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Introduction	
  

Perhaps	
  one	
  of	
  the	
  most	
  important	
  drivers	
  of	
  landscape	
  evolution	
  are	
  bedrock	
  stream	
  channels.	
  	
  These	
  
channels	
  transmit	
  signals	
  of	
  climactic	
  or	
  tectonic	
  change	
  across	
  the	
  landscape,	
  control	
  the	
  timescale	
  of	
  
response	
  of	
   the	
   landscape	
   to	
   these	
   changes,	
   and	
   can	
  eventually	
   set	
  boundary	
   conditions	
   for	
  hillslope	
  
processes	
   and	
   govern	
   the	
   height	
   limits	
   of	
   mountain	
   ranges	
   (Seidl	
   and	
   Dietrich,	
   1992;	
   Seidl,	
   1993;	
  
Howard	
  et	
  al.,	
  1994;	
  Sklar	
  and	
  Dietrich,	
  1998;	
  Whipple	
  and	
  Tucker,	
  1999;	
  Whipple	
  et	
  al.,	
  2000,	
  Selander,	
  
2004).	
   	
  Bedrock-­‐dominated	
  fluvial	
  channels	
  are	
  responsible	
  for	
   incision	
  and	
  channel	
   lowering,	
  which	
   is	
  
widely	
   studied	
   and	
   readily	
   quantifiable	
   (e.g.	
   Stock	
   and	
  Montgomery,	
   1999;	
   Kirby	
   and	
  Whipple,	
   2001;	
  
Dietrich	
  et	
  al.,	
  2003).	
  	
  	
  

Many	
  studies	
  have	
  examined	
  quantifying	
  bedrock	
  incision	
  using	
  empirical	
  relationships	
  defined	
  by	
  unit	
  
stream	
   power	
   and	
   the	
   stream	
   power	
   incision	
   law	
   (Whipple	
   and	
   Tucker,	
   1999;	
   Dietrich	
   et	
   al.,	
   2003;	
  
Whipple,	
   2004).	
   	
   These	
   numerical	
   models	
   of	
   channel	
   evolution	
   take	
   into	
   account	
   numerous	
   factors	
  
including	
  channel	
  slope,	
  bedrock	
  lithology,	
  discharge/	
  stream	
  velocity,	
  and	
  sediment	
  supply.	
  	
  

Unit	
   stream	
  power	
  can	
  be	
  expressed	
  as	
  work	
   that	
  a	
  moving	
   fluid	
  does	
  on	
  a	
  bedrock	
  channel	
  per	
  unit	
  
area	
  through	
  the	
  relationship:	
  

	
   w 	
  =	
  rgQS/W	
   	
   	
   	
   	
   	
   	
   (1)	
  

where	
  w	
   is	
  unit	
   stream	
  power,	
  r	
   is	
   the	
  density	
  of	
   the	
   fluid	
   (for	
  example,	
  water	
  has	
  a	
  density	
  of	
  1000	
  
kg/m3),	
   g	
   is	
   the	
   gravitational	
   constant,	
   Q	
   is	
   the	
   discharge	
   of	
   the	
   stream	
   (m3/s),	
   S	
   is	
   dimensionless	
  
channel	
  slope,	
  and	
  W	
  is	
  the	
  width	
  of	
  the	
  channel	
  (m).	
  	
  Since	
  the	
  bedrock	
  lowering	
  or	
  erosion	
  rate	
  of	
  a	
  
channel	
  is	
  a	
  function	
  of	
  the	
  unit	
  stream	
  power,	
  it	
  can	
  be	
  expressed	
  as	
  the	
  stream	
  power	
  incision	
  law:	
  

	
   E	
  =	
  KAmSn	
   	
   	
   	
   	
   	
   	
   (2)	
  



where	
  E	
  is	
  the	
  erosion	
  rate,	
  A	
  is	
  the	
  upstream	
  drainage	
  area	
  (used	
  as	
  a	
  proxy	
  for	
  discharge),	
  S	
  is	
  the	
  local	
  
channel	
   slope,	
  K	
   is	
  a	
  coefficient	
  of	
  erosion	
   (taking	
   into	
  account	
  bedrock/	
  substrate	
  properties),	
  and	
  m	
  
and	
  n	
  are	
  empirically-­‐derived	
  exponents	
  (see	
  Whipple	
  and	
  Tucker,	
  1999	
  for	
  a	
  detailed	
  explanation	
  and	
  
derivation).	
   	
   These	
   equations	
  make	
   the	
   direct	
   connection	
   between	
   erosion	
   rate	
   of	
   a	
   channel	
   and	
   its	
  
slope,	
  discharge,	
  and	
  fluid	
  density;	
  increases	
  or	
  decreases	
  in	
  any	
  of	
  these	
  variables	
  directly	
  relates	
  to	
  an	
  
increased	
  or	
  decreased	
  incision	
  rate.	
  	
  

Perturbations	
  to	
  a	
  fluvial	
  system	
  such	
  as	
  changes	
  in	
  base	
  level	
  (e.g.	
  main-­‐stem	
  incision)	
  or	
  lithology	
  (e.g.	
  
competent	
   vs.	
   incompetent	
   rock	
   types)	
   can	
   create	
   a	
   locally	
   over-­‐steepened	
   reach	
   called	
   a	
   knickpoint	
  
(Figure	
   8.1).	
   	
   Channel	
   incision	
   is	
   concentrated	
   at	
   knickpoints,	
   creating	
   an	
   erosional	
   “wave”	
   that	
   can	
  
propagate	
  upstream	
  (Selander,	
  2004;	
  Whipple,	
  2004;	
  Crosby	
  et	
  al.,	
  2007).	
  

	
  

Figure	
   8.1.	
   	
   Schematic	
   cartoon	
   illustrating	
   mechanisms	
   to	
   produce	
   a	
   locally-­‐oversteepened	
   reach	
   (knickpoint)	
   with	
  
concentrated	
  erosion.	
   	
   	
   (A)	
   	
  A	
  drop	
   in	
   local	
  base	
   level	
   (e.g.	
  main-­‐stem	
   incision)	
  will	
   produce	
  a	
  knickpoint	
  which	
  will	
  migrate	
  
upstream	
  on	
  tributaries.	
   	
  (B)	
   	
  Changes	
   in	
  bedrock	
   lithology.	
   	
  More	
  resistant	
   lithologies	
  require	
  a	
  higher	
  amount	
  of	
  bed	
  shear	
  
stress	
  to	
  erode	
  (equation	
  1),	
  which	
  the	
  channel	
  adjusts	
  to	
  by	
  increasing	
  its	
  local	
  slope.	
  

However,	
   these	
   incision	
   laws	
  only	
  apply	
   to	
  a	
  bedrock	
  channel	
   thalweg	
   itself	
  at	
  slopes	
   less	
   than	
  ~0.05-­‐
0.1%,	
  where	
   fluvial	
  processes	
  dominate	
   (e.g.	
   Stock	
  and	
  Dietrich,	
  2003).	
   	
  Above	
   these	
   slopes,	
  drainage	
  
morphology	
  is	
  influenced	
  by	
  hillslope	
  processes	
  and	
  debris	
  flows.	
  	
  Debris	
  flows	
  can	
  initiate	
  when	
  masses	
  



of	
   loose	
   sediment	
   or	
   colluvium	
   become	
   saturated	
   with	
   water	
   and	
   fail	
   under	
   gravitational	
   forcing,	
  
moving	
   downslope	
   as	
   a	
   dense,	
   non-­‐Newtonian	
   fluid	
   (Iverson,	
   1997).	
   	
   Because	
   debris	
   flows	
   are	
   rarely	
  
mobile	
  below	
  slopes	
  of	
  ~0.02-­‐0.05%	
  (Stock	
  and	
  Dietrich,	
  2003	
  and	
  references	
  therein),	
  as	
  channel	
  slopes	
  
drop	
  below	
  this	
  threshold	
  deposition	
  of	
  debris	
  fans	
  will	
  occur.	
  

Application	
  to	
  tributaries	
  of	
  the	
  Colorado	
  through	
  the	
  Grand	
  Canyon	
  

Late	
  Quaternary	
  incision	
  rates	
  on	
  the	
  main	
  stem	
  Colorado	
  River	
  in	
  the	
  eastern	
  Grand	
  Canyon	
  range	
  from	
  
~0.1	
  –	
  0.4	
  mm/yr	
  (Luchitta	
  et	
  al.,	
  2000;	
  Pederson	
  et	
  al.,	
  2002).	
  	
  This	
  incision	
  has	
  produced	
  an	
  erosional	
  
response	
  on	
   its	
   tributaries	
   (Karlstrom	
  et	
  al.,	
  2008;	
  Cook	
  et	
  al.,	
  2009;	
  Bennett,	
   this	
  volume;	
  Longinotti,	
  
this	
  volume).	
  	
  This	
  response	
  is	
  manifested	
  throughout	
  the	
  landscape	
  as	
  transient	
  knickpoints	
  developed	
  
on	
  Colorado	
  River	
  tributaries	
  (Figure	
  8.2)	
  (Cook	
  et	
  al.,	
  2009).	
  	
  These	
  localized	
  steep	
  reaches	
  concentrate	
  
tributary	
  incision;	
  the	
  process	
  by	
  which	
  this	
  takes	
  place	
  will	
  be	
  discussed	
  here.	
  

	
  

Figure	
  8.2.	
  	
  Long	
  profiles	
  of	
  Colorado	
  River	
  tributaries	
  between	
  Cataract	
  Canyon	
  and	
  the	
  western	
  Grand	
  Canyon	
  (from	
  Cook	
  et	
  
al.,	
  2009).	
   	
  Circles	
  on	
  channel	
  profiles	
   indicate	
  major	
  knickpoints,	
   consistent	
  on	
  all	
   tributaries,	
   stars	
   locations	
  of	
   incision	
   rate	
  
studies.	
  	
  Inset	
  graph	
  shows	
  the	
  longitudinal	
  profile	
  of	
  the	
  Colorado	
  River	
  from	
  its	
  source	
  to	
  the	
  Gulf	
  of	
  California.	
  

Due	
   to	
   the	
   ephemeral	
   nature	
   of	
   tributaries	
   of	
   the	
   Colorado	
   River,	
   high-­‐discharge	
   events	
   happen	
   as	
  
episodic	
   debris	
   flows	
   (Figure	
   8.3)	
   (Howard	
   and	
  Dolan,	
   1981;	
  Webb	
   et	
   al.,	
   1999;	
   2000;	
  Griffiths	
   et	
   al.,	
  
2004).	
  	
  These	
  debris	
  flows	
  occur	
  when	
  concentrated	
  rainfall	
  or	
  flash	
  flood	
  events	
  trigger	
  slope	
  failures,	
  
creating	
  high-­‐density,	
  high-­‐discharge,	
  poorly-­‐sorted,	
  slurry-­‐like	
  (>25%	
  water)	
  flows	
  that	
  can	
  move	
  large	
  
amounts	
   of	
   material	
   (Cerling	
   et	
   al.,	
   1999).	
   	
   Estimates	
   of	
   individual	
   flow	
   volumes	
   range	
   from	
   300	
   to	
  
65,000	
  m3	
  (Webb	
  et	
  al.,	
  2000;	
  Griffiths	
  et	
  al.,	
  2004)	
  with	
  velocities	
  upwards	
  of	
  4	
  m/s,	
  capable	
  of	
  moving	
  
clasts	
   over	
   8000	
   kg	
   (Webb,	
   1987).	
   	
   It	
   is	
   these	
   events	
   that	
   create	
   discharges	
   and	
   velocities	
   ultimately	
  
responsible	
  for	
  channel	
  lowering	
  and	
  sediment	
  flux	
  into	
  the	
  main	
  Colorado	
  River.	
  

740	
  individual	
  tributaries	
  contribute	
  sediment	
  to	
  the	
  Colorado	
  River	
  through	
  debris	
  flows.	
  	
  Synthesis	
  of	
  
historical	
  records	
  of	
  debris	
  flows	
  in	
  the	
  Grand	
  Canyon	
  show	
  a	
  recurrence	
  interval	
  of	
  ~5	
  events	
  per	
  year	
  
(from	
   Lees	
   Ferry	
   downstream)	
   (Griffiths	
   et	
   al.,	
   2004).	
   	
   Studies	
   of	
   debris	
   fans	
   at	
   individual	
   catchment	
  
show	
  a	
  record	
  of	
  debris	
  flow	
  events	
  extending	
  through	
  the	
  Holocene	
  (e.g.	
  Hereford	
  et	
  al.,	
  1996;	
  Cerling	
  



et	
  al.,	
  1999).	
  	
  For	
  example,	
  the	
  mouth	
  of	
  Prospect	
  Canyon,	
  co-­‐located	
  with	
  the	
  notorious	
  Lava	
  Falls	
  rapid	
  
(Figure	
  8.3),	
   contains	
  multiple	
  generations	
  of	
  debris	
   fans	
   recording	
  12	
  major,	
   fan-­‐forming	
  events	
  over	
  
the	
  past	
  10	
  kyr	
  (Cerling	
  et	
  al.,	
  1999).	
  

	
  

Figure	
  8.3.	
  	
  Photograph	
  of	
  debris	
  fans	
  at	
  the	
  confluence	
  of	
  Prospect	
  Canyon	
  and	
  the	
  Colorado	
  River	
  (from	
  Cerling	
  et	
  al.,	
  1999).	
  	
  
Note	
  the	
  flat	
  morphology	
  of	
  the	
  fan	
  tops,	
  and	
  the	
  multiple	
  generations	
  of	
  debris	
  fans	
  present.	
  

Debris	
   flow	
   initiation	
  on	
  Grand	
  Canyon	
  tributaries	
   is	
  highly	
  controlled	
  by	
  stratigraphy.	
   	
  Examination	
  of	
  
material	
  in	
  debris	
  fans	
  has	
  shown	
  that	
  principal	
  sources	
  of	
  many	
  debris	
  flows	
  are	
  the	
  weaker	
  shale	
  and	
  
sandstone	
  members	
  of	
  the	
  Supai	
  and	
  Tonto	
  Groups	
  (Griffiths	
  et	
  al.,	
  2004,	
  Garber,	
  this	
  volume;	
  Kercher,	
  
this	
  volume).	
  	
  These	
  weakly	
  indurated,	
  hillslope-­‐forming	
  units	
  are	
  more	
  susceptible	
  to	
  oversaturation	
  by	
  
water	
  during	
  intense	
  rainfall	
  events,	
  and	
  subsequent	
  slope	
  failure	
  (Griffiths	
  et	
  al.,	
  2004	
  and	
  references	
  
therein).	
   	
  Once	
   initiated,	
  these	
  slope	
  failures	
  move	
  into	
  the	
  tributary	
  channel,	
  gaining	
  velocity	
  and	
  the	
  
competence	
  to	
  entrain	
  large	
  amounts	
  of	
  material	
  (e.g.	
  Iverson,	
  1997).	
  

Effects	
  on	
  the	
  main	
  stem	
  Colorado	
  River	
  

Tributary	
   debris	
   flows	
  have	
   a	
   profound	
  effect	
   on	
   the	
  morphology	
   of	
   the	
  Colorado	
  River	
   in	
   the	
  Grand	
  
Canyon.	
   	
   Perhaps	
   the	
   most	
   notable	
   is	
   the	
   effect	
   debris	
   fans	
   have	
   on	
   the	
   longitudinal	
   profile	
   of	
   the	
  
Colorado	
   (e.g.	
  Graf,	
   1979;	
  Hanks	
  and	
  Webb,	
  2006;	
  Bartolomeo,	
   this	
   volume).	
   	
   Large	
  debris	
   fans	
   input	
  
extremely	
   coarse	
   sediment	
   into	
   the	
   Colorado,	
   with	
   grain	
   sizes	
   well	
   above	
   the	
   competence	
   of	
   the	
  
Colorado	
   during	
   flood	
   events.	
   	
   These	
   local	
   areas	
   of	
   coarse	
   sediment	
   are	
   capable	
   of	
   reducing	
   the	
  
upstream	
  gradient	
  of	
  the	
  Colorado,	
  causing	
  it	
  to	
  lose	
  a	
  portion	
  of	
  its	
  suspended	
  load	
  (Hanks	
  and	
  Webb,	
  
2006).	
  	
  At	
  the	
  debris	
  fans	
  (co-­‐located	
  at	
  tributary	
  junctions),	
  the	
  Colorado	
  loses	
  gradient	
  abruptly	
  in	
  the	
  



form	
   of	
   rapids	
   (Figures	
   8.4	
   and	
   8.5)	
   (e.g.	
   Graf,	
   1979;	
   Griffiths	
   et	
   al.,	
   2004;	
   Bartolomeo,	
   this	
   volume).	
  	
  
These	
  rapids	
  at	
  tributary	
  junctions	
  account	
  for	
  ~66%	
  of	
  the	
  gradient	
  within	
  the	
  Grand	
  Canyon,	
  but	
  only	
  
9%	
   of	
   total	
   downstream	
   length	
   (Griffiths	
   et	
   al.,	
   2004).	
   	
   The	
   low-­‐velocity	
   regions	
   created	
   above	
   and	
  
below	
  debris	
  fans	
  and	
  associated	
  rapids	
  additionally	
  create	
  biological	
  habitats	
  (see	
  Bartolomeo;	
  Lusardi;	
  
Oliver,	
  Cookingham;	
  and	
  Hartman,	
  this	
  volume	
  for	
  details).	
  

	
  

Figure	
  8.4.	
  	
  Longitudinal	
  profile	
  of	
  the	
  Colorado	
  River	
  between	
  Lee’s	
  Ferry	
  and	
  the	
  confluence	
  of	
  the	
  Little	
  Colorado	
  River	
  (from	
  
Griffiths	
  et	
  al.,	
  2004).	
  	
  Note	
  the	
  distinct	
  low-­‐gradient	
  reaches	
  above	
  and	
  steep	
  reaches	
  (rapids)	
  at	
  tributary	
  junctions.	
  

Debris	
  flows	
  on	
  tributaries	
  are	
  the	
  main	
  source	
  of	
  sediment	
  input	
  (>80%)	
  to	
  the	
  Colorado	
  River	
  through	
  
the	
  Grand	
  Canyon	
  (Webb,	
  1987;	
  Yanites	
  et	
  al.,	
  2006;	
  Webb	
  et	
  al.,	
  1999;	
  Gibson,	
  this	
  volume).	
  	
  Prior	
  to	
  
the	
  construction	
  of	
  Glen	
  Canyon	
  Dam,	
   the	
  Colorado	
  River	
   removed	
  or	
   reworked	
  most	
  debris	
  deposits	
  
during	
  flood	
  events	
  that	
  ranged	
  from	
  2330	
  –	
  6300	
  m3/s,	
  capable	
  of	
  moving	
  all	
  but	
  the	
  largest	
  particles	
  
(Webb	
  et	
  al.,	
  1999).	
   	
  Following	
  regulation	
  of	
  the	
  Colorado	
  discharge	
  (e.g.	
  Burley;	
  Gibson,	
  this	
  volume),	
  
the	
  discharge	
   remained	
   insufficient	
   to	
   erode	
  debris	
   fans	
   (Webb	
  et	
   al.,	
   1999).	
   	
   Experimental	
   high-­‐flow	
  
events	
   (Burley,	
   this	
   volume)	
   in	
   the	
  past	
   50	
   years	
  have	
  only	
   re-­‐worked	
  a	
   small	
   number	
  of	
  debris	
   fans,	
  
others	
   have	
   continued	
   to	
   aggrade	
   and	
   further	
   perturb	
   the	
   local	
   hydraulic	
   geometry	
   of	
   the	
   Colorado	
  
River	
  (Yanites	
  et	
  al.,	
  2006).	
  

Summary	
  

Bedrock	
  tributary	
  incision	
  throughout	
  the	
  Grand	
  Canyon	
  is	
  driven	
  by	
  episodic	
  debris-­‐flow	
  processes,	
  and	
  
is	
   the	
   primary	
   source	
   of	
   sediment	
   input	
   to	
   the	
   Colorado	
   River	
   downstream	
   of	
   Glen	
   Canyon	
   Dam.	
  	
  
Initiation	
   of	
   these	
   flows	
   is	
   highly	
   controlled	
   by	
   the	
   stratigraphy	
   of	
   the	
   Grand	
   Canyon,	
   and	
   their	
   fan	
  
deposits	
   control	
   local	
   hydraulic	
   geometry	
   of	
   the	
  Colorado	
  River	
   creating	
   rapids	
   at	
   tributary	
   junctions.	
  	
  
Debris	
   fans	
   at	
   present	
   are	
   continuing	
   to	
   aggrade	
   and	
   modify	
   the	
   Colorado	
   channel,	
   as	
   regulated	
  
discharge	
   on	
   the	
   Colorado	
   River	
   is	
   rarely	
   sufficient	
   enough	
   to	
   move	
   the	
   coarse	
   particles	
   composing	
  
these	
  fans.	
  



	
  

Figure	
  8.5.	
  	
  Channel	
  and	
  rapid	
  morphology	
  at	
  Granite	
  Rapid	
  (from	
  Griffiths	
  et	
  al.,	
  2004),	
  typical	
  of	
  rapids	
  in	
  the	
  Grand	
  Canyon.	
  	
  
(1)	
  notes	
  a	
  tributary	
  debris	
  fan	
  blocking	
  the	
  main	
  stem	
  Colorado	
  River;	
  	
  (2)	
  is	
  the	
  rapid	
  formed	
  by	
  constriction	
  of	
  the	
  Colorado	
  
and	
  forced	
  local	
  steep	
  reach;	
  	
  (3)	
  is	
  a	
  downstream	
  debris	
  island;	
  	
  (4)	
  is	
  a	
  minor	
  rapid	
  produced	
  by	
  constriction	
  adjacent	
  to	
  the	
  
downstream	
  debris	
  bar.	
  	
  Black	
  arrow	
  indicates	
  direction	
  of	
  flow.	
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