
(Figure 1), were chosen for their relatively frequent debris
flow occurrence [Webb et al., 1988; Melis et al., 1994].
Using high-resolution photogrammetric techniques, we
document changes over four decades and annual changes
from 1984 to 2000 that reflect the net effects of debris flow
deposition and river reworking in Grand Canyon. This paper
contributes a unique data set of topographical changes of
debris fans during a transient response to a new hydrological
flow regime imposed by Glen Canyon Dam operations.

2. Background

[8] Beginning in 1963, operations of Glen Canyon Dam
altered the flow regime of the Colorado River through the
Grand Canyon (Figure 1). Before flow regulation, annual
peak discharges averaged 2650 m3/s and were as large as
5900 m3/s [O’Connor et al., 1994; Topping et al., 2003].
Flows of this magnitude can entrain most particles present
in debris flow deposits, in some cases leaving winnowed,
reworked accumulations of boulders >1 m b axis diameter
[Melis, 1997]. After dam operations began, the average
annual peak discharge decreased to 932 m3/s (Figure 2),
which has decreased the amount of reworking of new debris
flow deposits [Howard and Dolan, 1981; Kieffer, 1985;
Webb et al., 1999b]. Many researchers have shown that flow
regulation by Glen Canyon Dam reduced the 2- and 10-year
floods by 38 and 40%, respectively [Howard and Dolan,
1981; Schmidt and Graf, 1990; Webb et al., 1999c; Topping
et al., 2003].
[9] The largest flood in the postdam era peaked at

2720 m3/s in 1983 and resulted in significant reworking of
the Crystal Creek debris fan [Kieffer, 1985; Webb et al.,
1989]. Annual peak discharges of 1340–1520 m3/s
occurred in 1984, 1985, and 1986 (Figure 2). In March
1996, dam outlet works were used to produce a flood
release that had a peak discharge of 1350 m3/s and lasted
7 days. Webb et al. [1999b] showed that debris fan rework-
ing during the 1996 flood was a function of both local

stream power and the elapsed time between debris flow
emplacement and the flood. Regulated flow continued on
the river until November 2004, when another controlled
flood with a peak discharge of 1220 m3/s was released to
benefit the downstream ecosystem.
[10] Debris flow monitoring in Grand Canyon began in

1986 at Monument Creek [Webb et al., 1988]. The methods
used to document dimensional changes include ground
surveys of debris fans aggraded between 1984 and 2003
and two-dimensional photogrammetric analyses of aerial
photography [Webb et al., 1999b]. Although the point accu-
racy of ground surveys is high (<1 cm), the topographic
roughness created by debris flow deposition of poorly sorted
sediments, combined with limited spatial acquisition of
points during ground surveys, suggests that other methods
of producing digital terrain models may be useful for debris
fan monitoring. Abundant aerial photography, taken annually
between 1984 and 2000 and supplemented with light detec-
tion and ranging (lidar) in 2000, can be used to document
changes in debris fan dimensions. High-resolution photo-
grammetric analyses have sufficient accuracy to estimate
geomorphic changes [Lane et al., 2000]. In addition, photo-
grammetry can be used to produce topographic models of
debris fans for years that ground surveys were not conducted,
extending the retrospective topographic data back to the
initial small-scale aerial photography taken in 1965.

3. Geomorphic Setting

3.1. The 75-Mile Creek

[11] The channel of 75-Mile Creek, 122 km downstream
from Lee’s Ferry, empties onto a large debris fan that
controls Nevills Rapid (Figure 3). While a significant rapid,
Nevills Rapid has a fall of 4.78 m but is not as imposing as
other rapids nearby [Stevens, 1983]. Since the start of debris
flow monitoring in 1986, we observed four debris flows at
75-Mile Creek (August 1987, September 1990, August
2001, and August 2003). As determined from repeat pho-

Figure 3. Aerial photograph of 75-Mile Creek taken 2 September 1996. Locations of profiles for
Figure 6 are shown as A-A0 and B-B0. Direction of river flow is indicated by the arrow.
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Abstract/	
  Introduction:	
  

Tributary	
  alluvial	
  fans	
  along	
  the	
  Grand	
  Canyon	
  are	
  key	
  to	
  both	
  natural	
  and	
  boater	
  
habitat.	
  The	
  primary	
  influence	
  that	
  tributary	
  fans	
  have	
  on	
  the	
  river	
  is	
  as	
  source	
  of	
  sediment	
  
input	
  and	
  constriction	
  of	
  main	
  stem	
  flow.	
  The	
  sediment	
  is	
  delivered	
  largely	
  as	
  debris	
  flows:	
  a	
  
mix	
  of	
  water,	
  mud,	
  and	
  boulders	
  that	
  often	
  behaves	
  as	
  a	
  non-­‐Newtonian	
  fluid.	
  Because	
  of	
  the	
  
unique	
  mechanical	
  attributes	
  of	
  debris	
  flows,	
  they	
  can	
  transport	
  large	
  boulders	
  long	
  distances.	
  
This	
  ability	
  to	
  transport	
  boulders	
  becomes	
  important	
  for	
  understanding	
  how	
  tributary	
  alluvial	
  
fans	
  influence	
  habitat	
  along	
  the	
  Colorado	
  River	
  at	
  the	
  bottom	
  of	
  the	
  Grand	
  Canyon.	
  As	
  tributary	
  
alluvial	
  fans	
  form	
  in	
  the	
  canyon	
  bottom,	
  they	
  constrict	
  the	
  flow	
  of	
  the	
  river	
  forming	
  rapids	
  at	
  
the	
  toes	
  of	
  the	
  fans	
  and	
  eddies	
  above	
  and	
  below	
  the	
  constriction	
  (figure	
  1)	
  (Yanites	
  et	
  al.,	
  
2006).	
  Boulders	
  sourced	
  from	
  the	
  fan	
  toe	
  contribute	
  to	
  turbulence	
  in	
  rapids	
  (Hanks	
  and	
  Webb,	
  
2006).	
  Since	
  the	
  completion	
  of	
  Glen	
  Canyon	
  Dam,	
  the	
  dynamics	
  of	
  sediment	
  transport	
  have	
  
been	
  significantly	
  interrupted.	
  Large	
  annual	
  variation	
  in	
  flow	
  rate	
  (maximum	
  annual	
  flows	
  up	
  to	
  
~100,000	
  ft3/s,	
  with	
  an	
  historical	
  record	
  above	
  300,000	
  ft3/s)	
  of	
  the	
  Colorado	
  River	
  has	
  been	
  
replaced	
  by	
  daily	
  fluctuations	
  
(maximum	
  up	
  to	
  ~10,000	
  ft3/s)	
  as	
  
a	
  function	
  of	
  energy	
  prices	
  (Dolan	
  
et	
  al.,	
  1974).	
  In	
  the	
  last	
  20	
  years	
  
annual	
  (1-­‐week	
  duration)	
  high	
  
flow	
  events	
  (HFEs)	
  have	
  attempted	
  
to	
  mimic	
  pre-­‐dam	
  dynamics	
  
(maximum	
  ~50,000	
  ft3/s)	
  (Alvarez	
  
and	
  Schmeeckle,	
  2013).	
  These	
  
HFEs	
  are	
  called	
  upon	
  to	
  serve	
  
many	
  functions	
  (including	
  building	
  
high	
  sand	
  bars)	
  but	
  have	
  not	
  
necessarily	
  been	
  successful	
  in	
  
maintaining	
  anything	
  resembling	
  a	
  
natural	
  (pre-­‐dam)	
  system.	
  The	
  
replacement	
  of	
  historic	
  annual	
  
variation	
  with	
  modern	
  high	
  
frequency,	
  low-­‐amplitude	
  variation	
  
has	
  significantly	
  changed	
  how	
  
tributary	
  alluvial	
  fans	
  deliver	
  sediment	
  and	
  interact	
  with	
  the	
  main	
  channel	
  of	
  the	
  Grand	
  Canyon.	
  
	
  
Alluvial	
  fan	
  deposition:	
  

Alluvial	
  fans	
  form	
  when	
  a	
  channel	
  exiting	
  a	
  range	
  front	
  loses	
  its	
  confinement	
  and	
  the	
  
velocity	
  of	
  the	
  of	
  channel	
  decreases	
  as	
  a	
  result	
  of	
  the	
  increase	
  of	
  the	
  cross-­‐sectional	
  area	
  of	
  the	
  
channel	
  and	
  the	
  sediment	
  load	
  is	
  deposited	
  (figure	
  2)	
  (Bull,	
  1977).	
  An	
  alluvial	
  fan	
  is	
  a	
  subaerial	
  

Figure	
  1:	
  Tributary	
  alluvial	
  fan	
  from	
  75-­‐mile	
  creek	
  constricting	
  the	
  
main	
  stem	
  of	
  the	
  Colorado	
  River	
  forming	
  Nevills	
  Rapid	
  (from	
  Yanites	
  et	
  
al.,	
  2006)	
  



thrust belts. As such, they form the basic building blocks of
larger, more complex sediment routing systems.
[5] A key question is whether catchment fan systems are

sensitive recorders of the tectonic and climatic histories of a
region, and whether these different driving mechanisms can
be recognized and separated from each other. Whereas
much effort in resolving this question has focused on
catchment form, particularly river long profiles [e.g.,
Whipple and Tucker, 1999; Snyder et al., 2000; Whipple
and Tucker, 2002; van der Beek and Bishop, 2003; Wobus et
al., 2006], considerably less recent attention has been paid
to the associated depositional fans. Fans have the advantage
of preserving the history of catchment sediment efflux and
accommodation generation in their stratigraphy and in their
plan view and cross-sectional geometry [e.g., Fraser and
DeCelles, 1992]. In addition, we can build on a large body
of basic observations of fan form and sedimentary charac-
teristics in different geologic settings [Bull, 1962, 1964;
Denny, 1965; Hooke, 1967, 1968; Hooke and Rohrer, 1977;
Whipple and Dunne, 1992; Gordon and Heller, 1993; Blair
and McPherson, 1994; Blair, 1999a, 1999b]. Pioneering
work on the coupling between catchments and fans was
carried out by Humphrey and Heller [1995], who presented
a simple model of a mountain catchment and adjoining
fan, each obeying different geomorphic rules and linked at
the fan apex. They showed that perturbation of even this
highly stylized model yielded complex, cyclic patterns of
erosion and sedimentation, but did not extend their analysis
to long-term landform development. Pelletier [2004] and
Carretier and Lucazeau [2005] used similar models to
argue that the presence of a downstream fan plays a key

role in modulating river incision and long profile develop-
ment, but did not consider the variations in, or the controls
on, fan morphology.
[6] Starting from a set of basic observations on catch-

ments and fans, we build a dynamical model of a single
catchment fan system. Our objective is to use the simplest
possible model that allows us to understand the response of
the integrated system to changes in forcing mechanisms. We
apply both tectonic and climatic perturbations to the system
and focus on the response of geological or geomorpholog-
ical variables that can be easily observed, such as fan slopes
and lengths from head to toe. Our analysis clarifies some of
the hitherto confusing correlations between tectonic and
climatic boundary conditions, catchment sediment efflux,
and fan slope and geometry, and identifies some key
landscape-scale response times of the system.

2. Observations of Fan Geometry in Coupled
Catchment Fan Systems

[7] The depositional fans of California and Nevada in the
western United States were the subject of pioneering work
during the middle part of the twentieth century [Bull, 1962,
1964; Denny, 1965; Hooke, 1967, 1968]. These studies
provide a number of important, and to some extent forgot-
ten, observations that must constrain any modeling of
catchment fan systems in tectonically active regions. They
also provide at least a qualitative idea of the fidelity of
alluvial fans as recorders of tectonic and climatic variations
through time. Here we summarize some of the key points
that are relevant to our model experiments and predictions.

2.1. Fan Area and Length

[8] A number of workers have discussed the controls on
fan area, motivated in part by a commonly observed power
law relationship between fan area Af and catchment area Ac

[e.g., Bull, 1964; Denny, 1965; Hooke, 1968; Whipple and
Trayler, 1996; Allen and Hovius, 1998]:

Af ¼ cAn
c ð1Þ

where c and n are empirical coefficients and n is close to
unity. Bull [1964] argued that fan areas in the San Joaquin
Valley, California, were dependent largely on the erodibility
of rocks in the catchment. Catchments underlain by weak
rocks produce larger fans, presumably due to higher rates of
long-term sediment supply, than those dominated by less
erodible lithologies such as sandstone. Whipple and Trayler
[1996] questioned this interpretation, pointing out that,
counterintuitively, the catchments underlain by weak rocks
are also significantly steeper than those in stronger rocks,
which raises the possibility that differential rock uplift rates
may play a role. Hooke and Rohrer [1977] demonstrated
that, while differences in catchment erodibility produce
second-order variations in fan areas in Death Valley, fault
slip rates are the dominant controlling factor. Likewise,
Whipple and Trayler [1996] and Allen and Hovius [1998]
argued, largely on theoretical grounds, that fault slip rate
must be the dominant control on fan area, but left the
question of how this occurs somewhat open. High rock
uplift rates in the catchment will promote high sediment
supply and thus large fans, with long radial lengths from

Figure 1. Schematic view of a typical catchment fan
system. Upland block is separated from adjacent basin by an
active crustal-scale fault. Catchment area Ac is typically
related to fan area Af through a power law relationship
(equation (1)). Fan toe position is controlled by fan surface
slope and local base level at the fan toe, which in this case is
an axial alluvial system. Heavy solid line shows range-
bounding fault; dotted line shows schematic across-strike
displacement pattern.
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fan	
  deposit	
  (literally	
  means	
  
deposited	
  "below	
  the	
  air")	
  as	
  
opposed	
  to	
  a	
  delta,	
  which	
  is	
  a	
  
subaqueous	
  fan	
  deposit	
  (below	
  
water).	
  The	
  first-­‐order	
  morphology	
  
and	
  mechanics	
  of	
  these	
  two	
  
systems	
  resemble	
  one	
  another,	
  
but	
  in	
  detail	
  the	
  mechanisms	
  of	
  
deposition	
  and	
  the	
  sediment	
  
deposited	
  are	
  quite	
  distinct.	
  
Deltaic	
  deposits	
  form	
  in	
  an	
  
environment	
  with	
  a	
  significantly	
  
smaller	
  density	
  contrast	
  between	
  
the	
  sediment	
  and	
  overlying	
  
substrate	
  (sediment	
  vs.	
  water	
  and	
  
sediment	
  vs.	
  air)	
  (Edmonds	
  et	
  al.,	
  
2011).	
  	
  This	
  difference	
  in	
  density	
  

contrast	
  affects	
  the	
  variation	
  in	
  
grain	
  sizes	
  deposited,	
  the	
  
morphology	
  of	
  the	
  fan,	
  and	
  the	
  
mechanics	
  behind	
  how	
  the	
  

sediment	
  accumulates	
  (related	
  to	
  the	
  morphology).	
  Deltas	
  continuously	
  prograde	
  into	
  the	
  basin	
  
as	
  long	
  as	
  the	
  base	
  level	
  (sea	
  or	
  lake	
  level)	
  stays	
  constant	
  (figure	
  3a).	
  Progradation	
  occurs	
  as	
  
sediment	
  accumulates	
  at	
  the	
  point	
  in	
  the	
  system	
  where	
  the	
  channel	
  loses	
  its	
  velocity	
  at	
  the	
  
edge	
  of	
  the	
  basin	
  into	
  which	
  it	
  is	
  being	
  deposited	
  (Edmonds	
  et	
  al.,	
  2011).	
  When	
  the	
  sediment	
  
pile	
  reaches	
  the	
  angle	
  of	
  repose	
  (the	
  steepest	
  a	
  sediment	
  pile	
  can	
  get	
  before	
  it	
  collapses,	
  
usually	
  around	
  35	
  degrees),	
  it	
  is	
  transported	
  down	
  the	
  active	
  slope	
  of	
  the	
  subaqueous	
  fan	
  until	
  
it	
  reaches	
  the	
  toe	
  of	
  the	
  fan	
  at	
  which	
  point	
  the	
  slope	
  is	
  too	
  low	
  for	
  transport.	
  As	
  soon	
  as	
  the	
  
sediment	
  reaches	
  this	
  point	
  down-­‐fan,	
  it	
  stops	
  flowing	
  out	
  and	
  becomes	
  the	
  toe	
  of	
  the	
  deposit.	
  
The	
  delta	
  grows	
  as	
  the	
  point	
  of	
  deposition	
  at	
  the	
  mouth	
  of	
  the	
  channel	
  moves	
  outward	
  into	
  the	
  
basin	
  on	
  top	
  of	
  earlier	
  deposits	
  (figure	
  3a).	
  Deltas	
  have	
  flat	
  tops	
  at	
  the	
  elevation	
  of	
  the	
  water	
  
into	
  which	
  it	
  is	
  deposited.	
  In	
  map	
  view	
  (from	
  above),	
  deltas	
  are	
  fan-­‐shaped	
  with	
  the	
  source	
  
channel	
  being	
  the	
  origin	
  of	
  the	
  fan.	
  Alluvial	
  fan	
  deposition	
  is	
  similar	
  in	
  that	
  deposition	
  occurs	
  as	
  
the	
  channel	
  leaves	
  a	
  confined	
  upstream	
  source.	
  Alluvial	
  fans	
  also	
  have	
  a	
  fan	
  shape	
  in	
  map	
  view.	
  
Alluvial	
  fans	
  form	
  below	
  the	
  angle	
  of	
  repose	
  because	
  deposition	
  occurs	
  continuously	
  down-­‐fan.	
  
After	
  the	
  channel	
  leaves	
  confinement	
  downstream	
  in	
  an	
  alluvial	
  system,	
  sediment	
  transport	
  
continues	
  while	
  deposition	
  occurs.	
  Because	
  this	
  is	
  a	
  continuous	
  process,	
  alluvial	
  fans	
  have	
  some	
  
degree	
  of	
  sorting	
  with	
  larger	
  grain	
  sizes	
  more	
  commonly	
  deposited	
  near	
  the	
  mouth	
  of	
  the	
  
channel	
  and	
  finer	
  grains	
  towards	
  the	
  toe	
  of	
  the	
  fan	
  (Hooke,	
  1967).	
  This	
  complicating	
  factor	
  
results	
  in	
  alluvial	
  fan	
  deposits	
  being	
  relatively	
  heterogeneous	
  with	
  large	
  and	
  small	
  grain	
  sizes	
  
present	
  throughout	
  most	
  of	
  the	
  system	
  and	
  layered	
  sediments	
  in	
  cross-­‐section	
  (figure	
  3b).	
  
When	
  observing	
  the	
  down-­‐fan	
  sorting	
  present	
  in	
  alluvial	
  fans,	
  it	
  its	
  important	
  to	
  consider	
  the	
  
control	
  that	
  debris	
  flows	
  impart	
  on	
  the	
  system.	
  If	
  debris	
  flows	
  are	
  common	
  (little	
  time	
  between	
  

Figure	
  2:	
  Diagram	
  of	
  alluvial	
  fan	
  formation	
  at	
  a	
  range	
  front.	
  In	
  this	
  
example,	
  the	
  range	
  front	
  fault	
  provides	
  accommodation	
  space,	
  in	
  the	
  
Grand	
  Canyon,	
  accommodation	
  space	
  is	
  formed	
  by	
  Colorado	
  River	
  
incision	
  (from	
  Densmore	
  et	
  al.,	
  2007)	
  



them),	
  the	
  grain	
  size	
  variation	
  down-­‐fan	
  may	
  not	
  be	
  obvious.	
  The	
  sorting	
  and	
  transport	
  of	
  
smaller	
  grains	
  down-­‐fan	
  also	
  occurs	
  when	
  material	
  at	
  the	
  top	
  of	
  the	
  fan	
  is	
  reworked	
  by	
  non-­‐
debris	
  flows	
  (dominantly	
  water).	
  If	
  reworking	
  between	
  debris	
  flows	
  is	
  uncommon	
  (in	
  arid	
  
environments),	
  then	
  the	
  majority	
  of	
  the	
  surface	
  of	
  the	
  fan	
  will	
  be	
  dominantly	
  unsorted	
  with	
  a	
  
mix	
  of	
  large	
  and	
  small	
  grains	
  present	
  in	
  most	
  places.	
  

Although	
  there	
  
exist	
  alluvial	
  fans	
  in	
  a	
  range	
  
of	
  climatic	
  environments,	
  
with	
  each	
  environment	
  
contributing	
  unique	
  
controls	
  on	
  fan	
  
development	
  and	
  
architecture	
  (here	
  
architecture	
  refers	
  to	
  the	
  
stratigraphic	
  pattern),	
  this	
  
paper	
  will	
  focus	
  on	
  arid	
  
alluvial	
  fans-­‐	
  the	
  climate	
  
and	
  therefore	
  fan	
  type	
  
found	
  in	
  the	
  Grand	
  
Canyon.	
  The	
  stratigraphy	
  
of	
  an	
  arid	
  alluvial	
  fan	
  
reveals	
  the	
  conditions	
  
under	
  which	
  the	
  fan	
  
deposit	
  formed	
  (Blair,	
  
1999).	
  Generally,	
  arid	
  
alluvial	
  fans	
  consist	
  of	
  
poorly	
  sorted	
  sediment	
  
with	
  grain	
  sizes	
  ranging	
  from	
  fine	
  sand	
  (<mm)	
  to	
  boulders	
  (m<)	
  (figure	
  4).	
  These	
  grains	
  and	
  
clasts	
  (pieces	
  of	
  rock)	
  are	
  deposited	
  in	
  down-­‐slope	
  lobes	
  each	
  time	
  a	
  debris	
  flow	
  mobilizes	
  
sediment	
  from	
  a	
  catchment	
  due	
  to	
  a	
  precipitation	
  or	
  snowmelt	
  event.	
  	
  
	
  
Tributary	
  Alluvial	
  Fans	
  in	
  the	
  Grand	
  Canyon:	
  
Conditions	
  Before	
  Glen	
  Canyon	
  Dam	
  
	
   Before	
  the	
  installation	
  of	
  Glen	
  Canyon	
  Dam,	
  the	
  Colorado	
  River	
  was	
  veritably	
  wild,	
  with	
  
large	
  annual	
  variations	
  in	
  flow	
  (reported	
  ranging	
  from	
  less	
  than	
  5,000	
  ft3/s	
  to	
  greater	
  than	
  
300,000	
  ft3/s)	
  and	
  continuously	
  carrying	
  a	
  significant	
  sediment	
  load.	
  The	
  annual	
  spring	
  floods	
  
on	
  the	
  river	
  served	
  many	
  functions.	
  Floods	
  transported	
  sediment	
  through	
  the	
  system,	
  
depositing	
  sand	
  bars	
  and	
  terraces	
  high	
  on	
  the	
  sides	
  of	
  the	
  canyon	
  (Hanks	
  and	
  Webb,	
  2006).	
  
Because	
  these	
  deposits	
  lie	
  above	
  the	
  river	
  level	
  for	
  most	
  of	
  the	
  year,	
  they	
  were	
  relatively	
  stable	
  
as	
  small	
  fluctuations	
  in	
  river	
  level	
  and	
  continuous	
  flow	
  could	
  not	
  reach	
  them.	
  These	
  deposits	
  
served	
  as	
  habitat	
  for	
  riparian	
  vegetation	
  and	
  therefore	
  habitat	
  for	
  birds.	
  Importantly,	
  the	
  large	
  
annual	
  floods	
  translated	
  sediment	
  from	
  the	
  toes	
  of	
  tributary	
  alluvial	
  fans.	
  Also,	
  these	
  large	
  
floods	
  were	
  likely	
  the	
  only	
  flows	
  that	
  could	
  move	
  large	
  boulders	
  out	
  of	
  rapids	
  (Hanks	
  and	
  
Webb,	
  2006).	
  According	
  to	
  early	
  observations	
  and	
  historical	
  photography,	
  the	
  deposits	
  along	
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topset-dominated space (left panel in Fig. 1A), 
but channel depth data are needed to test these 
predictions.

PROPOSED STRATIGRAPHIC MODEL
Our geometric model (Fig. 1) and data from 

modern systems (Fig. 2) show that topset-domi-
nated deltas are common in the modern, and by 
analogy should also probably be common in the 
ancient. We suggest that the stratigraphic rela-
tionships for topset-dominated deltas (Fig. 3A) 
will contrast with foreset-dominated deltas 
(Fig. 3B) in three ways. First, the topset will thin 
basinward as channels bifurcate and become 
shallower, and the foreset will thicken basinward 
as the delta moves into deeper water (Fig. 3A). 
Second, topset-dominated deltas should have 
a more spatially variable stratigraphy. For 
example, in topset-dominated deltas the zones 
of shoreline progradation will occur at channel 
mouths where mouth bars are deposited. These 
zones will have well-defi ned foresets, whereas 
the sheltered areas between them will passively 
fi ll in with fi ne-grained sediments. This will 
create a spatially discontinuous foreset deposit 
that contrasts with the more continuous foreset 
deposit associated with foreset-dominated del-
tas (Fig. 3A). Third, not all vertical stratigraphic 
columns through topset-dominated deltas would 
be similar to the classic upward-coarsening rela-
tionship produced in foreset-dominated deltas 
(Fig. 3). This is because fi ne-grained sediments 
of the topset may be deposited directly on the 
pre-delta surface in interdistributary bays.

Distinguishing between delta types is impor-
tant because, for example, it can clarify the 
cause of fl uvial incision. In ancient deltas, dis-

tributary channel incision into pre-delta sedi-
ment is usually assumed to be an allogenically 
generated sequence boundary (Posamentier et 
al., 1992; Sydow and Roberts, 1994; Christie-
Blick and Driscoll, 1995) or an incised valley 
carved during relative sea-level fall (Willis, 
1997; Bowen and Weimer, 2003; Bhattacha-
rya, 2006; Olariu and Bhattacharya, 2006). But 
these results suggest the incision could occur in 
the absence of the above causes if the deltas are 
topset-dominated.

The most restrictive assumption we have made 
is the exclusion of accommodation space cre-
ation in our model, although we argue that it will 
have little effect on the h/f value of an individual 
delta lobe because they form on short time scales. 
Nonetheless, during the construction of a delta 
lobe, accommodation space creation will increase 
the foreset thickness as basin depth increases, and 
also the topset thickness as it aggrades to main-
tain the same elevation (Paola et al., 2011). In 
the stratigraphic record the time-integrated ratio 
of h, e.g., a multistory channel fi ll, to f would be 
equivalent to the ratios calculated in Figure 1. If 
the creation of accommodation space created a 
series of stacked delta lobes in one stratigraphic 
section, the h/f equivalent to Figure 1 should be 
estimated on an individual lobe.

CONCLUSIONS
By calculating values of distributary chan-

nel depth and foreset height for deltas on the 
world’s passive margins, we determined the 
environmental conditions that create foreset- 
versus topset-dominated deltaic stratigraphies. 
Foreset-dominated deltas have thin topsets rela-
tive to the foresets and commonly form in ocean 

0 2 4 6 8 10 12 14 16 18 20

Channel distance from delta apex (km)

C: Apalachicola River and distributaries

0 1 2 3 4 5 6 7 8 9
A: Wax Lake delta

0 5 10 15 20 25 30 35 40
B: Mobile River and distributaries

Gulf of MexicoA
B

C

h/
f

h/
f

h/
f

100

100

100

Distance seaward (km)

V.E. = 150x

Distributary
channel

-4

-8
2186543210 11109 13 1514

0

El
ev

at
io

n 
(m

) 
(a

.s.
l.)

Delta-plain deposits
(sand and mud)

Pro-delta deposits
 (silty mud)

Delta-front/mouth bar 
deposits (mostly sand)

Pre-delta deposits

Sea level

Figure 3. Dip-oriented cross sections depicting fi rst-order stratigraphy for a topset-dominated delta (A) and foreset-dominated delta (B, 
modifi ed from Bhattacharya, 2006). B is not drawn to scale, whereas in A the channel depths and positions of mouth bars are calculated from 
Equations 2 and 3, respectively, assuming a discharge at the delta head of 3500 m3/s, a basin slope of 2 × 10−4, and initial depth of 4 m. The 
dashed line represents the channel depth, or the thickness of the topset.

Figure 2. h /f as a function of shortest stream-
wise distance from the delta apex (defi ned 
as the fi rst bifurcation) for the Wax Lake 
delta, Louisiana (A), Mobile River delta, Ala-
bama (B), and Apalachicola River delta, Flor-
ida (C), USA. Data for the Mobile River delta 
were collected from the National Oceanic 
and Atmospheric Administration (NOAA) 
nautical chart 11376, and from 2008 National 
Ocean Service Coast Survey (NOSCS). Data 
for the Apalachicola River delta were col-
lected from NOAA charts 11404 and 11401, 
and from 1996 and 2004 NOSCS.
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Figure	
  3a:	
  a)	
  Cross	
  section	
  of	
  delta	
  formation.	
  Note	
  how	
  beds	
  deposit	
  into	
  
the	
  basin	
  with	
  the	
  top	
  of	
  every	
  bed	
  at	
  the	
  same	
  elevation	
  at	
  sea	
  level	
  (from	
  
Edmonds	
  et	
  al.,	
  2011)	
  b)	
  Cross	
  section	
  of	
  alluvial	
  fan	
  stratigraphy.	
  Note	
  
much	
  more	
  complex	
  stratigraphy	
  and	
  how	
  change	
  in	
  base	
  level	
  affects	
  the	
  
interfingering	
  with	
  the	
  basin	
  (from	
  Rust	
  and	
  Koster,	
  1984).	
  

a)	
  
 

b)	
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the	
  river	
  level,	
  in	
  many	
  places	
  
tributary	
  alluvial	
  fans,	
  were	
  mostly	
  
not	
  vegetated	
  due	
  to	
  the	
  large	
  
annual	
  floods	
  preventing	
  
substantial	
  (woody)	
  species	
  from	
  
establishing.	
  The	
  dominant	
  kinds	
  
of	
  vegetation	
  on	
  low-­‐level	
  (near	
  
river	
  elevation)	
  deposits	
  were	
  
grass	
  species	
  that	
  quickly	
  
established	
  between	
  annual	
  flood	
  
events.	
  
	
   The	
  sediment	
  transport	
  
characteristics	
  of	
  the	
  Colorado	
  
River,	
  especially	
  where	
  the	
  
sediment	
  load	
  was	
  sourced,	
  were	
  
significantly	
  different	
  before	
  the	
  
establishment	
  of	
  Glen	
  Canyon	
  
Dam.	
  The	
  median	
  sediment	
  
concentration	
  at	
  Lees	
  Ferry	
  before	
  

the	
  establishment	
  of	
  the	
  dam	
  was	
  measured	
  at	
  1,500	
  ppm	
  (Howard	
  and	
  Dolan,	
  1981).	
  In	
  high-­‐
flow	
  events,	
  the	
  concentration	
  of	
  sediment	
  reached	
  21,000	
  ppm	
  at	
  least	
  1%	
  of	
  the	
  time.	
  The	
  
nature	
  of	
  sediment	
  mobilization	
  through	
  the	
  system	
  was	
  probably	
  a	
  gradual	
  deposition	
  and	
  
entrainment	
  process	
  as	
  sedim ent	
  translated	
  down	
  stream.	
  A	
  certain	
  thickness	
  of	
  sediment	
  on	
  
the	
  bottom	
  of	
  the	
  channel	
  was	
  maintained	
  down	
  the	
  length	
  of	
  the	
  river	
  before	
  the	
  dam	
  was	
  
built.	
  
	
  
Effects	
  of	
  Glen	
  Canyon	
  Dam	
  	
  
	
   The	
  completion	
  of	
  Glen	
  Canyon	
  Dam	
  resulted	
  in	
  the	
  taming	
  of	
  the	
  Colorado	
  River	
  
through	
  the	
  Grand	
  Canyon.	
  A	
  significant	
  effect	
  of	
  the	
  dam	
  is	
  that	
  sediment	
  is	
  deposited	
  at	
  the	
  
inlet	
  to	
  the	
  reservoir,	
  more	
  than	
  a	
  hundred	
  miles	
  upstream	
  of	
  the	
  outlet.	
  This	
  means	
  that	
  any	
  
sediment	
  that	
  used	
  to	
  flow	
  through	
  the	
  system	
  from	
  above	
  dam	
  is	
  now	
  trapped	
  in	
  the	
  
reservoir.	
  Because	
  of	
  the	
  large	
  storage	
  capacity	
  of	
  the	
  reservoir,	
  the	
  flow	
  rate	
  of	
  the	
  Colorado	
  
River	
  is	
  now	
  entirely	
  under	
  dam	
  regulated	
  control	
  (except	
  when	
  near	
  capacity	
  and	
  the	
  input	
  to	
  
the	
  reservoir	
  is	
  too	
  high,	
  such	
  as	
  in	
  the	
  1983	
  floods).	
  The	
  flow	
  rate	
  of	
  the	
  Colorado	
  River	
  now	
  
tracks	
  energy	
  prices	
  because	
  of	
  hydroelectric	
  power	
  generation.	
  At	
  times	
  when	
  the	
  price	
  of	
  
energy	
  is	
  high	
  (during	
  the	
  day)	
  water	
  is	
  released	
  through	
  the	
  dam	
  to	
  create	
  energy.	
  As	
  the	
  price	
  
of	
  energy	
  drops	
  at	
  night,	
  the	
  flow	
  is	
  decreased.	
  Daily	
  variations	
  are	
  often	
  two-­‐fold	
  in	
  flow	
  rate	
  
(as	
  of	
  March	
  1,	
  2015	
  the	
  daily	
  flow	
  varied	
  between	
  ~7,000	
  ft3/s	
  to	
  ~13,000	
  ft3/s).	
  The	
  large	
  
annual	
  variation	
  in	
  the	
  system	
  has	
  been	
  replaced	
  by	
  a	
  relatively	
  low-­‐amplitude,	
  high	
  frequency	
  
variation.	
  
	
   The	
  human	
  control	
  over	
  the	
  Colorado	
  River	
  flow	
  rate	
  has	
  significantly	
  changed	
  how	
  
sediment	
  moves	
  through	
  the	
  system	
  as	
  well	
  as	
  how	
  the	
  landforms	
  altered	
  by	
  the	
  flow	
  of	
  the	
  
river	
  evolve.	
  The	
  new	
  flow	
  regime	
  has	
  had	
  three	
  main	
  effects	
  on	
  landforms	
  in	
  the	
  Grand	
  
Canyon.	
  The	
  first	
  is	
  the	
  lack	
  of	
  very	
  high	
  flows	
  that	
  deposit	
  terraces,	
  sand	
  bars,	
  and	
  bury	
  

Figure	
  4:	
  Typical	
  coarse	
  deposit	
  of	
  an	
  arid	
  alluvial	
  fan.	
  Notice	
  the	
  range	
  
in	
  grain	
  sizes	
  present	
  in	
  this	
  deposit.	
  Gravels	
  mix	
  with	
  sand	
  and	
  
cobbles	
  as	
  debris	
  flows	
  travel	
  down	
  the	
  fan.	
  Note	
  that	
  other	
  parts	
  of	
  
this	
  same	
  fan	
  contain	
  different	
  grain	
  size	
  distributions	
  (from	
  Blair,	
  
1999) 



225, Figure 5b), is, like the falling limb of ECC, also
associated with falling debris flow activity rates (Figure 2a),
decreasing debris fan area and densities (Figure 2b), and
decreasing alluvial fill thickness (Figure 4b).
[30] Except for the part in Lower Granite Gorge, WCC

occupies a river corridor that is again relatively wide.
Unlike ECC, however, WCC is associated with active
tectonics and volcanism, as well as with the active debris
flow deposition shared with ECC. From east to west, the
Mohawk–Stairway (RM 171.5), Toroweap (RM 179), and
Hurricane faults (RM 188), all northerly trending, down to
the west, active normal faults, traverse WCC. Each of these
fault-controlled valleys contains large debris flow fans.
[31] The most remarkable of these is Prospect Canyon

(RM 179.4), a Toroweap fault- controlled structure sensa-
tional for the intensity and variety of active geologic

processes in play in this theater, including faulting, volca-
nism, erosion, a 300 m waterfall, debris flows, and river
dynamics at Lava Falls, the largest of the Grand Canyon
rapids. The geologic and topographic setting of Prospect
Canyon make for frequent debris flows [Webb et al.,
1999a], which create and maintain Lava Falls Rapid.
Photographic documentation of these debris flows during
the 20th century includes a dramatic 300 m waterfall (the
‘‘fire hose’’) of Prospect Creek into Prospect Canyon [Webb
et al., 1999a, Figure 27], responsible for the debris flow of
March 1995.
[32] The Toroweap fault also bounds the Uinkaret volca-

nic field on its eastern margin and, just north of the river,
bisects Vulcan’s Throne, the source of voluminous, half
million years old basaltic lava [Lucchitta et al., 2000;
Pederson et al., 2002] that flowed down the Colorado River

Figure 5. (a) Longitudinal profile of the Colorado River in Grand Canyon (thick trace) and the average
gradient of 0.0015 between Lee’s Ferry and Grand Wash Cliffs (dashed line). Geomorphic reaches of
Melis [1997] are indicated by the alternating shaded patterns and the numbers at the top. (b) Locations of
alluvial islands in the Colorado River in Grand Canyon, from Stevens [1983]. (c) Difference between the
two profiles in Figure 5a, showing the principal river profile convexities. From upstream (left) to
downstream (right) the rapids identified in Figure 5c are Badger Creek (B), Soap Creek (SC), Hance and
Lower Hance (H), Sockdolager (S), Grapevine (G), Granite (Gr), Crystal and Lower Crystal (LC),
Dubendorff (D), Kanab (K), and Lava Falls and Lower Lava (LF) rapids.
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vegetation	
  at	
  low	
  river	
  level.	
  Second,	
  high	
  flows	
  do	
  not	
  move	
  boulders	
  out	
  of	
  rapids	
  at	
  tributary	
  
fans.	
  Third,	
  high	
  frequency	
  river-­‐level	
  changes	
  erode	
  deposits	
  at	
  river	
  level	
  at	
  a	
  more	
  rapid	
  rate.	
  
An	
  aspect	
  of	
  this	
  system	
  to	
  consider,	
  along	
  with	
  the	
  flow	
  rate	
  variation,	
  is	
  that	
  the	
  sediment	
  
concentration	
  is	
  greatly	
  reduced	
  because	
  of	
  sediment	
  capture	
  at	
  the	
  inlet	
  of	
  the	
  reservoir	
  far	
  
upstream	
  of	
  the	
  dam.	
  The	
  significant	
  reduction	
  in	
  sediment	
  concentration	
  means	
  that	
  the	
  
tributaries’	
  contribution	
  to	
  the	
  sediment	
  in	
  the	
  Colorado	
  River	
  is	
  significantly	
  greater.	
  This	
  also	
  
results	
  in	
  less	
  sediment	
  stored	
  on	
  the	
  bed	
  at	
  any	
  given	
  time.	
  Because	
  of	
  the	
  documented	
  
effects	
  of	
  the	
  lack	
  of	
  high	
  flows,	
  management	
  of	
  the	
  flow	
  rate	
  has	
  recently	
  been	
  designed	
  to	
  
attempt	
  to	
  remedy	
  some	
  of	
  the	
  negative	
  outcomes	
  of	
  human	
  control	
  of	
  the	
  flow	
  rate.	
  
	
  
High-­‐flow	
  Experiments	
  (HFEs)	
  
	
   High-­‐flow	
  experiments	
  (HFEs)	
  were	
  established	
  in	
  the	
  1990s	
  initially	
  to	
  mimic	
  spring	
  
flood	
  events	
  (Alvarez	
  and	
  Schmeeckle,	
  2013).	
  The	
  first	
  experiment	
  successfully	
  deposited	
  high	
  
bars	
  and	
  terraces	
  but	
  flows	
  were	
  still	
  substantially	
  below	
  historically	
  documented	
  annual	
  flood	
  
events.	
  Unfortunately,	
  the	
  pulse	
  of	
  release	
  was	
  very	
  sudden	
  with	
  flow	
  dropping	
  off	
  very	
  
suddenly	
  back	
  to	
  the	
  high	
  frequency,	
  low	
  amplitude	
  daily	
  variation.	
  The	
  result	
  was	
  that	
  sand	
  

bars	
  built	
  in	
  the	
  flood	
  eroded	
  quickly	
  due	
  the	
  sharp	
  drop	
  in	
  flow	
  and	
  the	
  daily	
  flow	
  variation.	
  
Subsequent	
  HFEs	
  have	
  compensated	
  by	
  using	
  a	
  more	
  natural	
  flow	
  profile	
  with	
  a	
  significant	
  
heavy	
  tail	
  to	
  mimic	
  natural	
  floods.	
  These	
  subsequent	
  HFEs	
  have	
  produced	
  more	
  stable	
  bars	
  but	
  
reports	
  indicate	
  that	
  they	
  still	
  do	
  not	
  effectively	
  bury	
  the	
  vegetation	
  enough	
  to	
  restore	
  pre-­‐dam	
  
conditions.	
  The	
  maximum	
  flows	
  of	
  HFEs	
  are	
  reported	
  to	
  be	
  ~50,000	
  ft3/s.	
  This	
  value	
  is	
  still	
  less	
  
than	
  half	
  of	
  the	
  flow	
  rate	
  of	
  an	
  annual	
  flood	
  (and	
  far	
  less	
  than	
  the	
  recorded	
  maximum	
  flow	
  of	
  

Figure	
  5:	
  This	
  figure	
  shows	
  the	
  deviation	
  of	
  the	
  river	
  profile	
  from	
  a	
  linear	
  slope	
  down	
  the	
  Grand	
  Canyon.	
  The	
  
letters	
  correspond	
  to	
  rapids.	
  The	
  important	
  thing	
  to	
  note	
  is	
  how	
  steeply	
  the	
  profile	
  drops	
  at	
  each	
  rapid	
  and	
  the	
  
relatively	
  gentle	
  gradient	
  between	
  the	
  rapids.	
  The	
  longer	
  wavelength	
  variation	
  is	
  due	
  to	
  differential	
  incision	
  of	
  
the	
  canyon	
  bottom	
  because	
  of	
  knick	
  points	
  traveling	
  up	
  the	
  canyon	
  from	
  a	
  combination	
  of	
  far	
  field	
  base	
  level	
  
change	
  and	
  lithological	
  contrasts	
  that	
  cause	
  the	
  canyon	
  to	
  erode	
  at	
  different	
  rates	
  (	
  from	
  Hanks	
  and	
  Webb,	
  
2006).	
  



300,000	
  ft3/s).	
  It	
  is	
  unlikely	
  that	
  these	
  flows	
  are	
  able	
  to	
  translate	
  boulders	
  through	
  rapids.	
  
Because	
  boulders	
  have	
  accumulated	
  in	
  rapids,	
  the	
  percentage	
  of	
  the	
  river	
  fall	
  (where	
  how	
  much	
  
of	
  the	
  drop	
  happens)	
  in	
  rapids	
  has	
  increased	
  (figure	
  5)	
  (Hanks	
  and	
  Webb,	
  2006).	
  This	
  basically	
  
means	
  that	
  the	
  rapids	
  have	
  gotten	
  steeper	
  and	
  the	
  gentler	
  sections	
  of	
  river	
  between	
  the	
  rapids	
  
have	
  gotten	
  flatter.	
  Before	
  the	
  dam	
  was	
  constructed,	
  the	
  large	
  flows	
  moved	
  boulders	
  out	
  of	
  
rapids	
  making	
  rapids	
  less	
  steep	
  and	
  increasing	
  the	
  slope	
  of	
  the	
  gentle	
  sections	
  between	
  the	
  
rapids.	
  
	
  
Conclusions:	
  
	
   Tributary	
  alluvial	
  fans	
  in	
  the	
  Grand	
  Canyon	
  are	
  important	
  components	
  in	
  the	
  sediment	
  
transport	
  framework,	
  especially	
  since	
  the	
  completion	
  of	
  Glen	
  Canyon	
  Dam.	
  Tributary	
  fans	
  
constrict	
  the	
  main	
  stem	
  of	
  the	
  Colorado	
  River	
  producing	
  rapids	
  as	
  well	
  as	
  flat	
  water	
  with	
  eddies	
  
above	
  and	
  below	
  the	
  constriction.	
  These	
  calmer	
  pools	
  serve	
  as	
  habitat	
  for	
  freshwater	
  fish.	
  The	
  
sediment	
  deposits	
  lain	
  by	
  the	
  tributary	
  alluvial	
  fans	
  serve	
  both	
  as	
  boater	
  habitat	
  and	
  substrate	
  
for	
  vegetation.	
  Significant	
  changes	
  have	
  occurred	
  in	
  the	
  system	
  since	
  the	
  dam	
  was	
  built.	
  Large	
  
floods	
  no	
  longer	
  wash	
  boulders	
  out	
  of	
  rapids	
  at	
  the	
  constrictions	
  due	
  to	
  tributary	
  alluvial	
  fans.	
  
Now	
  that	
  sediments	
  transported	
  by	
  the	
  main	
  stem	
  Colorado	
  River	
  are	
  trapped	
  at	
  the	
  inlet	
  to	
  
Lake	
  Powell,	
  the	
  only	
  sources	
  of	
  sediments	
  down	
  stream	
  of	
  Glen	
  Canyon	
  Dam	
  are	
  the	
  tributary	
  
alluvial	
  fans.	
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