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Abstract- 

Zion National Park (ZNP), in Utah, has one of the highest concentrations of slot canyons 

in the world. The origin and development of these unique landforms is highly debated. The uplift 

and faulting of the Colorado Plateau due to seismic activity and the subsequent base level change 

of the Virgin River, which is a tributary of the larger Colorado River, played a significant part in 

the beginning development stages of slot canyon formations. Slot canyon formation is dynamic, 

and the mechanisms of erosion, including mechanical and chemical weathering work in unison to 

produce the narrow, nearly vertical canyons that are referred to as slot canyons. Wall 

morphology, fluvial abrasion caused by flash flooding and sediment load, ancient joint-zones in 

the Navajo Sandstone and chemical weathering due to the hygroscopic, capillary and 

gravitational forces of water all play a part in the creation of the slot canyons. 

Introduction  

The erosion and weathering processes that have shaped Zion National Park slot canyons 

are often studied separately in order to make a conclusion as to what process is more dominant in 

the formation of vertical canyons as opposed to the wider laterally incised canyons. It is difficult 

to pinpoint the exact processes of weathering and erosion that create slot canyons as many 

studies are continuing to investigate new possibilities for the dynamics behind the creation of 

these landforms. By examining some of the erosion and weathering processes, and the 

characteristics of the climate, and bedrock that make up the area, in and surrounding Zion 

National Park, a better understanding of the major erosional process or weathering factor that 

creates slot canyons can be narrowed down.
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Bedrock Geology 

The “basement” of the Colorado Plateau is the metamorphic rock layer, exposed only in 

the deepest canyons, in Utah’s Zion National Park. The “basement” rock was formed over 570 

m.y.a. This ancient Precambrian layer consists of metamorphic and igneous rock that was 

forming in the same time period as the massive continental crash that formed the continent of 

North America over 1 billion years ago. In the Jurassic and Cretaceous period, between 206 and 

66 m.y.a., there were two orogenic occurrences, which are movements such as thrusting, faulting 

and folding, that occurred on the west coast of North America (Bates, 1984). The two orgenies 

created highlands, which then released bentonites, weathered volcanic ash, upon the earlier 

metamorphic and igneous rock of the Precambrian era. 

Sedimentary rock, which has been deposited over the 

more ancient Precambrian rock layer and volcanic ash, 

represents over 500 million years of rock formation 

buildup of the Colorado Plateau Region from the 

Paleozoic era and into the Mesozoic era (Figure 1). 

This bedrock is composed of shale, limestone, 

sandstone and siltstone as well as some gypsum, 

mudstone and conglomerate that were deposited 

through flooding of the region by ancient seas, streams, 

and lakes. Once the flood waters receded, dune sands 

and erosion of the existing metamorphic and igneous rock 

of the “basement” completed what is known as the crust 

of the Colorado Plateau (Foos et al., 2004).      

 

Fig.1. The geologic time scale of Earths’ 
history (National, 2000). 
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Fig. 2. Stratigraphy of Zion National Park (National, 2012). 

Colorado Plateau “uplift” 

The Colorado Plateau is a large crustal block formation that encompasses an area roughly 

337,000 km
2    

and is located across parts of Utah, Colorado, New Mexico and Arizona (Figure 

3). Zion National Park is located in an area referred to as the High Plateau section and is further 

divided by several faults within the section. The High Plateau section has an inclination to be 

north bearing due to the north-south Precambrian compression of the crustal plates which created 
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wrench fault zones. A wrenched fault is a nearly vertical fracture zone that creates a separation 

of two formerly connected rock beds (Durrenberger 1972). Further faulting formed in response 

to the differential movement of the Precambrian crust that makes up the “basement “of the 

visible bedrock of the Zion slot canyons. After those movements another orogeny referred to as 

the Laramid took place and created the Rocky Mountains though it only resulted in a slight 

steepening of the Colorado Plateau but even more faulting in the crustal plates on the foundation 

of the plateau. These fault lines which were reactivated many times after their formation created 

the orientation of most of the structures of the Colorado Plateau (Rogers et al., 2004).  The 

structures that formed during the Laramid orogeny were subsequently buried because the plateau 

during the Eocene was at a low 

elevation surrounded by mountains 

that eroded sediments onto the 

plateau. The fault lines created areas 

for magma to flow upwards and 

release igneous rock into the existing 

bedrock through volcanic activity. 

This is called Basaltic volcanism and 

it started 35 million years ago in the 

Oligocene period and continues 

today. The most dramatic and catastrophic 

upheaval took place approximately 5 million years ago. This epeirogenic uplift, lifting up of a 

large geographic area that does not result in a strain of the terrain, such as faulting or folding, 

raised the Rocky Mountains and the Colorado Plateau 1220-2438 meters.  (Foos, A., 1999).  

Fig. 3. Colorado Plateau Region (National, 2012). 
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Climate  

Zion National Park is located in a semi-arid region of the United States. A semi-arid 

region is defined as a region that receives 25 to 50 cm of annual precipitation and is only able to 

support the growth of scrubby vegetation (Gale, 1985). The High Plateau area where Zion is 

located receives less than 38.1 centimeters of precipitation annually. This area is dry due to its 

location in the interior of the continent of North America and in particular its distance away from 

the equator (Gale, 1985). The high pressure air masses produced by Pacific storms have to cross 

over the Sierra Nevada and Cascade Mountain ranges before reaching Utah and therefore the 

majority of moisture contained in the westerly winds coming from the west coast falls as 

precipitation on the west facing slopes of the mountain ranges (Gale, 1985). Utah does benefit 

from the Pacific storm systems but only in the form of light precipitation.  Another factor that 

affects the moisture of the High Plateau areas is the nearly vertical solar radiation received in the 

summer months (Gale, 1985). 

Slot Canyon Formation Models  

 A. The fluvial abrasion model tested by (Carter and Anderson, 2006), assessed the 

effects that the characteristics of a stream have on canyon morphology. The study set out to 

explore the influence that in-phase (meander-like) and out-of-phase (pinch and swell) wall 

formations have on the development of slot canyons in respect to the flow dynamics (Carter and 

Anderson, 2006; Fig. 4). Canyon width and wavelength of each wall undulation was measured 

along a typical portion of Wire Pass and in Buckskin Gulch, UT. The measurements were used to 

construct the four slot canyon models used in laboratory re-enactments of erosional processes 

that create the in-phase or out-of phase wall waves (Carter and Anderson, 2006). Testing the 

flow dynamics in the field is near impossible due to the rugged and secluded nature of the terrain 
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and because flash flooding, which is the force behind channel erosion, is a short-lived 

phenomenon, and hard to predict, therefore the models were necessary to examine the evolution 

of the slot canyons (Carter and 

Anderson, 2006). The materials used 

to make the model mimicked the 

Navajo Sandstone formation, which 

is the rock formation in Zion 

National Park that contains all of the 

slot canyons (National, 2012). The 

Navajo Sandstone formation is an ancient sand 

dune, so the model was made using materials such as silica sand and plaster to mimic the Navajo 

Sandstone at ZNP (Carter and Anderson, 2006). The model consisted of one straight-narrow slot, 

one straight-wide slot, one in-phase slot and one out-of-phase slot (Fig 4). These models were 

used to evaluate the system of actions that form both in-phase or out-of-phase wall patterns and 

vertical incision or lateral widening of the bedrock. Various experiments were performed with 

greater degrees of sediment load being added to the discharge of water but all slots started out 

with the same flat slope (Carter and Anderson, 2006).  

The results for all four slots showed similar velocity of water flow and erosion patterns 

with more erosion occurring downstream from sediment abraded upstream. The head of the 

channels experienced wider erosional patterns than the tails which showed deeper incision rates. 

As the water moved downslope the flow thinned and velocity increased which caused deeper 

incision and loss of wetted perimeter, which is the area of the canyon wall that is in contact with 

the stream (Carter and Anderson, 2006). Flow depth was inversely proportional to incision rates 

Fig.  4. Constructed Slot Canyon Model (Carter and 
Anderson, 2006). 
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while proportional to lateral widening of the walls (Carter and Anderson, 2006). The width of 

flow was proportional to incision rates and inversely proportional to lateral widening (Carter and 

Anderson, 2006). This does not correlate with actual field observations of the impacts of flash 

flooding on the erosion of slot canyons. In actual slot canyon formation a low width does not 

create higher widening rates. The difference between the actual versus laboratory observations 

are probably due to the lack of sediment in the laboratory discharge as opposed to the sediment 

filled load that is present in actual flooding discharge and with more sediment, incision becomes 

greater. The experiment kept discharge uniform while altering the rates of width/depth flows, in 

a natural setting such as Utah a bed gradient exists and would not be flat sloped as was the case 

in the model. Adding bed gradient to the low width/depth flows would likely increase discharge 

and velocity. This increase in velocity and discharge may enhance the shear stress on the beds 

that did not occur in the experiment because of the constructed flat sloped box. In this 

experiment wall morphology did not appear to change the rate of incision but in Wire Pass the 

wall formations are not uniformly in-phase or out-of-phase. The experiment did produce distinct 

bedform erosional patterns and therefore it is hypothesized that wall morphology is linked to bed 

erosion formation. Further testing is needed with the inclusion of bed gradient and sediment load 

to see if a link can be made between low width/depth ratio of flow to incision rates and to 

examine how wall formations are created. 

B.  Mechanical weathering is the breakdown of rock by physical forces, which involves 

no change in the chemical components of the rock (Bates and Jackson, 1984). The joint-zone and 

differential erosion theory of slot canyon development in Zion National Park, suggests that 

because of existing cracks or joints in the Navajo Sandstone formation, mechanical processes 

create the uniformly spaced slots (See Fig. 5),  that are abundant in Zion National Park (Rogers 
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and Engelder, 2004). The 

joints were produced as a 

result of the 261° path of the 

extensional belts (See Fig. 6), 

in the Basin and Range sub-

province, which is located 

just to the west of the 

Colorado Plateau. The 

extension belts in the Basin and 

Range area were formed during the Precambrian era when the movement of the crustal plates 

stretched the Earths’ surface to the breaking point (Iris, 2012). The joint zones extend all the way 

through the Navajo 

Sandstone formation 

which varies in 

thickness from 550 

meters to 670 meters 

(Rogers and Engelder, 

2004). The slot canyons 

in ZNP are restricted to 

the Navajo Sandstone 

formation both laterally and 

vertically down to an approximate depth of 606 meters in the deepest canyon (Rogers and 

Engelder, 2004). The slot canyons follow a Northeast and North-Northwest pattern that coincides 

Figure 5.  Slot canyon and joint-zone locations in Zion National Park (Rogers and 
Engelder, 2004). 

Fig. 6.  Extensional direction of the Basin and Range province (Rogers 
and Engelder, 2004). 



9 | P a g e  

 

with the direction of the joint zones (Durrenberger, 1972). The slot canyons are referred to as 

cracks because the differential erosion, which is erosion that takes place at differing rates, begins 

to down cut within the cracks of the Navajo Sandstone, and continues down cutting, resulting in 

slot canyon formation. The joints or cracks provide a weakness in the tensile strength of the rock 

and create a preference for erosion to occur in these areas (Rogers & Engelder, 2004). Tensile 

strength is the capacity a material has to match a stress that would stretch it apart; the stress of 

extension with the weakened joint areas provides the mechanism for the formation of the slot 

canyons (Bates and Jackson, 1984). 

  Observations in the field show that slot canyons are located parallel to joint-zones and 

occur in an echelon (parallel line) formation that mimics the joint-zones (Durrenberger, 1972). 

Once the joints starting forming, during the Miocene Epoch in the Tertiary Period (See Fig. 1), 

some 5 to 23 million years ago, mechanical erosion caused slot canyons to form, and those 

canyons acted as nickpoints that focused the tension along the canyon tips (Rogers and Engelder, 

2004). Nickpoints are place of sudden change in slope of a stream, or the stream valley (Bates 

and Jackson, 1984). The mechanical process of erosion in the slots begins with water, salt, or 

frost. The moisture infiltrates the cracks and leaves behind salts, or turns into frost, which 

expands to further open the cracks which eventually collide with the existing joints. The joints 

and erosion work in unison to create a vertical disposition (Rogers and Engelder, 2004). The 

joints are more easily eroded and drive ahead of the “downward-eroding slot canyon” (Rogers 

and Engelder, 2004).  

There are secondary joints that are formed from the feedback interaction between the 

initial joints and erosion processes. These secondary joints are located at the base, and in front of 

each slot canyon. The secondary joints produce exfoliation joints created under a sediment load 



10 | P a g e  

 

(Rogers and Engelder, 2004). The process of exfoliation is the erosion of the rock due to the 

sediment pushed through the joints during such events, such as a flash flood. During these 

events, which can be catastrophic, large amounts of rock are scoured away from the canyon 

walls to be pushed down and forward, incising and widening the cracks, and leaving behind slot 

canyons (Rogers et al., 2004). 

C.  An unconventional model for weathering processes proposes that weathering, at a 

microscopic level, provides more substantial clarification on the variability of land 

characteristics across changing spatial locations (Pope et al., 1995). The climatic theory, that the 

absence of an abundance of water, at a consistent rate, negates the possibility for chemical 

weathering to be a significant force in the disintegration and decay of rock, has been widely 

accepted in the domains of physical geography (Pope et al., 1995). Chemical weathering uses 

heat energy and moisture, to transform rocks and minerals, from one substance to another, that 

are stable on or at the Earth’s surface (Bates and Jackson, 1984). One dominating theory of 

differences in regional topography is that climate of localized areas, roughly 10 to 1000 

kilometers in size, is the controlling force that explains differential weathering from place to 

place (Pope et al., 1995). Mean annual precipitation and temperature are observed and recorded 

as a means to categorize weathering regions and climatic zones (Pope et al., 1995). Erosion 

based on precipitation and temperature is mechanical weathering, which is the mechanism that 

leads to the breakdown of the rocks and minerals with no chemical change in composition (Bates 

and Jackson, 1984). Mechanical weathering based on climatic characteristics of a region is 

generally accepted as the major force behind erosion in desert areas (Pope et al., 1995). Zion 

National Park receives an annual precipitation of approximately 15 inches, with summer months 

experiencing less than 1.5 inches of rain (Gale, 1985). The high temperatures in the summer 
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months average over 90° (Gale, 1985). The heat energy is present but the lack of precipitation is 

perceived to weaken the case for chemical weathering to be viable, as an important erosional 

process for slot canyons (Pope et al., 1995). Chemical weathering can be a slow process that 

operates over long periods of time (Pope et al., 1995). It is easy to observe the effect a 

catastrophic erosional mechanism, such as a flash flood, has on a landscape and to measure the 

topographic changes that occur within the slot canyons of Zion National Park. The changes can 

be observed, by analyzing remote sensing images and aerial images, of the park before and after 

a flood.  

One other way that chemical weathering takes place in deserts is through the absorption 

of moisture from the air which is referred to as hygroscopic water (Bates and Jackson, 1984; 

Pope et al., 1995). This moisture attaches to mineral surfaces and begins to change the 

composition of the rocks and minerals which can then enhance mechanical processes of erosion 

(Pope et al., 1995). Chemical processes can set the stage for differential weathering to occur by 

means of mechanical weathering. Salt can dissolve the minerals that hold sand together in a 

formation such as the Navajo (Pope et al., 1995). If salt is transported to joints that are already 

present in the sandstone formation it will further the joints ability to form the vertical structures 

of the slot canyons in Zion National Park.  

Conclusion- 

The bedrock, climate and uplifting of the Colorado Plateau are major features that 

influence the erosional systems that combine to create vertical down-cutting of the terrain in 

Zion National Park. The fluvial abrasion model makes a strong argument for abrasion by 

sediment transport due to flash flooding and the effect that in-phase and out-of-phase wall 

morphology have on creating the slots. This study however was performed in a lab setting and 
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neglected to introduce varying bed gradients and sediment load. The joint-zone and differential 

weathering model has substantial evidence that suggests that cracks formed by remote seismic 

activity produced stress on the Navajo Sandstone enough so that the entire formation was 

inundated with faults that create places for erosion to occur. The stress shadow that is created by 

extensions from the Basin and Range tectonics is enough to stabilize the slots into keeping a 

vertical shape throughout the body of the canyon. The chemical weathering at the microscopic 

level that is a continuous process in any environment is hard to measure but does appear to be 

linked to creating further stressing on the sandstone which in turn increases the affect that joints 

have in influencing a vertical formation as opposed to a lateral formation as seen in the Grand 

Canyon. 
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