address	   this	   limit	   in	   the	  oceanic	   lithosphere	  
that	  covers	  ~60%	  of	  our	  planet	  (Fig.	  2E).	  Numerous	  factors	  may	  control	  the	  limits	  of	  life,	  
such	   as	   temperature,	   water	   activity,	   salinity,	   pH,	   energy	   and	   carbon	   sources.	   Among	  
these,	   temperature	   plays	   a	   key	   role,	   because	   organism	   cannot	   survive	   beyond	   as	   yet	  
poorly	   known	   temperature	   threshold	   (~110-‐120	   °C?).	   The	   ability	   of	   seawater	   to	  
penetrate	   into	   the	   deep	   crust	   or	   mantle	   and	   be	   available	   for	   micro-‐organisms	   (e.g.,	  
minimum	   pore	   space),	   will	   also	   have	   a	   strong	   impact	   on	   the	   distribution	   of	   living	  
organisms.	  

2.5.	  Physical	  and	  chemical	  nature	  of	  the	  upper	  mantle	  
Direct	  observations	  of	  the	  mantle	  will	  document	  how	  magmas	  are	  focused	  from	  a	  broad	  
melting	   region	   to	   a	   narrow	   zone	   of	   crustal	   accretion	   beneath	   mid-‐ocean	   ridges.	  	  
Measurements	   across	   the	  Moho	  will	   quantify	   the	   tectonic	   coupling	   between	   the	   crust	  
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and	  mantle.	  We	  presently	  have	  little	  knowledge	  of	  the	  composition	  and	  physical	  state	  of	  
in	   situ	   convecting	   mantle.	   A	   few	   kilograms	   of	   fresh	   residual	   peridotite	   from	   beneath	  
intact	   oceanic	   crust	   would	   provide	   a	   wealth	   of	   new	   information	   comparable	   to	   the	  
treasure	  trove	  obtained	  from	  the	  Apollo	  lunar	  samples.	  

	  

	  

	  
Fig.	  3	  -‐	  Schematic	  summary	  of	  the	  MoHole	  scientific	  objectives	  
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3.	  Geophysical	  Site	  Surveys	  

3.1.	  Scientific	  Requirements	  
The	  criteria	  for	  an	  ideal	  deep	  crustal	  penetration	  sites	  have	  been	  discussed	  in	  previous	  
meetings	  and	  workshops	  (e.g.,	  Christie	  et	  al.,	  2006).	  Here,	  we	  reformulate	  these	  criteria	  
based	  on	  site	  survey	  discussions	  held	  during	  the	  2010	  MoHole	  workshop.	  The	  selected	  
target	  would	  ideally	  meet	  all	  of	  the	  following	  requirements.	  Satisfying	  requirements	  for	  
Points	  a-‐e	  is	  essential	  for	  success.	  More	  flexibility	  is	  allowed	  in	  meeting	  Points	  f-‐h,	  which	  
are	  highly	  desirable	  but	  not	  essential:	  

a. Crust	  formed	  at	  fast	  spreading	  rate	  (>40	  mm/yr	  half	  rate).	  
b. Simple	   tectonic	   setting	   with	   very	   low-‐relief	   seafloor	   and	   smooth	   basement	   relief;	  

away	   from	   fracture	   zones,	   propagator	   pseudo	   faults,	   relict	   overlapping	   spreading	  
basins,	  seamounts,	  or	  other	  indicators	  of	  late-‐stage	  intraplate	  volcanism.	  Connection	  
to	   the	   host	   plate	   active	   constructive	   and	   destructive	   boundaries	   would	   provide	  
important	  scientific	  information.	  

c. Crustal	   seismic	   velocity	   structure	   should	   not	   be	   anomalous	   relative	   to	   current	  
understanding	  of	   “normal”	   fast-‐spread	  Pacific	   crust,	   indicative	  of	   layered	   structure	  
(Fig.	  4).	  

d. A	   sharp,	   strong,	   single	   reflection	  Moho	   imaged	   with	   Multi-‐Channel	   Seismic	   (MCS)	  
techniques	  (Fig.	  4).	  

e. A	  strong	  wide-‐angle	  Moho	  reflection	  (PmP),	  as	  observed	  in	  seismic	  refraction	  data,	  
with	  distinct	  and	  clearly	  identifiable	  sub-‐Moho	  refractions	  (Pn).	  

f. A	  clear	  upper	  mantle	  seismic	  anisotropy.	  
g. A	  crust	  formed	  at	  an	  original	  latitude	  greater	  than	  ±15°.	  
h. A	  location	  with	  relatively	  high	  upper	  crustal	  seismic	  velocities	  indicative	  of	  massive	  

volcanic	  formations	  to	  enable	  the	  initiation	  of	  a	  deep	  drill	  hole.	  

3.2.	  Technological	  Constraints	  
Several	  technological	  constraints	  limit	  the	  range	  of	  potential	  sites.	  These	  constraints	  are:	  

• Technology	  for	  re-‐circulating	  drilling	  mud	  (riser	  or	  alternative)	  is	  currently	  untested	  
at	  water	   depths	   greater	   than	   3000	  m.	   	   Depths	   greater	   than	   4000	   or	   4500	  m	  may	  
exceed	  the	  capabilities	  of	  a	  reliable	  and	  affordable	  system.	  

• Prior	  scientific	  ocean	  drilling	  experience	  is	  mostly	  limited	  to	  temperatures	  less	  than	  
200	  °C.	  Temperatures	  higher	  than	  ~250°C	  may	  limit	  choices	  of	  drill	  bits	  and	  logging	  
tools,	  may	  decrease	  core	  recovery,	  and	  may	  increase	  risk	  of	  hole	  failure,	  or	  require	  
substantial	   re-‐design	   of	   drilling	   equipment.	   Based	   on	   plate	   cooling	   models,	   crust	  
older	  than	  ~15-‐20	  Ma	  should	  meet	  this	  requirement	  at	  Moho	  depths	  (Fig.	  5).	  

• Thickness	  of	  the	  crustal	  section	  above	  Moho	  must	  be	  at	  least	  a	  few	  hundred	  meters	  
less	  than	  the	  maximum	  penetration/logging/recovery	  depth	  of	  the	  drilling	  system,	  to	  
allow	   significant	   penetration	   in	   mantle	   peridotites.	   For	   example,	   if	   total	   drilling	  
depth	  cannot	  exceed	  6	  km	   in	  4000	  m	  of	  water,	   the	   targeted	  crustal	   section	  should	  
have	  a	  crustal	  thickness	  of	  ~5.5	  km,	  somewhat	  less	  than	  average	  Pacific	  crust.	  

• Target	   area	   should	   be	   in	   a	   region	   with	   good	   weather	   conditions	   at	   least	   8	  
months/year,	  calm	  seas,	  and	  gentle	  ocean	  bottom	  currents.	  

• Sediment	  thickness	  should	  be	  greater	  than	  50	  m	  to	  support	  possible	  riser	  hardware	  
and	  other	  seafloor	  infrastructure	  (re-‐entry	  cones/uppermost	  casing	  strings).	  
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• Targeted	   area	   should	   be	   close	   (~1000	   km)	   to	   major	   port	   facilities	   for	   logistical	  
practicalities.	  

	  

	  

	  
Fig.	  4	  -‐	  Top	  left:	   	  Example	  of	  multichannel	  seismic	  reflection	  image	  showing	  a	  crustal	  column	  
over	   a	   sharp,	   strong	   single	  Moho	   reflection	   at	   the	   crust-‐mantle	   transition	   zone	   (image	   from	  
Nedimovic	  et	  al.,	  2005).	  Top	  middle:	  Seismic	  structure	  (one-‐dimensional	  Vp	  models)	  of	  Pacific	  
crust	   (Grey:	   Bounds	   of	   average	   “normal”	   crust	   older	   than	   29	  Ma	   (after	  White	   et	   al.,	   1992);	  
Green:	  ODP	  site	  1256	  (Teagle	  et	  al.,	  2006);	  Red:	  ODP	  site	  504	  (Swift	  et	  al.,	  2008).	  Top	  right:	  
Drilled	  and	  cored	  sections	  in	  Holes	  504B	  and	  1256D	  (Alt	  et	  al.,	  1993;	  Wilson	  et	  al.,	  2006),	  and	  
anticipated	   lithostratigraphy	   of	   MoHole	   (from	   Oman	   ophiolite,	   e.g.,	   Nicolas	   and	   Boudier,	  
1991).	  Bottom:	  Example	  of	  OBS	  wide-‐angle	  seismic	  record	  section	  showing	  crustal	  refractions	  
(Pg),	  high-‐amplitude	  wide-‐angle	  Moho	   reflections/refractions	   (PmP),	   and	  uppermost	  mantle	  
refractions	   (Pn)	   (after	  Canales	  et	   al.,	   2002).	   	  These	  examples	   illustrate	   the	   characteristics	  of	  
the	  MCS	  Moho	  reflection,	  wide-‐angle	  OBS	  seismic	  data,	  and	  P-‐wave	  velocity	  structure	  that	  will	  
be	  required	  to	  select	  the	  MoHole	  target	  area.	  
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3.3.	  Potential	  Sites	  
Based	  on	  the	  scientific	  requirements	  and	  technological	  constraints	  described	  above,	  the	  
workshop	  participants	  focused	  the	  discussions	  on	  three	  areas	  in	  the	  Pacific	  Basin:	  Cocos	  
Plate,	  Off	  Southern	  and	  Baja	  California,	  and	  Hawaii	  (Tables	  1	  and	  2;	  Fig.	  6).	  One	  of	   the	  
most	  important	  issues	  to	  take	  into	  consideration	  is	  the	  trade	  off	  between	  seafloor	  depth	  
and	  temperature	  at	  Moho	  depths	  (Fig.	  5).	  Most	  ocean	  seafloor	  subsides	  below	  4000	  m	  
by	   ~25	   Ma,	   whereas	   at	   Moho	   depths	   of	   5-‐7	   km	   temperatures	   of	   200	   °C	   or	   less	   are	  
expected	  for	  crustal	  ages	  of	  17-‐35	  Ma.	  

	  

	  
Figure	  5	  -‐	  Predicted	  Temperature	  as	  a	  Function	  of	  Age	  and	  Depth	  (Half-‐space	  thermal	  model	  
by	  D.	  Wilson).	  Thermal	  diffusivity	  is	  6x10-‐7	  m2s-‐1,	  the	  initial	  mantle	  temperature	  is	  1340°C,	  
the	  surface	  temperature	  is	  0°C.	  At	  6	  km,	  cooling	  below	  200°C	  occurs	  after	  25	  Ma.	  	  

	  

	  
Fig.	  6	  -‐	  Bathymetric	  map	  showing	  the	  three	  selected	  areas	  for	  large-‐scale	  MoHole	  site	  survey.	  
[A]	  Cocos	  plate	  region,	  [B]	  off	  Southern/Baja	  California	  region,	  [C]	  off	  Hawaii	  region.	  
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Region Advantages Disadvantages 

Off Southern/Baja 
California 

- Large range of water depth 
- Modest Moho T 
- higher latitude 

- Few data available 
- Off-ridge volcanism 

Cocos Plate 

- Shallowest water depth 
- Well-known tectonics 
- Sits within a corridor that 
includes a complete tectonic 
plate life cycle 

- Highest Moho T 
- Faster than present-day 
fastest spreading rate 
- Near equator 

Hawaii - Lowest T 
- Nearby a large port 

- Deepest water 
- Near large Hotspot 
- Close to arch volcanism 
- Near equator 
- Lowest end of fast-
spreading rates 

Table	   1	   –	   Regions	   of	   interest	   for	   preliminary	   site	   survey,	   with	   principal	   advantages	   and	  
disadvantages	  
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off S/Baja 
California A 

(DeepTow Site) 

31-33N, 
 125-127W 60 30-27 <200 4300-4500 ~100 ~5.5? ~10? ~30-33 

off S/Baja 
California B 

28-29N,  
123-125W 50 27-22 ~200 4200-4400 ~100 ? ? ~28 

off S/Baja 
California C 

25-26N,  
120-122W 60 27-22 ~200 3900-4300 ~80 ? ? ~30 

off S/Baja 
California D 

30.5-31N,  
121W 45 20-22 ~250 2700-4100 ~130 ? ? ~25 

Cocos A  
(Site 1256) 

6.7N,  
91.9W 110 15 >250 3646 250 5,5 8.7-9.2 Near 

equator 

Cocos B  
(Site 844) 

8N,  
90.5W 100 17 >250 3414 290 5,5? 8.7-9.2? Near 

equator 

Cocos C 8.7N, 
 89.5W 100 19 ~250 ~3400 ~300 5,5? 8.7-9.2? Near 

equator 

Hawaii 22.9-23.7N,  
154.9-155.8W 35-40 79-81 ~150 4050-4300 ~200 ~6? 10-10.5? Near 

equator 

Hawaii 23.5-23.9N,  
154.5-154.8W 35-40 78 ~150 4300-4500 ~200 ~6? 10-10.5? Near 

equator 

Table	  2	  -‐	  Possible	  candidate	  sites,	  with	  principal	  characteristics	  
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3.3.1.	  Cocos	  Plate	  (aka	  1256	  area)	  
This	   region	   encompasses	   a	   section	   of	   the	   Cocos	   Plate	   off	   Central	   America	   (from	  
Guatemala	  to	  northern	  Costa	  Rica,	  Fig.	  3A)	  with	  lithospheric	  ages	  between	  15	  and	  25	  Ma	  
(Fig.	   7).	   At	   its	   western	   limit	   on	   15	  Ma	   crust,	   this	   area	   includes	   the	   ODP	   Hole	   1256D	  
(Wilson	  et	  al.,	  2006;	  Teagle	  et	  al.,	  2006),	  a	  site	  of	  on-‐going	  IODP	  deep	  drilling	  into	  intact	  
ocean	  crust.	  MCS	  (Hallenborg	  et	  al.,	  2003;	  Wilson	  et	  al.,	  2003)	  and	  wide-‐angle	  OBS	  data	  
exists	  for	  the	  15-‐17	  Ma	  area	  in	  the	  vicinity	  of	  Site	  1256.	  	  

	  
Figure	  7	  -‐	  Map	  of	  magnetic	  anomalies	  in	  IODP	  Site	  1256	  area	  (Cocos	  plate;	  after	  Wilson	  et	  al.,	  
2003).	  A-‐C	  boxes	  correspond	  to	  the	  areas	  detailed	  in	  table	  2.	  

The	  advantages	  of	  this	  region	  include:	  

• Super-‐fast	  spreading	  rate	  (half-‐spreading	  rate	  110	  mm/yr).	  
• Water	  depths	  <	  3650	  m.	  
• Crustal	  thickness:	  ~5.0	  km.	  
• Nearly	  planar,	  sub-‐horizontal	  Moho	  (based	  on	  3D	  wide-‐angle	  OBS	  data).	  
• Drilling	   experience	   at	   Site	   1256	   demonstrates	   that	   here	   the	   dike	   section	   can	   be	  

drilled	  successfully.	  
• This	   region	  sits	  within	  a	   corridor	   that	   includes	  a	   complete	   tectonic	  plate	   life	   cycle,	  

making	   it	   an	   excellent	   candidate	   for	   understanding	   ocean	   crust	   evolution	   from	   a	  
spreading	  center	  to	  subduction.	  Structure	  of	  the	  crust	  within	  this	  area	  can	  be	  directly	  
related	   to	   processes	   occurring	   at	   the	   modern	   East	   Pacific	   Rise	   and	   the	   Central	  
American	  subduction	  zone.	  

• Areas	  of	  older	  crust	  (17-‐24	  Ma)	  probably	  have	  drillable	  Moho	  temperatures	  (~200	  
°C).	  

• 12-‐month	  weather	  window,	  3-‐m	  swell	  rare.	  

Disadvantages	  are:	  

• Elevated	  Moho	  temperature	  (~250-‐300	  °C)	  at	  Site	  1256.	  
• Crust	  formed	  near	  the	  paleo-‐equator.	  
• Faster	  than	  present-‐day	  fastest	  spreading	  rate.	  



MoHole Workshop 2010         Site Surveys 

 15	  

• Available	  MCS	  data	  (cruise	  EW9903)	  shows	  poor	  Moho	  reflection.	  Two	  reasons	   for	  
this	  were	  discussed:	   (a)	  weak	   reflectivity	   of	   the	  Moho	   is	   a	   natural	   consequence	   of	  
crust	  formed	  at	  such	  super-‐fast	  rates;	  or	  (b)	  the	  data	  may	  not	  be	  of	  optimal	  quality	  
(poorly	  tuned	  airgun	  array?	  source	  configuration	  not	  optimal	  for	  low	  frequencies?)	  

• 1.0-‐1.5	  knots	  whole-‐water-‐column	  tidal	  currents.	  

3.3.2.	  Off	  Southern/Baja	  California	  
This	   region	   encompasses	   a	   section	   of	   the	   eastern	   Pacific	   Plate	   off	   Southern	   and	   Baja	  
California,	  between	  ~20-‐33°N,	  and	  ~130-‐118°W	  (Fig.	  3B,	  Fig.	  8).	  Crustal	  ages	  are	  ~20-‐
35	  Ma.	   	   Very	   little	  modern	   geophysical	   information	   exists	   from	   this	   region.	   The	   best-‐
studied	  area	  is	  in	  the	  northernmost	  part	  off	  San	  Diego,	  the	  “Deep	  Tow”	  site	  at	  32°25’N,	  
125°45’W	  (31-‐32	  Ma;	  Luyendyk,	  1970).	  Historical	  data	  there	  include	  deep-‐tow	  sidescan	  
and	  bathymetry,	  3.5	  kHz	  profiler,	  magnetics,	  and	  single	  channel	  seismics.	  Spreading	  rate	  
is	  55	  mm/yr	  (half	  rate),	  sediment	  thickness	  is	  40-‐60	  m.	  No	  modern	  geophysical	  data	  is	  
available	  to	  evaluate	  crustal	  structure	  and	  the	  presence/characteristics	  of	  Moho.	  

	  

	  
Figure	  8	   –	  Map	  of	  magnetic	   anomalies	   in	   the	   region	  off	   southern/Baja	   california.	  A-‐D	  boxes	  
correspond	  to	  the	  areas	  detailed	  in	  table	  2.	  Figure	  by	  Doug	  Wilson.	  

Advantages	  of	  this	  area	  are:	  

• Water	   depth	   varies	  mostly	   between	   4,000-‐4,500	  m,	   but	   some	   areas	   are	   shallower	  
than	  4,000	  m.	  

• Modest	  inferred	  Moho	  temperature	  (<250	  °C).	  
• Crustal	  thickness:	  5.5	  km	  estimated	  70	  km	  NW	  of	  Deep-‐Tow	  site	  using	  constant	  layer	  

modeling	  (Shor,	  1968	  communication	  to	  Luyendyk,	  1970).	  
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• Portions	  of	  region	  are	  close	  enough	  for	  shore	  logistics	  base.	  

Disadvantages	  are:	  

• Most	   of	   the	   region	   has	   no	   opportunity	   to	   place	   results	   within	   context	   of	   ridge	  
processes/evolution	   since	   spreading	   axis	   is	   subducted	   or	   (micro)	   plate	  
reorganization	  have	  occurred.	  

• There	  is	  so	  little	  sub-‐sediment	  seismic	  information	  available	  that	  it	  is	  difficult,	  at	  this	  
point,	  to	  assess	  either	  advantages	  or	  disadvantages	  in	  this	  region.	  

3.3.3.	  Hawaii	  
This	  area	   is	   located	  north	  of	  Oahu	   in	   the	   flexural	   arch,	  where	  water	  depths	  are	  4000-‐
4300	  m	  (Fig.	  9).	  The	  crust	  is	  ~80	  Ma,	  and	  was	  formed	  at	  a	  half	  spreading	  rate	  of	  35-‐40	  
mm/yr.	  

	  
Fig.	   9	   –	  Magnetic	   anomaly	   (A)	   and	   bathymetric	   (B)	  maps	   of	   the	   region	   of	   interest	   north	   of	  
Hawaii.	  Red	  boxes	  correspond	  to	  the	  two	  areas	  detailed	  in	  table	  2.	  	  

Advantages	  of	  this	  area	  are:	  

• Moho	  temperatures	  are	  inferred	  to	  be	  in	  the	  100-‐150	  °C	  range.	  
• Close	  to	  major	  port	  for	  logistics	  support.	  
• 12-‐month	  weather	  window	  (consistent	  trade	  winds	  but	  only	  episodic	  storms).	  

Disadvantages	  are:	  

• Original	  latitude	  near	  the	  equator.	  
• Many	  seafloor	  volcanic	  fields.	  
• Crustal	  structure	  is	  potentially	  affected	  by	  hotspot	  volcanism	  (underplating?	  crustal	  

intrusions?)	  
• Spreading	  rate	  at	  the	  lowest	  end	  of	  what	  is	  considered	  “fast”.	  
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• Cretaceous	   age	  make	   complicate	   interpretations	  of	   hydrothermal	   alteration	  due	   to	  
major	  differences	  from	  modern	  oceanic	  chemistry.	  

3.4.	  Large	  Scale	  Surveys:	  Finding	  the	  Right	  Project	  Area	  
The	  existing	  geophysical	  data	  at	  the	  three	  potential	  sites	  are	  not	  sufficient	  to	  identify	  a	  
clear	  MoHole	  Project	  target	  area.	  Consensus	  at	  the	  workshop	  was	  that	  the	  priority	  of	  the	  
community	   should	   be	   directed	   toward	   conducting	   large-‐scale	   seismic	   surveys	   in	   the	  
three	   regions	   that	   will	   lead	   to	   the	   identification	   of	   a	   Moho	   target	   that	   meets	   the	  
requirements	  indicated	  above	  (Fig.	  4).	  These	  surveys	  should	  collect	  spatially	  coincident	  
MCS	   data,	  wide-‐angle	   OBS	   data,	  multi-‐beam	   bathymetry	   and	   gravity.	   As	   feasible,	   heat	  
flow	  and	  magnetic	   anomaly	  data	  would	  be	  useful.	  The	   seismic	   surveys	   should	   include	  
the	  following	  characteristics:	  

MCS	  surveys:	  

• 2D	  profiles	  both	  parallel	  and	  orthogonal	  to	  paleo-‐spreading	  direction.	  
• 6	  km	  or	  longer	  streamer	  
• Powerful	  airgun	  array	  well	   tuned	  and	  configured	   for	  broadband	  source	  rich	   in	   low	  

frequencies.	  

OBS	  surveys:	  

• 2D	  profiles	  both	  parallel	   and	  orthogonal	   to	  paleo-‐spreading	  direction	  with	   enough	  
aperture	  to	  record	  Pn	  first	  arrivals.	  

• Instrument	  spacing	  in	  the	  range	  of	  5-‐10	  km.	  
• Powerful	  airgun	  array	  well	   tuned	  and	  configured	   for	  broadband	  source	  rich	   in	   low	  

frequencies.	  

JAMSTEC	   indicated	   that	   in	   2011	   they	  will	   dedicate	   3	  months	   of	   science	   ship	   time	   for	  
large-‐scale	   surveys.	   Time	   required	   for	   obtaining	   environmental	   permitting	   for	  Hawaii	  
precludes	   conducting	   surveys	   in	   this	   area	   in	   the	   short	   term.	   Discussions	   were	   then	  
focused	   on	   prioritizing	   the	   1256	   region	   and	   the	   Off	   Southern/Baja	   California	   region.	  
Consensus	  was	  to	  prioritize	  the	  Off	  Southern/Baja	  California	  region,	  because	  so	  little	  is	  
known	   in	   this	   area	   (where	  depth/age/logistical	   criteria	  are	  viable)	   that	   it	   is	  urgent	   to	  
obtain	  baseline	  reconnaissance	  seismic	  data	  to	  assess	  if	  the	  area	  can	  possibly	  meet	  the	  
scientific	   requirements.	   Two	   factors	   contributed	   to	   the	   choice	   of	   this	   region	   as	   top	  
priority	   for	   initial	   reconnaissance:	   crustal	   ages	   are	   greater	   than	   near	   Site	   1256	   so	  
temperatures	  are	  expected	  to	  be	  cooler;	  the	  existing	  data	  suggest	  that	  Moho	  in	  the	  1256	  
area	  may	  not	  be	  associated	  with	  a	  simple,	  continuous,	  strong	  reflector.	  

Survey(s)	   for	   the	  1256	   area	   remain	  unplanned	   and	  new	   reconnaissance	  profiling	  was	  
considered	  second	  priority	  since	  EW9903	  data	  provides	  some	  information	  in	  that	  region	  
(Wilson	   et	   al.,	   2003;	   Hallenborg	   et	   al.,	   2003).	   However	   it	   was	   emphasized	   that	  
conducting	   a	   small	   survey	   in	   this	   area	   with	   state	   of	   the	   art	   seismic	   capabilities	   for	  
comparing	  with	   the	  EW9903	  data	  will	   be	   crucial	   to	   assess	   the	   reason(s)	   for	   their	   low	  
apparent	  Moho	  reflectivity	  (natural	  structure	  or	  data	  quality?).	  

The	  scope	  and	  costs	  of	  these	  surveys	  are	  too	  large	  to	  be	  conducted	  by	  a	  single	  nation	  or	  
funding	  agency;	  international	  collaboration	  is	  required.	  
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3.5.	  Small-‐Scale	  Surveys:	  Detailed	  Imaging	  of	  Project	  Area	  and	  Target	  
After	  an	  appropriate	  drilling	  target	  has	  been	  found	  and	  selected,	  the	  community	  should	  
conduct	  detailed	  seismic	  surveys	  in	  the	  vicinity	  of	  the	  target.	  The	  recommended	  detailed	  
surveys	  are:	  

• 2D	   very-‐long	   offset	   (+8	   km)	   MCS	   for	   high-‐resolution	   modeling	   of	   velocity	   (i.e.,	  
porosity)	  structure	  of	  the	  upper-‐mid	  crust.	  

• 2D	   high-‐resolution,	   large	   aperture	   (+100	   km)	   (crustal	   and	   upper	   mantle)	   OBS	  
profiles	   (instrument	   spacing	   of	   ~500	   m)	   for	   fine-‐scale	   structure	   and	   physical	  
properties	  of	  the	  drilling	  target.	  

• 3D	   multi-‐streamer	   MCS	   survey	   for	   accurate	   and	   geometrically	   correct	   imaging	   of	  
intracrustal	  reflectors	  (faults,	  sills,	  etc.)	  and	  Moho.	  

• 3D	   crustal	   and	   upper	  mantle	   scale	   OBS	   survey	   (instrument	   spacing	   of	   ~5	   km)	   to	  
assess	   crustal	   structure	   and	   thickness	   variability	   and	   upper	   mantle	   velocity	  
structure/anisotropy.	  

While	   JAMSTEC	   is	   taking	   the	   lead	   for	   conducting	   large-‐scale	   surveys	   at	   the	   Off	  
Southern/Baja	  California	  region,	  other	  partners	   (US,	  Europe)	  should	  make	  an	  effort	   to	  
conduct	  or	  contribute	  to	  other	  large-‐	  and	  small-‐scale	  surveys.	  
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4.	  Technology	  &	  Engineering	  Development	  
The	   technology	   selection	   and	   required	   engineering	   development	   will	   be	   key	  
components	   for	   the	  success	  of	   the	  MoHole	  project.	   It	   is	   important	   to	   identify	  potential	  
issues	   in	   drilling	   and	   coring	   engineering	   from	   the	   past	   and	   on-‐going	   ocean	   drilling	  
expeditions,	  and	  to	   find	  solutions	  to	  overcome	  the	  problems	  encountered.	  Engineering	  
efforts	   must	   remain	   closely	   focused	   on	   delivering	   the	   samples	   and	   observations	  
required	  to	  achieve	  the	  scientific	  goals	  of	  the	  MoHole	  endeavor.	  

Technology	   selection	   process	   and	   planning	   for	   the	   key	   engineering	   developments	  
should	  be	  launched	  as	  soon	  as	  possible	  in	  conjunction	  with	  site-‐survey	  efforts.	  To	  do	  so,	  
establishing	   a	   realistic	   roadmap,	   which	   includes	   project	   scoping,	   development	   and	  
testing	  elements	  all	  controlled	  by	  proper	  project	  management,	   is	   imperative	  (see	  “Key	  
for	   success”	   section).	   In	   the	   sections	   to	   follow,	   we	   summarize	   discussion	   on	   each	   of	  
these	  items	  in	  the	  Mohole	  workshop	  at	  Kanazawa.	  

MoHole	   target	  sites	  are	  all	   located	   in	  Ultra-‐deep	  water	  of	  approximately	  4000m	  water	  
depth	  or	  beyond,	  and	  the	  drilling	  depth	  to	  achieve	  the	  MoHole	  objectives	  is	  estimated	  to	  
extend	  more	  than	  6000m	  below	  seafloor.	  To	  drill	  an	  ultra	  deep	  borehole	   in	  such	  deep	  
water,	   the	   provision	   for	   continuous	   mud	   circulation	   is	   a	   top	   priority	   technology	  
requirement.	  Conventional	  IODP	  drilling	  has	  utilized	  riserless	  drilling	  which	  has,	  given	  
our	  current	  experience,	  drilling	  depth	  limit	  of	  approximately	  2000	  to	  3000	  m.	  	  

A	  promising	  candidate	  for	  drilling	  to	  the	  Moho	  is	  riser	  drilling	  which	  provides	  a	  conduit	  
for	  the	  mud	  to	  be	  returned	  to	  the	  vessel	  for	  cleaning,	  evaluation	  and	  recirculation.	  The	  
drilling	  vessel	  Chikyu	  is	  currently	  equipped	  with	  a	  deep	  riser	  system	  for	  maximum	  rated	  
water	   depth	   of	   2500m.	   Significant	   engineering	   development	   is	   required	   to	   prepare	  
Chikyu	  for	  riser	  service	  in	  water	  depth	  near	  4000m.	  In	  addition	  to	  riser	  drilling	  several	  
other	   technologies	   are	   being	   considered	   to	   safely	   and	   efficiently	   drill	   to	   the	   targeted	  
depth.	  

Major	  areas	  requiring	  engineering	  consideration	  include	  :	  

• mud	  circulation,	  	  
• logging	  and	  coring,	  
• drill	  bits	  and	  drill	  string,	  
• drilling	  mud,	  and	  	  
• casing/cementing.	  

4.1.	  Mud	  Circulation	  Technology	  
Drilling	  mud	  circulation	  is	  essential	  for	  ultra	  deep	  drilling	  to	  reach	  the	  mantle.	  We	  have	  
examined	  several	  candidate	  systems	  to	  be	  equipped	  on	  Chikyu	  :	  

• Riser	  and	  BOP	  (blow	  out	  preventer):	  include	  CFRP	  (carbon	  fiber	  reinforced	  plastic)	  
or	  other	  light	  material	  riser.	  

• BOP-‐less:	  only	  riser	  pipes	  without	  BOP.	  
• Surface	  BOP	  and	  SID:	  slim	  riser	  pipe	  (casing	  pipe)	  and	  Subsea	  Isolation	  Device	  (SID).	  
• RMR:	  Riserless	  mud	  recovery	  with	  mud	  circulation	  pump	  and	  mud	  return	  line	  (e.g.,	  

Myers,	  2008).	  
• Free	  Standing	  riser:	  conventional	  Riser	  and	  BOP	  on	  top	  of	  huge	  buoyant&	  riser.	  
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During	  the	  workshop,	  high-‐level	  evaluations	  were	  made	  on	  each	  candidate	  system	  (table	  
3).	  Further	   investigation	  should	  be	  made	   including	  system	  feasibility,	   lead-‐time,	  safety	  
and	  cost.	  
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Cost 1 3 3 2 2 3 
Risk 3 3 2 3 3 0 
Lead time 1 3 2 2 1 2 
Flexibility 1 3 3 3 2 2 
Feasibility 2 3 3 3 2 2 
Environmental / Safety 3 3 2 2 3 0 
Heat tolerance 2 2 2 2 2 2 
Deployment time 1 3 3 2 1 3 
Adaptable to Chikyu 3 2 2 2 1 2 
Reentry 2 3 3 2 2 2 
System reliabilty 3 3 2 2 2 2 
VIV susceptibility 2 2 3 3 2 1 
Existing vs development 1 3 3 2 2 3 
Seaworthyness 3 2 2 2 3 2 
Max. mud weight 3 2 3 3 3 1 
Max. flow rate 3 2 2 2 3 2 
Casing size options 3 2 2 2 3 3 
Max. pressure 3 3 1 1 3 1 
Corrosion resistance 2 3 2 2 2 2 
M.ax water depth 1 3 3 3 2 2 
Total 43 53 48 45 44 37 

	  
Table	   3	   –	   Evaluation	   of	   mud	   circulation	   systems	   under	   consideration	   for	   MoHole	   drilling.	  
Evaluation	  ranking	  :	  3	  Premium/	  2	  Medium/	  1	  Poor.	  

4.2.	  Logging/	  Coring	  
High	  formation	  temperatures	  (>150°C)	  are	  expected	  at	  depth	  in	  all	  the	  candidate	  sites.	  
Currently	   available	   electronic	   components	   in	   logging	   tools,	   seal	  material/bearing,	   etc.,	  
have	   temperature	   limits	  of	  approximately	  150-‐180°C,	  and	  only	  a	  small	  subset	  of	   these	  
tools	  can	  tolerate	  short-‐term	  exposure	  to	  temperatures	  up	  to	  250°C.	  	  

Thus,	  with	   current	   technology,	   only	   a	   few	  basic	  measurements	   such	   as	   borehole	   fluid	  
temperature	  can	  be	  made	  beyond	  250°C,	  and	  full	  suite	  of	  measurements	  needed	  for	  the	  
in-‐situ	   petrophysical	   studies	   will	   simply	   not	   be	   possible.	   Therefore,	   multiple	   in-‐situ	  
temperature	  profiles	  of	  ODP	  Hole	  1256D,	  a	  riserless	  hole	  in	  which	  deepening	  operations	  
are	   scheduled	   for	   2011	   (IODP	   Expedition	   335),	   are	   necessary	   for	   more	   accurate	  
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predictions	   of	   geothermal	   gradients	   to	   assist	   planning	   of	   further	   engineering	  
development.	  

Operational	  practices	  such	  as	  pumping	  relatively	  cooler	  drilling	   fluid	  continuously	  will	  
be	   implemented	   throughout	   drilling	   in	   Hole	   1256D.	   Cooling	   of	   the	   borehole	   by	   fluid	  
circulation	  during	  wireline	  logging	  is	  also	  possible.	  	  

New,	  higher	  temperature,	  petrophysical	  logging	  tools	  are	  currently	  being	  developed	  by	  a	  
number	  of	  research	  groups	  (e.g.,	  European	  project	  HiTi	  _High	  Temperature	  Instruments,	  
conducted	   in	   the	   frame	   of	   the	   ICDP	   project	   IDDP	   _Iceland	   Deep	   Drilling	   Project:	  
http://www.hiti-‐fp6.eu),	  and	  it	  is	  essential	  that	  these	  developments	  are	  success	  in	  time	  
for	  Mohole	  drilling.	  

4.3.	  Drill	  Bit,	  Drill	  String,	  and	  Core	  Barrels	  
Igneous	  crustal	  and	  upper	  mantle	  rocks	  are	  much	  harder	  than	  sedimentary	  formations,	  
and	  are	  likely	  to	  require	  long	  drilling	  times.	  

Based	   on	   past	   non-‐riser	   drilling	   experience,	   core	   recovery	   rates	   and	   the	   recovery	   of	  
different	   rock	   types	   can	   be	   highly	   biased,	   particularly	   in	   the	   upper	   extrusive	   sections	  
and	  dikes,	  due	  to	  variations	  in	  fracturing,	  brecciation,	  and	  hydrothermal	  alteration.	  On	  
the	  other	  hand,	   core	   recovery	   rates	  are	  expected	   to	  be	  as	  high	  as	  80	   -‐100	  %	   in	   lower	  
crust	   (gabbros	   and	   peridotites),	   though	   drilling/coring	  may	   suffer	   from	   other	   factors,	  
such	  as	  high	  temperatures,	  or	  large	  in	  situ	  deviatoric	  stresses	  at	  depth.	  	  

In	   hard	   rock	   formations,	   drilling/coring	   bits	   will	   be	   relatively	   quickly	   worn	   out	   and	  
susceptible	  to	  failure,	  which	  will	  significantly	  reduce	  the	  rates	  of	  penetration	  (ROP),	  and	  
require	  frequent	  bit	  changes.	  Thus,	  specifically	  designed	  bits	  for	  hard	  and	  abrasive	  rocks	  
must	  be	  developed	  with	  hard	  bit	  teeth	  (e.g.,	  PDC	  _polycrystaline	  diamond	  compact),	  and	  
diamond	   impregnated	  cutting.	  Drillbit	   seals	  and	  bearings	  must	  also	  be	  able	   to	   survive	  
long	  durations	  in	  hostile	  conditions.	  

The	  total	  anticipated	  depth	  of	  operations	  in	  the	  MoHole	  from	  sea	  level	  is	  about	  10000	  to	  
11000m,	  which	   includes	  water	  depth	  of	  4000m	  +	  drilling	  depth	  of	  6000	   to	  7000m.	  At	  
this	   great	   depth,	   the	   drill	   string	  weight	  will	   be	   close	   to	   its	  maximum	   tensile	   strength	  
under	   its	   own	  weight,	   leaving	   only	   a	   small	   margin	   for	   over-‐pull.	   To	   provide	   prudent	  
safety	  margins,	  ultra-‐high	  tensile	  strength	  drill	  pipe	  must	  be	  fabricated	  (e.g.,	  S160	  grade	  
steel	  that	  has	  larger	  tensile	  strength	  than	  current	  S140	  and	  S150). 

Conventional	   core	   barrels	   may	   be	   used	   if	   the	   temperature	   is	   not	   too	   high,	   but	   core	  
barrels	  developed	  for	  geothermal	  drilling	  for	  IDDP	  may	  also	  work	  at	  the	  temperatures	  
anticipated	   in	   a	   MoHole.	   Developing	   a	   wireline	   coring	   version	   of	   the	   Iceland	   Deep	  
Drilling	  core	  barrel	  may	  be	  possible.	  

CDEX	  (Center	  for	  Deep	  Earth	  Exploration,	  JAMSTEC)	  is	  currently	  developing	  coring	  bits	  
and	  drill	  pipe	  for	  ultra-‐deep	  drilling.	  

4.4.	  Drilling	  Mud	  
High	   formation	   temperature	   will	   negatively	   impact	   drilling	   muds,	   leading	   to	   mud	  
decomposition.	  The	  steep	  temperature	  gradient	  between	  the	  bottom	  of	  the	  hole	  and	  the	  
seafloor	  may	  further	  exacerbate	  mud	  stability	  problems.	  	  
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For	  ultra-‐deep	  hard-‐rock	  drilling,	   the	  development	  of	   a	  high	  density	  weighed	  mud	   for	  
service	  in	  high	  formation	  temperature	  is	  imperative.	  Currently,	  the	  oil	  and	  gas	  industry	  
routinely	   uses	   several	   types	   of	   high	   temperature	   muds	   (e.g.,	   oil-‐based	   mud,	   and	  
synthetic	   based	   mud	   _SBM).	   However,	   using	   such	   mud	   types	   requires	   leakage-‐
prevention	  safeguards	  to	  avoid	  adverse	  environmental	  impacts.	  	  

Geothermal	   drilling	   on	   land	   has	   been	   conducted	   in	   very	   high	   formation	   temperatures	  
(>300°C;	  e.g.	  Saito	  et	  al.,	  1998;	  Skinner	  et	  al.,	  2010).	  Yet,	   in	  most	  cases	  using	  water	  or	  
simple	  light	  weight	  mud	  with	  minimum	  mud	  contents	  is	  sufficient	  for	  the	  completion	  of	  
the	  well.	  

Ultra-‐deep	  drilling	   at	   sea	  will	   require	  high-‐density	  weighed	  mud	   to	  balance	  high	   rock	  
pressure	   and	   to	   prevent	   hole	   collapse.	   However,	   presently	   available	   high	   density	  
weighted	   muds	   can	   be	   damaged	   by	   high	   temperatures.	   An	   alternative	   might	   be	   to	  
develop	   lighter	  weight	   but	   higher	   viscosity	  muds	   to	   lift	   the	   cuttings	   as	   the	   formation	  
stability	   in	   hard	   igneous	   rocks	   should	   be	   much	   higher	   than	   the	   sedimentary	   rocks	  
encountered	  in	  oilfield	  drilling.	  

CDEX	   has	   initiated	   discussions	   with	   mud	   engineering	   companies	   concerning	   the	  
development	  of	  a	  muds	  to	  withstand	  high	  temperatures	  up	  to	  250°C.	  

4.5.	  Casing/Cementing	  
Casing	   strings,	   greater	   than	   6000m,	   will	   be	   extremely	   heavy	   and	   will	   need	   to	   be	  
suspended	  by	  drill	  pipe	  and	  lifting	  rigs	  on	  Chikyu.	  Light-‐weight	  casing	  strings	  may	  need	  
to	   be	   investigated.	   Detailed	   well	   casing	   designs	   are	   essential	   to	   safely	   reach	   target	  
depths	  in	  deep	  boreholes.	  The	  development	  of	  a	  successful	  well	  design	  requires	  accurate	  
knowledge	   of	   pore	   pressures	   and	   fracture	   gradients.	   These	   can	   be	   estimated	   from	  
seismic	   data,	   or	   from	   offset	   well	   data,	   and	   must	   be	   conducted	   prior	   to	   the	  
commencement	  of	  drilling	  operations	  in	  the	  main	  hole.	  	  

It	  is	  common	  industry	  practice	  to	  drill	  a	  pilot	  well	  to	  develop	  an	  optimal	  casing	  design,	  
and	  pore	  pressure	  gradients	  can	  be	  determined	  by	  vertical	  seismic	  profiling	  (VSP)	  in	  the	  
pilot	  hole.	  High	  pore	  pressure	  may	  be	  less	  of	  an	  issue	  in	  the	  igneous	  rocks	  to	  be	  drilled	  in	  
the	  MoHole.	  It	  is	  recognized	  that	  trade	  offs	  may	  have	  to	  be	  made	  regarding	  the	  drilling	  of	  
a	  pilot	  hole	  since	  it	  is	  likely	  that	  drilling	  two	  deep	  holes	  (i.e.,	  a	  pilot	  hole	  and	  the	  MoHole)	  
would	  be	  prohibitively	  expensive.	  However,	   if	  drilling	  is	  undertaken	  in	  discrete	  stages,	  
drilling	  can	  still	  directly	  inform	  the	  casing	  program.	  Possibly	  a	  shallow	  (2000	  to	  300	  m?)	  
pilot	  hole	  could	  be	  cored	  to	  inform	  the	  casing	  plan	  for	  the	  upper	  section	  of	  the	  deep	  hole	  
(See	  also	  section	  5.3.1).	  

It	  is	  essential,	  for	  the	  casing	  program	  to	  successfully	  enable	  ultra-‐deep	  drilling,	  that	  the	  
casing	   strings	   are	   securely	   bonded	   to	   the	   borehole	   walls.	   Secure	   cementing	   is	   also	  
required	   for	   the	   accurate	   acquisition	  of	   data	   from	   long-‐term	  data	  monitoring	   systems	  
that	  may	  be	  placed	  in	  the	  borehole.	  

This	   issue	   of	   cement	   and	   casing	   must	   be	   investigated	   further	   with	   specialist	   cement	  
engineering	   companies	   to	   develop	   high	   temperature, light-‐weight	   cements	   that	   will	  
ensure	  excellent	  bonding	  between	  the	  casing	  strings	  and	  the	  borehole	  walls.	  	  
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4.6.	  Assessing	  the	  Past	  Experience	  in	  Crustal	  Drilling	  
It	   is	   important	   to	   assess	   the	   past	   experience	   in	   crustal	   drilling	   for	   optimizing	   the	  
engineering	   development	   and	  drilling	   operations.	   There	   are	   several	   deep	   holes	   in	   the	  
history	  of	   the	  scientific	  ocean	  drilling:	  ODP	  Holes	  504B,	  735B,	  ODP/IODP	  Hole	  1256D,	  
and	  IODP	  Hole	  U1309D.	  Each	  hole	  had	  different	  lithology,	  drilling/coring	  conditions	  and	  
strategies,	  and	  sea	  weather	  conditions.	  It	  is	  noteworthy	  that	  504B	  and	  735B	  failed	  due	  
to	  hole	  collapse	  and/or	  equipment	  loss	  (drill	  bit,	  pipe).	  	  

Assessment	   of	   the	   causes	   of	   these	   events	   has	   been	   partially	   undertaken	   by	   ODP	   and	  
IODP,	   but	   these	   investigations	   are	   not	   directly	   available	   as	   a	   self-‐consistent	   resource.	  
Past	  deep	  drilling	  information	  should	  be	  compiled	  and	  documented	  for	  future	  reference.	  
We	  suggest	  that	  the	  future	  scoping	  group	  for	  the	  Mohole	  project	  should	  include	  a	  team	  
to	  gather	  the	  TAMU	  reviews	  and	  IODP-‐MI	  Operation	  Task	  Force	  reports	  of	  these	  holes,	  
as	   well	   as	   the	   driller’s	   log	   from	   Transocean	   and	   earlier	   rig-‐floor	   operators	   (SEDCO;	  
Hughes	  Petroleum	  for	  Glomar	  Challenger).	  

4.7.	  Accumulating	  Experience	  in	  Hard-‐Rock	  Drilling	  
In	   conjunction	   with	   the	   site-‐survey	   efforts	   and	   the	   engineering	   and	   technology	  
development,	  it	  is	  imperative	  for	  ship	  crews,	  drilling	  crews,	  and	  scientific	  technicians	  on	  
IODP	  vessels	  to	  test	  capability	  of	  the	  vessels,	  equipment,	  and	  procedures,	  as	  well	  as	  to	  
accumulate	   experiences	   in	   hard-‐rock	   drilling.	   This	   will	   allow	   the	   development	   of	  
drilling/coring	  strategies,	  timelines,	  and	  protocols	  for	  handling	  the	  core	  samples.	  Prior	  
to	   the	   MoHole	   drilling,	   thus,	   it	   would	   be	   prudent	   to	   bring	   Chikyu	   outside	   of	   Japan	  
territorial	  waters	   to	   gain	   valuable	   drilling	   experience	   in	   ocean	   crust.	   The	   location	   for	  
this	   drilling	   should	   be	   based	   on	   excellent	   scientific	   proposals,	   some	   of	   which	   have	  
already	   been	   developed	   by	   the	   ocean	   lithosphere	   drilling	   community	   and	   undergone	  
peer-‐review	  (e.g.,	  ocean	  detachments	   in	  slow	  spreading	  environment	  where	   the	   lower	  
crust	   is	  exposed	   in	   relatively	   shallow	  water	  depth).	  There	  will	  be	  significant	   return	   to	  
the	   MoHole	   project	   from	   the	   collection	   of	   physical	   property	   data	   during	   ocean	   crust	  
drilling,	   allowing	   to	   further	   estimation	   of	   borehole	   stability	   conditions	   related	   to	  
formation	   types	   and	   other	   factors	   (e.g.,	   pore	   pressures,	   thermal	   cracking).	   Such	  
information	  will	  provide	  useful	  input	  for	  the	  engineering/technology	  roadmap.	  
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5.	  Operations	  
Drilling	   the	   MoHole	   will	   be	   a	   challenging	   enterprise	   requiring	   years	   of	   detailed	  
preparation,	   planning,	   and	   engineering.	   The	   depth	   of	   the	   required	   borehole	   is	   not	   as	  
deep	  as	  other	  boreholes	  previously	  drilled.	  In	  fact	  many	  boreholes	  have	  been	  drilled	  to	  
deeper	   depth	   including	   a	   recently	   drilled	   industry	   hole	   to	   over	   10	   km	   in	   the	   Gulf	   of	  
Mexico1.	  However,	   the	  MoHole	   is	   a	   very	   different	   proposition,	   as	   it	  will	   be	   cored	   into	  
hard	  igneous	  rocks.	  To	  date,	  the	  deepest	  scientific	  marine	  borehole	  is	  less	  than	  1850	  m	  
into	  igneous	  basement	  (ODP	  Hole	  504B;	  Alt	  et	  al.,	  1993).	  Operationally,	  major	  challenges	  
will	  be	  associated	  with	  collecting	  the	  cored	  material,	  making	  the	  in-‐situ	  measurements,	  
installing	  casing	  and	  keeping	  the	  borehole	  open	  for	  successive	  episodes	  of	  deepening	  in	  
a	  multiyear,	  multiphase	  operation.	  To	   gear	  up	   for	   the	  operations,	   the	   following	   issues	  
must	   be	   adequately	   explored	   and	   included	   in	   the	   comprehensive	   and	   complete	  
operation	  plan.	  At	   the	  Kanazawa	  workshop,	   it	  was	   largely	  accepted	  that	   the	  drilling	  to	  
upper	  mantle	   in	  water	   depths	   greater	   than	   3650	  meters	   (12000	   feet)	   is	   feasible.	   The	  
MoHole	  initiative	  is	  arguably	  now	  at	  the	  point	  where	  the	  framework	  for	  the	  operations	  
can	   be	   constructed	   since	   the	   technology	   to	   drill	   such	   a	   hole	   exists	   or	   least	   has	   been	  
shown	  to	  be	  feasible.	  	  

5.1.	  Professional	  Planning	  
This	   plan	   must	   be	   developed	   by	   a	   dedicated	   international	   project	   office,	   adequately	  
staffed	   with	   scientists,	   drilling	   engineers,	   well	   designers,	   engineers,	   operation	  
specialists,	   geoscientists,	   and	  outreach	   experts.	   The	   current	  model	   for	  managing	   large	  
projects	   within	   the	   Integrated	   Ocean	   Drilling	   Program	   is	   not	   satisfactory	   for	   an	  
undertaking	  of	  the	  scale	  of	  the	  MoHole	  project.	  For	  this	  project	  to	  succeed	  scientifically,	  
technically,	  and	  politically,	  a	  central	  office	  must	  be	  appropriately	  funded	  and	  staffed	  to	  
take	  full	  advantage	  of	  all	  the	  IODP	  scientific	  and	  technical	  resources.	  It	  is	  anticipated	  that	  
all	   available	   drilling	   options,	   JOIDES	   Resolution,	   Chikyu,	   as	   well	   as	   Mission	   Specific	  
Platforms,	  will	  be	  utilized	  at	  key	  stages	  in	  the	  MoHole	  project	  to	  drill	  boreholes	  and	  test	  
newly	  developed	  equipment.	  

5.2.	  Site	  Characterization	  Data	  
Before	   any	   detailed	   plan	   can	   be	   created,	   the	   operation	   group	  must	   be	   supplied	   with	  
accurate	   data	   on	   the	   expected	   borehole	   temperatures,	   pressures	   and	   lithology	   to	   be	  
encountered	  at	  all	  depths	  of	  the	  borehole	  to	  be	  drilled.	  Fully	  realizing	  that	  there	  will	  be	  
some	   level	   of	   uncertainty	  with	   this	   data,	   such	   data	  must	   be	   supplied	  with	   confidence	  
ranges.	   Unexpected	   conditions	   encountered	  within	   the	   borehole	   could	  well	   terminate	  
deepening	   operations	   due	   to	   safety	   concerns,	   or	   greatly	   extended	   drilling	   times	   and	  
costs.	  	  

When	   site	   characterization	   is	   completed	   together	   with	   estimates	   of	   expected	   target	  
depths	  and	  sampling	  plan,	  detailed	  design	  of	  the	  well	  can	  begin.	  The	  key	  elements	  of	  the	  
drilling/coring/downhole	  measurement	  are	  listed	  below.	  Each	  issue	  must	  be	  evaluated	  
to	   ensure	   the	   targets	   can	   be	   reached	   and	   to	   allow	   an	   accurate	   costing	   for	   the	   entire	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

1	  http://www.bp.com/genericarticle.do?categoryId=2012968&contentId=7055818	  
http://www.deepwater.com/fw/main/IDeepwater-‐Horizon-‐i-‐Drills-‐Worlds-‐Deepest-‐Oil-‐and-‐Gas-‐Well-‐419C1.html?LayoutID=6	  
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project	  to	  be	  determined.	  This	  will	  allow	  planners	  to	  decide	  which	  optional	  elements	  can	  
be	  achieved	  within	  the	  available	  budget.	  

5.3.	  Well	  Design	  Considerations	  

5.3.1.	  Pilot	  Hole	  Options	  
The	  well	  design	  of	  the	  primary	  site	  may	  require	  data	  from	  a	  pilot	  hole	  or	  pilot	  section.	  
The	  pilot	  may	  be	  a	   separate	  hole	  or	   it	  may	  simply	  be	  a	  pilot	   section	  of	   the	  main	  hole.	  
Drilling	   engineering	   data	   from	   pilot	   section	  will	   be	   critical	   in	  managing	   the	   pressure,	  
temperatures	  and	  stress	  within	   the	  borehole.	  Parameters	  such	  as	  mud	  weights,	   casing	  
set	  points	  will	  much	  more	  accurately	  be	  evaluated	  with	  the	  data	  from	  the	  pilot	  hole.	  The	  
expected	  budget	   constraints	  may	  determine	  whether	  a	   separate	  pilot	  hole	   is	  viable	  or	  
not.	  

5.3.2.	  Well	  Control	  and	  Borehole	  Pressure	  Management	  
The	   rock	   types	   intersected	   by	   the	   borehole	   drilled	   to	  Moho	   depths	   are	   unequivocally	  
expected	  to	  be	  devoid	  of	  free	  gas,	  overpressured	  fluid,	  significant	  hydrocarbons	  or	  other	  
geohazards.	  Recent	  events	  in	  the	  Gulf	  of	  Mexico	  may	  result	  in	  future	  regulatory	  changes,	  
imposing	  the	  use	  of	  blow-‐out	  prevention	  (BOP)	  in	  mud	  circulation	  systems,	  even	  in	  non-‐
hydrocarbon	  regions.	  Hence,	  although	  a	  BOP	  will	   likely	  not	  be	  needed	  for	  well	  control,	  
the	  use	  of	  a	  BOP	  will	  be	  considered	  by	  the	  MoHole	  well	  planning	  group.	  

Mud	   circulation	  must	   be	   provided	   to	   achieve	   the	   Mohole	   objectives	   and	   this	   may	   be	  
accomplished	   through	   the	   use	   of	   a	   drilling	   riser	   or	   via	   a	   riserless	   mud	   circulation	  
system.	  All	  the	  requisite	  support	  equipment	  must	  be	  considered	  (see	  table	  3	  in	  section	  
4.1).	  

5.3.3.	  Mud	  program	  
The	  composition	  of	  the	  mud	  to	  drill	  a	  6-‐7	  km	  borehole	  in	  crystalline	  rocks	  will	  be	  vitally	  
important.	   The	   engineering	   decision	   for	   which	   mud	   circulation	   option	   to	   utilize	   (see	  
engineering	   section)	   will	   affect	   the	   maximum	   mud	   weight	   and	   viscosity	   that	   can	   be	  
continuously	  circulated.	  The	  mud	  costs	  will	  be	  a	  significant	  portion	  of	  the	  project	  costs,	  
yet	  these	  costs	  will	  be	  minimized	  since	  there	  will	  be	  none	  or	  only	  minimal	  "pump	  and	  
dump"	  drilling.	  Current	  drilling	  mud	  technology	  is	  limited	  to	  a	  working	  temperature	  of	  
up	   to	   200	   to	   250°C.	   Mud	   will	   be	   purchased	   directly	   from	   commercial	   mud	   supply	  
companies	  with	   representatives	   onboard	   during	   the	   drilling	   operation.	   Personnel	  will	  
also	  be	  required	  from	  the	  mud	  circulation	  companies.	  	  

5.3.4.	  Casing	  design	  	  
The	  casing	  plan	  must	  be	  created	  to	  ensure	  hole	  stability	  to	  the	  target	  depth	  is	  achieved	  
with	  a	  significant	  margin	  of	  error.	  The	  casing	  plan	  should	  be	  based	  on	  widely	  available	  
casing	   sizes,	   and	   installation	   hardware.	   The	   casing	   program	  will	   hinge	   on	   the	   type	   of	  
mud	  circulation	  system	  selected	  and	  also	  the	  type	  of	  seafloor	  safety	  device	  (if	  needed)	  
whether	  it	  is	  conventional	  blow	  out	  preventer	  (BOP)	  or	  a	  Subsea	  Isolation	  Device	  (SID).	  
If	   a	   narrow	   throat,	   SID	   is	   utilized,	   then	   expandable	   casings	   must	   be	   considered.	  
Regardless	   of	   the	   type	   of	   casing,	   the	   casing	   design	   will	   need	   to	   be	   extremely	  
comprehensive.	   The	   installation	   of	   casing	   the	   Mohole	   will	   be	   an	   extremely	   time	  
consuming	   and	   expensive	   component	   of	   the	   operation.	   Drill	   bit	   selection	   will	   be	   a	  
critical	  factor	  for	  ensuring	  the	  successful	  installation	  of	  all	  the	  casing	  strings.	  
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5.3.5.	  Cementing	  plan	  
Ensuring	  the	  casing	  is	  effectively	  coupled	  to	  the	  formation	  is	  another	  critical	  element	  in	  
drilling	   and	   coring	   to	   the	   target	   depth,	   as	   well	   as	   being	   essential	   for	   the	   long-‐term	  
success	   of	   borehole	   sampling/experiments,	   geophysical	   logging,	   and	   post-‐drilling	  
observations.	   Many	   measurements	   require	   complete	   acoustic	   coupling	   for	   the	  
acquisition	  of	  useful	  data.	  The	  cement	  program	  must	  be	  designed	  and	  implemented	  by	  
cementing	   professionals	  with	   appropriate	   budget	   supplied	   to	   this	   element.	   Personnel	  
from	  the	  cementing	  company	  will	  be	  onboard	  to	  oversee	  the	  cementing	  operations.	  

5.3.6.	  Directional	  drilling	  options	  
Drilling	  a	  parallel	  borehole	  may	  be	  an	  extremely	  valuable	  science	  tool	  that,	  if	  planned	  for	  
from	   the	  beginning,	   could	   be	   initiated	   following	   the	   completion	   of	   the	  main	  hole.	   The	  
design	  of	  the	  direction	  selection	  from	  the	  main	  borehole	  must	  not	  impart	  any	  risk	  to	  the	  
success	   of	   the	   main	   mission	   of	   sampling	   the	   lower	   crust-‐and	   mantle	   rocks.	   The	  
Integrated	  Ocean	  Drilling	  Program	  has	  no	  experience	  drilling	  directional	  wells,	  and	  thus	  
outside	  consultation	  and	  installation	  expertise	  must	  be	  retained.	  

5.4.	  Downhole	  drilling	  tool	  selection	  
The	   bits	   and	   core	   barrels	   to	   be	   utilized	   for	   drilling	   to	   the	   mantle	   require	   careful	  
consideration.	  Bits	  for	  drilling	  versus	  coring,	  and	  the	  tradeoff	  between	  making	  hole	  and	  
taking	   core	  will	   require	   continual	   discussion	   and	   the	   coring	   strategy	   selected	  may	   be	  
governed	  by	   financial	   constraints.	  As	  drilling	   in	   the	   lower	   crust	   approaches	   the	  Moho	  
(+500	  m),	   continuous	  wireline	   coring	  will	   be	   necessary	   for	   the	   remainder	   of	   the	  well	  
installation.	  Advances	   in	  diamond	   impregnated	  coring	  bits	  may	  provide	  a	  pathway	   for	  
improved	  core	  recovery.	  Bottom	  hole	  assembly	  (BHA)	  hardware	  choices	  will	  also	  affect	  
hole	   verticality,	   thus	   stabilizers,	   logging	   while	   drilling	   and	   deviation	   avoidance	  
techniques	  will	  be	  critical.	  	  

Core	  barrels	  and	  their	   liners	  require	   investigation.	  With	   the	  success	  of	  metal	   liners	  on	  
MSP	  expeditions	  in	  coral	  reefs,	  where	  the	  metal	  liners	  helped	  reduce	  jamming,	  materials	  
other	   than	   plastic	   should	   be	   considered.	  Most	   of	   the	   drilling	   in	  Hole	   1256D	   has	   been	  
done	  without	  plastic	   liners.	  Drilling	  without	   liners	  has	  been	  common	  practice	   in	  other	  
hard	  rock	  sites	  (Holes	  504B,	  735B;	  ODP	  Leg	  209)	  

5.5.	  Downhole	  Measurements	  

5.5.1.	  Drill	  collar	  measurements	  -‐	  Logging	  While	  Drilling/Measurement	  While	  Drilling	  
Measurements	  will	  be	  made	  continuously	  in	  the	  drilled	  borehole,	  whether	  it	  is	  through	  
logging	   while	   drilling	   (LWD),	   or	   coupled	   with	   Measurement	   While	   Drilling	   (MWD),	  
where	  data	  can	  be	  transmitted	  to	  the	  vessel	  in	  real-‐time.	  In	  areas	  of	  the	  borehole	  where	  
continuous	  wireline	   coring	   is	   required,	   LWD	  will	   not	   be	   feasible	   due	   to	   the	   lack	   of	   a	  
provision	  for	  a	  core	  barrel	   in	  current	  drill	  collar	  designs.	  Logging	  While	  Coring	  (LWC),	  
which	  allows	  for	  simultaneous	  logging	  and	  coring,	  is	  possible.	  Cores	  can	  be	  taken	  while	  
making	   resistivity,	   gamma	   and	   resistivity	   at	   bit	   measurements,	   although	   such	  
techniques	  need	  refinement	  for	  hard	  rock	  coring	  (Goldberg	  et	  al.,	  2004).	  These	  devices	  
will	   be	   very	  useful	   in	   a	  pilot	   hole,	   or	   just	   the	  pilot	   section	  of	   the	  primary	  borehole.	   It	  
must	  be	  noted	  that	  drill	  collar	  measurements	  afford	  excellent	  depth	  control,	  but	  with	  a	  
trade	  off	  of	  poorer	  vertical	  resolution	  of	  the	  tools,	  which	  is	   lower	  than	  that	  of	  wireline	  
tools.	  
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5.5.2.	  Wireline	  tools	  
Following	  drilling	  or	  coring,	  a	  full	  suite	  of	  wireline	  tools	  will	  be	  deployed	  into	  the	  open	  
borehole.	   Specialty	   tools	   including	   fluid	   and	   gas	   sampling,	   (bio)geochemical	  
measurements,	  and	  even	  hard	  rock	  sidewall	  coring	  may	  be	  deployed.	  The	  temperature	  
of	   the	   borehole	   will	   be	   a	   key	   limiting	   factor	   in	   the	   tools	   that	   can	   be	   deployed.	   Most	  
commercially	  available	  tools	  have	  a	  maximum	  temperature	  rating	  of	  175°C,	  unless	  new	  
instruments	   can	   be	   developed.	   Some	   standard	   suites	   of	   tools	   can	   be	   configured	  with	  
short-‐term	  high	   temperature	  exposure	  ratings	  up	   to	  250°C.	  The	  required	   temperature	  
tolerances	   for	   all	   required	   wireline	   tools	   need	   to	   be	   explicitly	   stated,	   and	   necessary	  
developments	  or	  adaptations	  compiled	  to	  provide	  necessary	  lead	  times.	  During	  logging	  
operations,	  wireline	   tools	   and	  engineers	   can	  be	   called	  out	   to	   the	   rig	   as	  needed,	   in	   the	  
same	  fashion	  as	  the	  oil	  and	  gas	  industry.	  

5.5.3.	  VSP	  experiment	  
Offset	  vertical	  seismic	  profiling	  will	  be	  a	  critical	  element	  of	  a	  successful	  Mohole	  project.	  
Given	  the	  extreme	  depth	  of	   the	  borehole	   to	  be	  drilled,	  at	   least	   two	  offset	  VSP’s	  will	  be	  
ideally	  required;	  one	  at	  the	  estimated	  half-‐way	  point	  of	  the	  well,	  and	  one	  at	  final	  depth.	  

5.5.4.	  Long-‐term	  monitoring	  
Instrumenting	  the	  borehole	  resulting	  from	  the	  Mohole	  project	  will	  eventually	  become	  a	  
key,	  second-‐stage	  goal.	  Thus,	  the	  sub-‐sea	  equipment	  and	  borehole	  must	  be	  constructed	  
to	  accommodate	  observatory	  science.	  This	  implies	  ROV	  access	  to	  the	  well	  head	  and	  the	  
ability	  to	  access	  the	  borehole	  through	  a	  BOP	  or	  SID.	  

5.6.	  Logistics	  
Moving	  personnel,	  equipment	  and	  supplies	  routinely,	   to	  and	   from	  the	  vessel,	  will	  be	  a	  
critical	  component	  of	  the	  MoHole	  operations.	  Helicopter	  access	  and/or	  workboat	  access	  
must	  be	  provided.	  Crew	  changes,	  provisions,	  drilling	  consumables,	  medical	  emergencies	  
must	  all	  be	  incorporated	  in	  the	  logistics	  plans.	  It	  was	  suggested	  that	  ideally	  the	  drill	  site	  
should	  be	  within	  1000	  km	  of	  major	  port	  facilities.	  
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6.	  Keys	  for	  success	  
In	   this	   section,	   we	   list	   what	   are	   presently	   considered	   as	   the	   key	   achievements	   of	   a	  
successful	   MoHole	   project.	   These	   include	   scientific	   (essentially	   sampling	   strategy)	  
considerations,	  as	  well	  as	  technology	  development,	  industry	  engagement,	  and	  return	  to	  
the	  public	  through	  outreach	  and	  education.	  

6.1.	  Geophysical	  surveys	  and	  Hole	  location	  
The	   first	   step	   to	   the	  MoHole	   Project	   is	   the	   series	   of	   geophysical	   surveys	   that	   will	   be	  
required	   to	   identify	   and	   characterize	   an	   appropriate	   Project	   Area	   within	   which	   the	  
drilling	  will	  be	  undertaken.	  Based	  on	  past	  discussions	  and	  consensus	  (see	  Christie	  et	  al.,	  
2006,	  Teagle	  et	  al.,	  2009),	   the	  MoHole	  drill	  site	  should	  be	   in	  oceanic	  crust	   formed	  at	  a	  
fast	  spreading	  rate,	  in	  a	  region	  that	  has	  aged	  from	  the	  ridge	  crust	  with	  zero	  perturbation	  
by	  off-‐axis	  volcanism	  (e.g.,	  seamounts),	  plume	  interactions	  or	  tectonic	  disturbance.	  The	  
Project	   Area	   must	   show	   a	   clearly	   discernible	   Moho	   seismic	   boundary	   visible	   in	   both	  
seismic	  reflection	  and	  refraction	  records.	  This	  drill	  site	  will	  have	  sufficient	  sedimentary	  
cover	  to	  allow	  the	   installation	  of	   the	  (sub-‐)seafloor	   infrastructure	  to	  enable	  ultra-‐deep	  
riser	  drilling.	  Relatively	  high	  upper	   crustal	   seismic	  velocities,	   indicating	  more	  massive	  
formations	   in	   the	   uppermost	   volcanic	   sequences	   of	   the	   crust,	   will	   probably	   be	  
mandatory	  for	  successful	  initiation	  of	  a	  deep	  drill	  hole.	  

6.2.	  Scientific	  coring,	  sampling	  and	  measurements	  
Many	   of	   our	   primary	   scientific	   goals	   (see	   section	   2	   "scientific	   rationale")	  will	   require	  
continuous	  core	  samples.	  	  

To	  be	  regarded	  as	  successful,	  this	  experiment	  must	  return	  at	  least	  (see	  also	  fig.	  10):	  

• Continuous	  core,	  including	  samples	  of	  all	  boundaries,	  across	  the	  region	  identified	  by	  
seismic	   imaging	   as	   the	   Mohorovičić	   Discontinuity,	   and	   the	   geologic	   crust-‐mantle	  
transition	  from	  cumulate	  magmatic	  rocks	  to	  residual	  peridotites	  (these	  may	  or	  may	  
not	  be	  the	  same	  target).	  

• Continuous	  coring	  of	  the	  lower	  500	  m	  of	  the	  mafic	  and	  ultramafic	  cumulate	  rocks	  in	  
the	  oceanic	  crust.	  

• Continuous	   coring	   of	   500	   m	   of	   peridotites	   and	   associated	   lithologies	   in	   the	  
uppermost	  mantle	  below	  the	  Moho.	  

• Sufficient	  cores	   from	   intervals	  of	   the	   igneous	   lower	  oceanic	  crust	   to	   test	  models	  of	  
crustal	   accretion,	   melt	   movement,	   resolve	   the	   geometry	   and	   intensity	   of	  
hydrothermal	  circulation,	  and	  document	  the	  limits	  and	  activity	  of	  the	  deep	  microbial	  
biosphere	  (probably	  a	  number	  of	  intervals	  of	  x100s	  m	  of	  continuous	  cores).	  

• Core	  samples	  for	  microbiological	  studies,	  using	  well-‐established	  protocols	  that	  avoid	  
and/or	   control	   chemical	   and	   microbiological	   contaminations	   from	   drilling	  
equipments	  and	  circulating	  mud.	  

• Gas	  and	  formation	  fluid	  samples	  from	  regular	  intervals	  within	  the	  borehole	  
• A	   continuous,	   comprehensive	   suite	   of	   geophysical	   logs	   (wireline,	   LWD,	   LWC)	   and	  

borehole	   experiments	   to	   measure	   in	   situ	   conditions	   (e.g.,	   temperature	   and	  
temperature	  change/gradients)	  and	  physical	  properties,	  to	  acquire	  borehole	  images,	  
and	  to	  identify	  key	  geophysical	  and	  lithologic	  regions	  and	  transitions	  (e.g.,	  Layer	  2-‐3	  
boundary,	  the	  Moho)	  throughout	  the	  ocean	  crust	  and	  into	  the	  upper	  mantle.	  
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Figure	  10.	  Technology	  and	   financial	  constraints	  willing,	   continuous	  coring	  all	   the	  way	   to	   the	  
Moho	  and	  then	  a	  significant	  distance	  (~500	  m)	  into	  the	  uppermost	  mantle	  would	  be	  the	  best	  
approach	   to	   achieve	   the	   scientific	   goals	   of	   this	   project.	   However,	   approaches	   that	  mix	   spot	  
coring	  (e.g.,	  10	  m	  coring	  before	  bit	  change	  every	  50	  m)	  with	  continuous	  wireline	  coring	  may	  
need	   to	   be	   considered.	   	   Significant	   lengths	   of	   continuous	   cores	   across	  major	   lithologic	   and	  
geophysical	   transitions	   will	   be	   required	   and	   are	   imperative	   to	   answer	   the	   fundamental	  
scientific	  questions	  posed.	  

Due	   to	   the	   relatively	   coarse	  grain-‐size	  of	   the	   rocks	  encountered	  and	   the	   fine	   scales	  of	  
expected	   lithologic/geochemical	   variation,	   it	   is	   anticipated	   that	   lithological	   records	  
provided	   by	   mud/chip	   logging	   will	   be	   insufficient	   to	   address	   the	   scientific	   questions	  
posed.	  However,	  a	  continuous	  series	  of	  mud,	  cuttings,	  and	  gas	   logs	  will	  provide	  useful	  
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supplementary	  information	  in	  areas	  of	  poor	  or	  no	  core	  recovery,	  and	  should	  be	  routine	  
throughout	  the	  experiment.	  

In	   addition	   to	   sampling	   and	   analyzing	   rocks,	   measurements	   of	   temperature	   and	  
chemical	  compositions	  of	  the	  fluids	  are	  required	  together	  with	  biological	  analyses	  such	  
as	  cell	  counting	  and	  DNA/RNA	  analyses.	  For	  example,	  sidewall	  core	  sampling	  in	  fracture	  
and	  breccia	  zones	  where	  crustal	  fluids	  pass	  through	  may	  be	  an	  effective	  way	  to	  obtain	  
good	  samples	  for	  microbial	  investigations.	  

Ultimately,	   it	   will	   be	   essential	   to	   integrate	   core/log/survey	   data	   in	   a	   comprehensive	  
synthesis	   study	   of	   the	   Project	   Area.	   Post-‐drilling	   studies,	   such	   as	   successive	   fluid	  
measurements/sampling,	   in	   situ	   microbial	   incubation	   in	   the	   borehole,	   or	   VSP	  
experiments	  should	  be	  performed.	  Therefore,	  support	   for	  post-‐drilling	  studies,	  such	  as	  
planning	   CORK	   installation	   for	   long-‐term	   borehole	   fluid	  measurements	   and	  microbial	  
experiments,	  examination	  of	  casing	  material	   to	  avoid	  metal	  corrosion	  that	  could	  affect	  
microbial	  activities,	  and	  developing	  method	  and	  tools	   for	  measurements	  and	  sampling	  
borehole	  fluids,	  are	  important	  keys	  to	  scientific	  success	  for	  the	  MoHole	  project.	  

6.3.	  Broadening	  the	  scientific	  spectrum	  
The	   MoHole	   project	   is	   one	   of	   the	   largest	   and	   most	   ambitious	   scientific	   endeavors	   in	  
Earth	  sciences,	  comparable	  to	  the	  space	  exploration	  missions	  such	  as	  the	  Apollo	  Project.	  
This	   unique	   challenge	   will	   provide	   precious	   opportunities	   to	   a	   wide	   diversity	   of	  
scientists,	  engineers	  and	  technologists.	  From	  a	  scientific	  point	  of	  view,	  one	  of	  the	  keys	  to	  
success	   of	   the	   MoHole	   project	   will	   be	   the	   engagement	   of	   a	   broad	   range	   of	   scientific	  
communities.	   Some,	   including	   petrologists,	   geochemists	   and	   geophysicists,	   have	   been	  
strongly	  engaged	   in	  science	  planning	   for	   this	  project	  so	   far,	  but	  efforts	  will	  need	  to	  be	  
made	   to	   more	   closely	   involve	   other	   colleagues,	   such	   as	   those	   from	   the	   biological,	  
hydrological	   or	   experimental	   backgrounds.	   It	   is	   important	   that	   the	   MoHole	   project	  
leaves	  the	  door	  open	  to	  new	  participants,	  new	  ideas,	  and	  new	  science.	  	  

6.4.	  Drilling	  technology	  
At	   the	  Kanazawa	  workshop,	   it	  was	   recognized	   that	   several	   conditions	   associated	  with	  
drilling	   to	   the	   MoHole	   require	   technological	   solutions	   that	   are	   yet	   to	   be	   developed.	  
Conditions	   such	  as	   the	  ultra-‐deepwater,	   ultra-‐deep	  drilling,	   the	  hard	  dense	   rock	   to	  be	  
drilled,	  and	  the	  extremely	  high	  temperature	  anticipated,	  are	  just	  some	  of	  key	  issues	  that	  
must	  be	  addressed	  with	  technology.	  

Among	  the	  many	  listed	  items	  (see	  section	  4,	  Technology	  and	  Engineering	  Development),	  
the	  most	  important	  one	  is	  to	  develop	  the	  technology	  to	  drill	  in	  the	  ultra-‐deepwater	  close	  
to,	  or	  even	  beyond	  4000m.	  Technologies	  that	  are	  applicable	  to	  the	  MoHole	  project	  are	  
now	   being	   developed	   within	   the	   oil	   and	   gas	   industry	   and	   were	   presented	   at	   the	  
workshop	   (see	   also	   next	   section).	   Conversely,	   some	   of	   the	   technologies	   required	   are	  
very	  specific	  to	  scientific	  drilling,	  such	  as	  logging/coring	  in	  high	  temperature,	  or	  drilling	  
the	  harder	  crustal	  and	  mantle	  rocks.	  Therefore,	  we	  need	   to	  develop	  such	   technologies	  
within	   the	   IODP	   community,	   although	   these	   developments	   may	   be	   informed	   by	  
geothermal	  projects	  such	  as	   the	   IDDP	  in	   Iceland.	  CDEX	  has	  started	  to	  develop	  some	  of	  
these	  technologies	  using	  funds	  outside	  of	  the	  IODP.	  Key	  to	  successfully	  developing	  many	  
of	   the	   required	   technologies	   necessary	   to	   complete	   the	   MoHole	   project	   will	   be	   to	  
supplement	  IODP	  financial	  support	  with	  other	  sources	  of	  external	  funding.	  
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The	  implementation	  of	  some	  of	  the	  suggested	  technologies	  required	  to	  drill	  the	  MoHole	  
may	   require	   improvements	   and	   modifications	   to	   the	   equipment,	   systems	   and	   vessel	  
used	  for	  the	  drilling,	  most	  probably	  the	  Chikyu.	  	  

The	  MoHole	  undertaking	  will	  require	  more	  than	  10	  years	  to	  complete,	  cost	  hundreds	  of	  
millions	  of	  dollars,	   and	  engage	  a	  broad	   international	   science	  community.	  The	  size	  and	  
duration	   of	   the	   MoHole	   effort	   will	   require	   an	   appropriately	   funded	   centralized	  
operations	   and	   engineering	   management	   group	   to	   oversee	   the	   project	   from	   start	   to	  
successful	   completion.	   This	   project	   office	  will	   be	   vital	   key	   to	   success,	   and	   in	   order	   to	  
succeed,	   it	   must	   be	   a	   truly	   international	   effort	   staffed	   by	   the	   best	   available	   project	  
managers,	  engineers,	  and	  scientists.	  

6.5.	  Industrial	  engagement	  
Many	   technologies	   required	   to	   successfully	   complete	   the	   objectives	   of	   the	   MoHole	  
project	   are	   "conventional"	   deep-‐drilling	   technologies	   that	   are	   presently	   being	   used	   in	  
the	   oil	   and	   gas	   industry.	   At	   the	   workshop,	   technologies	   for	   ultra-‐deep	  water	   drilling,	  
such	   as	   surface-‐mounted	   BOP	   systems,	   or	   the	   riserless	   mud	   recovery	   system	   (RMR)	  
were	  introduced.	  Such	  technologies	  are	  already	  being	  used	  for	  deep	  water	  drilling	  in	  the	  
hydrocarbon	   industry	   and	   are	   potential	   candidates	   for	   the	   MoHole	   project.	   Other	  
technologies	  are	  currently	  being	  developed	   in	   industry,	  such	  as	  the	   free-‐standing	  riser	  
concept,	  which	  would	  require	  levels	  of	  funding	  far	  beyond	  what	  is	  available	  within	  the	  
IODP	  to	  develop.	  

Because	  of	  the	  ongoing	  activities	  and	  developments	  being	  conducted	  in	  ultra-‐deep	  water	  
by	   the	  oil	   and	  gas	   industry,	   close	  and	  continuous	   collaboration	  with	   industry,	   and	   the	  
introduction	   of	   new	   and	   existing	   technologies	   to	   the	   MoHole	   project	   will	   be	   keys	   to	  
success.	   For	   this	   purpose,	   it	   will	   be	   necessary	   to	   establish	   a	   strategy	   to	   engage	   the	  
industry,	  exchange	  human	  resources,	  and	  plan	  joint	  development	  work.	  

Industrial	  engagement	  should	  occur	  at	  several	  levels:	  

• Ad-‐hoc	   collaboration	   should	   be	   continued	   by	   inviting	   oil	   and	   gas	   industry	  
representatives	   to	   participate	   in	   future	   planning	   activities,	   and	   to	   gain	   their	   “pro-‐
bono”	   perspective	   through	   the	   existing	   IODP	   science	   advisory	   structure	   and	  
community	  workshops.	  This	  is	  not	  a	  sustainable	  approach	  for	  the	  safe	  and	  complete	  
execution	  of	   the	  MoHole	  project,	   but	   it	   is	  useful	   for	   scoping	   technical	   issues	  at	   the	  
beginning	  of	  the	  project.	  	  	  

• Contracting	  services	  from	  planning	  to	  execution.	  This	  will	  be	  the	  most	  effective	  way	  
of	   benefitting	   from	   industry	   experience	   in	   the	   development	   and	   execution	   of	   the	  
MoHole	  drilling	  initiative.	  

• Participation	  of	  engineers	  and	  scientists	  engaged	  in	  the	  MoHole	  project	  to	   industry	  
workshops,	   symposiums	   and	   technology	   development	   forums	   such	   as	   DeepStar	  
(http://www.deepstar.org)	   and	   RPSEA	   (http://www.rpsea.org).	   These	   are	  
important	   steps	   in	   learning	   about	   what	   industry	   is	   doing	   to	   achieve	   their	  
technological	  goals.	  

6.6.	  Public	  engagement,	  outreach,	  education	  
In	   IODP,	   there	   have	   been	   limited	   support	   structures	   for	   outreach/education	   activities	  
mostly	  from	  national	  funding	  sources,	  including	  the	  Deep	  Earth	  Academy	  and	  the	  USIO	  
School	   of	  Rocks	   (Consortium	   for	  Ocean	  Leadership),	   the	  ECORD	   summer	   schools,	   and	  
the	  Core	  School	  at	  the	  Kochi	  Core	  Center	  (CDEX,	  Japan).	  In	  addition	  to	  those	  initiatives,	  
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there	   have	   also	   been	   significant	   outreach	   activities	   organized	   on	   a	   case-‐by-‐case	   basis	  
such	   as	   the	   very	   successful	   public	   visits	   of	   Chikyu	   in	   Japan,	   or	   the	   outreach	   and	  
education	  team	  participation	  on	  IODP	  Expedition	  327	  (Juan	  de	  Fuca	  Hydrogeology	  2)	  in	  
July-‐August	  2010.	  	  

One	   of	   the	   key	   components	   for	   the	   success	   of	   the	  Mohole	   project	  will	   be	   to	   improve	  
public	   support	   for,	   and	   understanding	   of	   the	   scientific	   goals	   and	   excitement	   of	   the	  
project.	   Also	   we	   will	   need	   to	   broaden	   the	   scientific	   community	   engagement	   by	  
encouraging	  the	  involvement	  of	  the	  widest	  possible	  range	  of	  disciplines	  (see	  section	  6.5	  
above).	   We	   recommend	   that	   engaging	   the	   public	   through	   outreach	   and	   education	  
activities,	   as	  well	   as	   being	   pro-‐active	   in	   advertising	   the	   project	   to	   the	  wider	   scientific	  
community	   and	   engaging	   new	   groups	   of	   scientists,	   be	   integral	   parts	   of	   the	   activities	  
carried	   out	   by	   the	   MoHole	   project,	   under	   the	   umbrella	   of	   IODP	   and	   future	   scientific	  
ocean	  drilling	  collaborations.	  One	  tool	  to	  greatly	  increase	  the	  public	  and	  scientific	  profile	  
of	  the	  MoHole	  project	  should	  be	  a	  dedicated,	  multi-‐language	  MoHole	  website,	  aimed	  at	  a	  
range	   of	   audiences,	   that	   should	   be	   implemented	   as	   soon	   as	   formal	   scoping	   activities	  
commence.	  

	  

6.7.	  Anticipated	  time	  table	  for	  the	  MoHole	  project	  
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8.	  Workshop	  Agenda	  
	  

Thursday,	  June	  3	  -‐	  Day	  1	  
09:00	  -‐	  Registration	  at	  Kanazawa-‐Shi	  Bunka	  Hall	  

09:20	  /	  10:00	  -	  Workshop	  Introduction	  

•	  Meeting	  overview	  and	  information	  (B.	  Ildefonse,	  S.	  Umino)	  
•	  Inaugural	  speech	  (Shingo	  Shibata,	  Director	  for	  Deep	  Sea	  Research,	  MEXT)	  
•	  Beyond	  the	  Moho:	  scientific	  justification	  for	  a	  complete	  penetration	  of	  intact	  in	  situ	  
ocean	  crust	  and	  into	  the	  upper	  mantle	  (D.	  Teagle)	  

10:00	  /	  12:30	  -	  Available	  site	  survey	  data	  in	  the	  Pacific	  

•	  The	  Trade-‐off	  of	  depth	  and	  temperature	  in	  choosing	  a	  MoHole	  site	  (D.	  Wilson)	  
•	  Hawaii	  site	  in	  comparison	  with	  IODP	  site	  1256	  (N.	  Seama)	  
•	  Site	  survey	  data	  at	  ODP	  Site	  1256	  (D.	  Wilson)	  
•	  “Deep	  Tow”	  Site	  :	  ~30	  Myr	  Old	  Crust	  off	  Southern	  California	  (D.	  Blackman)	  
•	  IFREE	  seismic	  studies	  toward	  the	  Mohole	  project:	  results	  and	  future	  plans	  (S.	  Kodaira)	  

13:30	  /	  14:30	  -	  Current	  understanding	  of	  technological	  feasibility	  

•	  MoHole	  Engineering…	  Seeking	  solutions	  inside	  and	  outside	  of	  IODP	  (G.	  Myers)	  
•	  Chikyu	  Drilling	  challenge	  for	  the	  MoHole	  (S.	  Kobayashi)	  
•	  The	  Chikyu	  engineering	  development	  (M.	  Yamao)	  
•	  Technical	  Development	  of	  Coring	  System	  in	  the	  Quest	  to	  reach	  the	  Earth’s	  Mantle	  (Y.	  
Shinmoto)	  

14:30	  /	  15:00	  -	  Plenary	  discussion	  on	  lectures	  

15:00	  /	  15:40	  -	  Breakout	  sessions	  1	  

•	  1	  -‐	  Ultra	  deep	  drilling	  technology	  and	  project	  planning	  (including	  High	  
Temperature/High	  Pressure	  drilling	  and	  coring)	  -‐	  Chairs	  :	  Y.	  Isozaki,	  G.	  Myers	  and	  M.	  
Yamao	  

•	  2	  -‐	  Site	  selection	  and	  site	  survey	  plans	  -‐	  Chairs	  :	  P.	  Canales,	  M.	  Nedimovic,	  and	  D.	  
Blackman	  

16:00	  /	  17:10	  -	  Breakout	  sessions	  2	  

•	  Continuation	  of	  discussion	  on	  topics	  1	  and	  2	  

17:10	  /	  18:00	  -	  Plenary	  session	  

•	  Summaries	  from	  breakout	  group	  chairs	  &	  scribes	  
•	  Planning,	  scoping	  and	  funding	  the	  MoHole	  within	  the	  context	  of	  the10-‐year	  renewal	  
cycle	  (Y.	  Tatsumi)	  
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Friday,	  June	  4	  -‐	  Day	  2	  
Kanazawa-‐Shi	  Bunka	  Hall	  

09:00	  /	  10:00	  -‐	  Drilling	  and	  coring	  at	  high	  temperatures	  

•	  Iceland	  Deep	  Drilling	  Project	  (A.	  Skinner)	  
•	  Drilling	  deep	  into	  hot	  oceanic	  crust	  :	  constraints	  and	  challenges	  (D.	  Mainprice)	  

10:00	  /	  10:50	  -	  Breakout	  sessions	  3	  

•	  Continuation	  of	  discussion	  on	  topics	  1	  and	  2	  
Breakout	  group	  #1	  session	  included	  presentations	  from	  Cameron	  and	  Shell	  
representatives	  :	  
-‐	  Deepwater	  drilling	  with	  Cameron’s	  ESG	  system	  &	  HPHT	  BOPs	  (J.E.	  Kotrla)	  
-‐	  Major	  Advantages	  and	  Disadvantages	  of	  the	  HP	  Casing	  Riser	  with	  Surface	  BOP	  and	  SID	  
(F.R.	  Foreman)	  
-‐	  Conventional	  Drilling	  Riser	  Vs.	  High	  pressure	  Drilling	  Riser	  (S.F.	  Shimonek)	  

11:10	  /	  12:30	  -	  Breakout	  sessions	  4	  

Both	  breakout	  groups	  start	  separately	  discussions	  on	  topic	  3	  	  
•	  3	  -‐	  Science	  Measurements:	  determination	  of	  requisite	  data	  for	  project	  success	  (e.g.,	  
continuous	  coring	  Vs.	  spot	  coring);	  in-‐situ	  measurements,	  Core/borehole	  logging/mud	  
logging/survey	  integration.	  	  

13:30	  /	  15:40	  -	  Breakout	  sessions	  5	  

•	  Continuation	  of	  discussions	  on	  topic	  3	  

16:00	  /	  18:00	  -	  Plenary	  session	  	  

•	  Summaries	  from	  breakout	  groups	  
•	  Final	  discussion;	  identification	  of	  action	  items	  

19:00	  -	  Banquet	  at	  Kanazawa	  Excel	  Hotel	  Tokyu	  

	  

Saturday,	  June	  5	  -‐	  Day	  3	  
Kakuma	  Campus,	  Kanazawa	  University	  

	  

10:00	  /	  13:00	  -	  Writing	  Committee	  meeting	  (Steering	  Committee	  +	  volunteers)	  

•	  Drafting	  of	  the	  meeting	  report	  
•	  Listing	  action	  items	  
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Appendix	  1	  -‐	  Scientific	  Objectives	  of	  Mission	  Moho	  proposal	  (2007)	  
These	  pages	  are	  excerpted	  from	  the	  Mission	  Moho	  proposal	  that	  was	  submitted	  to	  IODP	  
in	   April	   2007(IODP	   proposal	   719MP).	   Mission	   Moho	   was	   a	   multi-‐stage	   project	  
comprising	   five	   successive	   targets	   to	   be	   drilled	   using	   both	   non-‐riser	   and	   riser	  
technologies.	  The	  "MoHole"	  was	  planned	  as	   the	   final	  stage	  of	  Mission	  Moho.	  Although,	  
no	  long-‐term	  mission	  has	  been	  adopted	  by	  IODP,	  the	  scientific	  objectives	  related	  to	  deep	  
drilling	   in	   the	  ocean	  crust	  remain	  essential	   to	  our	  understanding	  of	   the	  Earth.	  The	   full	  
proposal	   is	   available	   online	   (http://www.missionmoho.org);	   here	   we	   present	   the	  
scientific	  objectives,	  as	  articulated	  in	  the	  mission	  Moho	  proposal,	  which	  are	  fully	  relevant	  
to	  the	  MoHole	  project.	  
	  

Lead	  proponents	  :	  
Benoît	  Ildefonse,	  CNRS,	  Montpellier	  University,	  France	  
Natsue	  Abe,	  JAMSTEC/IFREE,	  Yokosuka,	  Japan	  
Peter	  B.	  Kelemen,	  LDEO,	  Columbia	  University,	  USA	  
Hidenori	  Kumagai,	  JAMSTEC/IFREE,	  Yokosuka,	  Japan	  
Damon	  A.H.	  Teagle,	  NOCS,	  Southampton,	  UK	  
Douglas	  S.	  Wilson,	  University	  of	  California,	  Santa	  Barbara,	  USA	  

Co-proponents	  :	  
Gary	  Acton,	  University	  of	  California,	  Davis,	  USA	  
Jeffrey	  C.	  Alt,	  University	  of	  Michigan,	  Ann	  Arbor,	  USA,	  
Wolfgang	  Bach,	  Universität	  Bremen,	  Germany	  
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Henry	  J.B.	  Dick,	  WHOI,	  Woods	  Hole,	  USA	  
Jeffrey	  S.	  Gee,	  Scripps,	  UCSD,	  San	  Diego,	  USA	  
Kathryn	  Gillis,	  University	  of	  Victoria,	  Canada	  
Alistair	  Harding,	  Scripps,	  UCSD,	  San	  Diego,	  USA	  
Jeffrey	  A.	  Karson,	  Syracuse	  university,	  USA	  
Shuichi	  Kodaira,	  JAMSTEC/IFREE,	  Yokosuka,	  Japan	  
Juergen	  Koepke,	  Universität	  Hannover,	  Germany	  
John	  Maclennan,	  University	  of	  Cambridge,	  UK	  
Jinichiro	  Maeda,	  Hokkaido	  University,	  Japan	  
Christopher	  J.	  MacLeod,	  Cardiff	  University,	  UK	  
D.	  Jay	  Miller,	  IODP,	  TAMU,	  College	  Station,	  USA	  
Sumio	  Miyashita,	  Niigata	  University,	  Japan	  
James	  H.	  Natland,	  University	  of	  Miami,	  USA	  
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Mladen	  Nedimovic,	  Dalhousie	  University,	  Canada	  
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Kyoko	  Okino,	  Tokyo	  University,	  Japan	  
Philippe	  Pezard,	  CNRS,	  Montpellier	  University,	  France	  
Eiichi	  Takazawa,	  Niigata	  University,	  Japan	  
Takeshi	  Tsuji,	  JAMSTEC/IFREE,	  Yokosuka,	  Japan	  
Susumu	  Umino,	  Shizuoka	  University,	  Japan	  
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1.	  Primary	  Motivation	  for	  Mission	  Moho	  
The	  formation,	  evolution	  and	  recycling	  of	  oceanic	  lithosphere	  is	  the	  dominant	  process	  in	  
the	   chemical	   differentiation	   and	   physical	   evolution	   of	   our	   planet.	   This	   process	  
encompasses	   the	   transfer	   and	   transformation	   of	   material	   and	   energy	   from	   Earth’s	  
mantle	   to	   the	   crust	   and	   from	   the	   crust,	   to	   the	   ocean	   and	   atmosphere.	   Independent	   of	  
sunlight,	   the	   evolving	   ocean	   crust	   supports	   life	   in	   unique	   subsurface	   and	   seafloor	  
habitats	   that	   may	   resemble	   the	   conditions	   that	   enabled	   the	   origin	   of	   life.	   Upon	   its	  
formation	   at	   seafloor	   spreading	   centers,	   the	   oceanic	   lithosphere	   records	   geomagnetic	  
field	   variability,	   providing	   the	   basis	   for	   geomagnetic	   polarity	   timescales,	   plate	  
reconstructions,	  and	  estimates	  of	  plate	  motions.	  From	  its	  formation	  until	  it	  is	  subducted	  
back	  into	  the	  mantle,	  the	  oceanic	  lithosphere	  interacts	  with	  seawater,	  sequesters	  surface	  
materials	  (including	  water	  and	  CO2)	  and	  recycles	  them	  back	  into	  the	  mantle.	  	  

Sampling	  a	  complete	  section	  of	  crust	  and	  shallow	  mantle	  was	  the	  original	  motivation	  for	  
scientific	  ocean	  drilling.	  Mission	  Moho	  will	  be	  the	  culmination	  of	  a	  decades-‐old	  quest	  by	  
IODP,	  ODP	  and	  DSDP,	  since	  Walter	  Munk	  and	  the	  AMSOC	  first	  proposed	  Project	  Mohole	  
in	  1957	  (e.g.,	  Greenberg,	  1974;	  Shor,	  1985).	  The	  goal	  was	  and	  remains	  to	  understand	  the	  
composition,	  structure,	  and	  evolution	  of	  the	  oceanic	  lithosphere	  through	  deep	  scientific	  
drilling,	  as	  outlined	  in	  the	  21st	  Century	  Mohole	  Initiative	  of	  the	  IODP	  Initial	  Science	  Plan.	  
This	   goal	   has	   been	   a	   core	   component	   of	   planning	   documents	   since	   the	   inception	   of	  
scientific	  ocean	  drilling	  (e.g.,	  the	  "Road	  to	  the	  Moho"	  chapter	  in	  Murray	  et	  al.,	  2000).	  

The	   Moho	   (Mohorovičić	   Discontinuity)	   is	   a	   seismically	   imaged,	   primary	   acoustic	  
interface	   that	   represents	   the	   transition	   between	   the	   Earth’s	   crust	   and	   the	   underlying	  
mantle.	   Whereas	   oceanic	   crust	   is	   formed	   by	   a	   variety	   of	   igneous	   and	   metamorphic	  
processes,	  and	  has	  a	  low	  seismic	  velocity,	  the	  oceanic	  mantle	  has	  a	  much	  higher	  seismic	  
velocity	   and	   is	   largely	   composed	   of	   residual	   peridotite.	   Residual	   peridotites	   have	   lost	  
magma	   to	   form	   the	   crust	   during	   partial	   melting,	   and	   although	   deformed	   and	  
recrystallized,	   have	   remained	   relatively	   solid	   for	   more	   than	   4	   billion	   years.	   Thus	   the	  
mantle	  is	  intrinsically	  different	  from	  the	  igneous	  crust.	  

Uncertainty	  about	   the	  Moho	  stems	   from	  questions	  about	   the	  relationship	  between	   the	  
seismic	   boundary,	   on	   the	   one	   hand,	   and	   the	   geological	   crust-‐mantle	   transition	   on	   the	  
other.	  Are	  there	  “ultramafic”	  igneous	  rocks,	  with	  high	  seismic	  velocities,	  emplaced	  below	  
the	   Moho?	   Are	   there	   hydrothermally	   altered	   residual	   peridotites,	   with	   low	   seismic	  
velocities,	  above	  the	  Moho?	  Is	  the	  Moho	  an	  intrusive	  or	  tectonic	  boundary?	  The	  floor	  of	  a	  
magma	  body?	  How	  sharp	  is	  the	  transition,	  given	  the	  limitations	  of	  seismic	  data	  analysis	  
(±50m)?	  	  

In	   addition	   to	   the	   mysteries	   surrounding	   the	   Moho,	   we	   also	   have	   major	   gaps	   in	  
knowledge	  about	  the	  oceanic	  lower	  crust	  and	  mantle	  themselves.	  How	  does	  the	  igneous	  
crust	   form,	   and	   how	   does	   it	   exchange	   heat	   and	   chemical	   components	  with	   seawater?	  
How	  is	  melt	  transport	  focused	  from	  a	  broad	  melting	  region	  to	  a	  narrow	  zone	  of	  crustal	  
accretion	  beneath	  mid-‐ocean	  ridges?	  What	  is	  the	  composition	  and	  physical	  state	  of	  the	  
convecting	  mantle?	  We	  have	  no	   fresh,	   in	   situ	  mantle	   sample.	  A	   few	  kilograms	  of	   fresh	  
residual	   peridotite	   from	   beneath	   intact	   oceanic	   crust	  would	   provide	   a	  wealth	   of	   new	  
information	  comparable	  to	  the	  treasure	  trove	  obtained	  from	  the	  Apollo	  lunar	  samples.	  

To	   date,	   the	   elusive	   frontier	   at	   the	  Moho,	   and	   the	   enormous	  mantle	   domain	   beneath,	  
have	   been	   symbolic,	   unattainable	   goals.	   However,	   with	   the	   recent	   commissioning	   of	  
IODP’s	   new	   riser-‐drilling	   vessel,	   D/V	   Chikyu,	   the	   aspirations	   of	   generations	   of	   Earth	  
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scientists	   of	   drilling	   completely	   through	   the	  oceanic	   crust	   to	   the	  Moho	   into	   the	  upper	  
mantle	  ~5-‐6	  km	  below	  seafloor,	  have	  moved	  into	  the	  realm	  of	  technical	  feasibility.	  

The	  wider	  mid-‐ocean	  ridge	  and	  oceanic	  lithosphere	  community	  has	  been	  involved	  with	  
the	   establishment	   of	   the	   plan	   presented	   herein	   via	   the	   IODP-‐MI	   sponsored	   Mission	  
Moho	   workshop	   held	   in	   Portland	   Oregon	   in	   September	   2006	   (Christie	   et	   al.,	   2006;	  
Ildefonse	  et	  al.,	  2007b;	  full	  report:	  http://www.iodp.org/mission-‐moho-‐workshop).	  The	  
basic	   strategy	   of	   Mission	  Moho	   is	   derived	   from	   the	   consensus	   of	   about	   one	   hundred	  
representatives	   from	   the	   international	   community.	  Mandate	  was	   given	   to	   the	  writing	  
team	   and	   co-‐proponents	   to	   take	   forward	   the	   outline	   plan	   on	   behalf	   of	   the	   wider	  
community.	   The	   six	   lead	   proponents	   are	  willing	   to	   serve	   in	   the	   stage	   1	   core	  Mission	  
Team.	  This	  Team	  should	  also	  comprise	  seismologists	  (of	  which	  several	  are	   included	  in	  
the	   co-‐proponent	   list),	   deep	   drilling	   engineers	   (especially	   riser	   drilling)	   from	   USIO,	  
CDEX	   and	   industry,	   logging	   tool	   specialists,	   and	   borehole	   management	   experts	   (to	  
improve	  our	  control	  of	  borehole	  stability	  issues).	  

2.	  Road	  to	  the	  Moho	  
Since	   the	   early	   70’s	   when	   the	   “Penrose”	   layered	  model	   for	   the	   ocean	   crust	   (Penrose	  
Conference	  Participants,	  1972)	  was	  widely	  accepted,	  investigations	  of	  the	  oceanic	  crust	  
by	   scientific	   ocean	   drilling	   (Fig.	   1),	   marine	   geological	   and	   geophysical	   techniques,	  
complemented	   by	   ophiolite	   studies,	   have	   expanded	   our	   understanding	   of	   the	  
architecture	  of	  the	  ocean	  crust	  (e.g.,	  Teagle	  et	  al.,	  2004;	  Dick	  et	  al.,	  2006;	  Ildefonse	  et	  al.,	  
2007c).	  

	  
Fig.	  1	   -‐	  Summaries	  of	  existing	  scientific	  drill	  holes	   into	  oceanic	  crustal	  and	  mantle	  rocks.	   [A]	  
Penetration	  for	  all	  holes	  penetrating	  more	  than	  50	  meters	  into	  basaltic	  basement,	  as	  a	  function	  
of	  spreading	  rate.	  Hole	  1256D	  has	  reached	  the	  base	  of	  the	  sheeted	  dike	  complex	  at	  a	  shallower	  
depth	  than	  the	  bottom	  of	  Hole	  504B,	  which	  is	  still	  in	  sheeted	  dikes.	  Black	  =	  DSDP	  holes,	  blue	  =	  
ODP	  holes,	  red	  =	   IODP	  holes.	  After	  Teagle	  et	  al.	   (2006).	   [B]	  Depth	  of	  penetration	   for	  all	  ODP	  
and	  IODP	  holes	  deeper	  than	  10	  meters	  below	  seafloor	  into	  gabbroic	  rocks	  or	  residual	  mantle	  
peridotite.	   Blue	   =	   dominantly	   gabbro,	   green	   =	   dominantly	   peridotite,	   white	   =	   no	   recovery.	  
After	  Blackman	  et	  al.	  (2006).	  

	  

Away	   from	   transform	   faults,	   ocean	   crust	   formed	   at	   fast	   spreading	   rates	   exhibits	   a	  
relatively	   uniform	   seismic	   stratigraphy	   (e.g.,	   Canales	   et	   al.,	   2003).	   At	   the	   ridge	   crests	  
continuous	   axial	   low-‐velocity	   zones	   interpreted	   to	   be	   high	   level,	   axial	  melt	   lenses	   are	  
imaged,	   and	  well	   defined	  Moho	   reflectors	   are	   present	  within	   a	   few	   kilometers	   of	   the	  
axis.	  This	  suggests	  that	  ocean	  crust	  formed	  at	  fast	  spreading	  rates	  (>80	  mm/yr	  full	  rate)	  
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is	   layered	  and	   relatively	  homogeneous.	  Although	  only	  20%	  of	  modern	   ridges	  are	   fast-‐
spreading	  (>80	  mm/yr),	  more	  than	  50%	  of	   the	  present	  day	  seafloor	  (~30%	  of	  Earth’s	  
surface),	  and	  the	  great	  majority	  of	  crust	  subducted	  into	  the	  mantle	  during	  the	  past	  200	  
Ma,	  was	   produced	   at	   fast	   spreading	   ridges.	   Because	   of	   the	   relatively	   uniform	   seismic	  
structure	   and	   bathymetry	   of	   fast-‐spreading	   lithosphere,	   understanding	   of	   crust	   and	  
mantle	  genesis	  and	  evolution	  at	  one	  site	  can	  be	  extrapolated	  to	  a	  significant	  portion	  of	  
Earth’s	   surface	   with	   some	   confidence.	   Importantly,	   scientists	   have	   well	   developed	  
theoretical	  models	  of	  contrasting	  styles	  of	  magmatic	  accretion	  at	  fast-‐spreading	  ridges.	  
Methods	  have	  been	  proposed	  to	  test	  these	  model	  using	  samples	  recovered	  from	  drilled	  
sections	   of	   ocean	   basement	   together	   with	   complementary	   studies	   of	   ophiolites,	   in	  
particular	   the	   Oman	   ophiolite.	   Therefore,	   the	   highest	   priority	   of	   Mission	   Moho	   is	   to	  
obtain	  a	  continuous	  sample	  of	  the	  entire	  crust,	  the	  Moho	  and	  shallow	  mantle	  peridotites,	  
in	   oceanic	   lithosphere	   formed	   at	   a	   fast-‐spreading	   rate.	   Scientific	   and	   technological	  
progress	   towards	   this	   ultimate	   goal	  will	   require	   drilling	   at	   several	   additional	   sites,	   in	  
crust	  formed	  at	  both	  fast-‐	  and	  slow-‐spreading	  rates.	  	  

Ocean	   crust	   formed	   at	   slow	   to	   ultra-‐slow	   rates	   (<40	  mm/yr)	   is	   highly	   heterogeneous	  
both	   along	   and	   across	   axis	   particularly	   towards	   the	   end	   of	   ridge	   segments	   where	  
tectonic	   extension	   competes	  with	  magmatic	   accretion	   (e.g.,	   Karson	   and	   Elthon,	   1987;	  
Dick,	  1989;	  Cannat	  et	  al.,	  1995,	  2006;	  Canales	  et	  al.,	  2000;	  Kelemen	  et	  al.,	  2004;	  Ildefonse	  
et	   al.,	   2007a).	   Such	   is	   the	   variety	   of	   accretion	   on	   slow	   spreading	   ridges	   that	   fully	  
characterizing	  the	  heterogeneity	  is	  beyond	  the	  scope	  of	  this	  Mission.	  However,	  tectonic	  
windows	   at	   fast-‐	   and	   slow-‐spreading	   ridges	   provide	   exposures	   of	   deep	   crustal	   rocks,	  
serpentinized	   upper	  mantle,	   and	   possibly	   fresh	   upper	  mantle	   peridotites	   that	   can	   be	  
sampled	  in	  relatively	  shallow	  drill	  holes	  using	  existing	  technologies.	  	  

3.	  Scientific	  Objectives	  
By	   drilling	   an	   intact	   section	   of	   ocean	   crust	   and	   upper	   mantle	   generated	   at	   a	   fast-‐
spreading	   ridge,	  we	  will	   address	   first-‐order	   questions	   about	   the	   formation	   of	   oceanic	  
crust,	   the	   nature	   of	   the	  Moho,	   and	   the	   composition	   of	   the	   Earth's	   convecting	  mantle.	  
Specific	  objectives	  include:	  

• Determine	  the	  geological	  meaning	  of	  the	  Moho	  in	  a	  variety	  of	  tectonic	  settings,	  
• Determine	   the	   in	   situ	   composition	   of	   the	   uppermost	   mantle,	   its	   structure	   and	  

physical	   properties,	   and	   the	   physics	   and	   chemistry	   of	   mantle	   melt	   migration	  
processes,	  

• Determine	   the	   bulk	   composition	   of	   the	   oceanic	   crust	   to	   establish	   the	   relationship	  
between	  the	  lavas	  that	  erupt	  at	  the	  seafloor	  and	  the	  melts	  that	  separated	  from	  their	  
mantle	  sources,	  

• Understand	   the	   extent	   and	   intensity	  of	  hydrothermal	   exchange	  between	   the	  ocean	  
crust	   and	   seawater	   and	   estimate	   the	   chemical	   flux	   returned	   to	   the	   mantle	   by	  
subduction,	  

• Determine	   the	   mode	   of	   magmatic,	   crustal	   accretion	   at	   fast	   spreading	   mid-‐ocean	  
ridges.	   What	   are	   the	   size	   and	   architecture	   of	   mid-‐ocean	   ridge	   magma	   chambers	  
responsible	  for	  the	  construction	  of	  the	  lower	  ocean	  crust?,	  

• Determine	   the	   linkages	   and	   feedbacks	   between	   magma	   intrusion,	   hydrothermal	  
circulation	  and	  tectonic	  activity,	  

• Calibrate	   regional	   seismic	   measurements	   against	   core	   samples	   and	   borehole	  
experiments,	  
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• Understand	  the	  origin	  of	  marine	  magnetic	  anomalies	  and	  quantify	   the	  contribution	  
of	  lower	  crustal	  rocks	  to	  the	  magnetic	  signature	  of	  the	  ocean	  crust,	  

• Establish	  the	  limits	  of	  life	  in	  the	  ocean	  lithosphere.	  

Addressing	   these	   objectives	   requires	   sampling	   and	   logging	   in	   deep	   and	   so-‐far	  
unexplored	   parts	   of	   the	   ocean	   lithosphere.	   Specific	   science	   questions	   and	   working	  
hypotheses	  to	  be	  tested	  are	  summarized	  below.	  Details	  of	  the	  individual	  components	  of	  
Mission	  Moho	  will	  be	  fully	  developed	  in	  the	  proposals	  hosted	  beneath	  the	  Mission	  Moho	  
umbrella.	  

3.1.	  What	  is	  the	  geological	  meaning	  of	  the	  Moho	  and	  seismic	  layers?	  

Understanding the seismic structure of the ocean lithosphere requires calibration of remotely 
obtained regional geophysical data against physical properties and petrological measurements 
of geological samples.	  There is a well-established terminology for seismic layering in fast-
spread oceanic crust. Layer 1 is locally absent, but present where sediment thickness exceeds 
a few tens of meters, and has Vp <3 km/s. Layer 2 is a band with a high gradient in Vp with 
depth, ranging from ~3-5 to ~6.7 km/s, and Layer 3 is a band with nearly uniform Vp ranging 
from ~6.7 to ~7.1 km/s. The Layer 2/3 boundary is an inflection point, between seismic 
velocities that increase with depth through Layer 2 and nearly uniform seismic velocity 
through Layer 3. Below Layer 3, in the “classical” Pacific seismic profiles a sharp transition 
from ~7 to ~ 8 km/s occurs within <500 m. By analogy with ophiolites and geological 
samples from the Pacific, these layers are commonly interpreted as pelagic sediment (Layer 
1), lavas and fractured, sheeted dikes (Layer 2), intact sheeted dikes and plutonic rocks (Layer 
3), and residual mantle peridotite ± ultramafic plutonic rocks (below Layer 3). 

The only site where geological samples have been recovered from intact oceanic crust at the 
depth of the Layer	  2/3	  seismic	  boundary is DSDP/ODP Hole 504B where the	  inflection	  in 
seismic	   velocity	   gradient occurs within the sheeted dikes (Detrick et al., 1994; Alt et al., 
1996; Carlson, 2001) and appears to be controlled by alteration and/or the nature and density 
of cracks in the formation, rather than rock type or grain size. Elsewhere, Hole 1256D data 
suggest that the layer	  2/3	  seismic	  transition has not been yet reached, even though the hole 
extends below the first appearance of gabbros at the base of the sheeted dikes (Teagle et al., 
2006). Drilling deeper at Site 1256, and through the Layer 2/3 boundary in the MoHole (if not 
at Site 1256), will continue to reveal the geological meaning of the seismic layering of the 
upper ocean crust. 

Seismic velocities in the lower oceanic crust are systematically lower than predicted for 
gabbros (Korenaga et al., 2001; Behn and Kelemen, 2003). This could be related to the 
presence of cracks and/or alteration phases, and/or to our poor knowledge of lower crustal 
composition. Direct sampling of Layer 3 will resolve this issue, and restore our ability to 
interpret Layer 3 velocities in terms of geologically significant rock properties. 

The primary goal of Mission Moho is to sample through the base of Layer 3 and the 
Mohorovičić discontinuity, and into residual peridotites of the upper mantle. In contrast to the 
classical interpretation of the Moho as the crust-mantle boundary, Hess (1960) posited that 
the Moho represents a serpentinization front, i.e. a boundary between fresh	  peridotite	  and	  
serpentinite. Partially serpentinized peridotites can have densities and velocities identical to 
(or even lower than) those of fresh gabbros (e.g. Horen et al., 1996; Carlson and Miller, 
1997). At fast-spreading ridges, the Moho is generally sharp, which is thought to indicate that 
the Moho is a lithological contact between gabbro and ultramafic rock. However, Vp beneath 
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the oceanic Moho is generally slightly lower than predicted for unaltered peridotite 
(Shipboard scientific party, 2004). This could indicate ~10% serpentinization, small 
proportions of gabbroic lenses intruding residual peridotite, or the presence of ultramafic 
plutonic rocks below the Moho. Until we drill through the Moho beneath fast-spread crust, 
this question of the petrological significance of the Moho will remain unresolved.  

Laboratory-derived velocities of discrete samples cannot reflect large-scale structures within 
the oceanic lithosphere. Integration of seismic reflection and drilling data will require detailed 
wireline sonic logging coupled with vertical and multi-ship offset seismic experiments 
allowing the measurement of regional mantle anisotropy and crustal structure. 

At slow-spreading ridges, serpentinized mantle rocks are commonly incorporated into the 
crust. Drilling through this type of crust, down to fresh peridotites could provide the first 
fresh, in situ mantle samples and test hypotheses regarding the nature of the Moho. Is it: 1) 
the boundary between the residual upper mantle and the igneous crust, 2) a broader zone of 
layered ultramafic and mafic rocks, 3) a serpentinization front, or any combination of these 
three (Fig. 2)? Assessing the role of serpentinization in modifying the seismic signature of the 
crust and the transition to typical mantle velocities is most conclusively addressed by deep 
drilling lower ocean crust and upper mantle unroofed at slow rates of oceanic spreading.  

 

 
Fig.	  2	  -‐	  Various	  alternative	  models	  of	  crustal	  architecture	  and	  the	  Moho	  for	  the	  Atlantis	  Bank	  
(Southwest	   Indian	   Ridge),	   where	   Hole	   735B	   was	   drilled	   (after	   Dick	   et	   al.,	   2006).	   [A]	   After	  
Muller	  et	  al.	  (1997).	  [B]	  After	  Cannat	  (1996).	  [C]	  After	  Dick	  et	  al.	  (1991).	  

3.2.	  Obtaining	  the	  first	  fresh	  samples	  of	  the	  Earth’s	  convecting	  mantle	  	  

Presently	   there	   are	   NO	   fresh	   samples	   of	   the	   convecting	   mantle.	   Xenoliths,	   inclusions	  
brought	   to	   the	   surface	   in	   lavas,	   are	   (a)	   mainly	   derived	   from	   continental	   lithosphere,	  
rather	  than	  the	  convecting	  mantle,	  and	  (b)	  contaminated	  by	  interaction	  with	  host	  lavas.	  
This	  problem	  is	  particularly	  acute	  for	  understanding	  volatile	  chemical	  components	  that	  
are	   modified	   by	   hydrothermal	   alteration	   in	   tectonically	   exposed	   samples,	   or	   by	   host	  
lavas	   in	   xenoliths.	   As	   a	   result,	   hypotheses	   about	   oxygen	   fugacity,	   sulfide	   composition	  



MoHole Workshop 2010        Mission Moho Rationale 

 46	  

and	  proportion,	  CO2,	  CH4,	  graphite,	  H2O,	  Li,	  B,	  He	  and	  other	  noble	  gas	  characteristics	  in	  
the	  “MORB	  source”	  –the	  convecting	  upper	  mantle	  that	  partially	  melts	  to	  form	  Mid-‐Ocean	  
Ridge	   Basalts–	   are	   sustained	   largely	   by	   inference	   and	   assertion.	   Concentrations	   and	  
isotope	  characteristics	  of	  volatile	  elements	  in	  Earth	  reservoirs	  are	  vital	  tracers	  for	  global	  
chemical	  cycling.	  Other	  components,	  such	  as	  heat-‐producing	  elements	  U	  and	  Th,	  may	  be	  
concentrated	  on	  grain	  boundaries	  (Niu,	  2004),	  but	  we	  have	  no	  fresh	  grain	  boundaries	  to	  
examine.	  	  

The	  nature	  and	   length	   scale	  of	  heterogeneity	   in	   the	  mantle	   source	  of	  mid-‐ocean	   ridge	  
basalts	   (MORB)	   remains	   controversial	   and	   has	   fundamental	   implications	   for	   the	  most	  
basic	  structure	  of	  mantle	  convection:	  are	  ocean	  island	  basalts	  fed	  by	  hot	  plumes	  that	  cut	  
through	   the	  upper	  mantle	  MORB	   source,	   or	   is	   the	  MORB	   source	   replenished	   from	   the	  
same	  mantle	  material	  as	  ocean	  island	  basalts?	  Such	  problems	  remain	  unsolved	  because	  
mantle	  source	  characteristics	  are	   largely	   inferred	   from	  lava	  compositions.	  Tectonically	  
exposed	   peridotites	   sampled	   by	   dredging	   and	   shallow	   ocean	   drilling	   are	   plagued	   by	  
contamination	  problems	  due	   to	   their	  highly	   reactive	  nature	  on	   the	   seafloor.	  Drill	   core	  
from	  fresh,	  oceanic	  upper	  mantle	  will	  place	  constraints	  on	  the	  extent	  and	  scale	  of	  Sr,	  Nd,	  
Pb,	   Hf	   and	   Os	   isotope	   vertical	   variability,	   independent	   of	   the	   effects	   of	   near-‐surface	  
alteration	  and	  deformation.	  

Similarly,	  the	  grain	  size	  and	  deformation	  history	  of	  unaltered	  oceanic	  peridotite	  remains	  
unknown.	  These	  parameters,	  essential	  for	  understanding	  mantle	  seismic	  data	  (e.g.,	  Faul	  
and	  Jackson,	  2005),	  melt	  transport	  in	  the	  mantle	  (e.g.,	  Spiegelman	  and	  Kenyon,	  1992),	  or	  
deformation	   at	   decreasing	   temperature	   caused	   by	   corner	   flow	   beneath	   the	   ridge,	   can	  
only	  be	  addressed	  through	  the	  recovery	  of	  fresh	  samples	  of	  in	  situ	  mantle	  peridotite.	  

3.3.	  Melt	  focusing	  and	  extraction	  beneath	  mid-ocean	  ridges	  

One	  of	   the	   least	   constrained,	   fundamental	  problems	   in	  geodynamics	   is	   the	   focusing	  of	  
mantle	   melt	   beneath	   spreading	   ridges.	   Melt	   is	   produced	   in	   tiny	   pores	   along	   grain	  
boundaries	  within	  a	  region	  of	  the	  upper	  mantle	  extending	  to	  more	  than	  100	  km	  depth	  
and	   laterally	   for	  100's	  of	  km	  on	  either	  side	  of	   the	   locus	  of	  spreading.	  How	  is	   this	  melt	  
extracted	  and	  crystallized	  to	  form	  oceanic	  crust	  within	  a	  narrow	  region,	  a	  few	  km	  wide,	  
as	  seismically	  imaged	  along	  the	  East	  Pacific	  Rise?	  Several,	  well-‐defined	  hypotheses	  have	  
been	  outlined,	  but	  no	  consensus	  will	  emerge	  without	  the	  direct	  evidence	  that	  would	  be	  
provided	  by	  drilling	  in	  situ	  upper	  mantle.	  	  

A	  key	  element	  of	  this	  problem	  is	  to	  understand	  and	  characterize	  the	  upwelling	  path	  of	  
partially	  molten	  mantle	  peridotite.	   Is	   it	  passive,	  plate-‐driven	   flow	  (e.g.,	  Langseth	  et	  al.,	  
1966;	   McKenzie,	   1967;	   Bottinga	   and	   Allegre	   1973,	   1976;	   Sleep,	   1975)	   or	   active,	  
buoyancy-‐driven	  flow	  (e.g.,	  Rabinowicz	  et	  al.,	  1984;	  Whitehead	  et	  al.,	  1984;	  Buck	  and	  Su,	  
1989;	  Fig.	  3)?	  

For	   samples	   obtained	   more	   than	   a	   few	   kilometers	   from	   the	   ridge	   axis,	   both	   models	  
predict	  flow	  trajectories	  and	  lineation	  approximately	  perpendicular	  to	  the	  ridge	  axis,	  in	  
a	   nearly	   horizontal	   foliation.	   However,	   passive	   vs.	   buoyancy	   driven	   upwelling	   can	   be	  
distinguished	   from	   the	   flow	  kinematics	   recorded	  by	  olivine	   crystallographic	  preferred	  
orientations.	  Active	  upwelling	  models	  predict	  that	  outward	  horizontal	  flow	  in	  the	  upper	  
mantle	  is	  faster	  than	  plate	  velocity,	  resulting	  in	  an	  inversion	  of	  shear	  senses	  on	  a	  vertical	  
section	  close	   to	   the	  Moho	   (Ceuleneer	  et	  al.,	  1988;	  Nicolas	  et	  al.,	  1988,	  1994).	  This	  has	  
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been	  mapped	   in	   the	   Oman	   ophiolite	   (Nicolas	   et	   al.,	   1994;	   Ildefonse	   et	   al.,	   1995)	   and	  
would	  be	  apparent	  in	  drill	  cores.	  	  

 
Fig.	   3	   -‐	   Examples	   of	   2D	   (perpendicular	   to	   ridge	   axis)	   numerical	   models	   of	   mantle	   passive	  
upwelling	  (left)	  and	  active,	  buoyant	  upwelling	  (right).	  Black	  curves:	  melt	   flow;	  white	  curves:	  
solid	  flow	  (Spiegelman,	  1996).	  

	  

Another	   key	   element	   is	   to	   understand	   the	   transport	   of	   melt	   through	   the	   mantle	  
peridotite	   host	   rocks.	   Transport	  may	   be	   by	   diffuse	   porous	   flow	   (e.g.,	   Phipps	  Morgan,	  
1987;	   Spiegelman	   and	  McKenzie,	   1987),	   by	   focused	   flow	   in	   high	   porosity	   dissolution	  
channels	  marked	  by	  dunites	  (e.g.,	  Kelemen	  et	  al.,	  1995a,	  1995b,	  1997a),	  by	  focused	  flow	  
in	  high	  porosity	  decompaction	  channels	  overlain	  by	  a	  permeability	  barrier	  at	  the	  base	  of	  
the	   cold,	   overlying	   lithosphere	   (e.g.,	   Sparks	   and	   Parmentier,	   1991;	   Spiegelman,	   1993;	  
Ghods	  and	  Arkani-‐Hamed,	  2000;	  Rabinowicz	  and	  Ceuleneer,	  2005),	  by	   focused	   flow	   in	  
high	  porosity	   shear	  zones	   (e.g.,	   Stevenson,	  1989;	  Kelemen	  &	  Dick,	  1995;	  Connolly	  and	  
Podladchikov,	   2000;	   Holtzman	   et	   al.,	   2003),	   via	   passive	   transport	   within	   low	  
permeability,	  partially	  molten,	  buoyant	  diapirs	  (e.g.,	  Rabinowicz	  et	  al.,	  1984;	  Whitehead	  
et	  al.,	  1984;	  Buck	  and	  Su,	  1989),	  and/or	  in	  fractures	  initiated	  as	  a	  result	  of	  overpressure	  
in	   an	   interconnected	   column	   of	   buoyant	  melt	   overlain	   by	   a	   permeability	   barrier	   (e.g.,	  
Nicolas	   1986,	   1990).	   All	   of	   these	   processes	   form	   distinctive	   geological	   features,	   and	  
should	  be	   evident	   in	   drill	   core	   sampling	  melt	   transport	   features	   in	  mantle	   peridotites	  
below	  the	  Moho.	  	  

Much	   of	  what	  we	   know	   about	   the	   composition	   and	   temperature	   of	   the	   upper	  mantle,	  
and	   their	   global	   variability,	   comes	   from	   the	   chemistries	   of	   mid-‐ocean	   ridge	   basalts,	  
which	  are	  used	   to	   infer	   the	  composition	  of	   the	  melt	   that	   crossed	   the	  Moho	  (e.g.,	  Klein	  
and	  Langmuir,	  1987,	  McKenzie	  and	  Bickle,	  1988).	  However,	  the	  majority	  of	  MORBs	  have	  
Mg#	  <<	  70	  (where	  Mg#	  =	  100	  x	  Mg/(Mg	  +	  Fe)	  atomic	  ratio)	  whereas	  primitive	  melts	  in	  
equilibrium	  with	  mantle	  peridotites	  should	  have	  Mg#	  ranging	  from	  ~70	  to	  78	  (O'Hara,	  
1968;	  Langmuir	  et	  al.,	  1982).	  Thus,	  we	  know	  that	  melts	  undergo	  partial	  crystallization	  to	  
produce	  more	  primitive	  cumulates,	  with	  Mg#	  ≤ ~90	  (equivalent	   to	   that	  of	   the	  mantle	  
residues	  of	  MORB	  formation)	  before	  the	  remaining	  melt	  is	  extracted	  to	  erupt	  as	  MORB.	  
On	  average,	  erupted	  MORBs	  record	  about	  50%	  crystallization	  (see	  Shipboard	  Scientific	  
Party,	   2004).	   Primitive	   cumulate	   rocks	   have	   only	   rarely	   been	   sampled	   in	   the	   oceans,	  
whereas	   they	   should	   be	   at	   least	   as	   abundant	   as	   erupted	   lavas	   and	   sheeted	   dikes.	  We	  
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believe	  that	  they	  must	  comprise	  much	  of	  seismic	  Layer	  3	  in	  fast-‐spread	  crust,	  and	  must	  
be	   abundant	   somewhere	   (near	   ridge	   segment	   centers?	   as	   intrusions	   into	   mantle	  
peridotite?)	  at	  slow-‐spreading	  ridges,	  but	  these	  hypotheses	  remain	  completely	  untested.	  
In	  addition,	  because	  the	  nature	  of	  the	  primitive	  cumulates	  is	  unknown,	  determining	  the	  
composition	   of	   unfractionated	   melts	   requires	   making	   numerous	   assumptions.	   These	  
assumptions	   can	   only	   be	   tested	   by	   having	   a	   complete	   crustal	   section	   from	  which	   the	  
integrated	  composition	  of	  the	  entire	  crust	  can	  be	  determined	  (e.g.,	  O’Hara,	  1982).	  	  

3.4.	  Mode(s)	  of	  accretion	  of	  the	  lower	  crust	  at	  fast-spreading	  ridges	  

Seismic	  Layer	  2A,	  inferred	  to	  be	  composed	  mainly	  of	  lavas,	  constitutes	  less	  than	  a	  sixth	  
of	   the	   total	   crustal	   thickness	   in	   fast-‐spread	   crust,	   so	   that	   the	  majority	   of	   the	   crust	   is	  
inferred	   to	   be	   formed	   from	  melt	   that	   is	   intruded	   into	   the	   crust	   from	   the	  mantle.	   The	  
nature	   of	   this	   process	   is	   hotly	   debated.	   Our	   understanding	   has	   been	   limited	   by	   the	  
difficulties	  of	  geophysically	  imaging	  and	  directly	  sampling	  the	  crust,	  in	  particular	  in	  situ	  
gabbroic	   lower	   crust.	   Consequently,	   the	   nature	   of	   the	  magma	   chambers	   beneath	  mid-‐
ocean	   ridges	   and	   the	  magmatic	   processes	   that	   build	   the	   lower	   crust	   remain	   virtually	  
unconstrained.	  Many	   fundamental	   questions	   remain	   unresolved.	   For	   example:	   how	   is	  
melt	   transported	   from	   the	  mantle	   through	   the	   crust?	  Where	   do	  melts	   fractionate	   and	  
crystallize?	  How,	  and	  how	  fast	  is	  heat	  extracted?	  

Multi-‐channel	   seismic	   (MCS)	   profiles	   across	   active	   intermediate	   and	   fast	   spreading	  
ridges	   commonly	   reveal	   bright,	   low	   velocity	   reflectors	  ~1-‐2	   km	   below	   the	   ridge	   axis,	  
interpreted	  to	  be	  thin	  (20-‐100	  m	  thick)	  axial	  magma	  lens	  (e.g.,	  Morton	  and	  Sleep,	  1985a;	  
Detrick	   et	   al.,	   1987;	  Harding	   et	   al.,	   1989;	   Singh	   et	   al.,	   1998,	   2006a;	  Kent	   et	   al.,	   2000).	  
Melt	  lenses	  have	  also	  been	  imaged	  at	  or	  close	  to	  Moho	  depth	  (Garmany,	  1989;	  Dunn	  et	  
al.,	  2001;	  Crawford	  and	  Webb,	  2002,	  Nedimovic	  et	  al.,	  2005;	  Singh	  et	  al.,	  2006b).	  These	  
observations,	   combined	   with	   geological	   and	   petrological	   evidence	   from	   in-‐situ	   ocean	  
crust	   and	   the	   Oman	   ophiolite,	   have	   led	   to	   two	   competing	   models	   of	   lower	   crustal	  
accretion	  at	  fast-‐spreading	  mid-‐ocean	  ridges:	  

1.	  All	   of	   the	   crystallization	  occurs	   in	   a	   shallow	  melt	   lens,	   and	   the	   accumulated	   crystal	  
residues	   subside	   in	   a	   "gabbro-‐glacier"	   to	   build	   the	   lower	   crust	   (e.g.,	   Henstock	   et	   al.,	  
1993;	  Phipps	  Morgan	  and	  Chen,	  1993;	  Quick	  and	  Denlinger,	  1993;	  Fig.	  4a).	  

2.	   Crystallization	   of	   lower	   crustal	   gabbros	   occurs	   partly	   (Boudier	   et	   al.,	   1996)	   or	  
essentially	  in	  situ	  (Kelemen	  et	  al.,	  1997b;	  MacLeod	  and	  Yaouancq,	  2000)	  via	  injection	  of	  
"sheeted	  sills"	  (Boudier	  et	  al.,	  1996;	  Kelemen	  et	  al.,	  1997b;	  Fig.	  4b-‐c).	  

	  
Fig.	  4	  -‐	  Schematic	  drawings	  of	  crustal	  accretion	  models	  (after	  Korenaga	  and	  Kelemen,	  1998).	  
[a]	  Gabbro	  glacier	  ductile	  flow	  model	  (e.g.,	  Henstock	  et	  al.,	  1993;	  Quick	  and	  Denlinger,	  1993).	  
[b]	  A	  hybrid	  model	  of	  ductile	  flow	  with	  sill	  intrusions	  (e.g.,	  Boudier	  et	  al.,	  1996).	  [c]	  “Sheeted	  
sill”	  model	  of	  in	  situ	  formation	  of	  the	  lower	  crust	  by	  on-‐axis	  sill	  intrusions	  (e.g.,	  Kelemen	  et	  al.,	  
1997b).	  
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These	   two	   end-‐member	   models	   have	   profoundly	   different	   implications	   for	   the	  
properties	   of	   the	   lower	   crust,	   including	   its	   composition,	   the	   distribution	   of	   melt,	   the	  
extent	  of	  deformation,	  thermal	  history,	  and	  the	  geometry,	  temperature	  and	  intensity	  of	  
hydrothermal	   fluid-‐rock	   exchange.	   Criteria	   for	   distinguishing	   between	   the	   two	  
contrasting	   models	   are	   outlined	   below	   following	   tests	   developed	   from	   ophiolite	   and	  
limited	   drill	   core	   studies.	   Drill	   core	   samples	   from	   a	   Pacific	   Ocean	   crustal	   section	   are	  
essential	   to	   distinguish	   between	   these	   competing	  models	   directly,	   through	   systematic	  
measurements	  of	  compositions,	  textures,	  structures,	  and	  igneous	  contacts	  as	  a	  function	  
of	  depth	  through	  the	  lower	  crustal	  gabbro	  section	  (Fig.	  5).	  

	  
Figure	  5	  -‐	  Schematic	  relative	  variations	  in	  the	  general	  trends	  of	  latent	  heat	  release,	  bulk	  Mg#,	  
strain	   rate,	   cooling	   rate,	   hydrothermal	   fluid	   flux,	   fluid	   temperature,	   and	   intensity	   of	   high	  
temperature	   alteration	  with	   depth	   predicted	   by	   end-‐member	   "gabbro	   glacier"	   (with	  mainly	  
conductive	  cooling	  of	  the	  lower	  crust)	  and	  "sheeted	  sill"	  (with	  convective	  cooling	  of	  the	  lower	  
crust)	  models	  of	  crustal	  accretion.	  

Magmatic	  processes	  and	  architecture	  of	  the	  crust:	  The	   igneous	  stratigraphy	  and	  the	  
nature	   of	   igneous	   contacts	   will	   be	   determined,	   to	   evaluate	   whether	   or	   not	   the	   lower	  
crust	  comprises	   individual	  magma	  bodies	  that	  were	  intruded	  into	  the	   lower	  crust,	  and	  
fractionated	   and	   crystallized	   in	   situ.	   In	   the	   sheeted	   sill	   model	   the	   bulk	   crustal	  
composition	  will	  become	  more	  evolved	  upwards	  (Fig	  (5)	  and	  sub-‐Moho	  sills	  (Kelemen	  
et	   al.,	   1997b;	   Korenaga	   and	   Kelemen,	   1997)	   are	   predicted.	   In	   contrast,	   in	   the	   gabbro	  
glacier	  model	  there	  will	  be	  no	  change	  in	  bulk	  crustal	  composition	  with	  depth	  and	  sub-‐
Moho	   sills	   are	   not	   expected	   (Fig	   5).	   In	   addition	   to	   modal	   layering,	   vertical	   chemical	  
variation	  is	  observed	  in	  ophiolite	  gabbros	  (e.g.,	  Pallister	  and	  Hopson,	  1981;	  Malpas	  et	  al.,	  
1989;	  Bédard,	  1991;	  Schouten	  and	  Kelemen,	  2002),	  and	  in	  plutonic	  rock	  sections	  drilled	  
along	  the	  mid-‐ocean	  ridges	  (e.g.,	  Dick	  et	  al.	  1991,	  2000;	  Cannat	  et	  al.,	  1995;	  Pedersen	  et	  
al.,	   1996;	   Natland	   and	   Dick,	   1996;	   Kelemen	   et	   al.,	   2004;	   Blackman	   et	   al.,	   2006).	   The	  
nature	   of	   this	   chemical	   layering	   can	   be	   used	   to	   constrain	   the	   size	   of	   individual	  
crystallization	  units	  (Browning,	  1984).	  Magma	  lenses	  ≤	  10	  m	  thick	  crystallized	  layered	  
gabbros	   in	   the	  Troodos	  ophiolite	   lower	  crust	  (Browning	  et	  al.,	  1989)	  and	   in	   the	  crust-‐
mantle	  transition	  zone	  of	  the	  Oman	  ophiolite	  (Korenaga	  and	  Kelemen,	  1997).	  	  

The	  nature	   of	   chemical	   layering	   can	   also	  be	  used	   to	  place	   constraints	   on	   the	  mode	  of	  
melt	   migration	   from	   the	   mantle	   through	   the	   lower	   crust,	   to	   form	   shallow	   gabbros,	  
sheeted	  dikes,	   and	   lavas.	  Korenaga	   and	  Kelemen	   (1998)	   showed	  how	   reactive	   porous	  
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flow	   of	  melt	   through	   chemically	   layered	   gabbros	  would	   disrupt	   correlations	   between	  
mineral	  compositions	  formed	  during	  crystal	  fractionation,	  and	  gradually	  smooth	  vertical	  
chemical	  variation	  via	  diffusion.	  The	  scale	  of	  measurements	  undertaken	  in	  drill	  cores	  is	  
ideal	  to	  address	  such	  chemical	  variations.	  

Deformation	  of	  the	  ocean	  crust:	  If	  the	  lower	  crust	  is	  built	  by	  the	  subsidence	  of	  material	  
from	  a	  high	  level	  melt	  lens	  in	  a	  gabbro	  glacier,	  increasing	  strain	  with	  depth	  is	  predicted	  
(Fig.	   5).	   In	   contrast,	   crustal	   construction	  by	   successive	   sill	   injections	  will	   not	   produce	  
systematic	  gradients	  in	  strain	  with	  depth.	  Published	  data	  sets	  from	  the	  Oman	  ophiolite	  
are	   too	   limited	   to	   be	   conclusive,	   and	   show	  no	   significant	   downward	   trend	   (Yaouancq	  
and	   MacLeod,	   2000).	   The	   intensity	   of	   deformation,	   manifested	   by	   crystal	   shape	   and	  
lattice	  preferred	  orientations,	  and	  to	  some	  extent	  by	  magnetic	  fabrics	  (Gee	  et	  al.,	  2004)	  
can	  be	  readily	  assessed	  in	  drill	  core	  samples.	  	  

Cooling	  the	  lower	  ocean	  crust:	  As	  magmas	  cool	  and	  crystallize,	  both	  the	  latent	  heat	  of	  
crystallization	  and	  specific	  heat	  of	  cooling	  must	  be	  removed.	  Heat	  is	  transferred	  through	  
the	  crust	  by	  conduction,	  or	   the	  advection	  of	  melt,	   solid	  material	  and	  seawater-‐derived	  
hydrothermal	   fluids.	   Hydrothermal	   convection	   removes	   heat	   more	   rapidly	   than	  
conduction.	   The	   distinct	   distributions	   of	  melt	   intrusion	   and	   crystallization	  with	   depth	  
implicit	  in	  the	  two	  end-‐member	  models	  in	  Figure	  4a	  and	  4c	  yield	  different	  distributions	  
of	  latent	  heat	  removal	  with	  depth	  (Fig.	  5).	  Computer	  simulations	  that	  balance	  the	  input	  
of	  magmatic	  heat	  from	  the	  mantle	  to	  the	  crust	  with	  heat	  sinks	  provided	  by	  conduction,	  
advection,	   and	   hydrothermal	   circulation	   have	   been	   used	   to	   test	   the	   crustal	   accretion	  
models,	   by	   constraining	   the	   input	   parameters	   to	   yield	   the	   best	   fits	   to	   geophysical	   or	  
geological	   observations	   (Sleep,	  1975;	  Morton	  and	  Sleep,	  1985b;	  Henstock	  et	   al.,	   1993;	  
Phipps	   Morgan	   and	   Chen,	   1993;	   Maclennan	   et	   al.,	   2004).	   The	   gabbro	   glacier	   model	  
provides	  the	  most	  efficient	  geometry	  for	  hydrothermal	  heat	  extraction,	  as	  the	  latent	  heat	  
and	   specific	   heat	   of	   cooling	   can	   be	   readily	   advected	   from	   the	   lid	   of	   the	   melt	   lens	  
(Henstock	  et	  al.,	  1993),	  and	  predicts	  a	  decrease	  in	  cooling	  rate	  with	  depth,	  assuming	  that	  
deep	  cooling	  is	  predominantly	  by	  conduction.	  However,	  the	  sheeted	  sill	  model	  (Fig.	  4b-‐
c)	   can	   also	   be	   successfully	   simulated,	   provided	   that	   vigorous	   deep	   hydrothermal	  
circulation	  occurs	  near	  the	  ridge	  axis	  and	  there	  is	  some	  crystal	  subsidence	  from	  the	  axial	  
magma	  lens	  (Maclennan	  et	  al.,	  2004;	  Maclennan	  et	  al.,	  2005).	  The	  vigor	  of	  hydrothermal	  
convection	   in	   the	   lower	   crust	   depends	   on	   how	   close	   to	   the	   ridge	   axis	   hydrothermal	  
fluids	  are	  able	   to	  penetrate	  deeply	   in	   the	  crust,	   and	  on	  permeability.	   Small	   changes	   in	  
permeability	  may	  have	  a	  huge	  effect	  on	  the	  resulting	  thermal	  structure	  (Cherkaoui	  et	  al.,	  
2003),	   rendering	   thermal	   models	   uncertain	   until	   tested	   by	   data.	   The	   contrasting	  
distribution,	   flux	   and	   temperatures	   of	   hydrothermal	   fluids	   predicted	   by	   each	   of	   the	  
accretion	  models	  imply	  distinct	  alteration	  patterns	  that	  will	  be	  directly	  observed	  in	  drill	  
cores	  (Fig.	  5).	  	  

If	   hydrothermal	   fluids	   penetrate	   sufficiently	   deep	   close	   enough	   to	   the	   ridge	   axis,	   they	  
may	   lower	   the	   melting	   point	   of	   newly	   crystallized	   gabbro	   or	   gabbroic	   mush	   and	  
generate	  more	  felsic	  melts	  (e.g.,	  Koepke	  et	  al.,	  2007),	  resulting	  in	  the	  intrusion	  of	  silicic	  
veins	   and	   plutons	   with	   distinctive	   isotope	   and	   compositional	   characteristics.	   Silicic	  
veins,	   produced	   via	   crystal	   fractionation	   or	   partial	   melting,	   are	   essential	   to	  
understanding	  the	  crustal	  budget	  of	  many	  geochemically	  important	  elements	  such	  as	  U,	  
Th	  and	  Pb	  (e.g.,	  Hart	  et	  al.,	  1999).	  
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The	   cooling	   rate	   of	   the	   lower	   crust,	   as	   a	   function	  of	   depth,	   can	  be	   estimated	  using	   (i)	  
“geospeedometers”	   that	   exploit	   elemental	   (Fe,	   Ca,	   Li)	   diffusion	   rates	   in	   olivine,	  
clinopyroxene,	   and	   plagioclase	   (Ozawa,	   1986;	   Coogan	   et	   al.,	   2002,	   2005a,	   2005b),	   (ii)	  
analysis	  of	  plagioclase	  crystal	  size	  distributions	  in	  gabbros	  (Garrido	  et	  al.,	  2001).	  Given	  
the	   potential	   for	   small-‐scale	   variability	   in	   cooling	   rates,	   due	   to	   fracture-‐controlled	  
heterogeneous	   fluid	   circulation	   (Coogan	   et	   al.,	   2006),	   drill	   core	   provides	   the	   ideal	  
samples	   for	   such	   studies.	   In	   addition,	   the	   locking	   in	   of	   magnetic	   polarity	   in	   oceanic	  
gabbros	  at	  ~500°C	  can	  provide	  strong	  constraints	  on	  cooling	  rate.	  Encountering	  a	  series	  
of	   polarity	   reversals	   with	   increasing	   depth	   would	   reveal	   the	   record	   of	   the	   blocking	  
isotherm	   moving	   deeper	   in	   the	   crust,	   with	   time	   intervals	   known	   separately	   from	  
calibrating	   the	   polarity	   time	   scale.	   Uniform	   polarity	   over	   a	   great	   depth	   range	   would	  
indicate	  rapid	  cooling	  within	  a	  time	  between	  field	  reversals.	  

Well-‐established	  petrologic	  and	  geochemical	  techniques	  can	  be	  used	  to	  characterize	  the	  
nature	  and	  relative	  timing	  of	  hydrothermal	  exchange	  between	  seawater	  and	  the	   lower	  
crust,	  the	  flux	  of	  fluid	  through	  the	  crust,	  and	  the	  depth	  to	  which	  fluid	  penetrates.	  Mineral	  
geothermometers	   and	   cross-‐cutting	   vein	   mineral	   sequences,	   coupled	   with	   trace	  
element,	  strontium	  isotope,	  and	  stable	  isotope	  compositions	  of	  whole	  rock	  samples	  and	  
mineral	  separates	  can	  be	  used	  to	  establish	  the	  temperature-‐	  and	  chemical-‐evolution	  of	  
the	  fluids	  in	  the	  lower	  crust	  (e.g.,	  Gregory	  and	  Taylor,	  1981;	  Manning	  et	  al.,	  1996;	  Teagle	  
et	  al.,	  1998;	  Bach	  et	  al.,	  2004;	  Coggon	  et	  al.,	  2004;	  Gillis	  et	  al.,	  2005),	  the	  extent	  of	  fluid	  
channeling	   along	   fractures	   and	  veins	   (Manning	   et	   al.,	   1996;	  Banerjee	   and	  Gillis,	   2001;	  
Nicolas	   et	   al.,	   2003;	  Bosch	   et	   al.,	   2004;	  Coogan	  et	   al.,	   2006),	   and	   time	   integrated	   fluid	  
fluxes	  (Bickle,	  1992;	  Bickle	  and	  Teagle,	  1992;	  Teagle	  et	  al.,	  2003;	  Gillis	  et	  al.,	  2005).	  	  

3.5.	  Crustal	  aging	  and	  chemical	  fluxes:	  from	  mantle	  to	  hydrosphere	  and	  back	  again	  

The	   chemical	   evolution	   of	   the	   oceanic	   basement	   does	   not	   stop	   after	   the	   crust	  
crystallizes.	   There	   is	   a	   discernable	   deficit	   in	   conductive	   heat	   flow	   out	   to	   65	   Ma	   on	  
average	   and	   some	   seawater-‐rock	   exchange	  probably	   occurs	   in	   ocean	   crust	   of	   all	   ages.	  
Geochemical	   and	   petrological	   constraints	   on	   water/rock	   ratios,	   time	   integrated	   fluid,	  
chemical	  and	  isotopic	  fluxes	  and	  the	  nature	  of	  hydrothermal	  alteration	  of	  the	  crust	  (see	  
section	   3.4)	   will	   provide	   essential	   information	   on	   chemical	   and	   thermal	   exchange	  
between	   the	   lithosphere	  and	   the	  oceans,	  key	   to	  global	  geochemical	  budgets.	   Stein	  and	  
Stein	  (1994)	  inferred	  from	  heat	  flow	  data	  that	  33%	  of	  the	  convective	  cooling	  of	  oceanic	  
lithosphere	  occurs	  in	  crust	  more	  than	  ten	  million	  years	  old,	  so	  that	  drilling	  may	  actually	  
sample	  an	  active,	  low	  temperature	  hydrothermal	  system.	  In	  any	  case,	  drilling	  in	  crust	  as	  
old	  as	  possible	  (see	  section	  5.2)	  will	  allow	  better	  constraints	  on	  the	  role	  of	  hydrothermal	  
alteration	   in	   controlling	   the	   chemical	   evolution	   of	   seawater	   (e.g.,	   Davis	   et	   al.,	   2003;	  
Nielsen	   et	   al.,	   2006),	   and	   the	   bulk	   composition	   of	   the	   igneous	   crust	   recycled	   into	   the	  
mantle	  in	  subduction	  zones.	  	  

3.6.	  Probing	  the	  limits	  of	  life	  

The upper oceanic crust is a habitat for microorganisms. Endolithic microbes colonize 
fractures in glassy basaltic rocks extracting energy and nutrients from the glass by dissolving 
it, and leaving behind biomarkers that reveal their former presence (e.g., Bach and Edwards, 
2003; Banerjee and Muehlenbachs, 2003; Staudigel et al., 2006). Hydrogen and simple 
organic compounds can be produced abiotically where water interacts with ultramafic rocks in 
a variety of geotectonic settings, including portions of slow-spreading mid-ocean ridges (e.g., 
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McCollom and Seewald, 2001; Kelley et al., 2005). Microbial activity occurring in the sub 
seafloor biosphere may have a profound impact on processes and chemical fluxes during 
water-rock reactions but the depth limits of microbiological activity in the oceanic basement 
have yet to be fully explored. 
Exploring	   and	   characterizing	   the	   sub	   seafloor	   biosphere	   in	   the	   ocean	   crust	  will	   be	  

pursued	   in	   all	   oceanic	   basement	   holes.	   Deep	   drilling	  will	   cross	   chemical	   and	   physical	  
boundaries,	  involving	  energy,	  carbon,	  nutrients	  and	  porosity/permeability,	  which	  define	  
our	  current	  understanding	  of	  habitability	  and	  may	  shed	  light	  on	  deep	  energy	  sources	  for	  
microbial	   communities.	   An extraordinary diversity of microorganisms exists in high 
temperature environments (>120ºC; Kashefi & Lovley, 2003), and this diversity is reflected in 
enzymes and other molecules. Deep drilling will provide access to rocky habitats at the edge 
of the life envelope (Bach et al., 2006) and an opportunity to search for novel microorganisms 
from high-temperature sub seafloor environments, leading to discovery of new compounds 
with biotechnology, medical and engineering applications. These environments may also be 
key in the search for primordial microbial communities that may have been the earliest life 
forms on Earth (e.g., Furnes et al., 2004; Banerjee et al., 2006). 
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Appendix	  2	  -‐	  Langseth	  Workshop	  White	  Paper	  (2010)	  
This	   white	   paper	   was	   submitted	   to	   the	   NSF	   "Langseth"	   workshop	   (Challenges	   and	  
Opportunities	   in	   Academic	   Marine	   Seismology,	   March	   22-‐24,	   2010,	   Incline	   Village,	   NV,	  
USA;	  http://www.unols.org/meetings/2010/201003mls/201003LW_details.html)	  

	  

Setting	  up	  the	  Stage	  for	  Project	  MoHole:	  

Seismic	  Studies	  of	  Fast-Spread	  Ocean	  Lithosphere	  

J.P.	  Canales1,	  M.	  Nedimović2,	  B.	  Ildefonse3,	  S.	  Kodaira4,	  N.	  Abe4,	  H.-‐C.	  Larsen5,	  D.	  Wilson6,	  
D.	  Blackman7,	  Y.	  Isozaki8,	  G.	  Myers9,	  D.	  Teagle10,	  S.	  Umino11	  
1	  Woods	  Hole	  Oceanographic	  Institution,	  USA	  
2	  Dalhousie	  University,	  Canada	  
3	  Geosciences	  Montpellier,	  CNRS,	  France	  
4	  Institute	  for	  Research	  on	  Earth	  Evolution,	  JAMSTEC,	  Japan	  
5	  IODP	  Management	  International,	  Japan	  
6	  University	  of	  California	  Santa	  Barbara,	  USA	  
7	  Scripps	  Institution	  of	  Oceanography,	  USA	  
8	  Center	  for	  Deep	  Earth	  Exploration,	  JAMSTEC,	  Japan	  
9	  Consortium	  for	  Ocean	  Leadership,	  USA	  
10	  National	  Oceanography	  Centre	  Southampton,	  UK	  
11	  Kanazawa	  University,	  Japan	  

The	   mid-‐ocean	   ridges	   and	   the	   new	   oceanic	   lithosphere	   that	   they	   create	   are	   the	  
principal	   pathway	   for	   energy	   and	   mass	   exchange	   and	   physical/chemical	   interactions	  
between	   the	   earth’s	   interior,	   the	   hydrosphere,	   and	   the	   biosphere.	   	   Bio-‐geochemical	  
reactions	  between	  the	  oceans	  and	  oceanic	  crust	  occur	  throughout	  its	  lifetime,	  and	  hence	  
the	  ocean	   lithosphere	  records	   the	   inventory	  of	  global	   thermal,	   chemical	  and	  biological	  
exchanges.	   	  The	  MoHole,	  an	   initiative	  to	  drill	  an	  ultra-‐deep	  hole	   in	  an	   intact	  portion	  of	  
oceanic	  lithosphere,	  through	  the	  crust	  to	  the	  Mohorovičić	  discontinuity	  (Moho),	  and	  into	  
the	   uppermost	   mantle	   is	   a	   long-‐standing	   goal	   of	   scientific	   ocean	   drilling.	   It	   remains	  
critical	   to	   answer	  many	   fundamental	   questions	   about	   the	   dynamics	   of	   the	   Earth	   and	  
global	  elemental	  cycles;	  its	  fundamental	  goals	  include:	  

• Determine	  the	  bulk	  composition	  of	  the	  oceanic	  crust	  to	  establish	  the	  chemical	  links	  
between	   erupted	   lavas	   and	   primary	   mantle	   melts,	   understand	   the	   extent	   and	  
intensity	  of	  seawater	  hydrothermal	  exchange	  with	  the	  lithosphere,	  and	  estimate	  the	  
chemical	  fluxes	  returned	  to	  the	  mantle	  by	  subduction,	  

• Test	  competing	  hypotheses	  of	  the	  ocean	  crust	  accretion	  at	  fast	  spreading	  mid-‐ocean	  
ridges,	   and	   quantify	   the	   linkages	   and	   feedbacks	   between	   magma	   intrusion,	  
hydrothermal	  circulation	  and	  tectonic	  activity,	  

• Determine	  the	  geological	  meaning	  of	  the	  Moho	  in	  different	  oceanic	  settings,	  	  
• Determine	   the	   in	   situ	   composition,	   structure	   and	   physical	   properties	   of	   the	  

uppermost	  mantle	  (and	  its	  variability),	  and	  understand	  mantle	  melt	  migration,	  
• Calibrate	   regional	   seismic	   measurements	   against	   recovered	   cores	   and	   borehole	  

measurements,	  and	  understand	  the	  origin	  of	  marine	  magnetic	  anomalies,	  
• Establish	   the	   depth	   extent	   of	   deep	   biosphere	   and	   hydrological/geobiological	  

processes	  in	  the	  lithosphere.	  
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More	   detailed	   scientific	   rationale	   for	   the	   MoHole	   can	   be	   found	   in	   recent	  
workshop	  reports:	  

-‐	  http://www.iodp.org/mission-‐moho-‐workshop/	  	  
-‐	  http://www.interridge.org/WG/DeepEarthSampling/workshop2009	  

A	   forthcoming	   workshop	   to	   be	   held	   in	   Kanazawa,	   Japan,	   in	   June	   2010	  
(http://earth.s.kanazawa-‐u.ac.jp/~Mohole/)	  will	  indentify	  2-‐3	  potential	  MoHole	  sites	  in	  
the	  Pacific	  where	  the	  scientific	  community	  will	   focus	  geophysical	  site	  survey	  and	  post-‐
drilling	   research	   efforts	   over	   the	   next	   few	   years.	   The	   type,	   resolving	   power,	   and	  
coverage	   of	   geophysical	   data	   needed	   for	   site	   selection	   and	   to	   accomplish	   the	   post-‐
drilling	  scientific	  goals	  will	  be	  amply	  discussed	  during	  the	  workshop.	  

In	   particular,	   seismic	   surveys	   are	   expected	   be	   a	   fundamental	   component	   of	  
MoHole	  critical	  to	  accomplish	  the	  goals	  of	  this	  ambitious	  project.	  	  These	  surveys	  will	  be	  
more	   efficiently	   conducted	   through	   international	   collaborations	   involving	   several	  
platforms	   of	   different	   characteristics.	   	   Among	   these	   platforms,	   the	   R/V	   Langseth	   will	  
undoubtedly	  be	  a	  key	  resource	  because	  of	  her	  state-‐of-‐the-‐art	  seismic	  capabilities.	  We	  
envision	  Langseth	  contributing	  to	  acquisition	  of	  one	  or	  more	  of	  several	  types	  of	  seismic	  
data	  needed	  to	  support	  Project	  MoHole,	  which	  include:	  

(1)	  3D	  multichannel	  seismic	  (MCS)	  data.	  	  MCS	  reflection	  imaging	  of	  the	  oceanic	  Moho	  is	  
often	  degraded	  by	  in-‐	  and	  out-‐of-‐plane	  energy	  scattered	  by	  the	  rough	  igneous	  basement	  
[e.g.,	  Kent	   et	   al.,	   1996].	   	   Among	   the	  many	  benefits	   of	   3D	  MCS	  data	   and	  3D	  processing	  
techniques	  is	  the	  possibility	  of	  accurately	  collapsing	  the	  scattered	  wavefield	  to	  its	  source	  
location;	   therefore	   significantly	   improving	   image	   quality.	   	   In	   addition,	   obtaining	  
geometrically	   accurate	   images	   of	   steeply	   dipping	   faults	   that	  may	   cut	   an	   entire	   crustal	  
section	   (and	   therefore	   perhaps	   affecting	   the	   physical	   properties	   of	   the	   Moho)	   [e.g.,	  
Nedimović	  et	  al.,	  2009]	  will	  also	  require	  3D	  MCS	  data/processing.	  	  The	  potential	  benefits	  
of	  combining	  3D	  MCS	  with	  3D	  borehole	  VSP	  for	  a	  project	  of	  these	  characteristics	  need	  to	  
be	  explored.	  

(2)	  2D	   long-‐offset	   (³8-‐km	  streamer)	  MCS	  data.	   	   In	   recent	  years	  2D	  MCS	  data	   collected	  
with	   6-‐km-‐long	   hydrophone	   streamers	   have	   resulted	   in	   seismic	   images	   of	   the	   lower	  
oceanic	   crust,	   Moho,	   and	   sub-‐Moho	   structure	   of	   unprecedented	   quality	   and	   detail,	  
contributing	  to	  a	  better	  understanding	  of	   the	  geological	  processes	  that	   form	  the	   lower	  
crust	  and	  Moho	  [Canales	  et	  al.,	  2009;	  Nedimović	  et	  al.,	  2005].	   	  Acquiring	  MCS	  data	  with	  
an	   8-‐km-‐long	   streamer,	   as	   current	   Langseth	   capabilities	   allow,	   will	   further	   improve	  
imaging	  of	  lower	  crustal	  and	  uppermost	  mantle	  features,	  as	  well	  as	  enabling	  amplitude-‐
vs-‐offset	  studies	  of	  the	  physical	  properties	  of	  such	  deep	  targets.	  	  An	  added	  value	  of	  long-‐
offset	  MCS	  data	  is	  their	  potential	  for	  conducting	  high-‐resolution	  waveform	  tomography	  
studies	  to	  obtain	  the	  fine-‐scale	  seismic	  velocity	  structure	  of	  the	  upper-‐	  and	  mid-‐crust	  in	  
the	   vicinity	   of	   a	   deep	   drill	   hole,	   thus	   contributing	   to	   a	   better	   integration	   of	   drilling	  
sampling/results	  and	  regional	  geophysical	  data.	  

(3)	   3D	   large-‐scale	   Ocean	   Bottom	   Seismometer	   (OBS)	   data.	   	   Langseth	   offers	   a	   superb	  
powerful	   airgun	   array	   for	   active-‐source	   3D	   wide-‐angle	   refraction/reflection	   OBS	  
experiments.	   	   Using	   traveltime	   tomography	   techniques,	   these	   type	   of	   data	   allow	  
resolving	   the	   3D	   P-‐	   and	   S-‐wave	   velocity	   and	   anisotropy	   structure	   of	   the	   crust	   and	  
uppermost	   mantle	   at	   scales	   of	   several	   kilometers,	   which	   will	   help	   interpretation	   of	  
drilling	  results	  and	  placing	  them	  in	  the	  appropriate	  tectonic	  context.	  
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(4)	  2D	  high-‐resolution	  OBS	  data.	  Data	  acquired	  with	  a	  large	  number	  of	  densely	  spaced	  
OBSs,	   in	   conjunction	   with	   Langseth’s	   excellent	   seismic	   source,	   can	   be	   used	   for	   high-‐
resolution	  determination	  of	  the	  velocity	  structure	  of	  the	  Moho	  transition	  zone	  (MTZ)	  in	  
the	   vicinity	   of	   a	   drill	   hole	   using	  waveform	   tomography	   approaches	   [e.g.,	  Operto	   et	   al.,	  
2006].	  	  At	  long	  source-‐receiver	  offsets	  (~15-‐40	  km),	  the	  MTZ	  seismic	  signature	  is	  a	  high-‐
amplitude	   wide-‐angle	   reflection	   ideal	   for	   frequency-‐domain	   waveform	   tomography	  
studies	  [e.g.,	  Brenders	  and	  Pratt,	  2007].	  
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Appendix	  3	  -‐	  INVEST	  Meeting	  White	  Papers	  
A	   number	   of	   white	   papers	   related	   to	   drilling	   the	   oceanic	   lithosphere	   have	   been	  
submitted	   to	   The	   IODP	   INVEST	   meeting	   (IODP	   New	   Ventures	   in	   Exploring	   Scientific	  
targets,	   September	   23-‐25,	   2009,	   Bremen,	   Germany;	   http://www.marum.de/iodp-‐
invest.html).	  Several	  of	  them	  directly	  or	  indirectly	  addressed	  scientific	  objectives	  and/or	  
engineering/technological	  aspects	  of	  the	  MoHole	  project.	  They	  can	  be	  downloaded	  from	  
the	  INVEST	  meeting	  web	  site	  :	  

•	  Petrological	  nature	  of	  the	  oceanic	  Moho,	  by	  Shoji	  Arai	  (Kanazawa	  University,	  Japan)	  :	  
http://www.marum.de/Binaries/Binary42200/Arai_MoHole.pdf	  

•	  Integration	  of	  drilling	  into	  deep	  oceanic	  crust	  and	  seafloor	  geophysical	  observations	  for	  
investigation	   of	   upper	   mantle	   structure	   and	   plate	   aging,	   by	   Kiyoshi	   Baba	   (Earthquake	  
Research	  Institute,	  University	  of	  Tokyo,	  Japan)	  et	  al.	  :	  
http://www.marum.de/Binaries/Binary42202/Baba_CrustMantleStructureIntergration.pdf	  

•	  Ocean	  Drilling	  and	  Exploring	  a	  Heterogeneous	  Ocean	  Crust,	  by	  Henry	  J.B.	  Dick	  (Dept.	  of	  
Geology	  &	  Geophysics,	  WHOI,	  Woods	  Hole,	  USA)	  et	  al.	  :	  
http://www.marum.de/Binaries/Binary42446/Dick_CrustalHeterogeneity.pdf	  
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