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Abstract	  

	  

Sediments	  of	  the	  continental	  slope	  are	  commonly	  highly	  bioturbated	  by	  endo-‐	  and	  epibenthic	  

organisms,	   especially	   in	   and	   around	   submarine	   canyons	   and	   channels.	   Submarine	   channels	  

act	  as	  conduits	  for	  turbidity	  currents	  and	  represent	  important	  sites	  of	  sediment	  (turbidite	  and	  

mass	   transport)	   deposition.	   Sedimentary	   rocks	   formed	   in	   these	   environments	   are	   globally	  

important	  as	  hydrocarbon	  reservoirs.	  The	  study	  of	  bioturbation	  (ichnology)	  can	  be	  a	  powerful	  

and	   valuable	   tool	   in	   facies	   analysis	   and	   reservoir	   characterization	   of	   hydrocarbon	   systems,	  

but	  has	  yet	  to	  be	  applied	  rigorously	  and	  consistently	  to	  the	  analysis	  of	  deep	  marine	  sediments	  

from	   continental	   slope	   environments.	   This	   study	   reviews	   the	   architecture,	   depositional	  

environments	  and	  the	  likely	  physical	  and	  chemical	  conditions	  across	  slope-‐channel	  systems.	  

By	   integrating	   current	   understanding	   of	   sedimentology,	   biology	   and	   ichnology	   of	   slope	  

environments	   it	   is	   possible	   to	   provide	   a	   first	   order	   summary	   of	   the	   inter-‐relationships	  

between	   ichnology	   and	   depositional	   environments	   on	   the	   continental	   slope.	   The	   most	  

important	  controls	  on	  benthic	  assemblages	  in	  slope-‐channel	  systems	  are	  discussed	  in	  order	  to	  

develop	  a	  predictive	  framework	  for	  likely	  stresses	  on	  benthic	  ecosystems,	  and	  concomitantly	  

trace	  fossil	  distributions.	  These	  physical	  and	  chemical	  parameters	  control	  the	  composition	  of	  

benthic	   ecosystems	   in	   slope	   environments,	   and	   therefore	   control	   the	   ichnological	   record.	  

Conversely,	   ichnology	   can	   be	   used	   as	   a	   tool	   to	   interpret	   depositional	   environments	   in	  

turbidite-‐influenced	  submarine	  channel	  systems.	  This	  discussion	  demonstrates	  that	  ichnology	  

is	  an	  under-‐utilized	  resource	  in	  the	  analysis	  of	  slope-‐channel	  systems,	  and	  has	  great	  potential	  

to	   provide	   additional	   palaeoenvironmental	   insights	   when	   coupled	   with	   sedimentological	  
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datasets.	  Future	  studies	  should	  focus	  upon	  the	  integration	  of	  ichnological	  data	  within	  detailed,	  

high-‐resolution	   sedimentological	   and	   facies	   architectural	   frameworks.	   The	   combination	   of	  

these	   data	   have	   the	   potential	   to	   improve	   our	   understanding	   of	   deep	   marine	   benthic	  

ecosystems	  through	  geological	  time,	  and	  to	  further	  the	  use	  of	  ichnology	  in	  studying	  drill	  core	  

from	  bioturbated	  slope	  and	  submarine	  channel	  hydrocarbon	  reservoirs.	  

	  

	  

1.	  Introduction	  

	  

The	   continental	   slope	   is	   the	   comparatively	   steep	   region	   of	   the	   continental	  margin	   that	   lies	  

between	  the	  shelf	  break	  and	  the	  continental	  rise	  (Heezen	  et	  al.,	  1959;	  Pickering	  et	  al.,	  1989);	  

gradients	  are	  typically	  1-‐7o	  (Vorren	  et	  al.,	  1998)	  but	  locally	  may	  exceed	  11o	  (e.g.	  Conchonat	  et	  

al.,	  1993).	  So-‐called	  “deep	  water”	  environments	  beyond	  the	  shelf	  break	  (from	  as	  little	  as	  200	  

m	   to	   more	   than	   5000	   m	   depth)	   represent	   one	   of	   the	   most	   areally	   and	   volumetrically	  

important	  depositional	  settings	  on	  the	  planet.	  Originally	  predicted	  to	  be	  static	  and	  lifeless	  (e.g.	  

Forbes,	   1844),	   deep	   water	   settings	   are	   now	   known	   to	   be	   among	   the	   most	   complex	   and	  

biologically	   diverse	   environments	   on	   the	   planet	   (Gage,	   1996).	   Far	   from	   being	   an	  

environmentally	   stable,	   low-‐energy	   setting,	   the	   continental	   slope	   is	   affected	   by	   a	   variety	   of	  

hydrodynamic	   processes	   including:	   1)	   tidally	   driven	   currents;	   2)	   deep	   water	   geostrophic	  

currents;	   3)	   thermohaline	   currents;	   4)	   sediment	   gravity	   flows	   including	   turbidity	   currents	  

and	   debris	   flows.	   Tidal,	   and	   sediment	   gravity	   flows	   are	   most	   commonly	   focused	   within	  

submarine	  canyons	  or	  valleys,	  and	  levee-‐bound	  submarine	  channels.	  	  
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Submarine	   canyon,	   valley	   and	   channel-‐levee	   systems	   (Fig.	   1-‐2)	   are	   long-‐lived	  

geomorphological	  features	  that	  can	  be	  hundreds	  to	  thousands	  of	  kilometers	  in	  length.	  These	  

systems	  may	  arise	  at	  the	  shoreline	  or	  shelf	  break	  and	  cut	  the	  continental	  slope	  and	  may	  run	  

out	  onto	   the	  basin	   floor	   (Fig.	  1).	  These	   features	  may	  consist	  of	  one	  or	  more	   small	   channels	  

(thalwegs),	   situated	   within	   a	   broader	   channel	   belt	   that	   is	   bounded	   by	   either	   an	   erosional	  

canyon	  or	  levee	  (Fig.	  2),	  though	  in	  some	  cases	  the	  entire	  confining	  feature	  acts	  as	  single	  broad	  

channel,	   that	   may	   be	   several	   kilometres	   in	   width	   (e.g.	   Malinverno	   et	   al.,	   1988).	   At	   points	  

where	  the	  slope	  gradient	  and	  flow	  energy	  decrease,	  either	  on	  the	  continental	  slope	  (intraslope	  

basins)	  or	  at	  the	  base	  of	  slope,	  submarine	  channel	  systems	  commonly	  produce	  more	  extensive	  

depositional	   features	   such	   as	   braid	   plans	   and	   fans	   (Fig.	   1-‐2;	   Daly,	   1936;	   Whitaker,	   1974;	  

Shepard,	  1981;	  Pickering	  et	  al.,	  1989;	  Klaucke	  et	  al.,	  1998;	  Weimer	  et	  al.,	  2000;	  Mayall	  et	  al.,	  

2006;	   Posamentier	   and	   Walker,	   2006;	   Gamberi	   and	   Marani,	   2007;	   Wynn	   et	   al.,	   2007;	  

McHargue	  et	  al.,	  2011).	  	  

	  

The	   fine-‐	   to	   medium-‐grained	   sediments	   (mudstones	   and	   sandstones)	   deposited	   in	   deep	  

marine	  environments	  of	  the	  continental	  slope	  and	  basin	  floor	  are	  typically	  bioturbated	  by	  epi-‐	  

and	  endobenthic	  organisms	  (e.g.	  Wetzel,	  1984;	  2008).	  Over	  160	  different	  trace	  fossil	  genera	  

have	  been	  reported	  from	  ancient	  deep	  marine	  strata	  (Uchman,	  2004).	  A	  suite	  of	  shallow-‐tier,	  

near-‐surface	  grazing	  or	  farming	  trace	  fossils	  are	  often	  considered	  characteristic	  of	  submarine	  

fan	  or	  basin	   floor	   sediments	   (e.g.	   Fig.	   3;	  Uchman,	  2004;	  Callow	  and	  McIlroy,	  2011;	  Uchman	  

and	  Wetzel,	  2011).	  In	  contrast,	  the	  trace	  fossil	  assemblages	  of	  continental	  slope	  environments	  

are	   less	  well	   characterized,	  due	   to	   the	  more	   limited	  number	  of	   ichnological	   studies	   focused	  

upon	  slope	  settings	  (Hayward,	  1976;	  Shultz	  and	  Hubbard,	  2005;	  Heard	  and	  Pickering,	  2008;	  
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Philips	  et	  al.,	  2010;	  Callow	  et	  al.,	  2012;	  Hubbard	  et	  al.,	  in	  press).	  Available	  data	  indicate	  that	  as	  

well	  as	  some	  similarities,	  slope	  environments	  contain	  distinctive	  ichnological	  signatures	  that	  

distinguish	  them	  from	  fan	  and	  basin	  floor	  settings.	  	  

	  

In	  order	  to	  stimulate	  future	  discussion	  and	  research,	  this	  review	  focuses	  principally	  upon	  the	  

ichnology	   and	   palaeoenvironments	   found	   within	   slope	   canyon	   and	   channel-‐levee	   systems	  

(Fig.	  1-‐2;	  e.g.	  Walker	  and	  Mutti,	  1973;	  Pickering	  et	  al.,	  1989;	  Morris	  and	  Busby-‐Spera,	  1990;	  

Posamentier,	   2003;	   Posamentier	   and	   Walker,	   2006;	   Mayall	   et	   al.,	   2006;	   McHargue	   et	   al.,	  

2011).	  These	  environments	  are	  of	  particular	  significance	  to	  sedimentologists,	  ichnologists	  and	  

petroleum	  geologists	  due	  to	  their	  importance	  as	  petroleum	  plays	  (e.g.	  Mayall	  et	  al.,	  2006)	  and	  

the	   current	   paucity	   of	   integrated	   ichnological	   and	  palaeoenvironmental	   data	   in	   comparison	  

with	  shallow	  marine	  depositional	  environments.	  

	  

	  

2.	  Ichnology	  of	  slope-‐channel	  systems:	  architectural	  and	  stratigraphic	  perspectives	  

2.1.	  The	  applications	  of	  ichnology	  

In	   shallow	   marine	   settings,	   ichnological	   data	   are	   used	   routinely	   in	   detailed	  

palaeoenvironmental	   and	   stratigraphic	   analysis,	   as	   well	   as	   intra-‐regional	   correlation	   and	  

studies	   of	   petroleum	   reservoirs	   at	   sub-‐seismic	   and	   inter-‐well	   scales	   (e.g.	   Pemberton	   et	   al.,	  

2001;	  McIlroy,	  2004b,	  2008;	  Gingras	  et	  al.,	  2007;	  MacEachern	  et	  al.,	  2007a).	  In	  contrast,	  there	  

is	   a	   paucity	   of	   integrated	   sedimentological/ichnological	   studies	   of	   rocks	   from	   deep	  marine	  

depositional	  environments,	  especially	  slope	  and	  submarine	  channel-‐levee	  systems	  (cf.	  Heard	  

and	  Pickering,	  2008;	  Hubbard	  et	  al.,	  in	  press).	  In	  terms	  of	  ichnology,	  the	  most	  important	  rocks	  
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from	   these	   environments	   are	   those	   deposited	   by	   turbidity	   currents.	   Turbidites	   contain	   the	  

highest	   recorded	   ichnodiversity,	   abundance	   and	   bioturbation	   intensity.	   Contourites	   are	  

notoriously	   difficult	   to	   recognize	   due	   to	   the	   high	   bioturbation	   rates	  which	  mask	   diagnostic	  

sedimentary	  structures	  (Stow,	  1979;	  Wetzel	  et	  al.,	  2008).	   In	  our	  experience,	  mass	   transport	  

deposits	   (e.g.	   debris	   flows)	   are	   typically	   sparsely	   bioturbated.	   For	   this	   reason,	   this	   review	  

focuses	   upon	   turbidites	   and	   fine-‐grained	   sediments	   deposited	   in	   inter-‐turbidite	   periods	  

(hemipelagite	  and	  pelagite).	  

	  

2.2.	  The	  disconnect	  between	  ichnology	  and	  sedimentology	  

Published	  sedimentological	  studies	  of	  modern	  and	  ancient	  turbidites	  often	  contain	  little	  or	  no	  

reliable	  ichnological	  information	  beyond	  the	  observation	  of	  “burrows”	  or	  “bioturbation”	  (e.g.	  

Armitage	   et	   al.,	   2010).	   Conversely,	   most	   ichnological	   studies	   of	   turbidites	   fail	   to	   record	  

accurately	   the	   detailed	   sedimentological	   context	   of	   the	   trace	   fossils.	   For	   example,	   many	  

occurrences	   are	   simply	   described	   by	   the	   archaic,	   catch-‐all	   terms	   “greywacke”	   (sensu	  

Pinkerton,	   1811)	   and	   “flysch”	   (sensu	   Studer,	   1827;	   e.g.	   Uchman,	   1998,	   2004).	   It	   can	   be	  

concluded	   that	   despite	   a	   number	   of	   notable	   exceptions	   (e.g.	  Wetzel	   et	   al.,	   2007;	  Heard	   and	  

Pickering,	   2008;	  Knaust,	   2009),	   deep	  marine	   ichnology	  has	   largely	   failed	   to	  keep	  pace	  with	  

recent	  advances	  in	  turbidite	  sedimentology	  that	  have	  come	  from	  field	  analogue	  studies,	  data	  

from	  drill	  core,	  seismic	   interpretation,	  numerical	  modeling	  and	   laboratory	  experiments	  (e.g.	  

Prather	  et	  al.,	  1998;	  Kane	  et	  al.,	  2009,	  2010;	  Mutti	  et	  al.,	  2009;	  Meiburg	  and	  Kneller,	  2010).	  

Thus,	   sedimentological	   and	   ichnological	   datasets	   from	   deep	   marine	   facies	   are	   seldom	  

integrated,	   perhaps	   for	   lack	   of	   appreciation	   of	   the	   potential	   applications	   of	   trace	   fossils	   to	  

deep	  marine	  facies	  analysis	  and	  palaeoenvironmental	  characterization.	  
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The	  potential	  applications	  of	  ichnology	  to	  the	  study	  of	  slope-‐channel	  systems	  include:	  1)	  high-‐

resolution	  palaeoenvironmental	  characterization	  (e.g.	  Shultz	  and	  Hubbard,	  2005;	  Heard	  and	  

Pickering,	   2008;	   Callow	   et	   al.,	   2012;	   Cummings	   and	   Hodgson,	   2011);	   2)	   identification	   of	  

omission	   surfaces	   (e.g.	   Gérard	   and	   Bromley,	   2008;	   Callow	   et	   al.,	   2012);	   and	   3)	   assessing	  

reservoir	  quality	  (porosity	  and	  permeability;	  e.g.	  Gingras	  et	  al.,	  1999;	  Tonkin	  et	  al.,	  2010).	  It	  

can	  be	  difficult	  to	  address	  these	  issues	  comprehensively	  in	  subsurface	  systems	  by	  analysis	  of	  

sedimentology	   alone,	   or	   by	   using	   existing	   paradigms	   for	   the	   interpretation	   of	   trace	   fossils	  

from	   deep	   sea	   strata.	   This	   is	   because	   most	   models	   are	   based	   upon	   interface	   trace	   fossils,	  

which	  are	  not	  commonly	  described	  from	  drill	  core	  and	  can	  have	  little	  or	  no	  impact	  on	  well-‐log	  

responses.	  For	  this	  reason	  we	  consider	  that	  the	  greatest	  potential	  application	  of	  ichnology	  lies	  

in	  the	  study	  of	  deep	  marine	  ichnofabrics	  (e.g.	  Wetzel,	  2008;	  Knaust,	  2009;	  Callow	  and	  McIlroy	  

2011;	  Callow	  et	  al.,	  2012).	  

	  

2.3.	  Relevance	  of	  slope	  systems	  to	  the	  petroleum	  industry	  

Dozens	   of	   giant	   turbidite-‐hosted	   hydrocarbon	   fields	   are	   known	   from	   slope	   systems	   around	  

the	  world,	   including	   the	  Gulf	   of	  Mexico,	   California,	   offshore	  West	  Africa,	   the	  North	   Sea	   and	  

Brazil	  (Stow	  and	  Mayall,	  2000).	  Of	  these,	  turbidite	  channel	  systems	  are	  particularly	  important	  

hydrocarbon	   reservoirs	   (e.g.	   Mayall	   et	   al.,	   2006).	   The	   subsurface	   architectures	   of	   turbidite	  

channel	   systems	   are	   well-‐characterized	   from	   geophysical	   datasets	   (e.g.	   Cross	   et	   al.,	   2009).	  

However,	  models	  for	  their	  spatial	  and	  temporal	  development	  cannot	  be	  derived	  from	  seismic	  

and	  well-‐log	   data	   alone	   (e.g.	  Deptuck	   et	   al.,	   2003;	  McHargue	   et	   al.,	   2011).	   As	   such,	   outcrop	  

analogue	   studies	   are	   essential	   in	   characterizing	   the	   sub-‐seismic	   architecture	   of	   turbidite	  
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channel	   systems,	   and	   reservoir	   heterogeneity	   and	   quality.	   Sedimentological	   and	   facies-‐

architectural	   studies	  have	  proven	   successful	   in	   this	   regard,	   although	   ichnological	   data	  have	  

rarely	   been	   collected	   as	   part	   of	   these	   studies	   (e.g.	   Morris	   and	   Busby-‐Spera,	   1988,	   1990;	  

Camacho	  et	  al.,	  2002;	  Dykstra	  and	  Kneller,	  2007;	  Kane	  et	  al.,	  2007;	  Hubbard	  et	  al.,	  2008;	  Mutti	  

et	  al.,	  2009).	  

	  

2.4.	  Ichnological	  contributions	  

2.4.1.	  Ichnotaxonomy	  and	  ichnodiversity	  studies	  

Most	  ichnological	  studies	  of	  turbidites	  have	  focused	  upon	  ichnotaxonomy	  and	  ichnodiversity	  

with	  little	  regard	  for	  the	  sedimentological	  context	  of	  the	  trace	  fossils	  (e.g.	  Książkiewicz,	  1977;	  

Uchman,	   1998,	   2004).	   Ichnology	   has	   been	  used	   to	   distinguish	   between	   ‘proximal’	   (coarser-‐

grained)	  and	  ‘distal’	  (finer-‐grained)	  turbidites	  (Crimes,	  1970,	  1973,	  1974,	  1977;	  Książkiewicz,	  

1977;	  Crimes	  et	  al.,	  1974;	  Wetzel,	  1991,	  2008).	  Recent	  outcrop	  studies	  have	  begun	   to	  place	  

ichnological	  observations	  in	  a	  more	  detailed	  facies	  architectural	  context	  (see	  section	  6.3;	  Kane	  

et	  al.,	  2007;	  Wetzel	  et	  al.,	  2007;	  Heard	  and	  Pickering,	  2008;	  Hubbard	  and	  Shultz,	  2008;	  Kane	  et	  

al.,	  2009;	  Phillips	  et	  al.,	  2011;	  Cummings	  and	  Hodgson,	  2011;	  Hubbard	  et	  al.,	  in	  press).	  	  

	  

2.4.2.	  Ethology	  

Much	  of	  the	  fundamental	  ichnological	  research	  that	  has	  been	  undertaken	  in	  the	  last	  50	  years	  

has	   revolved	   around	   behaviour/ethology.	   One	   of	   the	   precepts	   that	   underlies	   many	  

ichnological	  studies	  is	  the	  inference	  that	  trace	  fossil	  morphology	  relates	  to	  ethology.	  The	  main	  

inferred	   behaviour	   types	   (described	   using	   the	   suffix	   "ichnia")	   are:	   cubichnia,	   repichnia,	  

pascichnia,	   fodinichnia,	   domichnia,	   fugichnia,	   chemichnia	   and	   agrichnia	   (see	   Gingras	   et	   al.,	  
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2007).	   Increasingly,	   users	   of	   ichnology	   (and	   the	   *ichnia	   terminology)	   include	  

sedimentologists	   and	   other	   non-‐specialist	   ichnologists.	   However,	   in	   many	   cases,	   the	  

assignment	  of	  *ichnias	  has	  not	  been	  made	  on	  objective	  criteria,	  and	  relies	  upon	  assumptions.	  

Instead	  of	  simply	  assigning	  trace	  fossils	  to	  *ichnias,	  it	  may	  be	  more	  enlightening	  to	  use	  more	  

descriptive	  language	  where	  it	  is	  clear	  that	  the	  author	  is	  not	  assuming	  behaviour,	  but	  instead	  is	  

required	  to	  rationalize	  their	  inferences	  of	  behaviour.	  	  	  

	  

Ethological	  inferences	  have	  been	  applied	  to	  slope	  and	  slope-‐channel	  deposits	  (e.g.	  Heard	  and	  

Pickering,	   2008;	   Cummings	   and	   Hodgson,	   2011),	   but	   in	   these	   cases,	   the	   assignment	   of	  

ethological	  groupings	  is	  based	  simply	  on	  behavioural	  assumptions	  and	  is	  standard	  practice.	  It	  

has	   been	   suggested	   that	   it	   is	   possible	   to	   use	   ethological	   groupings	   as	   indicators	   of	  

depositional	  environments.	  However,	  given	  the	  current	  lack	  of	  understanding	  of	  the	  ethology	  

of	   many	   deep-‐marine	   trace	   fossils	   (see	   Rona	   et	   al.,	   2009;	   Löwemark,	   2011)	   and	   of	   deep	  

marine	   organisms,	   it	   will	   be	   more	   informative	   to	   describe	   ichnological	   assemblages	   and	  

inferred	  behaviours,	  rather	  than	  relying	  on	  assumptions	  of	  ethological	  modes.	  	  

	  	  

2.4.3.	  Deep	  water	  ichnofacies	  

Trace	   fossils	   from	   continental	   slope	   and	   basin-‐floor	   environments	   have	   traditionally	   been	  

considered	  within	   the	   ‘ichnofacies’	   paradigm.	   This	  method	   is	   based	   upon	   the	   premise	   that	  

depositional	   environments	   can	  be	   inferred	   from	   the	   assemblages	  of	   trace	   fossils	   found	   in	   a	  

depositional	  unit	  (Seilacher,	  1964,	  1967;	  Frey	  and	  Seilacher,	  1980;	  Frey	  et	  al.,	  1990;	  Bromley	  

and	  Asgaard,	  1991;	  Pemberton	  et	  al.,	  2001;	  MacEachern	  et	  al.,	  2007a,	  b;	  Uchman	  and	  Wetzel,	  

2011).	   In	   turbidites,	   the	   trace	   fossils	   often	   used	   to	   determine	   ichnofacies	   assignments	   are	  
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typically	  those	  that	  are	  confined	  to	  the	  bases	  of	  sandstone	  beds	  (‘soles’)	  (Fig.	  3),	  and	  as	  such	  

are	  of	   limited	   relevance	   to	   study	  of	  hydrocarbon	  systems	   from	  subsurface	  data	   (see	  Callow	  

and	  McIlroy,	  2011).	  

	  

The	   ‘archetypal’	   deep	  water	   ichnofacies	   are	   the	   Zoophycos	   (continental	   slope)	   and	  Nereites	  

(basin	   floor)	   ichnofacies,	   which	   have	   extremely	   broad	   ranges	   of	   environment	   and	   implied	  

water	  depth	  (Fig.	  1;	  see	  MacEachern	  et	  al.,	  2007a;	  see	  comprehensive	  review	  in	  Hubbard	  et	  

al.,	   in	   press).	   In	   order	   to	   increase	   the	   resolution	   of	   the	   ichnofacies	  method,	   ichnosubfacies	  

have	   been	   erected.	   The	  Paleodictyon	   ichnosubfacies	   has	   been	   used	   to	   describe	   thin-‐bedded	  

sand-‐rich	   turbidite	   lobe	   fringes	   within	   the	   Nereites	   ichnofacies	   (Fig.	   1,	   3;	   Seilacher,	   1974,	  

1978)	  and	   the	  Ophiomorpha	   rudis	   ichnosubfacies	  has	  been	  proposed	   to	   recognize	   sand-‐rich	  

turbidite	   channels	   and	   channel-‐proximal	   lobes	   (Fig.	   1;	   Uchman,	   2009).	   The	   firmground	  

Glossifungites	  Ichnofacies	  has	  also	  been	  described	  from	  the	  cohesive	  substrates	  of	  submarine	  

canyon	  walls	  (e.g.	  Hayward,	  1976),	  although	  whether	  these	  were	  true	  seafloor	  firmgrounds	  or	  

subsurface	  “concealed”	  firmgrounds	  (sensu	  Bromley,	  1996)	  is	  unclear.	  	  

	  

2.4.4.	  Deep	  water	  ichnofabrics	  

In	   comparison	  with	   interface	   trace	   fossils,	   ichnofabric-‐forming	   trace	   fossils	   from	   turbidites	  

(cf.	   Bromley,	   1996;	   McIlroy	   2004a;	   Callow	   and	  McIlroy,	   2011;	   Fig.	   4-‐5)	   have	   received	   less	  

attention	   from	   ichnologists	   (but	   see	   Knaust,	   2009;	   Callow	   et	   al.,	   2012;	   Hubbard	   et	   al.,	   in	  

press).	  Ichnofabric	  analysis	  involves	  the	  collection	  of	  data	  from	  vertical	  cross	  sections	  at	  the	  

bed	   or	   bed-‐set	   scale,	   incorporating	   lithology,	   bioturbation	   intensity,	   burrow	   size,	  

ichnodiversity,	  abundance,	  cross-‐cutting	  relationships	  and	  depth	  of	  burrowing	  (Bromley	  and	  
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Ekdale,	   1986;	   Taylor	   and	   Goldring,	   1993;	   Taylor	   et	   al.,	   2003;	   McIlroy,	   2004b,	   2008).	  

Ichnofabric	  data	   can	  be	   collected	   from	  natural	  or	   cut	   cross-‐sections	  either	   in	   the	   field	  or	   in	  

core,	  and	  has	  been	  used	  to	  refine	  the	  facies	  characterization	  of	  basin-‐floor	  fans	  in	  core	  from	  

the	  Jurassic	  of	  the	  North	  Sea	  (Knaust,	  2009),	  as	  well	  as	  a	  channel-‐levee	  system	  from	  the	  field	  

in	  the	  Rosario	  Formation	  of	  Mexico	  (Callow	  et	  al.,	  2012).	  A	  recent	  review	  of	  available	  data	  on	  

trace	   fossil	   occurrences	   within	   turbidites	   highlighted	   the	   	   most	   frequently	   encountered	  

ichnofabric-‐forming	  trace	  fossils	  in	  Palaeozoic,	  Mesozoic	  and	  Cenozoic	  turbidites	  (Callow	  and	  

McIlroy,	  2011;	  see	  Fig.	  4-‐5).	  While	  differences	  exist	  between	  typical	  Palaeozoic,	  Mesozoic	  and	  

Cenozoic	   assemblages	   (e.g.	   abundance	   of	   Ophiomorpha	   and	   Scolicia	   in	   post-‐Palaeozoic	  

turbidites),	   turbidite	   ichnofabrics	   show	   remarkable	   stasis,	   particularly	   in	   terms	   of	   inferred	  

trophic	  mode	  throughout	  the	  Phanerozoic	  (Callow	  and	  McIlroy,	  2011).	  

	  

2.4.5.	  Trace	  fossils	  and	  reservoir	  quality	  	  

Bioturbation	   exerts	   various	   effects	   on	   reservoir	   quality	   (porosity	   and	   permeability;	  Weber,	  

1982;	   Gingras	   et	   al.,	   1999,	   2007;	   Bednarz	   and	   McIlroy,	   2009,	   in	   press;	   Cunningham	   et	   al.,	  

2009;	  Tonkin	  et	  al.,	  2010).	  The	  effects	  on	   these	   fundamental	  petrophysical	  parameters	  vary	  

with	  grain	  size	  and	  lithology	  of	  the	  host	  sediment,	  but	  may	  also	  be	  modified	  by	  the	  burrowing	  

and	  feeding	  behaviour	  of	  trace-‐making	  organisms	  (Francois	  et	  al.,	  2002).	  While	  some	  common	  

deep	  marine	   ichnotaxa	   can	   increase	   porosity	   and	   permeability	   by	   improving	   grain	   sorting	  

(e.g.	   phycosiphoniform	   trace	   fossils;	  Bednarz	  and	  McIlroy,	  2009;	  Fig.	   5A-‐B),	   others	  produce	  

conduits	  or	  ‘pipeworks’	  for	  fluid	  flow	  (e.g.	  Ophiomorpha	  and	  Thalassinoides;	  Fig.	  4C-‐D),	  while	  

some	  ichnotaxa	  (e.g.	  Scolicia;	  Fig.	  4A-‐B)	  decrease	  grain	  sorting	  and	  porosity/permeability	  (see	  

Gingras	  et	  al.,	  2007;	  Tonkin	  et	  al.,	  2010).	  Other	  possible	  impacts	  on	  reservoir	  quality	  include	  
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the	   in	   situ	   production	   of	   authigenic	   clays	   by	   biological	   weathering	   (McIlroy	   et	   al.,	   2003),	  

sometimes	   in	   the	   form	   of	   clay	   rims	   (Needham	   et	   al.,	   2005).	   The	   combined	   effects	   of	  

bioturbation	   on	   the	   quality	   of	   turbiditic	   reservoirs	   are	   complex,	   and	   have	   not	   yet	   been	  

considered	  in	  detail.	  These	  effects	  cannot	  be	  incorporated	  into	  reservoir	  quality	  models	  until	  

such	   a	   time	   as	   the	   distribution	   of	   ichnotaxa	   across	   channel,	   levee,	   lobe	   and	   fan	   systems	   is	  

more	  completely	  understood	  and	  the	  porosity-‐permeability	  data	  can	  be	  up-‐scaled	  to	  the	  scale	  

of	  reservoir	  intervals.	  

	  

2.4.6.	  Neoichnology	  

Due	   to	   the	   inherent	  difficulties	   of	   studying	  burrowed	   sediments	   from	  modern	  deep	  marine	  

systems,	   progress	   in	   deep	   marine	   neoichnology	   has	   lagged	   behind	   advances	   in	   shallow	  

marine	   and	   non-‐marine	   neoichnology	   (e.g.	   Davis	   et	   al.,	   2007;	   Gingras	   et	   al.,	   2008).	   Current	  

understanding	  is	  limited	  to	  seafloor	  observations	  and	  bottom	  photographs,	  as	  well	  as	  analysis	  

and	   X-‐radiography	   of	   box	   and	   gravity	   cores	   (e.g.	   Ekdale,	   1977,	   1980;	   Wetzel,	   1983,	   1984,	  

2008;	  Ohta,	  1984;	  Young	  et	  al.,	  1985;	  Smith	  et	  al.,	  2000;	  Rona	  et	  al.,	  2009).	   In	  contrast	  with	  

shallow	  marine	   systems,	   the	  palaeobiology	  of	  many	  key	  deep	  marine	   trace	   fossils	   is	   poorly	  

understood	  (e.g.	  Paleodictyon;	  Rona	  et	  al.,	  2009).	  Due	  to	  the	  relatively	  small	  number	  of	  studies	  

and	   limited	  sampling	  density,	  modern	  studies	  have	  scarcely	  considered	  spatial	  variations	   in	  

the	   compositions	   of	   benthic	   faunas	   across	   slope	   canyon	   or	   channel-‐levee	   systems	   (Wetzel,	  

1984;	  Gerino	  et	  al.,	  1999).	  Similarly,	  sedimentological	  studies	  of	  modern	  submarine	  canyons	  

have	  also	   failed	   to	   fully	   characterize	   the	   ichnology	  of	   sediment	   cores	   (e.g.	  Babonneau	  et	  al.,	  

2002;	   Armitage	   et	   al.,	   2010).	   Shallow	   sediment	   cores	   from	   submarine	   canyon	   systems	  
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represent	  an	  under-‐exploited	  resource	  for	  ichnologists	  studying	  bioturbation	  of	  deep	  marine	  

systems,	  and	  present	  an	  interesting	  and	  readily	  available	  dataset	  for	  future	  research.	  

	  

	  

3.	  Slope-‐channel	  system	  architecture	  	  

	  

The	   architecture	   and	   evolution	   of	   submarine	   canyons	   and	   channels,	   and	   canyon-‐confined	  

turbidite	  systems	  have	  been	  studied	  in	  modern	  and	  ancient	  slope	  systems	  by	  field	  studies	  (e.g.	  

Camacho	   et	   al.,	   2002;	   Beaubouef,	   2004;	   Dykstra	   &	   Kneller,	   2007;	   Hubbard	   et	   al.,	   2008),	  

bathymetric	  and	  shallow-‐seismic	  profiling	  (e.g.	  Pirmez	  et	  al.,	  2000;	  Babonneau	  et	  al.,	  2002),	  

and	   well-‐log	   and	   core	   analysis	   (e.g.	   Samuel	   et	   al.,	   2003).	   Given	   the	   intrinsic	   variability	   of	  

continental	   slope	   systems	   it	   is	   difficult	   to	   provide	   a	   comprehensive	   review	   of	   slope	  

morphology	  and	  architecture	   that	  can	  be	  applied	  equally	   to	  all	   systems.	   Instead,	  we	  discuss	  

the	   architectural	   and	   geomorphological	   elements	   of	   slope-‐channel	   systems,	   and	   use	   this	   to	  

predict	   palaeoenvironmental	   conditions,	   and	   the	   potential	   controls	   on	   benthic	   ecology	   and	  

ichnology	  across	  slope-‐channel	  systems.	  	  

	  

Slope	  canyons	  and	  channels	  can	  run	  from	  the	  shoreline	  (shoreline	  attached	  canyons)	  or	  shelf	  

break	  to	  the	  basin	  floor	  (Fig.	  1).	  Canyons	  and	  slope	  channels	  may	  be	  initiated	  or	  enlarged	  by	  

mass	   failure	   and	   erosive	   turbidity	   currents,	   and	   may	   pass	   down-‐slope	   and	   evolve	  

stratigraphically	   into	   levee-‐confined	  systems	  (Fig.	  1-‐2;	  Hall	  et	  al.,	  2008;	  Piper	  and	  Normark,	  

2009;	   Kane	   and	   Hodgson,	   2011).	   Channels	   and	   canyons	   act	   as	   important	   conduits	   for	  
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sediment	  and	   fluid	   transport	   in	  gravity-‐driven	   flows	   including	   turbidity	  currents	   (Whitaker,	  

1976;	  Mutti	  and	  Normark,	  1987).	  	  

	  

Accommodation	  is	  the	  principal	  control	  on	  the	  architecture	  of	  slope-‐channel	  systems,	  and	  is	  

determined	  by	  the	  difference	  between	  the	  actual	  down-‐current	  profile	  of	  the	  channel	  and	  its	  

hypothetical	  equilibrium	  profile	  (see	  Pirmez	  et	  al.,	  2000;	  Samuel	  et	  al.,	  2003;	  Kneller,	  2003).	  

The	  equilibrium	  profile	  of	   a	   system	   is	   a	   function	  of	   sediment	  grain	   size,	   flow	   thickness	  and	  

flow	  density	  (Samuel	  et	  al.,	  2003;	  Kneller,	  2003).	  Creation	  of	  accommodation	  (steepening	  the	  

equilibrium	   profile)	   is	   favoured	   by	   decreasing	   flow	   density	   or	   flow	   thicknesses	   and/or	  

increasing	   grain	   size,	   leading	   to	   deposition	   within	   the	   channel	   and	   in	   overbank	   areas,	  

including	  levees	  (e.g.	  Camacho	  et	  al.,	  2002;	  Dykstra	  and	  Kneller,	  2007;	  Kane	  et	  al.,	  2007;	  Kane	  

and	  Hodgson,	  2011).	  Erosion	   is	   favoured	  by	  reduction	   in	  gradient	  of	   the	  equilibrium	  profile	  

caused	   by	   increasing	   flow	   density	   or	   thickness,	   and	   decreasing	   grain	   size.	   Graded	   systems	  

form	  where	   the	  down-‐current	   channel	   profile	  matches	   the	   equilibrium	  profile	   and	   tend	   for	  

form	  sinuous	  meandering	  channel	  belts	   (e.g.	  Kolla	  et	  al.,	  2001),	  marked	  by	   lateral	  accretion	  

deposits,	  within	  channel-‐bounding	  levees	  (Fig.	  2;	  e.g.	  Morris	  and	  Busby-‐Spera,	  1990;	  Dykstra	  

and	  Kneller,	  2007,	  2009).	  	  

	  

Field	   and	   seismic	   studies	   have	   revealed	   a	   common	   pattern	   of	   submarine	   channel	   systems,	  

evolving	  downslope	  from	  erosional	  on	  the	  upper	  slope,	  to	  graded	  and	  aggradational	  systems	  

on	   the	   mid	   to	   lower	   continental	   slope	   (Fig.	   2),	   though	   with	   some	   notable	   exceptions	   (e.g.	  

Congo;	  Babonneau	  et	  al.,	  2002).	  Various	  studies	  have	  shown	  a	  temporal	  evolution	  of	  channel	  

systems	  tending	  from	  erosional	  to	  aggradational	  over	  both	  long	  and	  short	  time	  scales	  (Fig.	  2;	  
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e.g.	  Beauboeuf	  and	  Friedman,	  2000;	  Sprague	  et	  al.,	  2002;	  Samuel	  et	  al.,	  2003,	  Deptuck,	  2003;	  

Mayall	  et	  al.,	  2006).	  Deeply	  incised,	  erosion-‐dominated	  submarine	  canyons	  are	  most	  common	  

on	   the	  upper	   slope	   (Fig.	  1-‐2;	   e.g.	  Babonneau	  et	   al.,	   2002,	   Smith	  et	   al.,	   2007).	   Slope	   canyons	  

typically	   pass	   down-‐slope	   into	   leveed	   channel	   systems	   and	   as	   the	   canyon	   is	   filled	   by	  

sedimentation,	   canyons	   pass	   stratigraphically	   up	   into	   levee-‐confined	   systems	   (Fig.	   1-‐2;	  

Babonneau	  et	  al.,	  2002;	  Samuel	  et	  al.,	  2003).	  Changes	  in	  the	  location	  of	  the	  local	  gravity	  base	  

(e.g.	   channel	  avulsion,	   filling	  of	   intraslope	  basins)	  or	   channel	  mouth,	  or	   in	   turbidity	   current	  

flow	   characteristics,	   can	   result	   in	   changes	   from	   aggradation	   to	   erosional	   systems	   (Fig.	   2;	  

Pirmez	   et	   al.,	   2000;	   Kneller,	   2003;	   Samuel	   et	   al.,	   2003).	   Relative	   sea	   level	   has	   also	   been	  

inferred	  to	  play	  an	  important	  role	  in	  controlling	  accommodation,	  erosion	  and	  sedimentation	  

in	   slope-‐channel	   systems,	   through	   changes	   in	   sediment	   supply	   to	   deep	   ocean	   basins	   (e.g.	  

Hübscher	  et	  al.,	  1997;	  Deptuck	  et	  al.,	  2003;	  Di	  Celma	  et	  al.,	  2010;	  cf.	  Carjaval	  and	  Steel,	  2006).	  

It	   has	   been	   suggested	   that	   erosion	   and	   channel	   belt	   development	   occurs	   during	   regressive	  

phases	  associated	  with	  maximum	  sediment	  supply,	  while	  channel	  aggradation	  occurs	  during	  

transgressive	  phases,	  associated	  with	  reduced	  sediment	  supply	  (e.g.	  Mutti,	  1999;	  Wilgus	  et	  al.,	  

1988;	  Hübscher	  et	  al.,	  1997;	  Deptuck	  et	  al.,	  2003).	  	  

	  

In	  addition	  to	  flow	  characteristics,	   factors	  such	  as	  faulting,	  salt	  and	  shale	  mobility,	  and	  deep	  

clear-‐water	   currents	   also	   control	   the	   geomorphology	   and	   development	   of	   slope	   systems	  

through	  time	  (see	  Pickering	  et	  al.,	  1989;	  Pirmez	  et	  al.,	  2000;	  Tinterri	  and	  Magalhaes,	  2011).	  

The	  characteristics	  of	  a	  submarine	  channel	  system	  are	  the	  principal	  controls	  on	  depositional	  

environments,	  benthic	  ecosystems	  and	  therefore,	  ichnology.	  
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3.1.	  Slope-‐channel	  system	  architecture	  

Detailed	  reviews	  of	  slope-‐channel	  architecture	  can	  be	  found	  elsewhere	  (see	  McHargue	  et	  al.,	  

2011).	  We	  briefly	  review	  the	  architectural	  elements	  that	  are	  likely	  to	  contain	  distinctive	  and	  

predictable	  ichnological	  signatures	  that	  are	  controlled	  by	  the	  environmental	  parameters.	  	  

	  

Deep	   water	   slope-‐channel	   facies	   elements	   are	   classified	   on	   the	   basis	   of	   their	   facies	  

assemblages,	   geometry,	   vertical	   and	   lateral	   stacking	   patterns,	   and	   the	   distribution	   of	   their	  

confining	  surfaces	  (e.g.	  Sprague	  et	  al.,	  2002;	  Dykstra	  and	  Kneller,	  2007).	  In	  the	  Sprague	  et	  al.	  

scheme	   individual	   channel-‐fill	   bodies	   (‘channels’	   in	   their	   terminology)	   are	   grouped	   into	  

channel	  complexes,	  which	  are	  in	  turn	  grouped	  into	  channel	  complex	  sets.	  Channel-‐fill	  bodies,	  

channel	  complexes	  and	  channel	  complex	  sets	  have	  predictable	  net	  fining-‐upward	  trends	  due	  

to	   the	   filling	   of	   accommodation	   space,	   and	   the	   associated	   change	   from	   erosional	   to	  

aggradational	  character	  during	  the	  lifetime	  of	  a	  submarine	  channel	  system	  (Fig.	  2;	  Morris	  and	  

Busby-‐Spera,	   1988,	   1990;	   Babonneau	   et	   al.,	   2002;	   Dykstra	   and	   Kneller,	   2007).	   The	   facies	  

associations	  that	  constitute	  individual	  channel	  fill	  bodies	  or	  channel	  complexes	  can	  be	  defined	  

as	   axial,	   off-‐axis	  or	  marginal	   (McHargue	  et	   al.,	   2011).	  These	   facies	   associations	  differ	   in	   the	  

abundance	  of	  amalgamated	  beds,	  bed	  thickness	  and	  sandstone	  to	  mudstone	  ratio.	  	  

	  

Axial	   facies	   commonly	   form	   the	   thickest	   part	   of	   the	   channel	   belt	   deposits,	   representing	  

deposition	  within	  individual	  channel	  thalwegs,	  and	  are	  typically	  dominated	  by	  coarse-‐grained,	  

thick-‐bedded	  and	  amalgamated	  sandstones	  or	  conglomerates.	  Marginal	  depositional	  settings	  

are	  dominated	  by	  thin-‐bedded	  facies	  with	  lower	  proportions	  of	  sand	  and	  less	  amalgamation	  
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(see	  McHargue	  et	  al.,	  2011;	  Hubbard	  et	  al.,	   in	  press).	  Overbank	  facies	  associations	  consist	  of	  

heterolithic	   sediments,	   occur	   outside	   the	   region	   of	   channel	   confinement,	   and	   are	   typically	  

more	  fine-‐grained	  than	  axial	  and	  marginal	  facies	  (i.e.	  levees).	  

	  

Two	   scales	   of	   confinement	   are	   commonly	   recognized	   within	   submarine	   channel	   systems.	  

Small	   aggradational	   levees	   (internal	   levees)	   may	   form	   in	   overbank	   regions	   of	   individual	  

thalwegs	  that	  may	  meander	  within	  a	  channel	  belt	  that	  is	  bounded	  by	  an	  external	  levee	  (Fig.	  2;	  

see	  Kane	  and	  Hodgson,	  2011	  for	  recent	  review	  of	  levee	  terminology);	  internal	  levee	  deposits	  

may	   thus	   bound	   channel-‐fill	   bodies	   or	   channel	   complexes.	   Internal	   levees	   result	   from	  

deposition	   from	   flows	   over-‐banking	   from	   channels	   that	   were	   confined	   within	   the	   main	  

channel	  belt,	  but	  where	  the	  over-‐banking	  flows	  did	  not	  interact	  significantly	  with	  the	  broader	  

bounding	  surface	  (levee	  or	  erosional	  confinement).	  It	  has	  been	  suggested	  that	  internal	  levees	  

form	  in	  association	  with	  reduced	  sediment	  supply	  and	  aggradation	  of	  the	  channel	  belt	  within	  

the	  confines	  of	   the	  external	   levee	   (see	  Hübscher	  et	  al.,	  1997;	  Deptuck	  et	  al.,	  2003).	  External	  

levees	  are	  formed	  when	  larger	  flows	  escape	  the	  confines	  of	  the	  channel	  belt,	  which	  has	  been	  

suggested	   to	   be	   associated	  with	   the	   highest	   rates	   of	   sediment	   supply	   (see	   Hübscher	   et	   al.,	  

1997;	   Deptuck	   et	   al.,	   2003)	   –	   or	   simply	   larger	   flows;	   at	   least	   some	   external	   levees	   are	  

associated	  with	  systems	  where	  the	  entire	  width	  of	  the	  space	  between	  the	  external	  bounding	  

surface	   acts	   as	   a	   single	   channel	   (e.g.	   Laurentian	   Fan	   Valley,	   Piper	   et	   al.,	   1988;	   Var	   Canyon,	  

Malinverno	  et	  al.,	  1988).	  External	  levees	  exhibit	  laterally	  continuous	  beds	  showing	  systematic	  

trends	   in	   decreasing	   bed	   thickness	   and	   sandstone	   to	   mudstone	   ratio	   perpendicular	   to	   the	  

channel	   axis,	   while	   internal	   levees	   are	   characterized	   by	   complex	   palaeocurrents,	   laterally	  

discontinuous	  beds	  and	  a	  lack	  of	  clear	  trends	  in	  bed	  thickness	  (see	  Kane	  and	  Hodgson,	  2011).	  	  
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The	  height	  of	  external	  levees	  relative	  to	  the	  base	  of	  the	  channel	  is	  variable	  (tens	  to	  hundreds	  

of	  metres),	   and	   commonly	  decreases	  down-‐slope	   (Babonneau	   et	   al.,	   2002;	  Wood	   and	  Mize-‐

Spansky,	  2009;	  but	  cf	  Pirmez	  et	  al.,	  2000).	  On	  the	  mid	  to	  upper	  slope	  the	  floor	  of	  the	  channel	  

may	  lie	  below	  the	  level	  of	  the	  surrounding	  sea	  floor	  beyond	  the	  lateral	  limit	  of	  the	  levee,	  while	  

in	  lower	  slope	  and	  base	  of	  slope	  environments	  channels	  can	  become	  super-‐elevated	  above	  the	  

level	   of	   the	   surrounding	   sea	   floor	   (Fig.	   2).	   The	   sedimentary	   fill	   of	   channel-‐levee	   complexes	  

may	   be	   broadly	   similar	   to	   the	   fill	   of	   erosional	   canyon	   systems	   (Walker,	   1985;	   Beauboeuf,	  

2004;	  Arnott,	  2007;	  Hubbard	  et	  al.,	  2008;	  Kane	  et	  al.,	  2009).	  	  

	  

Due	  to	  the	  predictable	  evolution	  of	  stacking	  patterns	  in	  slope	  systems,	  the	  average	  grain	  size,	  

proportion	  of	  amalgamated	  beds	  and	  average	  bed	  thickness	  all	  tend	  to	  decrease	  upwards	  in	  

stratigraphic	   sections	   through	   channel-‐fill	   bodies,	   channel	   complexes	   and	   channel	   complex	  

sets.	  Fine-‐grained	  sandstones,	  siltstones	  and	  mudstones	  are	  deposited	  as	  hemipelagic/pelagic	  

drapes	   over	   the	   system	   during	   phases	   of	   slope-‐channel	   system	   abandonment	   and/or	  

autocyclic	  cessation	  of	  turbidite	  deposition.	  Abandonment	  facies	  may	  be	  overlain	  and	  incised	  

by	   subsequent	   channel	   bodies	   if	   re-‐activation	   of	   the	   system	   occurs,	   thereby	   commencing	  

another	  cycle	  in	  the	  fill	  of	  the	  submarine	  canyon	  or	  channel	  (e.g.	  Dykstra	  and	  Kneller,	  2007).	  

Such	   reactivation	  may	  occur	   due	   to	   either	   an	   increase	   in	   sediment	   supply	   (Hübscher	   et	   al.,	  

1997)	  or	  due	  to	  a	  change	  in	  the	  base	  of	  slope	  when	  an	  intraslope	  basin	  becomes	  completely	  

filled	  (Fig.	  2;	  Winker	  &	  Booth,	  2000;	  McHargue	  et	  al.,	  2011).	  Previous	  studies	  have	  shown	  that	  

the	   sub-‐environments	   within	   a	   single	   channel	   fill	   can	   have	   distinctive	   ichnological	  
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assemblages	   that	   can	   aid	   in	   facies	   interpretation	   when	   used	   in	   conjunction	   with	   detailed	  

sedimentology	  (see	  Heard	  and	  Pickering,	  2008;	  Callow	  et	  al.	  2012:	  Hubbard	  et	  al.,	  in	  press).	  

	  

Having	  defined	  the	  key	  architectural	  elements	  of	  slope-‐channel	  turbidite	  systems	  and	  outlined	  

the	  typical	  spatial	  and	  temporal	  evolution	  of	  a	  slope-‐channel	  system	  (Fig.	  2),	  it	  is	  possible	  to	  

assess	  the	  likely	  conditions	  within	  these	  depositional	  environments,	  and	  predict	  the	  probable	  

impact	  of	  these	  parameters	  on	  ichnological	  assemblages.	  

	  

	  

	  

4.	  Ecology	  of	  slope-‐channel	  systems	  

	  	   4.1.	  Environmental	  conditions	  in	  slope-‐channel	  systems	  	  

4.1.1.	  Environmental	  conditions	  and	  ichnology	  

The	  ichnological	  assemblage	  in	  a	  sedimentary	  bed	  is	  a	  record	  of	  the	  sum	  of	  the	  activities	  of	  a	  

community—or	  more	   commonly	  many	   communities—of	   infaunal	   and	   epifaunal	   organisms.	  

Bioturbation	  may	   be	   caused	   by	   organisms	   that	   were	   either	   living	   at	   the	   site	   of	   deposition	  

during	   sedimentation,	   or	  which	   colonized	   the	   bed	   after	   deposition	   (McIlroy,	   2004a,	   2008).	  

The	   geological	   expression	   of	   these	   biological	   communities	   is	   in	   the	   form	   of	   ichnocoenoses	  

(time	   averaged	   ichnological	   assemblages;	   see	   McIlroy,	   2004b).	   Ichnocoenoses,	   being	   the	  

ichnological	   proxies	   for	   biological	   communities,	   can	   be	   used	   as	   indicators	   of	  

palaeoenvironmental	  conditions,	  and—when	  integrated	  with	  process-‐based	  sedimentology—

for	   depositional	   setting.	   Environmental	   parameters	   are	   considered	   to	   have	   the	   greatest	  

influence	   on	   biological	   communities,	   and	   thus—taphonomic	   biases	   apart	   (Crimes,	   1973;	  
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Bromley	   and	   Asgaard,	   1991;	   Orr,	   1994)—on	   ichnological	   assemblages.	   Significant	  

environmental	   variables	   include	   hydrodynamic	   energy,	   nature	   and	   rate	   of	   sediment	   supply	  

and	  sedimentation,	  suspended	  sediment	  concentration,	  degree	  of	  sediment	  erosion,	  bottom-‐	  

and	  pore-‐water	  oxygenation,	  nutrient	  quality	  and	  availability,	  substrate	  consistency	  (Boucot,	  

1981;	   Wetzel,	   1991).	   These	   variables	   differ	   significantly	   between	   the	   many	   environments	  

associated	  with	  slope	  canyon	  and	  channel-‐levee	  systems	  (see	  Griggs	  et	  al.,	  1969;	  Vetter	  and	  

Dayton,	  1998;	  Gerino	  et	  al.,	  1999).	  	  

	  

4.1.2.	  Currents	  

Slope	  settings	  are	  subject	  to	  a	  variety	  of	  different	  hydrodynamic	  processes	  including:	  episodic,	  

gravity-‐driven	  mass	   transport	   processes	   such	   as	   slumps,	   slides	   and	   debris	   flows;	   turbidity	  

currents,	   including	   sustained	   unidirectional	   gravity	   flows	   driven	   by	   terrestrial	   runoff	  

(hyperpycnal	  flows);	  contour	  and	  deep	  geostrophic	  bottom	  currents;	  and	  currents	  driven	  by	  

tidal	  processes	  (Shepard	  et	  al.,	  1974;	  Damuth	  and	  Emebley,	  1981;	  Nelson	  et	  al.,	  1993;	  Mulder	  

et	   al.,	   2003;	   Piper	   and	   Normark,	   2009).	   Currents	   on	   the	   continental	   slope	   thus	   vary	  

significantly	  in	  terms	  of	  their	  frequency,	  hydrodynamic	  energy,	  direction,	  velocity,	  mechanism	  

of	  generation,	  turbulence,	  tractional-‐	  and	  suspended-‐sediment	  load.	  

	  

Turbidity	   currents	   and	   hyperpycnal	   flows	   transport	   significant	   quantities	   of	   sediment,	  

nutrients	  and	  oxygen	  from	  shelf	  margin	  environments	  to	  deeper	  parts	  of	  a	  basin	  (e.g.	  Mulder	  

et	  al.,	  2003).	  As	   such,	   they	  exert	   significant	   controls	  on	   the	  composition	  of	  benthic	   fauna	   in	  

areas	  affected	  by	  these	  processes.	  In	  levee-‐	  or	  canyon-‐confined	  turbidite	  systems	  the	  highest	  

energy	  and	  strongest	  currents	  (i.e.	   turbidity	  currents)	  are	   found	   in	  a	  relatively	  narrow	  axial	  
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zone,	   although	   over-‐spilling	   can	   deposit	   relatively	   coarse	   grained	   sediment	   and	   detrital	  

organic	  matter	   beyond	   the	   confined	   regions	   in	   off-‐axis	   and	   overbank	   settings	   (e.g.	   Piper	  &	  

Normark,	   1983;	   Khripounoff	   et	   al.,	   2003).	   Nonetheless,	   strong	   gradients	   in	   hydrodynamic	  

energy	  are	  found	  within	  a	  few	  kilometres	  of	  the	  axis	  of	  the	  turbidite	  channel	  or	  canyon	  axis.	  

	  

Bidirectional	  (up	  and	  down	  canyon),	  oblique	  and	  sustained	  unidirectional	  flows	  are	  recorded	  

in	  modern	  slope	  canyons	  down	  to	  depths	  of	  4000m	  (Shepard	  et	  al.,	  1974;	  Vetter	  and	  Dayton,	  

1998).	   Bidirectional	   currents	   may	   originate	   from	   tidal	   processes	   operating	   within	   the	  

canyons,	  with	  the	  periodicity	  depending	  upon	  factors	  including	  slope	  and	  canyon	  morphology,	  

the	  depth	  of	   the	   canyon	  axis	  and	   the	   tidal	   range	  at	   the	  ocean	  surface	   (Shepard	  et	  al.,	   1974;	  

Caccione	   et	   al.,	   2002;	   Paull	   et	   al.,	   2003;	   Bosley	   et	   al.,	   2004).	   Deep	   tidal	   currents	   have	   been	  

recorded	  with	  velocities	  of	  up	  to	  40cms-‐1	  in	  open	  ocean	  settings	  and	  110cms-‐1	  in	  submarine	  

canyons	  (e.g.	  Shepard	  and	  Marshall,	  1969).	  Such	  currents	  may	  alternatively	  be	  produced	  by	  

internal	  waves,	  which	  are	  driven	  by	  surface	  tides	  amplified	  by	  the	  funnelling	  effect	  of	  canyon	  

topography	   (Shepard	   et	   al.,	   1974;	   Garrett	   and	   Kunze,	   2007).	   Currents	   driven	   by	   internal	  

waves	  and	  tides	  have	  also	  been	  shown	  to	  cause	  erosion	  in	  the	  deep	  ocean	  (e.g.	  Lonsdale	  et	  al.,	  

1972;	  Matsuyama	  et	  al.,	  1993;	  van	  Haren	  and	  Gostiaux,	  2010).	  Bidirectional	  tidal	  periodicities	  

recorded	  in	  ripple	  cross	  lamina	  sets	  indicate	  the	  importance	  of	  tides	  in	  both	  the	  transport	  and	  

deposition	  of	   fine-‐grained	  sediment	  and	  the	  mobilization	  of	  particulate	  organic	  material	  (Xu	  

et	  al.,	  2002;	  Dykstra,	  2011).	  	  

	  

Contour	   currents	   and	   deep	   water	   geostrophic	   currents	   have	   the	   potential	   to	   control	   the	  

composition	  of	  benthic	  communities	  and	  bioturbation	  through	  the	  transport	  of	  nutrients	  and	  
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oxygenated	  bottom	  waters	   (e.g.	   Stow,	  1979;	  Wetzel	   et	   al.,	   2008;	  Faugères	  &	  Mulder,	  2011).	  

This	  may	  be	  reflected	  in	  the	  intense	  bioturbation	  associated	  with	  contourite	  deposits	  (Stow,	  

1979;	  Wetzel	   et	   al.,	   2008),	   although	   low	  net	   rates	  of	   sedimentation	   relative	   to	  bioturbation	  

can	  increase	  the	  observed	  bioturbation	  intensity.	  

	  

In	  summary,	  it	  is	  clear	  that	  currents	  and	  hydrodynamic	  energy	  on	  the	  continental	  slope	  exert	  

a	  major	  control	  on	  benthic	  macrobiotic	  and	  microbial	  communities.	  	  

	  

4.1.3.	  Nutrients	  and	  Oxygen	  

Oxygen	   and	   nutrient	   availability	   are	   important	   controls	   on	   benthic	   communities	   and	  

behaviour	  of	  burrowing	  organisms.	  Most	  modern	  continental	  slopes	   lie	  at	  depths	  below	  the	  

oxygen	  minimum	  zone	  (OMZ,	  200-‐700m;	  Levin,	  2003).	  The	  majority	  of	  the	  organic	  nutrients	  

supplied	  to	  these	  deep	  water	  setting	  through	  pelagic	  fall-‐out	  are	  relatively	  refractory	  due	  to	  

remineralization	  of	   the	  most	   labile	  organic	  matter	   in	   the	  upper	  water-‐column	  (e.g.	  Hartwig,	  

1976	  and	  references	   therein)	  and	  due	   to	  prior	  degradation	  (microbial	  and	  metazoan)	  along	  

the	   transport	  pathway	   (Aller,	  1982).	  Phytoplankton	  blooms	  cause	  marine	   snow	  events,	   and	  

can	   lead	   to	   deposition	   of	   organic-‐rich	   sediments	   in	   continental	   slope	   settings,	   leading	   to	  

dysoxia	  or	  anoxia	   if	   seafloor	  oxygen	   is	  consumed	   in	   the	  metabolism	  of	  sedimentary	  organic	  

matter	   (e.g.	   Riedel	   et	   al.,	   2008).	   Similarly,	   dysoxia	   can	   develop	   beneath	   high-‐productivity	  

water	   columns	   (e.g.	   upwelling	   zones),	   with	   high	   flux	   of	   particulate	   organic	   material	   (e.g.	  

phytodetritus	   and	   faecal	   pellets)	   to	   the	   seafloor	   (e.g.	   Logan	   et	   al.,	   1995;	   Holmkvist	   et	   al.,	  

2010).	  	  
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Submarine	   channel	   and	   canyon	   systems	   are	   associated	   with	   elevated	   nutrient	   and	   oxygen	  

concentrations	   (Blake	   and	   Hilbig,	   1994;	   Rhoads	   and	   Hecker,	   1995).	   Increased	   particulate	  

nutrient	   fluxes	  and	  high	   levels	  of	  oxygenation	  are	  a	   consequence	  of	   both	   turbidity	   currents	  

and	  intra-‐canton	  tidal	  currents	  (Vetter	  and	  Dayton,	  1998;	  Gerino	  et	  al.,	  1999;	  contra	  Pickerill,	  

1981).	   Turbidity	   currents	   entrain	   large	   amounts	   of	   well-‐oxygenated	   water	   and	   commonly	  

contain	  organic-‐rich	  and	  nutrient-‐rich	  materials	  that	  are	  deposited	  at	  the	  tail	  of	  the	  flow.	  The	  

input	  of	  nutrients	   and	  oxygen	  may	   therefore	  provide	   an	  explanation	   for	   the	  high	  metazoan	  

biomass	  recorded	  from	  submarine	  canyons	  (e.g.	  de	  Leo	  et	  al.,	  2010).	  Away	  from	  a	  channel	  or	  

canyon	  axis,	  and	  further	  down-‐slope,	  it	  is	  predicted	  that	  conditions	  will	  become	  increasingly	  

dysoxic	   and	   poorer	   in	   nutrients	   due	   to	   decreased	   influence	   of	   turbidity	   and	   tidal	   currents	  

(Wetzel,	  1983).	  

	  

4.1.4.	  Sedimentation	  Rate	  	  

Erosion	  and	   sediment	  bypass	  during	   turbidity	   current	   events	   are	   likely	   to	  be	   the	  dominant	  

processes	  occurring	  close	  to	  the	  axis	  of	  a	  submarine	  channel	  and	  in	  the	  erosive	  upper	  parts	  of	  

canyon	   systems.	   These	   processes	   represent	   significant	   challenges	   to	   epi-‐	   and	   endobenthic	  

communities	  (Wetzel,	  1991).	  Deposition	  in	  channel-‐proximal	  settings	  is	  commonly	  dominated	  

by	   coarse-‐grained	   sandstone	   or	   conglomerate	   (Dykstra	   and	   Kneller,	   2007).	   Coarse-‐grained	  

turbidites	  typically	  have	  little	  associated	  fine-‐grained	  siliciclastic	  or	  detrital	  organic	  material,	  

and	   are	   therefore	   unsuitable	   substrates	   for	   infaunal	   deposit-‐feeding	   organisms.	   When	  

deposition	  does	   occur	  within	   the	   axes	   of	   slope	   channels	   and	   canyons,	   it	   is	   likely	   to	   involve	  

very	   coarse-‐grained	   bedload,	   or	   deposition	   at	   rates	   too	   high	   to	   allow	   colonization	   of	   the	  

substrate	  by	  all	  but	  the	  most	  deeply	  burrowing	  organisms	  (e.g.	  Hubbard	  and	  Shultz,	  2008;	  cf.	  
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Wetzel	  and	  Wijayananda,	  1990).	  This	  may	  be	  especially	  true	  during	  deposition	  of	  slump	  and	  

debris	   flow	   deposits	   in	   the	   axial	   portions	   of	   canyon	   or	   channel	   systems	   (e.g.	   Samuel	   et	   al.,	  

2003;	  Jenner	  et	  al.,	  2007);	  furthermore	  slumps	  and	  debris	  flows	  commonly	  experience	  partial	  

consolidation,	   resulting	   in	   firmgrounds	   on	   the	   their	   upper	   surfaces,	   with	   characteristic	  

ichnofaunas	  (see	  below).	  

	  

The	   intense	   hydrodynamic	   regime,	   high	   rates	   of	   erosion	   and	   the	   potential	   for	   significant	  

sediment	   bypass	   associated	   with	   turbidity	   currents,	   mean	   that	   the	   ichnodiversity	   of	   axial	  

settings	  may	   not	   adequately	   reflect	   the	   relatively	   nutrient-‐	   and	   oxygen-‐rich	   bottom	  waters	  

that	  characterize	   inter-‐turbidite	  periods.	  The	   fine-‐grained	  pelagic	  and	  hemipelagic	  sediment	  

deposited	   during	   between	   turbidite	   events	  may	   also	   typically	   eroded	   by,	   and	   incorporated	  

into	   subsequent	   turbidity	   currents	   and	   turbidites	   (e.g.	   Phillips	   et	   al.,	   2010).	   In	   these	  

environments,	   bypass	   surfaces	   at	   the	  bases	   of	   channels	   in	   several	   depositional	   systems	   are	  

colonized	  by	  deep	  burrows	  (aff.	  Ilmenichnus;	  Callow	  et	  al.,	  2012)	  that	  penetrate	  exhumed	  or	  

concealed	  firmgrounds	  (see	  Lewis	  and	  Ekdale,	  1992;	  Gérard	  and	  Bromley,	  2008;	  Hubbard	  and	  

Shultz,	  2008;	  Knaust,	  2009).	  	  	  

	  

4.1.5.	  Predictions	  

A	  first	  order	  assessment	  of	  the	  predicted	  and	  known	  changes	  in	  key	  environmental	  conditions	  

(current	  energy,	  oxygenation,	  nutrient	  availability	  and	  sedimentation	  rate)	  from	  the	  axis	  of	  a	  

slope-‐channel	   system,	   across	   overbank	   and	   terrace	   environments	   to	   the	   channel-‐bounding	  

levees	   is	   shown	   in	   Table	   1.	   These	   conditions	   allow	   us	   to	   predict	   the	   likely	   changes	   in	  

biological	   (and	   ichnological)	   assemblages	   between	   these	   environments,	   but	   the	   real	   trends	  
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need	  to	  be	  assessed	  through	  field	  studies	  of	  ancient	  slope	  systems	  (e.g.	  Heard	  and	  Pickering,	  

2008;	  Callow	  et	  al.,	  2012),	  as	  well	  as	  studies	  of	  modern	  slope-‐channel	  systems.	  

	  

The	   increased	   levels	   of	   oxygenation	   and	   bioavailable	   nutrients	   in	   and	   around	   submarine	  

canyons	   have	   the	   potential	   to	   increase	   biomass,	   diversity,	   depth	   of	   burrowing	   and	   size	   of	  

organisms.	  Such	  environments	  appear	   to	  offer	  suitable	  habitats	   for	  suspension	  and	  deposit-‐

feeding	  organisms.	  However,	  periodic	  events	  (gravity	  flow	  events),	  coupled	  with	  high	  rates	  of	  

erosion	   and/or	   sedimentation	   have	   the	   potential	   to	   both	   remove	   the	   benthic	   fauna,	   and	  

obliterate	  the	   ichnological	  record	  of	  all	  but	  the	  deepest	  burrowing	  organisms	  (see	  Callow	  et	  

al.,	   2012).	  Following	  dramatic	   events,	   these	  environments	   then	  offer	   suitable	   substrates	   for	  

recolonization	   by	   highly	   motile	   organisms,	   or	   those	   with	   pelagic	   larval	   stages.	   The	  

ichnological	   record	   of	   these	   settings	   is	   expected	   to	   be	   sparse,	   due	   to	   the	   pressures	   of	   the	  

hydrodynamic	   regime,	   sedimentation	   rate,	   and	   the	   taphonomic	   biases	   due	   to	   sediment	  

erosion.	  	  

	  

Off-‐axis	  environments	  including	  terrace,	  overbank	  and	  internal	  levee	  appear	  to	  offer	  an	  ideal	  

location	   for	  benthic	  organisms	   to	  become	  established	  and	   thrive.	  These	   settings	   experience	  

increased	   nutrient	   supply,	   elevated	   levels	   of	   oxygen,	   but	   are	   not	   subjected	   to	   the	   same	  

selective	  pressures	  as	  the	  most	  axial	  environments.	  Rates	  of	  sedimentation	  are	  lower,	  erosion	  

is	   less	   significant	   and	   more	   rare,	   and	   the	   hydrodynamic	   regime	   is	   less	   intense.	   Abundant	  

biomass	   and	  diverse	  benthic	   communities	   are	  predicted	   to	   leave	  a	   rich	   ichnological	   record,	  

dominated	  by	  deposit-‐feeding	  organisms.	  
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In	  distal	  levees,	  the	  surrounding	  continental	  slope	  and	  during	  phases	  of	  channel	  abandonment	  

it	  is	  predicted	  that	  levels	  of	  oxygenation	  and	  bioavailable	  nutrients	  will	  be	  low.	  These	  settings	  

are	  also	  dominated	  by	  low	  rates	  of	  sedimentation,	  and	  low	  hydrodynamic	  energies.	  Low	  rates	  

of	   sedimentation	  have	   the	  potential	   to	  produce	  complex	   ichnofabrics,	  produced	  by	  multiple	  

ichnocoenoses,	   resulting	   in	   high	   bioturbation	   intensities	   controlled	   as	   much	   by	   by	  

sedimentation	  rate	  as	  bioturbation	  rate.	  Erosion	  is	  minimal	  in	  these	  settings,	  and	  there	  is	  no	  

taphonomic	  bias	  against	  the	  preservation	  of	  shallow-‐tier	  trace	  fossils.	  

	  

4.2.	  Ecology	  of	  modern	  slope	  systems	  	  	  

Current	   understanding	   of	   deep	  marine	   biology	   and	   biodiversity	   is	   scant	   and	   information	   is	  

even	   more	   limited	   for	   submarine	   channel	   and	   canyon	   systems.	   However,	   available	   data	  

indicate	   that	   submarine	   canyon	   and	   channel	   systems	   create	   heterogeneities	   in	   slope	  

environments	   that	   enhance	   biodiversity	   (McClain	   and	   Barry,	   2010).	   Communities	   living	   in	  

and	  around	  modern	  canyon	  and	  slope	  channel	  systems	  contain	  distinctive	  faunal	  assemblages	  

that	   are	   characterized	   by	   higher	   species	   diversity	   and	   biomass	   than	   the	   surrounding	  

continental	  slope	  (Griggs	  et	  al.,	  1969;	  Rowe,	  1971;	  Vetter	  and	  Dayton,	  1998;	  Duineveld	  et	  al.,	  

2001;	   Ingels	   et	   al.,	   2009;	   Vetter	   et	   al.,	   2010).	   This	   increased	   biomass	   has	   been	   related	   to	  

elevated	  and	   frequent	  supply	  of	  nutrients,	  perhaps	   in	   the	   form	  of	   terrestrial	  organic	  matter	  

(e.g.	  Morse	  and	  Beazley,	  2008;	  Sarda	  et	  al.,	  2009).	  Sampling	  has	   revealed	   lateral	   changes	   in	  

benthic	   communities	  within	   canyons	   on	   scales	   of	   <100m	   (McClain	   and	   Barry,	   2010).	   Time	  

averaging	   of	   ichnofabrics	   in	   such	   settings	   is	   likely	   to	   be	   significant	   (e.g.	   Lewis	   and	   Ekdale,	  

1992).	   In	   contrast,	   other	   studies	   have	   not	   revealed	   higher	   biomass	   and	   diversity	   within	   a	  

canyon	  compared	  to	  adjacent	  sea-‐floor,	  despite	  higher	  organic	  carbon	  supply	  (see	  Cúrdia	  et	  al.,	  
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2004;	  Garcia	  et	  al.,	  2007;	  de	  Leo	  et	  al.,	  2010).	  Neoichnological	  studies	  show	  that	  the	  mode	  of	  

bioturbation	   differs	   between	   channel,	   inter-‐channel	   and	   channel-‐distal	   environments,	   with	  

higher	   ichnodiversity	   in	   settings	   that	   are	   subject	   to	   greater	   turbidity	   current	   influence	  

(Wetzel,	  1984).	  Higher	  rates	  of	  biodiffusive	  mixing	  (deposit	  feeding	  and	  sediment	  reworking	  

organisms)	  have	  been	  measured	  from	  within	  canyons	  relative	  to	  canyon	  margins	  (Gerino	  et	  

al.,	  1999).	  	  

	  

Data	  relating	  to	  the	  hydrodynamic	  and	  chemical	  conditions	  of	  submarine	  channel	  versus	  non-‐

channel	   settings	   have	   been	   obtained	   by	   measuring	   oxygen	   consumption,	   transmissometry,	  

current	   velocity,	   sediment	   accumulation	   rate	   (pelagic)	   and	   direct	   imaging	   of	   the	   seafloor	  

(Wetzel	   and	  Wijayananda,	   1990;	   Duineveld	   et	   al.,	   2001;	   Hargrave	   et	   al.,	   2004	   Garcia	   et	   al.,	  

2008).	   Sediment	  dredges,	  burrow	  casting	  and	  X-‐ray	  scanning	  of	  box	  and	  gravity	   cores	  have	  

been	  used	  to	  study	  bioturbation,	  biomass	  and	  burrow	  volume	  in	  deep	  sea	  settings,	  including	  

submarine	   channel	   systems	   (Gerino	   et	   al.,	   1999;	   Seike	   et	   al.,	   2012).	   These	   data	   reveal	   that	  

relative	   to	   the	   continental	   slope,	   submarine	   canyons	   have:	   1)	   increased	   levels	   of	   organic	  

matter	   and	   particulate	   organic	   carbon	   (POC);	   2)	   more	   significant	   and	   frequent	   sediment	  

reworking	  and	   resuspension	  by	   currents;	  3)	  higher	   current	   velocities;	  4)	   increased	   rates	  of	  

biological	  oxygen	  consumption;	  and	  5)	  increased	  rates	  of	  secondary	  production	  (Griggs	  et	  al.,	  

1969;	  Vetter	  and	  Dayton,	  1998;	  Gerino	  et	  al.,	  1999;	  Duineveld	  et	  al.,	  2001).	  	  

	  

4.3.	  Ichnology	  of	  ancient	  slope-‐channel	  systems	  

The	  growing	  body	  of	  data	  regarding	  changes	   in	   ichnology	  and	  ichnofabrics	  across	  the	   facies	  

elements	   of	   slope-‐channel	   systems	   can	   be	   applied	   to	   high	   resolution	   facies	   analysis	   and	  
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reservoir	  characterization	  (see	  Heard	  and	  Pickering,	  2008;	  Knaust,	  2009;	  Philips	  et	  al.,	  2010;	  

Cummings	  and	  Hodgson,	  2011;	  Callow	  et	  al.,	  2012).	  In	  spite	  of	  the	  differences	  between	  slope	  

systems	   of	   various	   ages,	   it	   is	   possible	   to	   identify	   a	   number	   of	   trends	   in	   trace	   fossil	  

distributions.	  	  

	  

A	  number	  of	   trace	   fossils	  have	  widespread	  palaeoenvironmental	  distributions	  within	   slope-‐

channel	   systems.	   These	   include	   Planolites,	   Phycosiphon	   incertum	   and	   other	   similar	  

phycosiphoniform	  traces	  (Fig.	  4-‐5;	  Bednarz	  and	  McIlroy,	  2009;	  Callow	  and	  McIlroy,	  2011)	  as	  

well	  as	  Planolites	  (Hubbard	  and	  Shultz,	  2008;	  Heard	  and	  Pickering,	  2008;	  Callow	  et	  al.,	  2012).	  

Trace	  fossil	  assemblages	  dominated	  by	  the	  putative	  arthropod	  trace	  fossils	  Thalassinoides	  and	  

Ophiomorpha	   (Fig.	   4C-‐D)	   are	   mostly	   confined	   to	   sand-‐rich	   turbidites	   from	   channel	   axial	  

settings	   in	   submarine	   channels	   and	   fans	   (Kane	   et	   al.,	   2007;	   Heard	   and	   Pickering,	   2008;	  

Phillips	   et	   al.,	   2011;	   Callow	   et	   al.,	   2012).	   This	   dominance	   appears	   to	   be	   reflected	   in	   higher	  

ratios	   of	   vertical/horizontal	   trace	   fossils	   in	   axial	   than	   in	   off	   axis	   settings	   (see	   Kane	   et	   al.,	  

2007).	  Ichnodiversity	  and	  bioturbation	  intensity	  are	  also	  commonly	  lower	  in	  sand-‐rich,	  axial	  

turbidites	   than	   in	   off-‐axis	   environments	   (Heard	   and	   Pickering,	   2008;	   Hubbard	   and	   Shultz,	  

2008;	   Phillips	   et	   al.,	   2011;	   Callow	   et	   al.,	   2012).	   Channel	   axes	   have	   been	   noted	   to	   contain	  

unusually	   deep	   (up	   to	   several	   metres),	   vertical	   or	   oblique,	   U-‐shaped	   trace	   fossils,	   often	   in	  

semi-‐consolidated,	  cohesive	  mudstones	  (Fig.	  4F).	  These	  trace	  fossils	  have	  been	  described	  by	  a	  

number	   of	   different	   names	   including	   Diplocraterion,	   Arenicolites,	   Chondrites	   and	   aff.	  

Ilmenichnus	  (see	  Gérard	  and	  Bromley,	  2008;	  Hubbard	  and	  Shultz,	  2008;	  Knaust,	  2009;	  Callow	  

et	  al.,	  2012).	  Regardless	  of	   their	   taxonomic	  position	   these	  deep,	  paired,	   sand-‐filled	  burrows	  

appear	   to	   be	   diagnostic	   of	   bypass	   surfaces	   and	   concealed	   firmgrounds	   at	   the	   base	   of	  
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submarine	   channels	   (see	  Gérard	   and	  Bromley,	   2008).	   	   The	   irregular	   echinoid	   trace	  Scolicia	  

also	   appears	   to	   be	   characteristic	   of	   settings	   close	   to	   the	   axes	   of	   slope-‐channels	   (Heard	   and	  

Pickering,	  2008;	  Callow	  et	  al.,	  2012).	  	  

	  

Other	   trace	   fossils	   that	   have	   commonly	   been	   reported	   from	   off-‐axis	   settings	   include	  

Asterosoma,	   Taenidium,	   Zoophycos,	   Helminthopsis,	   Paleodictyon	   and	   Chondrites	   (Fig.	   4-‐5;	  

Heard	   and	  Pickering,	   2008;	  Hubbard	   and	  Shultz,	   2008).	  The	   recorded	   ichnodiversity	   of	   off-‐

axis	   settings	   is	   higher	   than	   settings	   close	   to	   the	   channel	   axis	   (Heard	   and	   Pickering,	   2008;	  

Phillips	   et	   al.,	   2011;	   Callow	   et	   al.,	   2012;	   Hubbard	   et	   al.,	   in	   press).	   Distal	   down-‐slope	  

environments	   including	   fan-‐	   and	   lobe-‐fringe	   environments	   are	   characterized	   by	   diverse	  

assemblages	   of	   shallow	   tier	   and	   graphoglyptid	   ichnotaxa	   (see	   Crimes,	   1977;	   Heard	   and	  

Pickering,	  2008;	  Cummings	  and	  Hodgson,	  2011).	  The	  most	  distal	  depositional	  environments	  

of	  channel-‐bounding	  levees	  and	  the	  surrounding	  continental	  slope	  appear	  to	  be	  characterized	  

by	   low	   ichnodiversity	   and	   bioturbation	   intensity	   often	   with	   diverse	   assemblages	   of	  

graphoglyptids	   (Fig.	   3;	   Heard	   and	   Pickering,	   2008;	   Cummings	   and	   Hodgson,	   2011).	   These	  

distal	  settings	  are	  dominated	  by	  small,	  shallow	  tier	  to	  surface	  traces	  of	  vermiform	  organisms	  

(e.g.	  Phycosiphon,	  Chondrites,	  Lophoctenium	  and	  Nereites)	  that	  show	  simple	  ichnofabrics	  often	  

lacking	  complex	  cross-‐cutting	  relationships	  (Fig.	  5;	  see	  Heard	  and	  Pickering,	  2008;	  Phillips	  et	  

al.,	  2011;	  Callow	  et	  al.,	  2012).	  	  

	  

In	   summary,	   environments	   close	   to	   the	   axis	   of	   a	   turbidite	   channel	   system	   tend	   to	   be	  

characterized	   by	   diverse	   ichnological	   assemblages	   that	   include	   the	   large	   ichnotaxa	  

Ophiomorpha,	  Thalassinoides	   and	  Scolicia	   (Fig.	   4)	  which	   are	  produced	  by	   large	  macrofaunal	  
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endobenthos.	  The	  environmental	  distribution	  of	  these	  trace	  fossils	  may	  be	  controlled	  by	  the	  

delivery	  of	  oxygen	  and	  nutrients	  by	   turbidity	  currents	   through	  slope	  channels	  and	  canyons.	  

Away	   from	   the	   channel	   axis	   the	   low	   abundance,	   low	   diversity	   trace	   fossil	   assemblages	   are	  

dominated	   by	   trace	   fossils	   that	   were	   likely	   produced	   by	   vermiform	   organisms	   that	   were	  	  

better	  adapted	  to	  poorly	  oxygenated,	  lower	  nutrient	  conditions.	  	  

	  

The	  variability	  of	  slope-‐channel	  systems	  from	  different	  oceanographic	  settings	  and	  different	  

ages	  means	   that	   differences	   are	   likely	   to	   be	   present,	  which	   are	   currently	   difficult	   to	   assess	  

given	   the	   paucity	   of	   detailed	   studies	   (see	   Callow	   and	  McIlroy,	   2011).	   However,	   as	   outlined	  

here,	  the	  available	  data	  appears	  to	  suggest	  that	  the	  broad	  trends	  in	  the	  benthic	  fauna	  and	  in	  

the	   ichnological	   record	   are	   consistent	   through	   a	   number	   of	   modern	   and	   ancient	   slope	  

deposits.	  

	  

	  

5.	  Conclusion	  

	  

Ichnology	   represents	   a	   hitherto	   under-‐utilized	   tool	   that	   can	   be	   combined	   with	  

sedimentological	   analysis	   to	   refine	   facies	   interpretations	   and	   improve	   subsurface	  

predictability	  in	  deep	  marine	  slope	  depositional	  systems.	  The	  use	  of	  ichnofabric	  analysis	  has	  

great	  potential	  to	  be	  applied	  to	  the	  study	  and	  characterization	  of	  facies	  and	  reservoir	  quality	  

of	   hydrocarbon	   reservoirs	   from	   core.	   	   Sedimentological,	   oceanographic,	   ichnological	   and	  

modern	   biological	   studies	   have	   greatly	   improved	   our	   understanding	   of	   deep	   marine	  

sedimentary	  environments	  and	  benthic	  ecosystems	  although	  current	  ichnological	  suffers	  from	  
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a	   lack	  of	   integration	   to	  deep	  marine	   facies	  models	   and	  hydrocarbon	   reservoirs.	   Theoretical	  

considerations,	   modern	   benthic	   ecology	   and	   detailed	   studies	   of	   ancient	   slope	   successions	  

collated	   herein	   have	   revealed	   systematic	   ichnological	   trends	   owing	   to	   the	   strong	  

hydrodynamic	   and	   productivity	   gradients	   on	   modern	   slopes.	   We	   propose	   that	   likely	   key	  

controls	   upon	   trace	   fossil	   distribution	   and	   ichnofabric	   development	   across	   a	   range	   of	  

environment	   in	   slope	   depositional	   systems,	   include	   nutrient	   availability,	   hydrodynamic	  

energy,	   oxygenation	   and	   sedimentation	   rate.	   The	   next	   phase	   of	   ichnological	   innovation	   in	  

deep	   marine	   facies	   analysis	   will	   come	   through	   ichnological	   and	   sedimentological	  

investigations	  of	  well	  exposed	  turbidites	  in	  the	  field	  to	  build	  robust	  models	  for	  the	  facies	  and	  

reservoir	   characterization	   of	   turbidite-‐hosted	   hydrocarbon	   systems.	  
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Figure	  Captions	  

	  

Figure	   1	   –	   Diagram	   showing	   the	   spatial	   distribution	   of	   ichnofacies	   and	   depositional	  

environments	  from	  marginal	  marine	  to	  deep	  marine	  environments.	  Cr:	  Cruziana	  Ichnofacies.	  

Ne:	   Nereites	   Ichnofacies.	   Pa:	   Paleodictyon	   Ichnosubfacies.	   O.	   rudis:	   Ophiomorpha	   rudis	  

ichnosubfacies.	   Sk:	   Skolithos	   Ichnofacies.	   Zo:	  Zoophycos	   Ichnofacies.	   The	  Ophiomorpha	   rudis	  

(sand-‐rich	  channels)	  and	  Paleodictyon	  (fan-‐fringe)	  ichnosubfacies	  have	  helped	  to	  increase	  the	  

palaeoenvironmental	   resolution	   of	   deep	   marine	   ichnofacies	   techniques.	   Modified	   from	  

McIlroy	  (2004a).	  

	  

	  

Figure	   2	   –	   Summary	   block	   diagrams	   (1-‐3)	   and	   stratigraphic	   insets	   (4-‐6)	   showing	   the	  

stratigraphic	   evolution,	   and	   down-‐dip	   changes	   in	   architecture	   of	   an	   idealized	   submarine	  

channel-‐levee	  system.	  A:	  Schematic	  overview	  of	  submarine	  channel	  system,	  running	  from	  the	  

shelf	   break	   to	   the	   basin	   floor.	   The	   approximate	   location	   of	   block	   diagrams	   1-‐3	   are	   shown.	  

1&4)	   The	   upper	   slope	   is	   initially	   characterized	   by	   erosional	   systems	   and	   large	   amounts	   of	  

sediment	   bypass.	   The	   canyon	   fill	   consists	   of	   coarse-‐grained,	   amalgamated	   channel	   bodies	  

bounded	   by	   internal	   levees,	   and	   mass	   transport	   complexes.	   Limited	   external	   levee	  

development	   occurs	   after	   the	   original	   erosive	   channel	   is	   filled	   by	   sediment.	   The	   fill	   of	   the	  

canyon	   and	   channel-‐levee	   system	   fine	   upwards,	   and	   is	   incised	   by	   new	   coarser-‐grained,	  

amalgamated	   channels	   during	   reactivation	   of	   the	   system.	   2&5)	   Mid-‐slope	   systems	   are	  

characterized	   by	   an	   initially	   erosive	   phase,	   and	   a	   later	   aggradational	   phase	   as	   the	  

accommodation	   space	   (initial	   channel	   incision)	   is	   filled	   and	   bounding	   levees	   develop	   to	  
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confine	   the	   system	   laterally.	   The	   system	   is	   incised	   by	   the	   next	   set	   of	   channels	   during	  

reactivation.	  3&6)	  Lower	  slope	  systems	  are	  associated	  with	  limited	  erosion	  and	  aggradation	  

of	   the	   levee-‐bound	   channel	   above	   the	   level	   of	   the	   surrounding	   continental	   slope.	   Due	   to	  

changes	   in	   stratigraphic	   architecture	   and	   physical	   and	   chemical	   conditions,	   changes	   in	  

ichnological	   assemblages	   can	   be	   predicted	   both	   spatially	   and	   stratigraphically	   during	   the	  

lifetime	  of	  a	  submarine	  channel	  system.	  

	  

	  

Figure	   3	   –	   Examples	   of	   the	   detailed,	   delicate	   and	   geometric	   surface	   and	   shallow-‐tier	   trace	  

fossils	   that	   are	   common	   on	   sandstone	   soles	  within	   turbidite	   units.	   Interface	   traces	   such	   as	  

these	   are	   often	   reported	   from	   slope	   and	   basin	   floor	   deposits	   where	   they	   are	   preserved	   in	  

positive	  hypichnial	   relief	   and	  are	   considered	  diagnostic	   for	   the	  Nereites	   ichnofacies	  and	   the	  

Paleodictyon	  ichnosubfacies.	  A:	  The	  spiralling	  graphoglyptid	  trace	  fossil	  Spirorhaphe	  involuta.	  

B:	   The	  mesh-‐	   or	   net-‐like	   graphoglyptid	  Paleodictyon	   isp.,	   of	   unknown	  biological	   origin	   (see	  

Rona	  et	  al.,	  2009).	  C:	  Shallow-‐tier	  grazing	  trail	  of	  Helminthorhaphe	  (Helminthoida)	  crassa	  from	  

the	  Late	  Cretaceous	  Rosario	  Formation,	  Mexico.	  D:	  The	  graphoglyptids	  Paleodictyon	   isp.	   (P)	  

and	  Desmograpton	   isp.	   (D).	  D:	  The	  graphoglyptid	  Paleomeandron	   elegans	   cross	   cut	  by	   later,	  

deeper-‐tier	   Ophiomorpha	   rudis.	   E:	   The	   graphoglyptid	   Helicorhaphe	   isp.	   from	   the	   Late	  

Cretaceous	  Rosario	  Formation,	  Mexico.	  Scale	  bars	  1cm,	  lens	  cap	  6cm	  in	  diameter.	  

	  

	  

Figure	  4	  –	   Ichnofabrics	   that	  are	  common	   in	  slope-‐channel	   turbidite	   sediments.	  A-‐B:	  Scolicia	  

sp.	   ichnofabrics	   at	   the	   interface	   between	   ripple	   cross-‐laminated	   fine	   sandstone	   and	   an	  
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overlying	   siltstone.	   Scolicia	   can	   be	   associated	   with	   a	   variety	   of	   other	   ichnotaxa	   including	  

Ophiomorpha	   (O).	   From	   the	  Late	  Cretaceous	  Rosario	   Formation,	  Baja	  California,	  Mexico.	   	   C:	  

Mud-‐rich	  pellet-‐lined	  vertical	   shafts	  and	  horizontal	  galleries	  of	  Ophiomorpha	   rudis,	  which	   is	  

typically	  considered	  to	  be	  the	  burrow	  of	  an	  endobenthic	  crustacean.	  From	  the	  Eocene	  Juncal	  

Formation,	  California.	  D:	  Sand-‐filled,	  unlined	  vertical	  shafts	  and	  horizontal	  galleries	  known	  as	  

Thalassinoides,	   also	   commonly	   attributed	   to	   burrowing	   decapod	   crustaceans.	   Core	   from	  

Cenozoic	   of	   Russia,	   locality	   and	   well	   unknown.	   E.	   Simple,	   unlined,	   tube-‐like,	   sand-‐filled	  

burrow	  of	  Planolites	  (Pl)	  are	  common	  across	  many	  depositional	  environments	  within	  slope-‐

channel	  settings.	  Here	  Planolites	  cross-‐cuts	  an	  older	  phycosiphoniform	  ichnofabric	  consisting	  

of	   dark	   cores	   and	   lighter	  halos.	   F:	   Sand-‐filled,	   paired,	   vertical	   to	   oblique	  U-‐shaped	  burrows	  

referred	   to	   aff.	   Ilmenichnus	   at	   an	   erosion/emission	   surface	   on	   a	   block	   in	   a	  mass	   transport	  

complex	  within	   a	   submarine	   canyon.	   From	   the	   Late	   Cretaceous	  Rosario	   Formation,	  Mexico.	  

Scale	  bars	  1cm,	  lens	  cap	  6cm	  in	  diameter.	  

	  

	  

Figure	  5	  -‐	  Ichnofabrics	  that	  are	  common	  in	  slope-‐channel	  turbidite	  sediments.	  A:	  Phycosiphon	  

incertum	  (Pi)	  ichnofabric	  composed	  of	  dark,	  mud-‐rich	  cores	  surrounded	  by	  concentric,	  lighter	  

sand-‐rich	   halos.	   Large	   sub-‐cylindrical	  Thalassinoides	   (Th)	   and	   sand-‐filled	  Planolites	   (Pl)	   are	  

also	  present.	  This	  typical	  ‘frogspawn’	  ichnofabric	  is	  characterized	  by	  vertical	  loops	  and	  twists	  

and	  a	  concentric	  halo.	  B:	  An	  ichnofabric	  dominated	  by	  phycosiphoniform	  (Ph)	  burrows	  (sensu	  

Bednarz	   and	   McIlroy,	   2009).	   The	   phycosiphoniform	   ichnofabric	   is	   broadly	   similar	   to	  

Phycosiphon	   incertum,	   but	   the	  burrows	  are	   typically	   larger,	   show	  vertically	   stacked	  pairs	  of	  

burrows	   and	   halo	   that	   is	   located	   below	   the	   causative	   burrow.	   C:	   Vertical	   to	   oblique,	  
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dendritically	   branched,	   mud-‐filled	   trace	   fossils	   of	   Chondrites	   sp.	   From	   the	   Late	   Cretaceous	  

Rosario	  Formation,	  Mexico.	  D:	  Oblique	  section	  through	  a	  Nereites	   (N)	  burrow,	  characterized	  

by	   a	   lenticular,	   mud-‐rich	   core,	   surrounded	   by	   a	   light,	   bilobate,	   sand-‐rich	   halo.	   Unlike	   P.	  

incertum	   and	   phycosiphoniforms,	  Nereites	   shows	   no	   vertical,	   loops,	   twists	   or	  meanders.	  E:	  

Horizontal	   cross	   section	   through	   two	   Asterosoma	   lobes.	   No	   central	   shaft	   is	   visible	   in	   this	  

section.	  F:	  Oblique	  lobes	  composed	  of	  concentric,	  mud-‐rich	  spreiten	  represent	  a	  cross	  section	  

through	   the	   complex	   trace	   fossil	   Zoophycos	   (Z).	   The	   Zoophycos	   lobe	   cuts	   a	   mottled	  

Phycosiphon	  and	  Chondrites	  ichnofabric.	  From	  the	  Mesozoic	  of	  Yorkshire,	  UK.	  Scale	  bars	  1cm.	  

	  

	  

Table	   1	   –	   Table	   showing	   predicted	   and	   observed	   physical	   and	   chemical	   conditions	  

(oxygenation,	   nutrients,	   sedimentation	   rate	   and	   hydrodynamic	   energy)	   from	   an	   idealized	  

transect	  across	  a	  slope-‐channel	  system	  on	  the	  mid	  continental	  slope.	  The	  environments	  range	  

from	   the	  axis	  of	  a	   channel	  belt	   to	   the	  external	   levee	  and	   the	   surrounding	  continental	   slope.	  

These	   physical	   and	   chemical	   parameters	   directly	   control	   the	   composition	   of	   epi-‐	   and	  

endobenthic	   communities	   and	   are	   reflected	   in	   the	   ichnological	   assemblages	   from	   these	  

depositional	  environments.	  

	  

	  

	  

	  

	  



	   59	  

	  



Sk (mid-upper shoreface)

Cr (lower shoreface 
to nearshore shelf)

Ne
(mud-rich turbidites 

slope and basin floor)

Zo
(offshore shelf)

Sk/Cr
(lagoonal)

Zo
(slope-basin floor)

Gl
(submarine canyons)

O. rudis
(channels-lobes 

slope and basin floor)

Pa
(sand-rich turbidites 

slope and basin floor)

Zo
(slope-basin floor)

Zo
(offshore shelf)

Sea level

Submarine Canyon

Submarine Canyon

Shoreline-Attached

Canyon

Slump

Slump

Intraslope

Basin

Submarine Fan

Channel 

Levee Complex

Lagoon

Ebb Tidal Deltas

Cr
(deltaic)

Tide-dominated Delta

ON
SHO

RE

SHE
LF

SLO
PE

BA
SIN
-FL
OO
R

Gl
(submarine canyons)

Channel 

Levee Complex



1

2

3

4

5

6

shelf b
reak

levee

3

2

1

A

SHELF

SLOPE

BASIN 
FLOOR

Slope sediments

External levee

Channel belt sediments

Internal levee

Channel/thalweg

Mass transport deposits

ben
Sticky Note
I think this requires much more annotation









 

Designation Setting Oxygenation Nutrient Supply Sedimentation Rate Hydrodynamics 

      Axis  
Channel Thalweg 

 
Good 

Refractory from pelagic.  Labile from 
upwelling and turbidity currents. 

Erosive, bypass or high. MTDs. Internal tides, turbidity 
currents, mass transport. 

Off Axis  
Channel Belt  

 
Good 

Refractory from pelagic.  Labile from 
upwelling and turbidity currents. 

High, limited erosion. Internal tides, turbidity 
currents. 

Off Axis 
 

 
Internal Levee 

 
Good-moderate 

Refractory from pelagic.  Labile from 
upwelling and turbidity currents. 

Moderate-high, limited erosion. Internal tides, turbidity 
currents. 

Marginal  
External Levee Proximal 

 
Moderate 

Refractory from pelagic.  Labile from 
upwelling and turbidity currents. 

Moderate. Slumping. Less frequent, lower energy 
turbidity currents 

Marginal  
External Levee Distal 

 
Moderate-poor 

Refractory from pelagic.  Labile from 
upwelling and turbidity currents. 

Moderate-low, decreases distally Rare, low energy turbidity 
currents. 

Marginal  
Basin Slope 

 
Variable to poor 

Refractory from pelagic. Labile from 
upwelling. 

Low, pelagic. Contour currents, 
geostrophic currents. 
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