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Mud Cracks

Field observations suggest mud cracks necessitate the presence of some thickness
of cohesive sediments in order to form. The delta sediments exposed on North Wash
creek have no such thickness of cohesive sediment at their surface, hence the absence of
these features. Where packages of cohesive sediments are exposed on the deltas of the
Colorado and Dirty Devil Rivers, mud cracks form through desiccation. As saturated
clay loses water content through evaporation, it undergoes a reduction in volume
(consolidation) through the generation of negative pore pressures (suction) throughout the
mass (Konrad and Ayad, 1997). These negative pore pressures create strain on the
horizontal surface and when it exceeds the tensile strength of the soil, the surface ruptures
and a crack forms (Konrad and Ayad, 1997). As an interconnected network of these
tension fractures propagates, the surface is divided into polygonal patterns. The thickness
of clay-rich sediment in areas on the Colorado and Dirty Devil deltas is great enough that
the polygonal columns may range in height from less than 3 feet to as much as 10 to 12
feet. In many locations the depth of mud cracks terminates at a change in sediment
character from clay-rich and consolidated, to sandier and less consolidated (Figure 43). It
cannot be stated with certainty if the cracks initially form to this depth or if they deepen
with time, or if the depth is always constrained by a change in sedimentology. More field

observations would be necessary.

Lateral Slumping
Lateral slumping is seen on the Colorado and Dirty Devil deltas in the same areas

mud cracks form (Figure 44) and are different from bank failure. Lateral slumping may
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occur on a channel bank, but successive scarps are formed in conjunction in a stair-

step pattern up and away from the channel and often at low slopes (Figure 64A). Lateral
slumping may also occur on the interior of the delta with no immediate connection to a
channel (Figure 64B). In either case, lateral slumps disrupt the otherwise flat topography
of many areas of the delta surface with offsets of up to 1 m. Lateral slumping is also only
witnessed in areas of thick clay-rich sediments, hence the lack of these features on the
North Wash Creek delta.

In order for an earth slump to form, the shear force resolved parallel to a plane of
failure within the mass must exceed the shear resistance and internal cohesion of the slide
mass at the slip surface (Duncan and Wright, 2005). These failures occur along a
relatively narrow and visible or inferable failure plane, are often rotational, and create a
concave-up surface rupture (Hansen, 1984) (Figure 65A). The occurrence of earth
slumps and the location of the failure plane is dependent on slope angle, soil moisture
conditions, and the geotechnical properties of the failing material. Slope weighting or
unweighting, saturation and rapid desaturation, and toe removal can help to drive a
previously stable slope to failure. Earth slumps do occur within the exposed delta
sediments at Lake Powell, but they are a feature that would occur only along channel
banks because of their dependence on a steep slope to form. The lateral slumps observed
occur near channel banks, but they also occur within the interior of the delta deposits,
with no association to a slope. The surface trace of some of the failure planes of lateral
slumps follows the void created by mud cracks (Figure 66). This suggests that the mud
cracks segment the surface and create a zone of weakness for preferential formation of a

failure plane.
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which formed at a relatively low slope and create a stair-step pattern up and away from
the channel, Photo is near the Hite Marina boat ramp and is facing southwest and is
courtesy of John Dohrenwend. (B) Lateral slump occurring on the interior of the
Colorado River delta (July, 2004) with the incising channel marked in the distance.
Photo is facing northwest and provided courtesy of James Evans.

The lateral slumps may actually be more similar to a lateral spread, where an overlying
consolidated and fractured mass extends laterally through the deformation and/or failure
of an underlying mass of soft material (Hansen, 1984; Sidle and Ochiai, 2006) (Figure
65B). They occur in sand and clay soils, typically at low slope angles, and are often
triggered by high internal pore water pressures or high water contents (in the case of
clays) (Sidle and Ochiai, 2006). At Lake Powell, the cohesive sediment with mud cracks
often overlies sandier and less cohesive (more porous and permeable) sediment. The
more porous unit is capable of more rapidly changing its pore pressures (in relation to the
less permeable overlying unit) and in situations where an increase in pore pressure occurs

(rising river or lake stage, heavy precipitation), this could create failure along this
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Figure 65. (A) Rotational earth slump failure. Movement involves shear along a
narrow and visible or inferable plane of failure. (B) Earth lateral spread failure.
Movement involves lateral extension due to failure of a basal shear zone. Often
occurs at low slope angles. Adapted from Hansen, 1984.
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Figure 66. A small lateral slump occurring
on the interior of the Colorado River delta,
near the Hite Marina boat ramp. The
columns bounded by mud cracks are
approximately 3 feet high and the trace of
the failure plane at the surface follows the
irregular edge formed by the mud cracks.
Photo is facing southwest and is courtesy of
James Evans.

contact. The mud cracks further exacerbate this situation in several ways. Their
segmentation of the overlying mass decreases the stabilizing normal force acting on it
because each pedestal is relatively independent and can fail independently. The cracks

also allow water to reach the pedestal base and destabilize it through re-saturation and

mechanical action (Sidle and Ochiai, 2006).
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Mud Crack and Lateral Slump Activity

Dohrenwend (2005) has documented that lateral slumping and mud crack
formation is particularly active immediately following periods of high river flow or rapid
base level (lake level) drop (Figure 46). This is not surprising because both of these
events reduce overall slope stability in a number of ways. High river flows in a narrow
and deep channel increase its transport capacity, meaning the sediment on the bed and
banks is more prone to fluvial erosion. This in turn steepens the stream banks through
further incision and the removal of material supporting the bank toe. Rapid base level
fall can have this impact as well by steepening the stream gradient, which also increases
the sediment transport capacity of the channel at a given flow. High flow acts to raise the
water table in the stream banks which increases pore water pressures and re-saturates
sediments, which decreases stability (Sidle and Ochiai, 2006). The falling limb of the
high river flow, similar to falling lake level, can induce instability as well because as the
stage drops, a weight of water is removed from the bank which decreases the normal
force acting on it. Banks also begin to dewater which further reduces normal forces and
causes the pore water pressures to change and re-equilibrate.

Impact of Mud Cracks and Lateral Slumping
on Sediment Delivery to the River Channel

Mud cracks in and of themselves do not deliver sediment to the channel. Rather,
they help to create the instability for other processes (slumping and lateral spread) to
deliver sediment, and in some instances they impact the morphology of sediment
delivery. Mud cracks act to divide the thick packages of cohesive sediments into

relatively discrete pedestals. In areas of steep or near-vertical banks, these pedestals can
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fail individually and deliver sediment to the banks and channel via topples (Figure

67A). In other instances, slump bank failure of the underlying non-cohesive sediments
can transport with them a mass of cohesive and mud cracked sediment as a block slide
(Figure 67B and C). In this case, the mud cracks act similar to perforated note book
paper, allowing a portion of the cohesive sediment to detach from the rest and fail with
the underlying slope.

Lateral slumps, when occurring on channel banks, can deliver sediment directly to
the river channel. These initial failures can also propagate inward, away from the stream
channel, and lower the sediment surface. Slumps acting within the delta deposits also act
to lower the elevation of sediments and disrupt their relatively flat morphology. The
lowering of the sediment surface means river flows and lake levels don’t have to be as

large or as high to either trigger further instability, or mechanically remove the sediment.
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Figure 67. (A) Pedestals of consolidated delta sediment formed by mud cracking that
are failing by toppling. Photo is on the Colorado River, river right bank looking
upstream. (B) Non-cohesive underlying sediments failing by earth slump and
transporting blocks of consolidated sediment by block slide. Photo is on the Colorado
River, river left. (C) Upstream from photo B on river left showing another example of
non-consolidated sediment failure causing block slides. Photos B and C are courtesy of

James Evans.



CHAPTER 5

CONCLUSION

For this thesis I studied delta sedimentation on the Colorado and Dirty Devil
rivers and North Wash Creek in Lake Powell, and observed their response to the current
base level drop of the lake. Historic data of pre-dam topography, 1986 BOR survey
results, and bathymetry data from Pratson et al. (2008) provided a record of
sedimentation under generally transgressive to highstand lake conditions. Survey work
completed by Reichert, NCALM, and this study add to this historic record and provide
details of sedimentation under the current regressive phase of the lake. All of the survey
work allowed estimation of volumes of sediment accumulation and erosion through time,
and the rates at which these processes occurred. This survey work also allowed the
adjustment of the cross section and long profile of each system to be viewed and
compared. Field observations of mud cracks and lateral slumping provided information
on their distribution throughout the three systems, the conditions necessary for their
formation, and their impact on sediment delivery to the channel.

This work concluded that the rate of base level fall sets the stage for the
adjustment of the three streams. Under rapid draw-down, channel incision dominates to
form narrow and deep channels with little widening. Incision driven by rapid base level
fall even seems to overcome, to a large extent, the sediment type’s impact on incision- or
widening-dominated response. This is in opposition to the conceptual models that predict
a shallow and wide channel in sandy, uncohesive sediment. The draw-down rate also
determines where the bulk of the eroded sediment will be moved to. In this case, a fast

draw-down means increased delivery to the delta front and rapid downstream
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progradation of it. It also means that channel areas above the new base level will be

primarily erosive. This is witnessed by the lack of widespread mid-channel, point, or
alternating bar formation. The above observations agree with and support previous
conceptual and physical models of adjustment to base level fall (Schumm et al., 1984;
Simon and Hupp, 1986; Harvey and Watson, 1986; Heller et al., 2001; Cantelli et al.,
2004).

All three systems start adjustment to base level fall on a similar note, but it is
local factors that make each unique and that cause adjustments not predicted by
conceptual or experimental models. Initially, system size and channel gradient determine
the size, shape, and length of each deposit. The larger the system, the greater the volume
of sediment available for lake impoundment will be. The lower the stream gradient, the
longer the reach over which deposition occurs. The volume deposited impacts the
streams ability to incise back to its pre-dam bed material under base level fall, as North
Wash shows. Its small and thin deposit allowed incision back to pre-dam material,
formation of an armored bed, and subsequent channel widening not predicted in the
conceptual models. Another local factor that plays a role is a bedrock outcrop that the
new channel formed over and incised down to. Outcrops can act as a local base level and
prevented the reach upstream from incising into its pre-dam bed and armoring.
Therefore, the bed remained an adequate source of sediment for the stream flow and the
reach showed a narrow cross section form, more related to the speed of base level fall.

The Colorado and Dirty Devil rivers have deposited substantially more sediment
than North Wash, and because of this, they were unable to incise down to their pre-dam

bed material. They both show cross sections in which a narrow and deep incised channel
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has formed, just as rapid base level fall models predict. However, they both also

show cross sections where substantial widening has occurred as well, on account of local
factors. For the Dirty Devil, the three most downstream cross sections show widening
and this coincides with an area of greatly increased canyon width. Aerial photographs
also show evidence for bar formation, which can drive channel widening. For the
Colorado, the narrow canyon width in relation to the active channel width allows the
bedrock walls to exert control on how the incising stream channel meanders. On cross
sections where the incising channel formed and maintained its position, it is deep and
narrow. On other cross sections however, the channel initially incised and then migrated
laterally due to the flow routing by upstream bedrock walls. These cross sections showed
substantial lateral and downward erosion that otherwise might not have been predicted
based on the rate of fall alone. The above discussion points stress that it is not only
necessary to be grounded in the fundamental studies of adjustment to base level fall to
predict what may occur, but that it is also necessary to be familiar with the site-specific
details of the system(s) where adjustment is being viewed or predicted. It is these details
that can cause local deviation from pervious studies and that make the adjustment of each
system unique.

Rates of sediment accumulation and erosion coincided with system size, but
volume eroded versus deposited showed an inverse relationship with system size. North
Wash Creek eroded nearly 50% of its delta and moved it downstream. The Dirty Devil
eroded 15% of its deposit and passed it along to the Colorado River, which eroded 20%
of its deposit. This means that a smaller system (deposit size) is more capable of

removing its accumulated delta and recovering towards its pre-dam condition. This is an
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important consideration when picking examples to assess the ability of a reservoir to

recover if it is drained. For example, if all of the tributaries to Lake Powell were
drainages the size of North Wash or smaller, citing examples of them removing their lake
sediments and returning to pre-perturbed conditions would be representative of the
reservoir’s potential. However, in reality, these small drainages comprise a very minor
percentage of the areas where sediment has accumulated. Rather, systems like the Dirty
Devil and Colorado are more representative of what the lake has to overcome to return to
a pre-perturbed state.

Finally, mud cracks and soft sediment deformation plays an important role in the
adjustment of each of these systems. The sedimentology of each delta dictates where
these features, if at all, will form as they necessitate fine grained sediment. These features
give topography to the otherwise flat-lying delta surfaces and through their destabilizing
nature, they make sediments more prone to erosion. This is either by lowering their
elevation and making them more prone to inundation, or by delivering them directly to
the channel through bank failure. These features are important in forming the

morphology of the exposed sediments and an important mechanism of erosion.
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