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ABSTRACT

A detailed investigation of the Navajo Sandstone at Zion 

National Park, Utah, was undertaken to describe its sedimentary 

features and determine its environment of deposition. The Navajo Sand

stone at Zion is composed dominantly of small to large scale tabular 

and wedge planar tangential cross-strata that increase in thickness 

toward the top of the formation. Environmental interpretations of the 

Navajo Sandstone based upon modern textural studies were used, but 

proved inadequate because of conflicting results and inherent flaws in 

the techniques. Sedimentary structures (intertonguing strata, ripple 

marks, backset-topset-foreset beds, deformation, and so forth) indicate 

an eolian environment of deposition. Rare fluvial and lacustrine 

environments of deposition are present. An inland desert dune field 

composed dominantly of transverse dunes and interdunal areas is 

deduced. Wind directions calculated from paleocurrent analyses changed 

from south to southwest through time. Dip angles averaged 20°. Minor 

stratigraphic variations in sedimentary structures, dip directions, 

cross-set thicknesses, and colors were found. No evidence of marine 

deposition is present. .

xii



CHAPTER 1

INTRODUCTION 

General Statement

Because of its remarkable uniformity of mineralogy and its 

large, sweeping cross-beds, the Navajo Sandstone is well-known to many 

geologists. Most geologists consider the Navajo to be the result of 

deposition in an eolian environment. Some suggest that the Navajo was 

deposited in an inland, Sahara desert-like region. Others, citing 

evidence for an adjacent westerly shoreline, feel a coastal setting to 

be more appropriate. However, it has also been proposed that the 

Navajo was deposited on a shallow, tidal-dominated shelf under sub

aqueous conditions. Thus, the environment of deposition of the Navajo 

Sandstone is still in question.

In recent years, a vast amount of new information on modern 

eolian environments has been published. Because of this new informa

tion, a comparison between the Navajo Sandstone and modern eolian 

environments is needed. This will not only help solve the origin of 

the Navajo Sandstone, but also might aid other studies that concern 

themselves with possible eolian sediments.

General Description

The Triassic-Jurassic Navajo Sandstone at Zion National Park, 

Utah, is composed dominantly of fine- to medium-grained, well-sorted, 

sub-angular to rounded, clear and frosted quartz grains. Minor amounts

1
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of feldspar and heavy minerals are also present. Nearly the entire 

formation is composed of thin to very thick wedge and tabular planar 

sets of high angle and with small to large scale tangential cross

strata. The Navajo Sandstone covers a wide area in Utah, Arizona, and 

Colorado. Zion National Park, Utah, was chosen as the study area 

because the Navajo's greatest preserved thickness (2100') is in 

Southwest Utah in the Park's area (Fig. 1). In the Park, the Navajo 

weathers into cliffs and domes, so it is impossible to obtain one com

plete good vertical section. Therefore, five sections were studied in 

the Park (Fig. 2).

One characteristic of the Navajo at Zion National Park is its 

color. The lower two-thirds of the Navajo is dominantly reddish in 

color; the upper one-third is white. A varying zone of white and red 

intertonguing is commonly found between these two levels. In Zion, the 
Navajo conformably overlies the Kayenta Formation and possible is 

unconformable with the overlying Temple Cap Formation.

Purpose

The purpose of this study was to discern the environments of 

deposition represented by the Navajo Sandstone at Zion National Park, 

Utah. One aspect of this study was to examine the sedimentary struc

tures and grain size analysis in detail to see if comparisons could be 

made with modern eolian equivalents. These comparisons would help to 

answer the question of how ancient eolian environments of deposition 

can be recognized in the rock record. An attempt was made to see if, 

based upon modern comparisons, individual dunes could be recognized in
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the Navajo at Zion. Grain size analysis were used to see what environ

ments of deposition the statistical parameters point toward. Based 

upon this data, a second goal was to see if the Navajo Sandstone at 

Zion National Park can be subdivided vertically into distinct units 

representing various environments of deposition.

Method of Study

Field work was carried out during the summer of 1977. Sedi

mentary structures were studied in detail, and each cross-set was 

measured as to thickness, type, and bounding surface (Table 1). At 

least one cross-bed orientation was taken for each set in each measured 

section. When more than one reading was taken, the values were 

averaged to obtain one orientation. Samples were taken from approxi

mately every third set for petrographic study. Other less common 

features such as intrasets, deformation, and ripple marks were noted 

where present. Drawings were made of every set. Drawings of the 

cross-sets from the sections used to obtain one complete vertical 

section are illustrated in Fig. 3 (in pocket). Each set's sedimentary 

structures and drawings were compared with modern eolian dune studies 

to see if the cross-sets of the Navajo Sandstone at Zion might repre

sent ancient dune deposits. The work by E. D. McKee at White Sands 

National Monument was used as the modern eolian analogy. Thin sec

tions, made from a variety of samples, aided in the discernment of the 

environments of deposition. Grain size analysis was done for the 

entire formation to see if vertical variances occur. By combining the 

grain size analysis with the eolian set studies, an attempt was made to
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Table 1. Field Method for Cross-Set Description Used in Present Study

1.

2.
3.

4.

5.

6.
7.

thickness of cross-set

type of cross-stratification

shape of cross-set

cross-bed dip direction and angle

drawing of cross-set

sample collected approximately every third set

other sedimentary structures (intrasets, ripple marks, deformation, 
and so forth)

decide if the Navajo can be vertically subdivided into distinct units, 

and which, if any, parts of the Navajo Sandstone at Zion National Park 

are eolian in origin.

Previous Work

Gregory (1917) considered the Navajo Sandstone to be eolian. 

He stated (p. 59),

the structure and composition suggests aridity and the unin
terrupted control of the winds, and the 1live dunes * now being 
frozen on the floor of Chinle Valley differ only in color from 
the 'frozen dunes' displayed in the bordering rock walls.
There is little doubt that desert conditions prevailed in this 
region during part of Jurassic time, but the boundaries of 
this ancient Sahara and its relations to highlands and oceans 
are uncertain.

He further states that limestone interbeds suggest ephemeral lakes or 

playas.
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In 1950, Gregory stated that (p. 86) "The scarcity of ripple- 

marked beds in the Zion Park region in the Navajo seems indicative of 

the strength and shifting of winds." He also made observations con

cerning the color of the Navajo and the "green" Navajo found in Zion 

National Park. Both of these subjects will be considered in this 

study.

Grater (1948, p. 312) described the Navajo at Zion National 

Park thusly: "approximately 1000 feet of its base is composed of

sharply cross-bedded, deep-red sandstone. This is followed by several 

hundred feet of white sandstone, featured by the long, sweeping bedding 

planes so characteristic of eolian deposites." He characterized the 

basal Navajo as composed of extensive horizontal bedding planes, thin 

shale seams, and several isolated deposits that had a (p. 313) "color, 

when unweathered, is dark green; it oxidizes a deep red." This green 

mineral he concludes to be glauconite. Outlining the depositional 
history of the Navajo at Zion, he concluded (p. 318) "the basal Navajo 

is thus considered to be a transitional stage between the water-laid 

deposits of the Kayenta formation and the typical dune formation of the 

white Navajo, while the Temple Gap member is merely the transitional 

stage leading to the deposition of the Carmel limestone."

Kiersch (1950) studied small scale structures of the Navajo 

sandstone in the San Rafael Swell, Utah. He considered the Navajo at 

this locality to consist of (p. 942) "very largely, but not entirely of 

steeply dipping lee-slope dune deposits in which the process of 

periodic avalanching was dominant." He considered this method to be
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responsible for the even surfaced laminae common to the Navajo. He 

suggested that moisture is important in explaining the Navajo's soft 

rock deformation. Because of thin, horizontal, argillaceous, and 

calcareous strata, he suggested that the lower parts of the Navajo seem 

most likely to have been deposited in an aqueous environment. Con

cerning dip directions (p. 934) "Most of the laminae in the upper 

Navajo sandstone unit dip S 17° - 20°W; those in the lower dip S 20° - 

50°E. Exceptions, with opposite dips at low angles are considered to 

represent true windward side deposits."

Digert (1955) studied the Navajo sandstone of the southwestern 

Colorado Plateau. He noted the presence of both horizontal and sloping 

beds. He described the cross-bedding as duplicating (p. 60), "All the 

features of crossbedding found in transverse and lobate deltas." He 

cited evidence that the Navajo sandstone is well below the fine to 

coarse ratio (Keller 1945) observed in modern dune areas. Concerning 

color of the Navajo sandstone, Digert stated (p. 59) "The white portion 

of the Navajo sandstone was derived from rocks that were never colored 

red. Thus, at least two different sources of sediment are indicated." 

Digert concluded the Navajo represented (p. 60) "A gigantic fluvial 

deposit originating from a series of interlacing streams whose manner 

of deposition was controlled by fluctuation in sea-level."

Stokes (1964) proposed that eolian varving was present in the 

Navajo sandstone, with good example found in or near Zion National 

Park. He suggested these varves to be the result of annual dune move

ment influenced by seasonal variations. Stokes (1968) proposed the
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term multiple parallel-truncation bedding planes to describe the exten

sive parallel surfaces commonly seen in "eolian" sandstones of the 

Colorado Plateau. This structure he attributed to the successive 

beveling of eolian dunes by winds down to a rising water table. This 

would preserve a tabular-appearing group of sets from further erosion. 

Subsequent deposition by eolian dunes and the continually rising water 

table would repeat the cycle. He cited the appearance of bedding on 

the walls of the Great White Throne in Zion National Park as an example 

of these cyclic structures.

Jordan (1965) undertook a regional environmental study con

cerning the Navajo and Nugget sandstones. He considered most of the 

cross-sets found at Zion to be trough cross-strata and noted the large 

scale trough crossbedding prominent in the upper Navajo near Checker

board Mesa. Concerning the numerous tabular appearing sets of planar 

cross-strata commonly seen at Zion, he stated that

one explanation for this is that the * tabular * appearance is 
simply an illusion caused by very large amplitudes and low 
trough depth-to-width ratios. Another explanation is that 
large, similarly oriented troughs are seen in longitudinal 
section resulting in an apparent tabular configuration. In 
other words, although it may not be readily apparent, most 
cross-bedding is in reality of the trough type (p. 86).

Citing evidence that most modem inland eolian dunes are "seif" dunes

and that modern coastal dune fields contain transverse dunes composed

of small-to-medium scale festoon cross-bed sets, he stated that

(p. 145) "any preserved eolian cross-bedding in the Navajo sandstone is

most likely of the transverse coastal type." He concluded that the



Navajo and Nugget sandstones represent complexly mixed, depositional 

histories that include both subaerial and subaqueous conditions.

Marzolf (1970) studied the primary sedimentary features of the 

Navajo and divided it into three units. At Zion, he found that 

tabular planar and wedge planar cross-strata comprised most of the 

formation, with set thicknesses increasing toward the top of the forma

tion. He considered trough cross-stratification to be restricted to 

the lower parts of the section. He found convolutions, carbonate 

lenses, and dessication cracks were restricted to the lower Navajo at 

Zion. He concluded that the lowest and middle sub-divisions suggested 

a marginal marine environment of deposition, and the highest sub

division was most likely of an arid eolian origin.

Sanderson (1974) studied the Navajo sandstone at San Rafael 

Swell, Utah. With the exception of horizontally bedded portions, he 

interpreted the entire Navajo at this location to be eolian. Using 

cross-strata, he divided the formation into a lower, tabular planar and 

horizontal-bedded unit, and an upper, trough and contortedly bedded 

unit. He cited the presence of ventifacts, ripple marks, good sorting, 

and cross-bed types as evidence for eolian deposition. He considered 

the dune types to be transverse with crescentic reentrants. He ruled 

out barchan dunes on the assumption that the sand supply during the 

time of deposition would be too great for their formation. The sub

aqueous horizontally-bedded units contain ripple marks, limestone, and 

limestone conglomerates, dinosaur tracks, and burrows. He believed 

water saturated the sediment and caused the large scale deformation.

10



He concluded that the Navajo in this area was an extensive dune field 

in which water played an important role in the development of sedi

mentary structures.

Freeman and Visher (1975) concluded that the Navajo represented 

(p. 666) "the shelf sands of an overall transgression across a shallow 

tidal-dominated shelf floor." They considered grain size analysis of 

the Navajo to be more similar to marine shelf and tidal estuaries than 

to eolian features. Concerning cross-stratification, (p. 665) "trough 

(festoon) type cross-bedding is relatively uncommon in modern eolian 

dunes (McKee 1966); whereas, trough cross-bedding predominates in the 

Navajo (Jordan 1965)." They also cited low dip readings, large-scale 

deformation, current lineation, and bioturbation as evidence against an 

eolian origin.

In reply to Picard (1977), Folk (1977), Steidtmann (1977), and 

Ruzyla*s (1977) criticisms, Visher and Freeman (1977), reaffirming 

their belief that the eolian interpretation lacks support from Holocene 

examples, stated (p. 496) that Picard (1977) and Steidtmann (1977) 

appeared to be attempting to "explain away observations and force the 

interpretation."

11



CHAPTER 2

MODERN EOLIAN ENVIRONMENTS

This chapter is by no means an exhaustive study of modern 

eolian environments. Instead it is intended to present an overview of 

the processes and structures found in a variety of eolian environments, 

and hopefully will provide an insight into the structures and charac

teristics of the Navajo Sandstone at Zion National Park.

Introduction

According to Reineck and Singh (1973, p. 183), a desert can be 

defined as "a continental area on which there is little or no plant 

cover because of insufficient rainfall, i.e., areas where the potential 

rate of evaporation exceeds the rate of precipitation, and where wind 

action is an important geological agent.n

. The characteristics of eolian sandstones are unique and varied. 

Picard (1975, p. 122) lists the characteristics of eolian sandstones 

(Table 2). Other features are also found in modern eolian environments 

(shear planes, interdune deposits, etc.). All of these features are 

discussed in this chapter.

Processes

Movement of Sand

Sediment moved by wind can be transported by traction, salta

tion, and suspension. Wind of sufficient strength moves sand grains by

12
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Table 2. Characteristics of Eolian Sandstone

Structures
high angle cross-stratification (20o-29°) (may be thick: 100 ft

or more)
medium to large scale cross-stratification 
types of cross-stratification
A. Trough; B. Tabular planar; C. Wedge planar 

upper contacts of cross-strata concave upward 
local contorted bedding; penecontemporaneous folding 
asymmetrical ripple marks; long wave length and low amplitude 
high ripple index; greater than 15 (aqueous ripple mark <  15)

Petrology
quartz grains dominant; grain size variable 
sand grade generally is dominant 
texturally mature; little matrix 
sorting good; uniform particle size 
rounding good 
cement mostly chemical 
micaceous minerals generally absent 
frosting, pitting of quartz grains 
positive skewness
larger sand grains on set surfaces 
ventifacts

Fossils
marine and aquatic fossils absent 
local rare dinosaur tracks 
trails
rare bone and flora fragments 
sparse specialized faunas

Bedding and General Relations
shapr contacts; both with bedding and enclosing strata 
angular geometry
lack of regular sequence or cyclic pattern •
vertical stratigraphic relationships; relation to beds of other 

environments
unimodal, high scatter paleocurrent pattern; relates to wind not 

paleoslope
position with respect to paleogeography and paleoattitudes 
regional aspects, rain shadows, arid environments 
thickly bedded units; as much as 100 ft or more
modern barchans have uniform, unimodal internal cross-stratification 
modern seif dunes (longitudinal) are bimodal

aPicard, 1975.
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rolling and saltation. Silt- and clay-sized sediment can be carried 

for great distances and often can be kept in suspension for long 

periods of time. Generally, grains of lion Co phi) size move by salta

tion, and those up to 2mm (-1 phi) by rolling or surface creep (Reineck 

and Singh 1973). Grains less than ,05mm (4.25 phi) can be carried into 

suspension quite easily and have small free-fall velocities.

Commonly the sediment moved by traction forms the interdunal 

deposits found in modern eolian environments. These sediments commonly 

form deflation lag deposits that are situated between sand dunes. 

Sediment transported by saltation usually forms a variety of dunes that 

varies in size and shape in response to many variables. Dust carried 

in suspension often is deposited beyond the limits of the eolian 

environments. However, such suspended sediments commonly form thin 

deposits in the eolian environment when they settle out during periods 

of little or no wind.

Classes of Dune Structures

The formation of dunes involves many complex depositional 

features. Sediments that accumulate on dune slip faces may be either 

primary or modified by avalanching (McKee, Douglass, and Rittenhouse 

1971).

Primary. Primary structures can form by either suspension 

settling or saltation and creep. Their preservation in the geologic 

record is due mainly to their initial position on the dune. Both types 

of primary structures can later become avalanche deposits.
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Deposits from suspension settling can occur on any part of the 

dune. These deposits usually form even, parallel laminae with dips 

largely dictated by the slope of the surface (McKee et al. 1971). Suc

cessive gusts of wind sort the suspended sediments according to grain 

size. McKee et al. (1971) found that these sorted sediments mostly 

settle on the upper parts of the lee face and are therefore susceptable 

to subsequent redeposition through avalanching. Thus, these suspension 

deposits may be rarely preserved in the geologic record. The grains 

that are deposited by stronger winds settle further down the slip face 

and are not as prone to redeposition by avalanching.

Deposits from saltation and creep can also be found on any part 

of the lee face. Sand grains that accumulate at the brink of the dune 

form the main source for future avalanche deposits (McKee et al. 1971). 

However, saltating grains also move across the base of the dune, 

carried by crosswind£. These deposits, according to McKee et al.

(1971, p. 362), are "deposited as tongues projecting into the avalanche 

sand that has moved down the slope from above" and that these laminae 

contrast with the more indistinct, commonly thicker strata of avalanche 

sand that project into them as distinct wedges from above. These 

deposits, because of their position at or near the dunes’ base, are 

more likely to be preserved in the permanent record than the sediments 

initially deposited at the dunes * brink.

Avalanching. Avalanche deposits involve the primary deposits 

that settle on the lee side of the dune through either saltation or 

suspension. The avalanching of these primary deposits form the common
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structures observed on the lee sides of dunes, both in modern and 

ancient eolian dunes. Such movement may involve sand flow, slumps, or 

both (McKee et al. 1971, p. 363).

Sand flow deposits are characterized by the movement of indi

vidual sand grains independent of one another. The lack of cohesive

ness between individual grains allows this type of movement to take 

place (McKee et al. 1971, p. 365). This flowing mass can originate at 

the brink or, if initially deposited by suspension, form some distance 

down the lee slope (McKee and Douglass 1971). According to McKee et 

al. (1971), characteristic features of sand deposited from avalanching 

by sand flow are (as discussed and shown in their figures):

1. An increase in fuzziness of the laminae in a down-dip 
direction, with fade-out laminae as an end result 
(Figs. A and C).

2. The development of shear planes that truncate steeper 
dipping strata (Fig. 4B). (This feature is also found 
in sand slumps).

3. The development of geomorphic features on the lee slopes 
resulting from the deposition of sand down dip and its 
removal from the upper parts of the slip face (Fig. 6A). 4

4. The development of unique deformational features that 
are both compressional and tensional (Fig. 5, A-D;
Fig. 7C). Compressional features usually develop near 
the flow's base, while tensional features form near the 
top of the flow.

Deposits from sand slumps involve a mass movement of sand in 

which the grains remain relatively cohesive (McKee et al. 1971, Figs.

C and D). The laminae are, unlike the sand flow deposits, relatively 

undisturbed. Slumping may result from an over-steepening of the dune 

slip face through depositional processes or by undercutting of the dune
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through a change in wind direction. Glennie (1970) believes that 

slumps may also form after rains wet the upper surface of each laminae. 

The heavier, wetter sand crust then slips over the cohesiveless, dry 

sand underneath to form slumps. Slumping can occur on any part of the 

slip face and shear planes develop in response to this movement. Like 

sand flow deposits, tensional features form in the upper parts and 

compressional features in the basal parts of the slump. Slumping can 

also occur in wet or dry sand. Dry sand slumps lack the intensity and 

complexity of wet sand slumps. Slumping will be discussed more thor

oughly later in this chapter when discussing coastal and inland dunes.

Even though these two forms of avalanching involve distinct 

differences in movement, they can form from a common event and one 

process may grade into another (McKee et al. 1971, Fig. D).

Thus, suspension and saltation deposits, combined with later 

avalanching through sand flow or slump, account for nearly all the 

eolian deposits preserved in the geologic record. Variables such as 

wind strength, dune height, moisture, and particle size dictate which 

grains are deposited by saltation or suspension and how these primary 

deposits will later be distributed (if at all) by avalanching down the 

slip face. Sharp (1966) found avalanche deposits to be coarser grained 

and thicker (2.5 cm) than accretion (primary) deposits. He believes 

the avalanching of sand would produce layering, but because the ava

lanche tongues are long and narrow, they cannot account for the even 

slopes observed in ancient eolian dunes. He suggests the layering
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found on the ancient dunes1 slip-faces is due to reworking of the sands 

by cross winds, not avalanching.

Sedimentary Structures

Sedimentary structures are perhaps the most important features 

in the recognition of both modern and ancient eolian environments.

Since several features alone are not usually diagnostic of any one 

particular environmental setting, and overlap does occur between cer

tain depositional environments, many characteristics must be studied to 

make the correct interpretations. Modern eolian environments, like 

other depositional environments, contain a unique group of sedimentary 

structures. These sedimentary structures are discussed below.

Types of Cross-Stratification

As previously mentioned, three types of cross-stratification 

(McKee and Weir 1953) can be found in cross-sets. The types found in 

modern eolian environments vary according to dune type, vertical 

position in the dune, and so forth.

Tabular and Wedge Planar. Planar cross-strata are the most 

common type of cross-stratification found in modern eolian environ

ments. McKee (1966) found tabular planar cross-sets to be the most 

common form of cross-stratification at White Sands, New Mexico. Wedge 

planar cross-strata were also present, but this cross-set shape 

appeared present when the tabular shapes ended as wedges. When wedge 

planar cross-strata are present, they appear to represent changes in 

wind direction. Bigarella, Becker, and Duarte (1969) also found
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tabular planar cross-strata to be the most common type for the coastal 

dunes of Brazil. Jordan (1965) states that McKee (1957), McBride and 

Hayes (1962), and Land (1964) all observed small-to-medium scale groups 

of trough cross-sets to be common in coastal transverse dunes. He con

cludes that any eolian cross-bedding in the Navajo Sandstone is most 

likely of the transverse coastal type. However, the transverse dunes 

McKee (1957) observed on beaches in Texas were anchored by vegetation 

and shouldn't be considered as transverse dunes in any way except 

general shape. McKee (1957) found that near, the borders of the active 

dunes, vegetation has anchored many dunes, causing them to lose form 

and turn into blowouts. Blowouts have been discussed by McKee (1966) 

and Bigarella et al. (1969), and form cut and fill structures commonly 

filled with trough cross-strata. McBride and Hayes (1962) studied the 

same area (Mustang Island, Texas) as McKee (1957). Bigarella (1972) 

termed the coastal dunes that form near beaches and vegetation pro-dune 

structures. Land (1964) studied a similar coastal dunes in Georgia.

He noted the presence of the tangential nature of the cross-strata at 

the base of the dune. This is not evidence for trough cross-bedding. 

Ahlbrandt and Fryberger (1976) found that concave-upward tabular and 

wedge planar cross bed sets were dominant in the Nebraska Sand Hills,

U. S. A. Ahlbrandt (1973) described this same situation in the Kill- 

pecker Dune Field, Wyoming.

Trough. Trough cross-stratification, according to McKee (1966, 

p. 57), "is represented in all dune types, but is not the dominant 

structure in any of them" and "are formed largely along the dune crests
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and represent a process of scour followed by one of fill, as shown by 

the fact that some are filled symmetrically and others asymmetrically.11 

Trough cross-strata is more common in the modern coastal dunes of 

Brazil, and in the Botucatu Sandstone of Brazil (Bigarella 1972). How

ever, it is still secondary to wedge and tabular planar cross-strata 

and indicates changes in wind velocities. Trough cross bed sets are 

rare in the Nebraska Sand Hills (Ahlbrandt and Fryberger 1976) and in 

the Killpecker Dune Field, Wyoming (Ahlbrandt 1973).

Simple. Simple cross-stratification was observed at White 

Sands to form in a down-dip direction where the bounding surfaces of 

the set become moderate to steep (McKee 1966, p. 57). McKee further 

states "in this type of structure it may be impossible to differentiate 

the units in some groups of sets except by tracing from the lower angle 

upwind area." Bigarella (1972) states that simple cross-strata is 

interpreted as having formed during constant deposition in which 

changes in wind strength and/or direction occurred.

Thus, tabular and wedge planar cross-strata form the dominant 

type of cross-stratification found in modern eolian dunes. Wedge 

planar cross-strata represent either changes in wind direction or the 

thinning of tabular cross-strata within a dune. Trough cross-strata is 

found in the upper parts of dunes and represents blow-outs caused by 

changes in wind direction. Simple cross-strata appears to also form 

during changes in wind velocity (though probably less than what forms 

troughs) and the strength of the wind. Simple cross-strata appear to 

form down-dip from planar cross-strata.
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Both McKee (1966) and Bigarella (1972) found that the shape and 

dip of the bounding surfaces, the dip of the cross-strata, and the type 

of cross-strata vary in different vertical levels within each dune.

The transverse dune studied by McKee (1966) at White Sands clearly 

shows these vertical changes. The upper cross-beds are characterized 

by low dipping cross-strata of tabular planar type. The bounding 

surfaces for these cross-beds are nearly horizontal. Trough cross

strata, where present, is found at this level, usually with trough axes 

normal to the dip direction of the cross-strata. Downwind to the base 

of the dune, tabular simple and tabular planar cross-sets of steeper 

dipping cross-strata form. The bounding surfaces also dip at steep 

angles. Thus, the cross-stratification dips change from shallow to 

steep and the horizontal tabular planar cross-sets take on steeper 

dipping wedge-simple and wedge-planar shapes lower in the dune. McKee 

(1966) states that the lower cross-beds represent slip-face deposits 

formed by the avalanching of sand. The upper cross-strata may or may 

not be the upwind equivalent of this steeply dipping unit. These 

strata may be the result of suspension deposits. Another vertical 

variation within each dune is the progressive thinning of cross-sets 

from the bottom to top of the dune. This is accompanied by the pro

gressive flattening of cross-strata in an upward direction. This 

feature was noted by both McKee (1966) and Bigarella et al. (1969).

Tangential Nature of Cross-Strata. The tangential nature of 

the lower surfaces of cross-sets in modern dunes is well-documented in 

the literature. McKee (1966), Bigarella (1972), Reineck and Singh
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(1973) all make this observation. Because these tangential parts of 

the cross-set are well-laminated, located at the base of the cross-set, 

and often intertongue with the avalanche deposits, they probably 

represent cross-wind deposits. "Observations indicate that avalanche 

deposits of the slip face, together with a certain amount of sand ac

cumulated by cross-winds through saltation and creep, especially along 

the base, constitute the dune deposits that are most commonly buried 

and preserved in the geologic record" (McKee and Douglass 1972, p. 109).

Horizontal Stratification

Horizontal stratification can be an important part of eolian 

deposits. McKee and Tibbitts (1964) found that horizontal laminations 

are a common characteristic of interdune deposits near seif dunes in 

Libya. Horizontally bedded sands can develop when ripples flatten out 

and disappear above a certain wind strength (Glennie 1970, Figs. 89 and 

90). Rapid deposition and uniform grain size may also result in hori

zontally bedded sands (Bagnold 1941). Horizontally bedded clays and 

salts can form in interdune areas covered by lakes or playas. Inter

dune deposits at White Sands contain a high percentage of silt and 

clay, and are structureless, flat bedded, or irregularly bedded (McKee 

and Moiola 1975). Thus, horizontal stratification is a common feature 

of interdunes and may be an important characteristic of eolian 

deposits.
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Deformation

Deformation is a common feature of many modern eolian dunes. 

Contorted bedding usually arises from the intermittent and partial 

slumping of an oversteepened slip-face. The type of deformation is 

dependent upon the degree of cohesion between the sand grains 

(Bigarella and McKee 1972).

Avalanche sand has unique deformational characteristics. McKee 

et al. (1971) lists nine principal types of deformational structures 

that may be found in four classes of sand (dry, wetted, wetted crusts, 

and saturated) as shown in their figures as noted:

1. Rotated plates or blocks (Fig. 8A)

2. Stairstep and normal faults (Figs. 8 B-D)

3. Stretched laminae (Fig. 5A)

4. Warps or gentle folds (Fig. 5B)

5. Drag folds and flames (Figs. 5 C and D)

6. High angle asymmetrical folds (Fig. 7A)

7. Overthrusts and overturned folds (Figs. 7C and D)

8. Break-apart laminae and breccia (Fig. 4A)

9. Fade-out laminae (Figs. 3A and C)

Dry sand is characterized by sand free of moisture and possesses 

a high degree of noncohesion. Wetted sand is sand that is uniformly 

wet, but not saturated with water (McKee et al. 1971). This condition 

can arise as a result of direct rainfall, fluctuating ground water, 

stream flow, or soaking by high tides (Inman, Ewing, and Corliss 1966). 

This type of sand has maximum cohesiveness. Sands with wetted crusts
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are very similar to sands that are uniformly wet. Sands with wetted 

crusts include laminations that were once wetted, but later dried, 

leaving behind laminae of cohesive sand. Saturated sands have been 

actually underwater and represent an extreme lack of cohesion (Dott 

1963). McKee et al. (1971) lists the relative abundance of these nine 

deformational structures in each of the four classes of sand (Table 5) 

and their abundance and vertical distribution in modern dunes (Table 1 

and Table 4). Thus, deformational features are dependent upon the 

cohesiveness of the sand and the vertical position on the slip-face.

The geographical location of the dune field (coastal or inland) has a 

direct effect upon the amount of moisture present in the dunes.

Ripple Marks

Ripple marks are perhaps the most valuable quantitative tool 

available to interpret environments of deposition. Tanner (1967) 

states that wind ripples have ripple indices (Rl) larger than 

R.I. = 15 or R.I. = 16 and may be as great as R.I. = 80. Wind ripples 

have a typical ripple symmetry index (RSI) of 2.0-4.0.

McKee (1966) observed that ripples on the slipfaces of barchan 

and transverse dunes had axes that correspond with the direction of dip 

of the foresets. These ripples form from crosswinds. Most ripples 

form on the windward slopes of dunes (Bigarella 1972). Because the 

winds are constantly changing directions, many different ripple trends 

occur, but their overall trend is normal to the direction of the pre

vailing wind. However, these ripples are rarely preserved in the



geologic record, since favorable conditions for burial exist on the 

leeward, not windward, slope.

Experimental work (Bagnold 1936) and field observations (Sharp 

1963) show that the wave length of ripples increases with the wind 

velocity (Bigarella 1972). Many varieties of wind ripples can form 

because of grain size difference, wind velocities, position in dune 

field, and so forth. Bigarella (1972, p. 29), McKee et al. (1971, 

pp. 361-362), and Glennie (1970, pp. 79-81) discuss these variations in 

detail. As previously discussed, wind ripples and horizontal lamina

tions are intimately related and dependent upon wind velocity, grain 

size, and rates of deposition (Glennie 1970).

Thus, ripple marks with an R.I. > 1 5  and a R.S.I. = 2.0-4.0 are 

characteristic of wind formation and can be found in both dunes and 

interdune areas. The types of ripple marks most often preserved are 

those located on the lee slope of dunes. These are, however, rare in 

the permanent record.

Fossil Evidence

Evidence for life is rarely found in ancient eolian deposits. 

One reason is the nature of the life that exists in modern deserts. 

Because dune fields vary in size, shape, location and have differing 

adjacent environments of deposition, variations do occur.

Ahlbrandt (1974a) found that the Killpecker Dune Field con

tained a variety of flora and fauna. He found bison bones, gastropods, 

pelecypods, root tubules, and quite a variety of modern plants in 

interdune and dune deposit.

25
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McKee (1966) found vegetation to be abundant in parts of White 

Sands (mostly near the margins) and responsible for the formation of 

parabolic dunes.

Vegetation is common in many coastal dune fields and also has a 

great influence on dunal structures. McBride and Hayes (1962), Land 

(1964), McKee (1957), Bigarella et al. (1969), Glennie (1970), and 

others all note the importance of vegetation in dune sands.

Vertebrate tracks, invertebrate trails and tracks, and other 

rarely preserved features are characteristic of this specialized biota.

Desiccation Cracks

Desiccation cracks are commonly found in modern interdune 

deposits that are associated with moisture. Wadis (sporadically flow

ing water-courses initiated by desert rains), Sebkhas (flat areas of 

clay, silt, and sand that are often encrusted with salt), and desert 

lakes are common locations for desiccation cracks (Glennie 1970).

Wadis are excellent locations for the development of curled clay flakes 

(Glennie 1970, Fig. 41). Sebkhas contain polygonal structures with 

walls of salt as high as 4 feet (Glennie 1970, Fig. 51). Desert lakes 

are fed by ground water or wadis and occasionally dry up, forming 

desiccation cracks (Glennie 1970, Fig. 49).

Thus, the formation of desiccation cracks is dependent upon the 

moisture present in a variety of interdunal deposits. Whether or not 

these structures are preserved depends upon conditions following their

formation.
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Shear Planes

Shear planes are common in the dunes at White Sands (McKee 

1966, plates 3C, 5C and D; and McKee et al. 1971, Fig. 4B), and truncate 

steeper dipping cross-strata. These shear planes are quite common in 

dunes as they are related to the avalanching of sand. They may develop 

on any part of the slip-face and "appear as even, flat planes that 

bevel or truncate steeply dipping laminae at somewhat lower angles. In 

brief, they form bounding planes for sets or subsets of strata formed 

at or near the angle of repose (Fig. 4B)" (McKee et al. 1971, p. 364). 

Drawings of dune types (McKee 1966; Bigarella 1972) also illustrate the 

significance of shear planes in the dunes* internal structures. In 

most dunes, shear planes appear in a down dip direction. Tabular 

planar cross-sets change into tabular simple cross-sets that are com

posed of cross-strata that become parallel down dip, causing the bound

ing surface to become indistinguishable from the surrounding laminae 

(McKee 1966). Thus, intrasets form in the upper parts of the dunes and 

fade-out in a down dip direction near the dunes 1 base.

Dune Types

An eolian sand dune can be defined as a hill of sand deposited 

by wind that may or may not contain one or more slip faces. Sand dunes 

may occur singly or in groups. Sometimes they resemble a large sea of 

sand, with no discernable separate dune shapes present. They may 

develop along coasts, rivers, alluvial fans, lakes, or a variety of

other locations
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Many authors have attempted to classify eolian sand dunes 

(Melton 1940; Bagnold 1941; Cooper 1958, 1967; Holm 1960; McKee 1966; 

and others). The classification of dunes is usually dependent upon 

their shape relative to the prevalent winds.

Barchan

Barchan dunes are characterized by a crescentic form with horns 

extending downwind (McKee 1966, p. 17, plate 2C). They can occur as 

single dunes or as groups (Glennie 1970, p. 88, Fig. 72). They are 

considered by Bagnold (1936), McKee (1966), and others to be closely 

related to transverse dunes and form from unidirectional winds. They 

form where the surface is firm bedrock, or clay and sand supply is 

relatively restricted (Folk 1971). Glennie (1970) reports that a giant 

barchan complex of the Liwa Sand Sea, Abu Dhabi, Trucial Coast reaches 

heights of 500 feet (152 m). Ahlbrandt (1975) found that barchans 

rarely exceed heights of 90 feet (27 m). Composite barchans studied by 

Smith (1956) reach heights of 225 feet (69 m), widths of 6000 feet 

1829 m), and lengths of 3000 feet (914 m). A detailed structure of a 

barchan dune is shown in Fig. 4. Observations on the internal structure 

of a 20 foot (6m) barchan dune reveal several points (McKee 1966):

1. In sections parallel to the dip direction, cross-sets appear to 

change from gently dipping wedge planar cross-sets to steeply 

dipping tabular and wedge planar and simple cross-sets. The 

cross-strata becomes tangential at the base of the cross-sets.

. Windward dipping deposits are preserved near the dune crest.2
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3. Scour and fill structures are probably formed during fluctua

tions in wind direction and are infilled by symmetrical and

asymmetrical trough cross-strata.

As the greatest mass of sand in a barchan is located in the 

central portion of the dune, the horns migrate more rapidly and allow 

the shape to remain basically constant. Most sand loss occurs from the 

horns (Glennie 1970).

Dip readings of the laminae in the barchan dune show spreads as 

large as 60° (McKee 1966), though spreads as much as 150° are known 

(Glennie 1970). The foreset laminae dips vary from near horizontal to 
34°.

Barchan dunes at White Sands move from 6 to 13 feet (2-4 m) a 

year (McKee and Douglas 1971). Winds appear to be more effective 

during certain seasons (fall, winter, spring). Barchan dunes that have 

had their top portions planed off exhibit a definite crescentic shape 

(McKee 1966, plate 70; Glennie 1970, Fig. 84).

Transverse

Transverse dunes are elongate, almost straight sand ridges 

oriented at approximately right angles to the dominant, effective wind 

direction (Glennie 1970, Fig. 76). This type has been considered 

unstable by some workers (Bagnold 1941) but is referred to by others 

(Cooper 1958) as a basic type, especially if a floot of abundant sand 

exists below it, as on the Oregon coast and White Sands (McKee 1966).

Transverse dunes are separated from one another by interdunal 

areas (Glennie 1970, Fig. 77). Glennie believes the wind follows a
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wave-like path over the transverse dunes that cover fairly flat desert 

surfaces. The wind causes successively, transport and then 

deposition of sand, followed by deflation of the interdune area. With 

plentiful sand supply, and no net gain or loss of sand, this wave path, 

once started, will perpetuate the size and spacing of the dunes. If 

sand supply exceeds removal, the dunes will grow in height and the 

surface area of the dunes will increase. Eventually, the interdune 

areas will disappear and a sand sea of transverse dunes will result.

Transverse dunes can attain heights of 500 feet (152 m) if they 

merge like the giant barchan complex in the Liwa (Glennie 1970, Fig. 

72). Ahlbrandt (1975) measured heights of 150 feet (46 m) and slip 

face lengths of 250 (76 m) feet. Heights studied by Ahlbrandt 

generally range from 50-80 feet (15-24 m). McKee (1966) dissected a 40 

foot (12 m) high transverse dune at White Sands and studied sections 

parallel and normal to the dominant wind direction (Fig. 5). The 

section parallel to the wind direction illustrates several important 

points:

1. Tabular planar cross-sets with low dipping cross-strata and 

horizontal bounding surfaces change downwind into steeply 

dipping surfaces of tabular planar and simple cross-sets with 

steeply dipping cross-strata.

2. In the zone of transition between these two different parts of 

the dune, the shapes of the bounding surfaces often become 

wedge-like.
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3. The thickness of individual cross-sets decreases upwards in the 

dune.

4. The lower two-thirds of the dune consists of steeply dipping 

(30o-40°) large scale foresets. The upper one-third contains 

relatively thin cross-sets of moderate (110-15°) dip. Cross

sets are usually tangential at their base.

Sections normal to the wind direction illustrate:

1. Trough cross-strata with axes parallel to the wind direction 

contain symmetrical and asymmetrical infillings. Troughs can 

be singular or festoon.

2. Stratification and bounding planes appear horizontal or dip at 

very low angles.

The horizontal appearance of the strata in sections normal to the wind 

direction is the most distinctive characteristic of transverse dunes.

It contrasts with structures in barchans and other dunes that have 

curving crests and slipfaces (McKee 1966).

Transverse dunes that have been planed off exhibit a shape 

quite unlike that found for barchan dunes (McKee 1966, plate 7C).

Dip readings of the laminae in the transverse dune show a 

spread of about 30°. Dip readings of forests range from near hori

zontal to 34°.

Transverse dunes at White Sands move an average of 4 to 12 feet 

a year (McKee and Douglas 1971). Wind strength, and therefore dune 

movement, depends upon seasonal variations.
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Dome-Shaped

Dome-shaped dunes are low circular mounds that develop when 

strong winds inhibit the height of the dune (McKee 1966). Dome shaped 

dunes are rippled on stoss and lee sides, attain small heights (<30 

feet), and are usually found upwind of other dune types. They seem to 

represent early types of dune formation. McKee (1966) states that the 

dune studied at White Sands probably began as a transverse dune, but 

was altered by the unchecked winds. Characteristics of this 18 foot 

(6m) dome-shaped dune in sections parallel with the wind direction 
are:

1. The upwind cross-strata have high angle foresets that probably 

form through the avalanching of sand down a slip-face. These 

appear continuous from the top of the dune to its base.

2. The downwind cross-strata has low angle tabular and wedge 

planar foresets that dip not only toward the lee side, but also 

toward the dunes ihargins. This gives it the dome-shape. 

Cross-strata may become non-erosional (simple) in a down dip 

direction.

3. The low-moderate angle foresets are probably deposited from 

suspension by strong winds that restricted the maximum height 

of the dune. These suspension deposits form foresets that get 

progressively flatter downwind.

Sections normal to the wind direction show several characteristics:

1. Low angle strata dip toward the dune margins. In this par

ticular dune, dips near the dune center are opposite those



found near the margins. This is probably because the dune 

migrated laterally in an earlier stage of formation.

2. A series of scours that have been infilled with festoon-like 

trough cross-strata are present in the upper parts of the dune 

and probably originate from fluctuations in wind velocity.

The cross-strata have dip angles ranging from near horizontal 

to 33°. The larger dip readings are from the upwind part of the dune. 

Dip readings show a spread of as much as 150°.

Dome-shaped dunes move on an average of 24 to 38 feet (7-12 m) 

a year (McKee and Douglas 1971). This rate is much greater than other 

dune types found at White Sands. Reasons probably include the small 

size of the dune and the unobstructed approach of the wind.

Precipitation ridge dunes (Cooper 1967) and pro-dunes 

(Bigarella 1972) are similar to dome-shaped dunes, but appear more com

plex.

Precipitation ridge dunes form when dunes advance against a 

forest barrier. Heights as high as 33 feet (10 m) are found in Brazil 

coastal dunes (Bigarella et al. 1969). Internal structures, though 

more complex than dome-shaped dunes, are similar. The overall shape 

resembles a dome, though sections parallel to the prevailing wind 

direction appear to have windward dipping foresets also preserved.

Pro-dunes consist of miniature dome-shaped eolian sand deposits 

located on the seaward side of a coastal precipitation ridge (Bigarella 

1972). Sand accumulates around grasses or small shrubs and form small 

dome-shaped dunes. Most pro-dunes show blowout features. Blowouts
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start at the top of the dune and cut both downward and laterally. Pro

dunes reach as high as 1.5 feet (.5 m) and are basically composed of 

low to moderate angle, tabular simple and wavy cross-strata. Con

torted bedding is not abundant. Trough cross-strata appears to infill 

many of the blowout features. These dunes are probably similar to 

these studied by McKee (1957), McBride and Hayes (1962), and Land 
(1964).

Seif

Seif dunes are long, almost straight sand ridges that are 

oriented parallel to the prevailing wind direction (Glennie 1970, Fig. 

74), or a vector of two wind directions (McKee 1966). They occur as a 

series of long parallel ridges that are separated by interdunal areas.

There are several views regarding their origin. Bagnold (1936), 

McKee (1966), and McKee and Tibbitts (1964) state that seif dunes are 

formed by two converging wind directions about 90° apart. Glennie 

(1970), however, believes there is insufficient evidence concerning 

wind direction and strength outside of North America to come to this 

conclusion. He suggests seif dunes may form from winds that are essen

tially unidirectional. A unique interdune wind-cell pattern develops 

that directs the wind outwards in a spiral motion towards the dune 

(Glennie 1970, Fig. 73). Folk (1971), in a study of seif dunes in the 

Simpson Desert, Australia, comes to a similar conclusion and lists four 

criteria for their formation (p. 40):

1. A surface that has a large areal extent of thick deposits of
loose sandy material (old alluvial plain).
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2. A deep water table and a lack of vegetation.

3. A vast level expanse of scorching plain.

4. Strong tropical air movement in one dominant direction.

Folk (1971) further suggests that barchans will form where the 

basement is firm bedrock or clay, the sand supply is insufficient, or 

local topography prevents a long enough fetch for the wind to develop 

a helicoidal flow. A change in any of these factors will alter the 

shape of the seif dune. Barchans appear today to be developing on many 

present-day seif dunes (Glennie 1970). He believes seif dunes were 

produced in abundance during the Pleistocene glaciation because of 

stronger winds. He believes today, with lower wind velocities, these 

seif dunes are being transformed into barchan dunes.

Jordan (1964) studied the distribution, orientation, and struc

ture of the dunes in the Sahara desert. He found that seif dunes com

prised 72 percent of all the dune types found there. Irregularly 

heaped or pyramidal shaped dunes comprise 23 percent, and barchans make 

up the remaining 5 percent. Transverse dunes were exceedingly rare.

He concluded that as modern eolian dune fields are dominated by seif 

dunes that have bimodal dip directions nearly 150° opposed, and that 

ancient '•eolian'* sands have essentially unidirectional modal values, 

that most ancient "eolian" sandstones could not be termed "ancient 

Sahara deserts."

However, Folk (1971) concludes that seif dunes are erosional 

forms that don't accumulate great thicknesses and are seldom preserved 

in the geologic record. He further states that barchans and transverse
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dunes are depositional forms, and build up significant thicknesses by 

overriding each other. As Glennie (1970) believes the Saharan seif 

dunes were deposited during a different wind regime (and are now alter

ing to barchan types), the use of the present day Saharan model for all 

large ancient eolian sand bodies could be a mistake. Folk (1971, p.

22) concludes "thus, most fossil dune forms are probably barchans or 

transverse dunes."

McKee and Tibbitts (1964) describe in detail the internal 

structure of a 50 foot (15 m) high seif dune. Dip directions as high 

as 34° are distinctly opposite when viewed normal to the wind direc

tion. Some low-angle cross-strata were located near the edges of the 

dune. Thus, seif dunes are characterized by an internal structure of 

oppositely dipping cross-strata and are erosional, not depositional, 

forms that are rarely preserved in the geologic records.

Star

Star dunes are sand bodies that have ridges or arms projecting 

in three or more directions from a central high point (McKee 1966, 

plate 7A and 7B). McKee (1966) studied star dunes in central Saudi 

Arabia. He concludes that they are the result of wind transportation 

of sand from several directions. He notes, however, that information 

concerning seasonal wind direction is scarce.

Heights range as high as 100 feet (30 m). Internal structures 

of the dune appear similar to that of seifs— cross-strata on either 

side of the dune's arms have opposite dips (McKee 1966, Fig. 10). Dips
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higher in the dune reach angles as high as 34°. Lower parts had near

horizontal dip angles. Each arm seemed to have a well-developed slip 

face.

Parabolic

Parabolic dunes are U or V-shaped sand ridges that have arms 

extended in an upwind direction (McKee 1966, plate 6A). They represent 

a type of blowout in which the middle part of the dune has moved for

ward with respect to the arms (Hack 1941). McKee (1966) studied para

bolic dunes at White Sands, and found that the arms appear to be 

anchored by vegetation and the entire dune is relatively stable.

McKee (1966) studied a parabolic dune 265 feet (81 m) wide with 

arms 900 feet (274 m) long. Sections through this dune revealed:

1. High angle cross-strata that dip 20°-34° with bounding surfaces 

dipping 10o-20° are located along the lower part of the dune.

2. The upper part consists of shallower-dipping cross-strata 

(<12°).
3. The dune crest is characterized by shallow asymmetrically 

filled troughs.

4. Near the dune front, a concave-downward curvature of the high 

angle foresets is often observed (plate 6C). Ahlbrandt (1975) 

and Ahlbrandt and Fryberger (1976), also reported this feature 

in parabolic dunes. In this respect, they appear quite similar 

to precipitation ridge and produne structures.

The mean dips associated with parabolic dunes appear to average about 

16°. Mean angular deviation of dip is about 54°.
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Ahlbrandt and Fryberger (1976) found parabolic dunes and blow

out dunes were active along the crests of larger dunes.

Plants appear to play an important part in the internal and 

external structure of the dunes, causing a concave downward shape of 

the foresets to develop and anchoring the arms upwind from the main 

body of the dune.

Reversing

Reversing dunes are sand bodies of great heights, but little 

migration (McKee 1966, plate 2E). Seasonal shifts in wind direction 

cause these dunes to move alternately in nearly opposite directions. 

Such dunes are observed in the San Luis Valley, Colorado.

Lower parts of large dunes contain an unusually high number of 

low-angle laminae, probably resulting from the burial of windward slope 

deposits (McKee 1966). Contorted bedding is numerous, and possibly 

results from irregularities in slumping caused by the frequently^ chang

ing wind directions. Wedge-shaped sets are more abundant than tabular 

types.

Sharp (1966) studied reversing dunes at Kelso Dunes, Cali

fornia, and found deposits that dipped both windward and leeward. 

Steeply dipping cross-strata ( 30°) were rarely preserved, suggesting 

that in those dunes the upper parts of lee slope deposits are subjected 

to severe erosion during reversals (Bigarella 1972).
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Interdunes

Interdunes are the flat, featureless areas between sand dunes. 

Interdune structures are quite diverse in texture, size, shape, and 

nature of deposits. Interdunes can form by wind activity and originate 

through traction, saltation, or suspension. Fluvial, lacustrine, 

marine, and alluvial deposits can all form in interdunal areas. Wind

blown deposits may intermix with these sediments. Wind blown silt 

deposited in desert lakes is an example of this interaction. If the 

interdune area is deflationary, a serir |lag deposits or reg (Folk 

1971)j is usually present. In general, the surface is an older rock 

unit, and not the deflated surface of peneplaned eolian sediments.

Wadi deposits may also be found associated with the serir. However, 

deposition is quite common in interdunes and several types of sediment 

may form. Sebkhas are common in the deserts of Africa and Arabia.

They are flat areas of clay, silt, and sand that are often encrusted 

with salt. Salt forms by the evaporation of water supplied by streams, 

rain, or ground water. Wavy laminations are typical of sediments in 

sebkhas, and form when wind blown sand and silt migrate across the damp 
sebkha surface.

Many interdune areas consist of horizontally bedded sand and 

silt. McKee (1966) found that interdune areas composed of dark silt 

and clay comprise one-half to three-fourths of the area at White Sands. 

McKee and Tibbitts (1964) and Ahlbrandt (1975) both report that hori

zontal laminations are common in the interdune areas they studied.

These deposits are relatively thin, and usually form when sediment
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settles out of suspension. Horizontal laminations can be formed when 

ripple marks are flattened by an increase in wind velocity (Glennie 

1970, Figs. 89 and 90). Interdune deposits may also be structureless.

Desert lakes may also form in interdunal areas. These lakes 

are formed by rain, ground water, or wadi flow (Glennie 1970, Figs.

49 and 50). Most interdune deposits form over the tops of beveled 

dunes. These dunes are truncated by the erosive power of the wind.

Such flat surfaces clearly show the structure of the underlying beveled 

dunes (McKee 1966, plate 7 A-d; Glennie 1970, Fig. 84; Bigarella 1972, 

Fig. 10; and McKee and Moiola 1975, Fig. 6).

Dikaka (scrub-plants found on dune sands) are common in some 

deserts (usually in interdunes) and form readily where moisture is 

present (Glennie 1970). They have root systems that spread both later

ally and vertically. Though the roots themselves are not preserved in 

the permanent record,

The former distribution of roots in sediment deposited in an 
arid climate is, however, commonly exhibited by preferential 
cementation of the sand grains which had encased the roots.
If, after such preferential cementation, wind deflation removes 
the more poorly cemented sand between the former roots, the 
root pattern becomes exhumed and stands out in relief (Glennie 
1970, pp. 116-177).

Interdune deposits are clearly ephemeral, and their lifetime is 

determined by the time it takes for an approaching dune to bury them 

(McKee and Moiola 1975). The thickness depends upon the time the 

interdune is exposed to the atmosphere and the amount of fine sediment 

that is present. If sand supply increases in the dune field, the 

interdune areas will disappear. Glennie (1970) suggests that through
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time, the salt-rich sebkhas will be dissolved by freshwater from the 

rising water table. He concludes that the original association of 

transverse dunes and inland sebkhas may not be recognized in a fossil 

desert sequence.

Dune Complexes

Some deserts have sand ridges that appear to be a combination 

of different types of dunes. Glennie (1970) discusses complex inter

actions between barchan and large, almost static, star dunes. The 

barchans appear to be overtaken and adding onto the static star dunes 

(Glennie, Fig. 70). He suggests that large, static stellate dunes were 

once larger barchans that have been overtaken by small barchans. McKee 

(1966) and Holm (1960) assume star dunes result from multi-directional 

winds.

Barchan and transverse dunes may grow in size and shape until 

interdune areas essentially disappear. The final morphology might 

resemble the giant barchan-1ike complex in the Liwa, Trucial States 

(Glennie 1970, Fig. 72), the Rajasthan desert, India (Glennie and 

Evamy 1968, plate 3D), and the giant composite barchans of north Peru 

(Smith 1956). Glennie (1970) discusses examples of Pleistocene seif 

dunes that are undergoing modification to barchan-like structures 
(Glennie, Fig. 74). Transverse dunes might also form from these 

original seif dunes.

Modern dune fields commonly contain a variety of individual 

dune types that seem to be restricted to various parts of the region. 

McKee (1966) found this to be the case at White Sands. Dome-shaped
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dunes form in the extreme upwind part of White Sands. Transverse, 

barchan, and finally parabolic dunes form further downwind. This 

situation is identical to that found in the Killpecker dune field, 

Wyoming (Ahlbrandt 1975).

Conclusions

The types of dunes present in modern eolian environments can be 

characterized by specific features. The recognition of these features 

in ancient rocks will not only aid in the identification of eolian 

environments, but also in the recognition of individual dune types.

Barchan dunes have a unique crescentic shape that is preserved 

in the permanent record. Sections both parallel and normal to the wind 

direction are characterized by moderate to steeply dipping strata.

Transverse dunes are characterized by nearly horizontal strata 

when viewed normal to the wind direction. The steeply-dipping foresets 

are usually longer in transverse dunes. Cross-sets become thinner and 

the cross-strata flattens out upwards in the dune. Windward deposits 

are locally present.

Dome-shaped dunes are characterized by low-angle foresets 

dipping toward the lee side and both margins.

Seif dunes are characterized by foresets that dip in nearly 

opposite directions. In the geologic records, it would be hard to 

differentiate between seif, star, and reversing dunes.

Star dunes have structures similar to seifs, only they have

more than two arms
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Parabolic dunes have convex upward foresets. Vegetation plays 

an important part in their formation.

Reversing dunes are characterized by constantly reversing dip 

directions within the dune.

As noted earlier by Folk (1971), transverse and barchan dunes 

probably make up most of the dune types preserved in the geologic 

record.

Transverse dunes appear to dominate over barchan dunes when 

sand supply is plentiful. When the basement is firm bedrock or clay 

mostly devoid of sand, barchans form. If wind velocities increase, 

"depositional" dunes give way to "erosional" forms— seifs. If, on the 

other hand, sand supply increases, a giant barchan-like complex may 

form. Star dunes may form under such conditions, or they may form 

through winds that blow from many directions. Dome-shaped dunes tend 

to form where sand supply is excessive and the wind unchecked. Para

bolic dunes form near the dune field's boundaries, where vegetation is 

abundant.

Thus, modern eolian dune fields contain a wide variety of dune 

types whose formation and morphology is both complex and constantly 

changing.

Size Analysis

Textural Statistics

Results of textural analysis from modern environments of 

deposition often occupy an important part in studies concerning ancient
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environments of deposition. Ancient eolian environments are no excep

tion to this practice. To better understand the textural analysis 

applied to ancient sediments, it is beneficial to scrutinize the 

textural results from modern eolian environments.

Many authors have studied various textural parameters of modern 

dune fields. Commonly, sediments in eolian environments are con

sidered to be texturally mature, having little matrix, good rounding, 

and good sorting. Positive skewness is also often attributed to dunes. 

Important differences, however, do occur.

Mean Grain Size. Folk (1971) reports that after surveying the 

literature, authors were evenly divided as to whether dune crests were 

finer or coarser grained than dune flanks.

Those that found the crests coarser than the flanks or inter

dune flats were Ball (1907) in Egypt; Lewis (1936) in the Kalihari; 

Alimen (1953) in one Saharan barchan; Simonett (1960) in Kansas; and 

Folk (1966, 1971) in Australia. They believe this to be caused by the 

"smoking crest," a process that winnows out finer particles from the 

crest because of its exposure to the wind.

In many dunes, however, the crests are finer grained than the 

flanks. Richardson (1903) found that coarser grains roll preferen

tially to the flanks because the slope is smoother to them than to 

finer grains. Bagnold (1935, 1936, 1941) in Libya; Simonett (1951) in 

New South Wales; Alimen (1953, 1957) on Saharan seifs; Glennie (1970) 

in Oman; and Ahlbrandt (1975) in Wyoming all found that dunes have 

finer-grained crests. Folk (1971) states that other authors report the
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presence of coarser grains at the toes of dunes, but give little data 

on mean size.

Although little information is given by the preceding authors 

as to sampling technique, underlying strata, and so forth, perhaps some 

observations can be made. "Smoking crests" will tend to deposit finer 

grained material near the dune's toe. Even if coarser grains roll down 

and deposit at the dune's toe, they will be intermixed with the finer 

sediments from above. This might cause the two processes to "cancel" 

each other out. If the grain sizes found in the dune are relatively 

similar, the grains that deposit at the toe of the dune would not be 

that much coarser. Thus, a balance that might tip either way (coarser 

vs. fine crest and flank) could develop.

Glennie (1970, Figs. 63 and 66) discusses dunes that fine 

upwards. The lower surface in this dime is a pebble deflation lag of 

sand and pebbles. Studied vertically, a fining upward would naturally 

occur, considering the coarseness of the underlying strata. Possibly 

the dunes with coarser crests were deposited on sandy, not pebbly, 

surfaces. Therefore, the nature of the lower surface (either a defla

tionary or depositional surface) might be an important factor. In any 

event, it seems an error to generalize that all dunes should have the 

same relationship when it comes to vertical textural variations.

Sorting. Dunes are commonly said to have good sorting. This, 

however, appears dependent upon the position in the dune, the nature of 

the underlying strata, and so forth. Sorting certainly is no
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(marine, fluvial, etc.) may also contain well sorted sediments.

Mason (1957) studied beach and dune sands of Mustang Island, 

South Texas. He found the dune sands to be slightly better sorted than 

the beach sands. Mason and Folk (1958) found that coarser sediment was 

left behind as the dunes moved inland, creating better sorting away 

from the source of the sands. Bridges (1959), in East Texas, also 

found dunes to be slightly better sorted (dj= .30 vs. .34). Friedman 

(1961, 1965, 1967) found little difference in sorting. Hayes (1964, 

1965) on Padre Island, Texas, found little or no difference in sorting 

between beach and dune sands. Waitt (1969), in a study of inland west 

Texas dunes, calculated the sorting to range from .27-.35. Folk (1971) 

found that the Simpson Desert seif dunes of Australia were not as well- 

sorted as beach sands. He attributed this to the fact that the seif 

dunes are not briefly removed from their poorly-sorted fluvial source. 

Skocek (1972) found sorting values in an Iraq desert to range from very 

good to poor. Ahlbrandt (1974b) obtained values from the Killpecker 

dunes, Wyoming, of .25-1.0.

Thus, dunes appear to be at least moderately well sorted, 

though they can not always be distinguished from beach sediments on 

this criteria alone.

Several studies have been made to see how sorting varies within 

the dune field itself. McKee (1966) found that at White Sands the 

sorting improves the further the dune is from the source. Thus, dome

shaped dunes are poorer sorted than parabolic types. Ahlbrandt (1974b)
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came to the same conclusion. The sorting improved progressively from 

dome to transverse to barchan to parabolic. This situation is 

explained by the excellent sorting ability of wind. Larger grains are 

left behind, and finer grains are carried into suspension. The sedi

ment becomes better sorted the longer the wind operates on the sand. 

Hence the better sorting further from the source.

Some workers have undertaken studies to see how sorting varies

vertically in dunes. BagnoId (1935, 1936) in Libya; Simonett (1951) in

New South Wales; Alimen (1944, 1953, 1957) in the Sahara; Waitt (1969)

in Texas; Folk (1971) in Australia; Skocek (1972) in Iraq; and

Ahlbrandt (1975) in Wyoming, all found that sorting improves upwards in

dunes. Ahlbrandt (1975, pp. 66-69) discusses this situation:

BagnoId (1936) has shown that sorting on the slip face is the 
result of internal dispersive pressure within flowing sand 
that varies with the diameter of particles for any given shear 
stress. The largest grains drift toward the zone of least 
shear stress, which is found at the surface of flow; thus 
these grains travel the farthest. By contrast, small grains 
migrate towards the zone of greatest shear strain found at the 
contact with the sand below. Thus, the largest grains are 
found at the bottom of the slip face or base of the windward 
slope and finer grains above them, all of which acts to 
improve sorting higher on the dune.

Thus, even though specific sorting can not always be attributed 

to eolian environments, the sorting is unique within the eolian 

environment itself— it improves further from the source and usually 

upwards in the individual dune.

Skewness. Positive skewness is perhaps the mostly commonly 

referred to textural feature of eolian sands (Folk 1962). Nearly every 

author lists dunes as being positively (+) skewed. Beaches are commonly
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belief that finer-grained particles settle out of suspension during 

"quiet" wind periods onto the dunes, thus giving them a "fine" tail.

Friedman (1961) found positive skewness in most dunes, but also 

discovered eight dunes that were negatively skewed. Gees (1965) 

reported no difference in skewness, but Friedman (1967) believed he 

lost the finer material in laboratory preparation. Moiola and Weiser 

(1968) found sixteen beach sands positively skewed. Hayes (1964,
1965) found that the Texas coast dunes to be influenced by two 

separate sources. Hence, skewness is sometimes heavily influenced by 

the source area. Skocek (1972) found most dunes to be positively 

skewed, but also found some to be negatively skewed.

Bridges (1959) found that dunes and beaches could be both 

positively skewed and negatively skewed. However, beaches were more 

negatively skewed, and dunes were more positively skewed. Ahlbrandt 

(1974b) found that skewness was dependent upon grain size. A mean 

grain size of about 1.7 phi separated values of positive skewness and 

negative skewness. When the grain size was less than 1.7 phi, the 

samples were negatively skewed. Positively skewed samples had grain 

sizes coarser than 1.7 phi. However, this value appears unique to this 

dune field. Folk (1971) concluded that in most (but not all) areas, 

coastal dune sands are more positively skewed than beach sands.

Waitt (1969) found dune crests to be more positively skewed 

than interdune flats. Skocek (1972) also found that dune crests were 

more positively skewed than windward dune toes.
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Kurtosis. Kurtosis values are relatively rare in eolian 

literature. Mason and Folk (1958) state that both beach and dune 

deposits are mesokurtic, and that eolian flats are leptokurtic. Skocek 

(1972) found crests to be leptokurtic and toes very platykurtic. Folk 

(1971) found the Simpson Desert seif dunes to be slightly leptokurtic. 

Reg sediments were platykurtic, crests were leptokurtic, and lee flanks 

were mesokurtic. Ahlbrandt (1974b) found most samples to be 

platykurtic and very platykurtic. A few samples were leptokurtic.

Univariate Graphs

Despite all the variability and problems involved with the 

textural approach to environmental determinations, many authors have 

attempted to use textural statistics to discriminate environments of 

deposition.

F:C Ratio. Keller (1945) devised a method he labeled the fine; 

coarse ratio. He termed the largest quantity caught on a particular 

sieve the maximum. The nearest two sieves in quantity to the maximum 

he termed the proximates. The largest percent proximate he termed the 

admixture. If this admixture is on the coarser side of the maximum, he 

termed it coarse (C). If it is on the finer side, it is fine (F).

Based on this criteria, he studied dune and beach sands. Dune sands 

had a F;C ratio of 2.5:1 to 11:1. Beach sands had F:C ratios less than 

1.1:1. Folk (1966) stated that Keller's technique was an early attempt

to obtain skewness values. /
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Individual Textural Values* Mason and Folk (1958) set environ

mental characteristics on sorting, skewness, and kurtosis values on the 

basis of studies with beach and dune sediments. These values, however, 

appear to be unique to their study area.

Multivariate Graphs

Many authors have studied modem environments and categorized 

them by using textural analysis. From these present-day studies, many 

workers have attempted to compare these findings with statistics found 

in ancient rocks. Many authors use mean vs. skewness bivariate graphs 

to differentiate specific environments of deposition. Mason and Folk 

(1958) used a kurtosis vs. skewness graph to differentiate dune, beach, 

and eolian flat sediments. Friedman (1961) collected 114 samples of 

beach and dune sediments. He found he could divide the two types of 

sediment on a mean vs. skewness graph. Moiola and Weiser (1968) found 

they could use the mean vs. skewness graph to differentiate between 

beach and inland dune sediments and between inland and coastal dune 

sediments. They studied 120 samples of beach, coastal dune, inland 

dune, and river sediments.

They also found that a skewness vs. kurtosis graph also worked 

well in differentiating between the same two groups of environments. A 

mean vs. standard deviation graph was successful in dividing river and 

coastal dune sediments.

These multivariate graphs are only a part of those employed for 

the use in discerning ancient environments of deposition. However,



they appear to be the most important multivariate graphs employed for 

distinguishing between eolian and other environments of deposition.

Type Curve Matching

One other environmental tool is the use of type curve matching 

employed by Visher (1969). Visher (1969) studied many modern environ

ments of deposition and attempted to establish visual representatives 

for each group. Samples are plotted on log probability paper with the 

cumulative percent plotted against the grain size (0). If environments 

can be classified in this way, then Visher's method is very valuable. 

However, Picard (1977) suggests this method should be used as a last 

resort. Folk (1977) points out that the lack of modern eolian examples 

are insufficient to compare with possible ancient eolian sandstone. As 

Folk (1977) notes, there are many sub-environments in an eolian 

environment. Freeman and Visher (1975), in sampling one barchan dune, 

appear to lack adequate sampling of these sub-environments to make a 

proper comparison with ancient eolian sediments. Further studies using 

this method appear necessary before accurate comparisons can be made 

with eolian environments of deposition.

Problems with Textural Analysis

Unfortunately, many problems are involved with textural 

analysis. Some of these have already been discussed in Chapter 3. 

Present-day sampling techniques are perhaps the largest disadvantage in 

trying to apply modern eolian studies to ancient dune fields. Many 

modern eolian sample techniques involve the sampling of all parts of
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the dune. These figures are often averaged together to obtain an 

average value for the dune. The parts of the dune most commonly pre

served in the geologic record are the lee side deposits. Unfortunately, 

most modern studies include crest and windward deposits, which are 

rarely preserved in the permanent record. Shepard and Young (1961) 

used windward samples for their dune studies. Skocek (1972) took all 

samples from the windward toe and the crest. Freeman and Visher (1975), 

in obtaining an average eolian type curve, studied one barchan, and 

only showed two curves from the lee side of the dune. Far more authors 

do not even mention the position on the dune from which their samples 

were obtained.

Many authors not only do not state which part of the dune field 

their samples were taken, but also fail to differentiate between beach, 

coastal, inland, or river dunes. Many authors (Folk 1971, 1977; Picard 

1977; Steidtmann 1977; and Ruzyla 1977) have pointed out the complexity 

of dune fields and the numerous sub-environments found within them. 

Reineck and Singh (1973) point out that some authors report bimodal 

eolian sands, which in thin section show alternating thin and thick 

laminae or beds. Since textural characteristics can vary from laminae
\

to laminae, it seems a folly to not use careful, specified sampling 

techniques. Obviously, a line must be drawn as to how specialized a 

sampling technique should be, but this writer believes the sampling of 

lee sides in modern eolian sediments should be handled separately from 

sampling of dune crests and windward flanks, and that separate dune 

parts should not be lumped together to obtain an average. As these are
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occasionally preserved in the geologic record, the information found 

from recent dune parts other than lee side deposits does have applica

tion in ancient eolian studies. Perhaps the position above the dune's 

base should also be noted. Certainly the sampling of serirs, wadis, 

lakes, and other interdunal deposits should be handled separately. To 

group all these together will not obtain the sought after average for 

an eolian environment, but it will represent a wide variety of sub

environments, many of which are restricted to unique eolian dune 

fields.

Coastal Dune Fields

Few studies involve coastal dune fields. Most authors have 

limited their study to the grain size characteristics of this environ

ment. A few authors, however, have gone beyond this point to study the 

sedimentary structures, dip attitudes, and dune types found in modern 

coastal dunes.

McBride and Hayes (1962) studied coastal dunes at Mustang 

Island, Texas. These dunes are located along a barrier bar and do not 

reach great thicknesses. Little or no deformation is present in these 

dunes. Perhaps this is due to the smaller size of the dunes [all under 

3 feet (.9 m)]. The angle of dip for the cross-strata averaged 24°. 

Many dips were over 34°, which is the angle of repose of dry sand. A 

few reached 45°. This suggests that salt spray acts as a "glue" to 

permit higher angles of repose.

Land (1964) studied coastal dunes at Sapelo Island, Georgia.

He also noted the absence of deformation. The cross-strata was curving
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at the base of the dunes (tangential). A significant percentage of the 

dip angles were greater than 34°. Some had dips as high as 42°. Land 

also attributed the high angles of dip to the partial cementation of 

the dunes by airborn moisture and salt spray. Experimental evidence 

(Van Burkalow 1945) on the effect moisture has on the angles of repose 

substantiates this postulation. Land also notes that dry winds, not 

higher energy, moisture-laden storm winds, are responsible for the 

development of slip faces. This is because the storm winds are often 

accompanied by rain, which tend to erode, not develop, slip face 
deposits.

Goldsmith (1971) studied coastal dunes along Cape Cod. He 

found that the internal dune geometry is closely associated with vege

tation growing on the dunes. Grasses act as baffles that trap sand.

Dip angles average 12°. These dunes are also formed by the prevailing, 

not storm, winds. The storms cut back the dunes and erode the cross

beds.

Bigarella et al. (1969), and Bigarella and McKee (1972), 

studied in depth the coastal dunes of Brazil. Their studies constitute 

the most complete study of sedimentary structures, dip angles, and dune 

types undertaken on coastal dunes.

The rainfall in this area in Brazil is high, between 51 to 70 

inches a year. Vegetation is also abundant. Dune types include trans

verse, barchan, parabolic, and precipitation ridge dunes. These dunes 

appear to be complex because of the moisture present. Transverse dunes 

have laminations that appear horizontal when viewed normal to the wind
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direction. Dips as high as 42° are present in the dunes. The average 

dip angle is about 30° to 33°. The high angles of dip are assumed to 

be caused by the high amount of moisture in this coastal location. 

Cross-sets, like those at "White Sands, become thinner and the cross

strata flatter upwards in the dune. Horizontal bounding surfaces that 

become steeply dipping downwind toward the lee slope are common.

Tabular planar cross-strata predominate over simple and trough types.

Slumping, not sand flow, is common in these dunes. Overloading 

of the dune brink or undermining of the lee slope causes avalances that 

move the sediment in a series of discontinuous jerks. The frequent 

avalanching of slip faces is one of the main causes of deformed struc

tures. In sections parallel to the wind direction, the avalanching* 

sand appears tongue-shaped and often truncates the underlying strata.

Contorted strata are abundant in these dunes. Slumps often 

affect more than one cross-set, and are between undeformed beds. Dif

ferent types of contorted strata are present. Normal faulting and 

brecciation, which are absent in dry sand, are abundant. Recumbent 

folds, convolute bedding, and thrust faults also are common.

Bigarella and McKee (1972) conclude that deformation in coastal 

dunes is more numerous and varied than in drier, inland dunes. Because 

of the moisture present, slumping is the dominant form of avalanching. 

The type of deformation is dependent upon the degree of cohesion in the 

sand. Thus, coastal dunes, because of the greater wetness, differ from 

inland dunes in greater cohesion of sand. This causes internal struc
tures also to be different.
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Inland Dune Fields

Complete studies of inland dune fields are scarce. Sharp 

(1966) studied the Kelso dunes of Mojave, California. Avalanche 

deposits form long and narrow tongues that are as thick as 5 cm. He 

notes that although these avalanche deposits might be separated from 

one another by finer grained accretionary deposits, he doubts if they 

would produce the large-scale lee side slopes seen in ancient eolian 

sandstones. Instead, they would form long and narrow tongues. He sug

gests the laminations seen in ancient sandstones were produced through 

the reworking of the sand by crosswinds.

The Kelso dunes have leeward dips of less than 30°. Windward 

deposits are present with dips as high as 16°. Sharp (1966) notes the 

presence of scalloped structures on the wind scoured surface. These 

structures appear to be the upper remnant of the U-shaped chute down 

which avalanche deposits flow. These chutes are constantly being 

formed, and then filled as the dune advances. The upper parts of dunes 

are rarely preserved due to erosion. Therefore, these structures would 

rarely be preserved in the permanent record because of their position 

in the upper part of the slip face.

Glennie (1970) lists many features present in inland dunes.

Most of these features deal with interdune deposits, the origin of dune 

types, and other related features found in the eolian environment.

Most of these have already been discussed in this report.

The most extensive study done on the structures within inland 

dunes was by McKee (1966) at White Sands, New Mexico. McKee studied
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the interiors of transverse, barchan, dome-shaped, and parabolic dunes. 

Most of his findings have already been dealt with in this study.

The dunes at White Sands appear similar in shape and internal 

structure to those found on the Brazilian coast. The structures within 

these dunes have been previously listed in this chapter.

Dip angles are higher at White Sands compared to those commonly 

found in inland dunes. McKee attributes this to the wetting of the 

gypsum grains that form the dunes at White Sands, which tend to give 

the grains a high degree of cohesion. The cohesion is somewhat less in 

sand dunes composed of quartz.

Interdune areas appear common in inland dune fields. This 

allows many sub-environments to be found within and around the dune 

fields. However, interdune areas can also form in coastal dune fields.

Deformation in drier, inland dunes is different than that found 

in coastal dunes. Sand flow is the common form of avalanching. The 

sand grains move independently of one another and form fade-out laminae 

in the down dip direction. Faulting and folding can occur. Overall, 

the dunes McKee studied lacked a great deal of deformational struc

tures .

Conclusions

In conclusion, the most significant distinguishing feature 

between coastal and inland dunes is the amount of deformation present. 

This deformation appears directly related to the amount of moisture 

present. This moisture appears related to the proximity of the sea to
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the dunes and the strength and direction of the prevailing winds. 

Inland dunes are naturally further from moisture-laden coastal winds.

The moisture has a direct control over the type and degree of 

deformation present in the dunes. Obviously, inland dunes can form in 

areas that are occasionally high in moisture and the deformational 

patterns may be quite similar to those found in coastal dunes. How

ever, because inland deserts are low in moisture by definition, any 

deformation present would be minor in comparison to coastal dunes. 

Also, as shown by Land (1964) and Goldsmith (1971), moisture laden 

storm winds tend to destroy, rather than create, the depositional 

record. Conversely, it would be hard to imagine a coastal dune field 

with large dunes that have little deformation. Small scale dunes such 

as seen by McBride and Hayes (1962) and Land (1964) perhaps have slip 

faces too small to develop good deformational features.

Since the beach nearly always supplies the source for the 

sands, the prevailing wind should be onshore. Thus, the dunes should 

be subjected to a continual fallout of moisture and salt, causing the 

deformation observed in the Brazil dunes. Inland dunes should there

fore possess a low degree of deformation, and coastal dunes should 

nearly always be somewhat deformed.

Thus, a dune field possessing a low to nonexistent amount of 

deformation in the geologic record is probably an inland dune field.

Bigarella (1972) lists features common to most dunes. Most 

cross-sets are medium to large scale with high dip angles. Horizontal 

and low angle bounding surfaces mostly develop in the upwind part of
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the dune. Downwind, these bounding surfaces become steeper, and trun

cate the higher angle foresets. Sets of cross-strata become progres

sively thinner from the bottom to the top of the dune, and laminae 

become progressively longer in a down-dip direction. Contorted bedding 

is present, depending upon the amount of moisture present. The dis

tinctive features of dunes have already been listed earlier in this 
chapter.

Ancient Eolian Examples

Identification of Ancient Eolian Sediments

This chapter is meant not only to present an overview of the 

features common to modern eolian environments, but also to prepare for 

studies on ancient eolian sediments. As noted earlier, many features 

common in eolian dune fields are also common to other environments of 

deposition (textural statistics, cross-bedding, ripple marks, etc.). 

Thus, a brief review on the recognition of ancient eolian deposits is 

necessary.

Picard (1975) listed the characteristics of eolian sandstones 

(Table 2). To this list should be added the previously mentioned 

internal characteristics of modern dunes by McKee (1966), Bigarella et 

al. (1969), and Bigarella and McKee (1972); the tangential nature of 

the lower part of cross-sets (McKee 1966), Bigarella (1972), and 

Reineck and Singh (1973); and the presence of shear planes (McKee 1966; 

McKee et al. 1971) and Bigarella (1972). As Glennie (1970) notes, no



one criterion is sufficient to permit a positive identification of an 

eolian environment, but it may be enough to suggest it.

There are definite problems in using modern eolian studies to 

identify ancient eolian dune fields. The previously mentioned problems 

involved with textural analysis is an example. Most of McKee's (1966) 

and Bigarella et al. (1969) work was done with modern, active sand 

dunes. There is no guarantee how much of these dunes will be preserved 

in the permanent record. The dune may be entirely eroded away; or 

perhaps 20, 50, or 80 percent of it will be preserved. Certainly, the 

crests and windward parts of the dunes are rarely, if ever, preserved. 

Another problem with both McKee's and Bigarella et al. studies involves 

the cohesiveness between individual grains. Bigarella's coastal dunes 

were moist by rainfall; McKee's were cohesive because of the gypsum 

grain's ability to retain moisture. This certainly affected the dip 

angle of the foreset beds, and it also might affect the degree of 

deformation present (though the gypsum sands did not have enough 

cohesion to form complex deformational patterns found in coastal dunes).

Thus, the usefulness of using modern eolian criteria for 

analogy with ancient quartz sandstones that are possibly eolian has its 

problems. However, with these drawbacks in mind, there appears to be 

enough evidence for similarities in modern eolian dune fields to use 

the data in the study of ancient— possibly eolian sediments.

Steidtmann (1977, p. 487) stated that "Compaction, preferential 

preservation of the low dipping bottom portion of foresets and the
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development of low-angle, non-avalanche lee slopes in moist dunes all 

may account for low-dipping eolian cross-strata."

Rittenhouse (1972) computed that if the Navajo was originally 

deposited at dips between 30° to 34°, then the sediments have undergone 

a post-depositional compaction of 24 to 27 percent.

Because the foresets in the Navajo are concave upwards, the 

cross-strata become steeper upwards in the dune. Bigarella (1972, 

p. 15) states that "because the surfaces preserved do not represent the 

original upper parts of slipfaces; such parts doubtless were eroded 

before deposition of the next overlying sets. The lower parts of the 

lee faces, therefore, constitute the main material represented in cross 

strata of eolian sandstone."

Coconino Sandstone

McKee (1945) studied the Coconino Sandstone to determine its 

origin. He found ripple marks had ripples indices ranging from 17-98. 

These ripples were trending parallel to the direction of dip, running 

up and down the slope of the foreset beds. He states that ripples 

originating from currents have trends dictated by the current, not the 

surface over which they form. A few laminae have low angles of dip, 

which he interprets as being windward deposits. He states that these 

have a chance of preservation if the sand supply is high. Slump marks 

locally are present. He believed the dry sand features are preserved 

by dews or rains. He stated that because of excessive sand supply, 

rapid deposition, the character of the cross-laminations, and their
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large scale, transverse dunes, not barchans, were present. He con

cluded that the Coconino Sandstone is eolian in origin.

Casper Sandstone

Steidtmann (1974) studied the Casper Sandstone and determined 

it to be a unique form of eolian deposition. The foresets have rela

tively low dip angles (10o-23°). Ripple indices vary from 30 to 36 and 

are parallel to the direction of dip. Deformational structures as 

thick as 25 feet (7.5 m) are common. He suggests this is evidence for 

a moisture controlled environment, and states that the lower 9/10 of 

dunes in high moisture areas have little slip face development. There

fore, since the upper 1/10 is rarely preserved in the permanent record, 

the remnants of the dunes commonly preserved is the lower angle cross

sets found in the lowest part of the dune. Thus, he concluded that the 

Casper Sandstone was formed in an eolian environment that lacked good 

slip face development because of the high amount of moisture.

Lyons Sandstone

Walker and Harms (1972) studied the flagstone beds of the Lyons 

Sandstone in Boulder County, Colorado, and measured dip angles as high 

as 28°. Raindrop imprints and animal tracks are present. Wedge planar 

sets are abundant. Most sets are separated by scoop-like erosional 

surfaces that they interpret as interdune blowouts attributed to chang

ing winds. Subsets are also present, but they are built across the 

slip face, not down it. This is consistent with the high number of 

ripple marks that also trend in this direction. Crosswinds are
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probably the cause of these two structures. They suggest that sand 

avalanching is rare (Walker and Harms 1972, Fig. 14), so angles of 

repose are uncommon. They conclude that the rarity of avalanche 

deposits, the abundance of lee side ripples, and the geometry of the 

subsets all point toward an non-avalanche mechanism and the dominance 

of crosswinds in these eolian dunes.

Permian Yellow Sands

Glennie (1970) studied structures (shown in his figures) in the 

Permian Yellow sands, Great Britain. Because one quarry exhibits 

several overlying cross-sets with varying dip attitudes, he concludes 

that it is a seif dune (Fig. 78). In another locality, he notes the 

presence of "horns" of a barchan dune (Fig. 81). Slump structures are 

also recognized, though the picture is unclear (Fig. 93). He uses rose 

diagrams to decide whether dunes are seifs or barchan (Figs. 80, 82, 

and 83). He interprets the distribution of bedding attitudes, if 

large, to be diagnostic of seif dunes. More closely packed dip atti

tudes he concluded to be caused by barchan dunes.



CHAPTER 3

SEDIMENTARY STRUCTURES 

Type of Cross-Stratification

Cross-bedding is perhaps the most outstanding and important 

feature of the Navajo Sandstone. A classification system that will 

accurately describe the types of cross-bedding is, therefore, very 

important. However, because of the complexity of the cross-strata, 

this becomes a difficult task. The classification scheme that closest 

describes the types present is that of McKee and Weir (1953; Fig. 6).

Two types of cross bedding are present in the Navajo Sandstone 

at Zion National Park: planar and trough. Simple cross-bedding,

characterized by a non-erosional lower surface, was only observed below 

intrasets. What first appeared to be simple cross-bedding turned out 

to be planar cross-strata viewed perpendicular to the direction of 

sediment transport. In this view, planar cross-strata appears as a 

straight, horizontal line. Thus, the cross-strata is actually dipping 

either towards or away from the viewer, making the upper bounding sur

face erosional, not depositional.

Sanderson (1974) found in the San Rafael Swell, Utah, that the 

upper Navajo was composed of trough cross-strata, contorted, and indis

tinct strata. The lower part he found to be dominantly planar cross

strata and horizontally bedded strata. Such was not the case in Zion 

National Park, Utah, 160 miles (256 km) to the southwest. Both planar
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Fig. 6,

A.

B

B.

Two types of cross-strata and associated shapes 

Tabular and wedge planar cross—strata 

Lenticular trough cross-strata



and trough cross-strata were not restricted to any vertical level. 

Contorted, indistinct and horizontally bedded strata were restricted 

in their occurrence to the lower and middle parts of the Navajo.

Planar

Planar cross-stratification is by far the most abundant cross

strata, composing 83 percent of the sets studied (Fig. 7). Planar 

cross-strata is common throughout the formation. Planar cross-strata 

was first observed 65 feet (20 m) above the base of the Navajo. The 

cross-strata ranges in thickness from 1 foot (.3 m) to 125 feet (38 m). 

Thicknesses seem to increase upwards in the formation, though small- 

scale planar cross-strata is present in the upper Navajo.

In every cross-set studied, planar cross-strata are tangential 

to the lower bounding surface (Fig. 8). This lower tangential strata 

generally range in thickness from several inches to several feet. How

ever, it locally reaches a thickness of as much as 7 feet. The 

tangential strata are consistently finer grained than the upper cross- 

bedded portion of the cross-set. The laminations are also consistently 

thinner. In the upper white half of the formation, the red color is 

limited to this lower tangential part of each cross-set.

Trough

Trough cross-stratification compose 7 percent of the sets 

studied at Zion (Fig. 9). Marzolf (1970) concluded that trough cross

stratification was restricted to the lower part of the Navajo at Zion. 

However, trough cross-bedding was first observed 65 feet (20 m) above
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Fig. 7. Planar cross-strata near base of Section C.O 

Person in foreground is 6 feet (1.8 m) in height.
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Fig. 8. Tangential planar 
cross-strata along road above the Zion tunnel

Rucksack is 1 foot (.3m) wide and hammer is 
1 foot (.3m) long.
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Fig. 9. Lenticular trough 
cross-strata at base of Section Z-l

Rucksack for scale



the base of the Navajo. Thickness of sets of trough cross-strata do 

increase upwards in the formation.

Several types of trough cross-bedding were recognized. Sym

metrical troughs appear in cross-section as continuous, non- 

interrupted, lenticular arcs. In this case, the trough axis is located 

near the center of the trough.

This type is probably the result of infilling from a direction 

parallel to the trough axis. Asymmetrical troughs are also present. 

These lack the continuous arcs found in symmetrical troughs. When 

viewed perpendicular to the trough axis, the axis is not found in the 

center of the trough. This type might represent infilling from one 

side of the trough only. A zone of intertonguing commonly is inside 

these cross-sets. This could possibly be the result of infilling from 

two different directions.

Trough-depth to trough-width ratios ranged from 1:4 to 1:10. 

Marzolf (1970) found the ratio ranged from 1:5 to 1:10. Both of these 

values are quite different than those found by Jordan (1965), who esti

mated the values to range from 1:15 to 1:30.

In a few rare examples, cross-sets that first appear composed 

entirely of planar cross-strata might laterally take on the appearance 

of trough cross-strata. Such gradation between trough and planar types 

further points toward the fact that specific classification types can

not be considered as absolute. Many cross-sets seem to have aspects of 

both planar and trough cross-strata. Such cases should not be con

sidered unique when dealing with a great number of complex cross-sets.
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Horizontal Strata

Horizontal strata are found in restricted vertical levels.

They occur both in the lower and middle levels of the Navajo at Zion. 

All horizontal strata are environmentally significant.

Horizontally Stratified Sandstone and Siltstone

Horizontally bedded sandstone and siltstone, along with mas

sively bedded sandstone and siltstone, comprise the lower 40 feet 

(12 m) of the Navajo at Zion. The contact with the underlying redder, 

siltier, fluvial Kayenta Formation was chosen on the basis of the first 

appearance of orange, thicker-bedded quartz sandstones. This lower 

zone of horizontal and massively bedded sandstone and siltstone also 

contain minor discontinuous zones of wavy and bioturbated units. All 

sedimentary structures in this lower zone grade imperceptably from one 

feature to another. Commonly changes in the strata occur horizontally.

Horizontally stratified sandstone is present at the base of 

section C.O. (Fig. 10). The thinner horizontal unit is composed of 

maroon sandstone and siltstone. The horizontal beds directly underlie 

a large slump zone of cross-strata (Fig. 11). Associated with this 

unit are ripple marks, mud cracks, and contorted cross-strata. This 

horizontal zone is no more than 3 feet (1 m) thick and present over an 

area less than 1000 feet (305 m) in diameter. The maroon horizontally 

bedded zone appears to resemble a shallow pan that gradually pinches 

out at the edges. Beyond the edge of this zone, only sets of cross
strata are present
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Fig. 10. Maroon horizontal strata 
at base of Section C.O. (in center of figure)

In this locality, a second group of horizontally 
bedded sandstone is present beneath the thinner 
strata. Uppermost horizontal strata in center of 
figure is 1 foot (.3m) thick.
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Fig. 11. Zone of contorted strata 
above trail at the base of Section C.O.

Compare with Fig. 10, horizontal strata 
is not visible in Fig. 11. People on 
trail 6 feet (1.8 m) high.



76

The only other horizontal strata present are associated with 

the previously mentioned lower tangential part of cross-stratified sets. 

The horizontal strata is common throughout the Navajo and is not 

restricted to a vertical level. The thickness of the horizontal strata 

is quite varied, and commonly can not be differentiated from the over- 

lying tangential strata. The tangential part of cross-sets are not 

true horizontal strata, being the lower continuance of the sweeping 

cross-strata found throughout the Navajo at Zion. However, if most of 

the cross-set undergoes erosion before it can be preserved, the remain

ing portion is likely to be these horizontal-appearing tangential 

units. These can usually be discerned by their finer grain size, 

deeper red color, thinner laminations, and firmer cementation.

Wavy Laminations

Wavy laminations are present only in the lower Navajo. These 

wavy laminations are confined to zones ranging in thickness from 5 

inches (13 cm) to 6 feet (1.8 m). These units are commonly continuous 

for hundreds of feet. The wavy laminations commonly grade laterally 

into horizontal strata. Wavy laminated zones first appear 80 feet 

(24 m) above the base of the Navajo and occur periodically up to the 

180 feet (55 m) level.

Throughout the lower Navajo, wavy zones are interbedded with 

trough and planar cross-strata. The wavy laminations are petrologi

cal ly identical to the cross-bedded sets; both are composed dominantly 

of rounded, fine grained quartz grains.
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Carbonate Lenses

Carbonate lenses have been reported from Zion by several 

workers. Lenses of white and gray strata 100 to 200 feet (30 to 60 m) 

above the base of the Navajo can be seen throughout Zion National Park. 

Grater (1948) obtained a sample from one of these zones and found it to 

be composed of almost pure dolomite. Marzolf (1970) found that the 

carbonate lenses are restricted to the lower 300 feet (91 m). No pure 

limestone or dolomite units were found in this study. Possible 

examples of the white and gray carbonate lenses were observed along the 

Zion Canyon road near the base of the Navajo at Zion.

Small-Scale Cross-Strata

Associated with the wavy laminated units at the base of the 

Navajo are small scale cross-beds. These small scale cross-beds are 

quite different in appearance than the typical cross-strata found at 

Zion. These cross-strata commonly resemble giant ripples, reaching 

sizes as much as 1 foot (30 cm) in height (Fig. 12). Generally, the 

cross-strata average several inches in height. Associated with these 

"ripples" are wavy and flat-lying strata. This complexly bedded zone 

is only present between the 90 and 115 foot (27 and 35 m) stratigraphic 

level. One distinctive feature of the "ripples" is their upper 

boundary. This upper surface is generally very resistant to erosion 

and protrudes slightly from the cliff face. This protrusion gives 

these structures prominence. This zone of small-scale sedimentary 

structures grades upwards into flat-lying strata. The zone is



(a) (b)

Fig. 12. Small-scale cross-strata at base of Section E.R.T.

Fig. 12b directly overlies 12a. Hammer for scale 00
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underlain by a complex series of small to medium scale cross-beds that 

appear similar to the cross-strata typically found in the Navajo at 

Zion.

Indistinct Strata

Indistinct strata are first found 40 feet (12 m) above the 

Navajo-Kayenta contact. These strata are commonly called "seep rock" 

and are associated with the scenic "weeping rock" zone at Zion. The

indistinct strata in this zone 20 feet (6m) thick. The overlie hori-
\

zontally and massively bedded sandstone and siltstone and in turn are 

overlain by the first occurrence of cross-bedding in the Navajo at 
Zion.

Indistinct strata underlies the maroon horizontally bedded 

sandstone and siltstone at the base of Section C.O. (Fig. 10). These 

strata are of limited areal extent and never exceed a thickness of 2 

feet (.6 m). Overlying the maroon horizontal strata is a complexly 

deformed zone of strata. Many parts of this complex zone is composed 

of indistinct strata.

Another "seep rock" with indistinct strata is found near Sec

tion Z-2, 250 feet (76 m) above the previously mentioned complexly 

deformed zone. This seep rock is composed of fine to medium-grained 

quartz and is cemented by calcite.

Near the maroon horizontal strata at the base of Section C.O., 

an indistinct unit is associated with faulted laminations. These 

faulted laminations are discussed later in detail. The indistinct zone 

is found directly above the faulted laminations and the contact appears
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gradational. This zone is approximately 3 to 4 feet (.9 to 1.2 m) 

thick and is overlain by normal appearing cross-strata. The cross

strata are not a continuance of the indistinct strata, and the contact 

is sharp.

The lithology of the indistinct strata appears very similar to 

that of the cross-stratified sets. In some places, notably the strata 

overlying the maroon sandstone and siltstone in limited locations, the 

indistinct zone is very firmly cemented.

Kiersch (1950) reported indistinct strata in his study, and 

attributed the structure to case hardening. Sanderson (1974) also 

recognized indistinct strata in the San Rafael Swell, Utah. He 

examined the strata through the use of X-radiographs and found relict 

stratification within the strata. He suggests that contorted and 

indistinct beds are simply gradational, the latter representing the 

highest degree of deformation. He summarizes that indistinct stratifi

cation is similar to contorted stratification, the main difference 

being only the degree of flowage. At Zion, the indistinct zone over- 

lying the faulted laminations seems to fit the explanation suggested by 

Sanderson (1974). The zone underlying the maroon horizontally bedded 

sandstone and siltstone and the various "seep rocks" found at Zion have 

no associated contorted strata. These are probably, as Kiersch (1950) 

stated, the result of case hardening.

Shape of Sets

The shape of the sets in the Navajo at Zion National Park is 

almost as prominent as the cross-bedding. Some resemble broad,
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sweeping arcs; while others seem to cut across cliffs in giant wedge- 

shaped slices. Many show a remarkably consistent tabular shape when 

viewed over vast horizontal distances; and still others are a complex 

combination of these three basic types.

Four shapes of cross-sets are present: tabular, wedge, len

ticular, and irregular. McKee and Weir's (1953) classification system 

was adapted for categorizing the variety of shapes. As with cross

strata classification systems, many shapes do not perfectly fit into 

any of the listed categories. Commonly wedge and tabular shapes could 

not be distinguished. When considered over a distance of no more than 

10 horizontal feet (3m), a set might appear tabular. However, when a 

view extending hundreds of feet was possible, this tabular-appearing 

shape is in reality a large wedge. When no such view is available, the 

true nature of the shape has to remain in doubt. Another problem arose 

concerning irregular shaped cross-sets. Many of the cross-sets at Zion 

appear to have undergone a great deal of erosion (Fig. 13). The 

classification of these cross-sets becomes a difficult matter. When 

erosion creates a shape that doesn't fit either a tabular, wedge, or 

lenticular category, the term "irregular" shaped is used. Thicknesses 

for all shapes range from 8 inches (20 cm) to 125 feet (38 m). Tabular 

and wedge-shaped cross-strata range from small to large scale, while 

lenticular and irregular-shaped cross-strata are small to medium scale.

Tabular

Tabular-shaped cross-sets are common throughout the Navajo at 

Zion and are not restricted to any one vertical level (Fig. 14).
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Fig. 13. Highly eroded 
irregular-shaped cross-sets in Section C.O.

Note single large cross-set overlying complex 
cross-sets. Rucksack for scale.
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Fig. 14. Tabular planar 
cross-sets along road above shorter tunnel

Note location of red color is concentrated 
in tangential part of the cross-sets. 
Cross-set in middle of figure is 20 feet 
(6m) thick.
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Marzolf (1970) determined that tabular planar cross-strata compose 75 

percent of the total thickness of all the section combined and are 

present at both the bottom and top of the section. Some of the lowest 

planar cross-sets of the lower Navajo are tabular in shape. The thick

ness of these sets increase vertically through the formation. Cross

sets range in thickness from 1 to 125 feet (.3-38 m). Tabular and 

wedge-shaped cross-sets together comprise 85 percent of the cross-sets 

at Zion. A few might be composed of trough cross-strata, but most 

tabular cross-sets are composed of planar cross-strata.

Wedge

Wedge-shaped cross-sets are just as common as tabular cross

sets. Marzolf (1970) found that wedge planar cross-strata are present 

in the middle of the section at Zion. They are also present throughout 

the Navajo and have no vertical restrictions. They range in thickness 

from 1 to 105 feet (.3-32 m). Wedge-shaped cross-sets, like tabular, 

are composed dominantly of planar cross-strata.

Locally the wedge shape is distinct, but commonly the shape 

grades into a tabular appearance. Generally wedge-shaped cross-sets 

are found associated with other similarly shaped cross-strata. These 

groups do not necessarily wedge out in the same direction (Fig. 15). 

Within the cross-sets, planar cross-strata dips both towards and away 

from the direction of pinchout.

Jordan (1965) states that most of the tabular appearance might 

be illusionary and in reality the cross-strata might be lenticular

shaped trough cross-strata with low trough-depth to trough-width ratios.



Fig. 15. Wedge-shaped 
cross-sets near base of Section Z-2

Note direction of dip is independent 
of direction of pinchout. Wedge-shaped 
cross-set in upper-center of figure is 
3 feet (.9 m) thick.
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This possibility was studied carefully when shape characteristics were 

noted. In some cross-sets, this may be true. Low depth-to-width 

lenticular trough ratios seem restricted to the upper Navajo. Good 

examples are present near the east entrance of Zion National Park on 

and near Checkerboard Mesa. Many of these trough cross-strata are of a 

large scale.

However, most of the cross-sets appear to be tabular and wedge 

planar. Planar cross-strata, when viewed normal to the direction of 

dip, resembles horizontal strata. Because the Navajo at Zion is eroded 

into cliffs and domes, generally the larger cross-sets can be viewed in 

three dimensions, and most cross-strata are indeed planar and not 

trough.

Lenticular

Lenticular shaped sets are also present, and comprise 8 percent 

of the cross-sets at Zion (Fig. 9). Scoop-shaped lenticular cross-sets 

seem to be the most abundant shape when viewed in sections parallel to 

the trough axis. This is true of both large and small-scale lenticular 

units.

The lenticular-shaped troughs are found both as individual and 

groups of cross-sets. Individual trough cross-strata tend to be medium 

to large-scale, while groups of troughs are small to medium-scale. 

Groups of trough cross-sets are composed of both symmetrical and asym

metrical trough cross-strata. The thickest lenticular cross-set is 19 
(6m).
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Irregular

Irregular-shaped cross-sets seem to be located in the middle 

and upper parts of the Navajo. They comprise 7 percent of the cross

sets at Zion. Erosion appears responsible for all of these shapes 

(Fig. 13). Some take on a lens shape, while others appear to be trun

cated tabular and wedge-shaped cross-strata. Still others seem to have 

no connection with the accepted categories.

Deformation

Deformation of the Navajo at Zion is rare. Nearly all the 

deformation found is associated with the horizontally bedded maroon 

sandstone and siltstone at the base of section C.O. Minor amounts are 

present in the lower and upper Navajo. Deformation present at Zion 

represents both small and large scale structures, ranging from the con

tortion of individual 1 inch (2.5 cm) laminations to the contortion of 

30 foot (9m) cross-bedded sets.

Along the East Rim Trail near the base of the Navajo at Zion, 

no deformation is present. However, the basal Navajo, 20 miles (32 km) 

to the east of the Park near Kanab, Utah, contains large-scale con

torted cross-strata. In this same locality is found a tongue of the 

Navajo Sandstone that intertongues with the underlying Kayenta Forma

tion. This is the Lamb Point Tongue. The Lamb Point Tongue is 

approximately 400 feet (122 m) thick and contains cross-strata very 

similar to that found in the main body of the Navajo in Zion National 

Park. There is one large difference, however. Along nearly the entire 

contact of the Lamb Point Tongue and the overlying Tenney Canyon Tongue



of the Kayenta Formation is found a 20 foot (6m) zone of intense 

deformation. Contorted and overturned cross-strata is abundant.

Because this zone is closely associated with the overlying fluvial 

Tenney Canyon Tongue, the presence of flowing water probably was 

responsible for the deformation.

The base of Section C.O. contains some of the most interesting 

and varied sedimentary structures found in this study. The previously 

mentioned maroon horizontally stratified sandstone and siltstone is 

present in this area. Also associated with this 100 foot (31 m) thick 

zone are ripple marks, bioturbation, dessication cracks, the "green" 

Navajo, and deformational features. A large, 30 foot (9 m) thick, 

highly disturbed zone of strata is present directly above the maroon 

horizontal sandstone and siltstone (Fig. 11). This zone extends 

approximately the same distance areally as do the underlying hori

zontal units. As the horizontal unit thins near its edge, so does this 

overlying distorted zone. Present in this contorted zone are numerous 

maroon, discontinuous, massively-bedded, sometimes contorted strata of 

varying thicknesses. These strata closely resemble the underlying 

maroon horizontal sandstone and siltstone. At one point, a 3 foot 

(.9 m) maroon horizontally bedded unit extends from the base of the 

contorted zone vertically to its top, covering a distance of 20 feet 

(6m) (Fig. 16).

Sanderson (1974) noted the presence of "brown beds" that were 

composed of silt and iron oxide and cemented by calcite. Locally, he 

noted that the contorted zones contain disturbed brown beds within

88
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Lowermost maroon strata is located behind person. 
Person is 5.7 feet (1.8 m) high.
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them. The brown beds were broken into blocks and carried upwards by 

the intruding sand to form flame structures. Some blocks, from 2-15 

feet (.6-4.5 m) long, were carried upward as much as 100 feet (30.5 m) 

from their original position in the underlying brown beds. Sanderson 

(1974) interprets these parts of the Navajo to represent zones of 

flowage in sand. He states that the sand was either wetted or water 

saturated. He does not, however, explain the mechanics involved. This 

occurrence is very similar to the highly deformed zone at the base of 

the C.O. section in Zion. The origin of this zone and its possible 

mechanism of formation will be discussed later.

The zone of deformation at the base of Section C.O. has within 

it highly distorted laminations. Most of these laminae are indistinct 

or masked by the maroon beds. In one place, the base of this contorted 

zone is composed of folded and brecciated laminations (Fig. 17).

Near the edge of the contorted zone and maroon horizontal 

strata is a cross-set composed of folded and faulted laminations (Fig. 

18). These contorted laminations are successively normally faulted up 

dip. The folded strata move upwards in the down-dip direction. These 

contorted laminations are in a limited area near the base of a medium- 

scale cross-set and overlie indistinct strata.

Nearby, in the same stratigraphic level, is another zone of 

faulted laminations. This zone is approximately 2 feet (.6m) thick 

and grades upwards into indistinct strata. The laminations are suc

cessively reversely, faulted in a down-dip direction. They are very
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Fig. 17. Brecciated laminae at base of 
zone of contorted strata near base of Section C.O.

Hammer head for scale
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Fig. 18. Folded and faulted 
strata near edge of horizontal strata 

and zone of contorted strata at base of Section C.O.

Hammer for scale
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similar in style to the before-mentioned normally faulted and folded 

laminations.

In this same stratigraphic level is another example of con

torted strata associated with this zone. In this case, the contortion 

involves a medium-scale cross-set that appears to be a recumbent fold. 

It is surrounded by cross-sets, and no horizontal or indistinct strata 

are associated with it. The cross-set does not extend over a distance 

greater than 50 feet (15 m). No other evidence of contortion is 

present in nearby cross-sets. Some contortion may be present in a 

cross-bed 100 feet (30.5 m) to the north at the same stratigraphic 

horizon, but the cross-strata is fairly indistinct and classification 

is questionable.

Another group of contorted laminations are present on the East 

Rim Trail 750 feet (229 m) above the base of the Navajo (Fig. 19). The 

folded and faulted laminations are found within one cross-set. Over

turned folds, gentle. fp..ldsj_fade-out laminae, and flame structures are

present.

The only distorted strata found in the upper half of the Navajo 

at Zion is at the top of Section Z-l. At the base of a 7 foot (2m) 

tabular planar cross-set are two groups of disturbed strata. One group 

is near the basal contact of the cross-set. The zone is about 2 feet 

(.6 m) thick and 7 feet (2 m) wide. The cross-strata in this distorted 

zone are intensely folded. Cross-strata above, below, and on both 

sides of this zone are undisturbed and continuous. Thirteen feet (9m) 

to the west and on the same stratigraphic level, is the second group of
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Fig. 19. Contorted strata in Section E.R.T.

Note over-turned folds, gentle folds, and 
fade-out laminae. Pencil is 5 inches (13 cm) 
long.
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distorted strata. This zone is similar in appearance to the previously 

described zone nearby. The zones of distorted strata appears to be the 

result of slumping near the base of the cross-set.

Ripple Marks

Ripple marks are rare in the Navajo at Zion. Gregory (1950) 

suggested the lack of ripple marks is due to the strength and shifting 

of winds. Ripple marks were found in indistinct strata below the 

maroon horizontal strata at the base of Section C.O. The ripple marks 

have a ripple indices (R.I.) of 8-9 and a ripple symmetry indices 

(R.S.I.) of 1.2-1.8.

At the 1050 foot (320 m) level, asymmetrical ripple marks were 

observed just off the road. The exposure is limited, but the ripple 

marks are in good condition. The ripples averaged .3 inches (8 mm) 

high and had a wavelength of 6 inches (152 mm). The R.I. is 19 and the 

R.S.I. is 3. The ripple marks are oriented with crests and troughs 

parallel to the dip of the cross-strata.

One other set of ripple marks were observed. These occur at 

the 1335 foot (407 m) level in Section C.O. Because the tops of the 

ripple marks are not well preserved, no measurement of R.I. or R.S.I. 

was possible. These ripple marks are also oriented with crests and 

troughs parallel to the dip of the cross-strata.

Desiccation Cracks

Desiccation cracks were found only in the maroon horizontal 

sandstone and siltstone at the base of Section C.O. (Fig. 20). Three
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Fig. 20. Desiccation cracks 
along trail near base of Section C.O.

Possible root casts cutting through 
desiccation cracks form a "T" in 
figure. Hammer for scale.
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groups of desiccation cracks were observed at this locality. One group 

of desiccation cracks are not located in the flat-lying maroon hori

zontal strata. These are in the overlying 30 foot (9m) contorted 

zone. This is further evidence of the sandstone and siltstone being 

contorted up within the overlying deformed zone. Marzolf (1970) also 

noted the presence of desiccation cracks at Zion. He reported that 

they were restricted to the lower part of the section. The desiccation 

cracks have diameters ranging from 3 to 10 inches (8-25 cm). In all 

localities, the material composing the cracks stood up higher than the 

material making up the polygons.

Bioturbation

Bioturbation is rare in the Navajo at Zion. The basal, silty, 

massively bedded Navajo appears to contain possible bioturbated zones. 

However, no definite burrows or root casts are present. Possible root 

casts are associated with the desiccation cracks in the maroon hori

zontal sandstone and siltstone at the base of Section C.O. (Fig. 20). 

Other possible bioturbated units are associated with the highly dis

turbed zone that overlies the maroon horizontally bedded sandstone and 

siltstone at the base of Section C.O. The possible bioturbation in 

this area appears to resemble root casts. Because this zone is 

intensely deformed, however, the identification of these structures is 
questionable.
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Backset-Topset-Foreset Beds

In rare instances, brackset and topset beds are present. In 

Section Z-2, between 850 feet (259 m) and 930 feet (283 m) above the 

base of the Navajo, were found the best examples of backset-topset beds 

at Zion (Fig. 21). Within this zone are six examples of backset-topset 

beds. Another group of backset-topset beds are at the 980 foot (299 m) 

level. All the backset-topset beds change into foreset beds in a down- 

dip direction. These foreset beds attain dips as large as 25° and are 

identical in appearance to the cross-sets commonly seen at Zion. Some 

backset-topset strata dip opposite to the foresets as much as 10°. 

Others appear to be horizontal. The transition from backset to topset 

to foreset beds always forms a crest. Sometimes in a down-dip direc

tion the crest becomes increasingly an erosional surface. Thus, it 

takes on the appearance of a cross-set boundary.

Near the top of Section Z-3 at the 1840 foot (561 m) level, 

topset beds were again observed to merge into foreset beds. The topset 

beds at this locality are near-horizontal.

These structures are always within tabular and wedge planar 

cross-sets. No backset-tops et-fores et cross-set is thicker than 7 feet 

(2 m).

Intertonguing Relationships

In certain vertical levels, a unique relationship involving 

intertonguing between steeper-dipping cross-strata and lower tangential 

units is present. This relationship was first observed 235 feet (72 m) 

above the base of the Navajo along the East Rim Trail. The
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Fig. 21. Backset-topset-foreset beds in Section Z-2

Individual strata can be traced from backset-topset 
beds over crest into foresets. Hammer for scale.
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cross-strata are composed of white, rounded, medium to coarse quartz 

grains. The intertonguing tangential strata are composed of red, finer 

grained quartz grains. Because of distinctive color differences 

between the cross-strata and the tangential strata, the relationship is 

easily visible.

Such interfingering between cross-strata and their tangential 

base has important environmental significance and is discussed in 

Chapter 5.

This intertonguing relationship also is present in several sets 

between the 1275 and 1450 foot (389 and 442 m) levels. The inter

tonguing is quite striking. Fig. 22 illustrates a 44 foot thick 

(13.4 m) tabular planar cross-set. In this set, most of the red color 

is associated with the very lower tangential strata. The red tangen

tial strata average 1.5 feet (.5 m) in thickness. The lower inter

fingering strata become white above this level and project upwards as a 

thinning wedge for a distance of at least 4 feet (1.2 m). After the 

upward-thinning wedge of strata thins to a few millimeters, the strata 

become laminae that appear identical to the laminations found through

out the Navajo.

As with the cross-set in the lower part of the Navajo, the 

lower tangential intertongues between the 1275 and 1450 foot (389 and 

442 m) level are composed of finer grained quartz grains than are the 

upper cross-strata. Each individual gray cross-bed is relatively thick 

and locally reaches 6 inches (15 cm) in thickness. The quartz grains 

within each cross-bed are very uniform in size and roundness.
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Fig. 22. Intertonguing strata in Section Z-l

Whiter laminae intertongue upward into grayer 
strata. Note restriction of red color to 
lower tangential strata. Rucksack for scale.
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Other examples of intertonguing above this cross-set appear to 

be similar to Fig. 22. Thus, in all examples of intertonguing, the 

lower tangential strata finer grained and project upwards into the 

overlying, coarser-grained cross-strata.

Intrasets and Shear Planes

Intrasets and associated shear planes are very common through

out the Navajo at Zion (Fig. 23). An intraset is herein defined as a 

conformable group of cross-strata located below a shear plane.

Truncation of Steeper Dipping Cross-Strata

Most shear planes truncate steeper dipping cross-strata. The 

nature of these intrasets is both complex and diverse. Many cross-sets 

were observed to contain only one shear plane (Fig. 24). The shear 

plane visibly divided the cross-set into two adjacent halves. Since 

the intraset is bounded above and below by the bounding surfaces of the 

cross-set, the intraset is essentially identical to the cross-set 

itself.

In most examples, though, a lower boundary for each intraset is 

present. This lower boundary is of two types: erosional and deposi-

tional.

The base of an erosional intraset is another shear plane 

(Fig. 25a). In some intrasets, the lower erosional boundary may also 

be the lower cross-set boundary (Fig. 24). The base of a depositional 

intraset is not a shear plane. The lower boundary is definitely a 

depositional contact (Fig. 25b). Thus, the two types of intrasets are
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Fig. 23. Intrasets below 
shear planes near base of Section Z-2

Intrasets 2 to 3 feet (.6— .9 m) thick.



Z-1 3 9

Fig. 24. Cross-set containing a single shear plane
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Fig. 25. Two types of intrasets 

Arrows indicate individual intrasets 

A. Intrasets with erosional bases 

Be Intrasets with depositional bases
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not identical in shape or origin. Both types of intrasets are quite 

common in the Navajo at Zion, and range in size from several inches to 

over 35 feet (11 m) thick. The intrasets are not restricted to any 

particular type, shape or size of cross-stratification. Both types of 

intrasets may occur within the same cross-set (Fig. 26). Intrasdts 

first appear in the lowest cross-strata along the East Rim Trail 

(E.R.T.). Intrasets are not restricted to any particular cross-set 

thickness, but as the cross-set thicknesses increase toward the top of 

the Navajo, intrasets become rare and thicker.

Because of the intrasets1 various sizes, shapes, and complex

ities, commonly it is difficult to distinguish between intrasets and 

cross-sets. The following criteria were used in the recognition of 

intrasets:

1. If the shear plane becomes conformable down-dip and merges 

with the lower tangential part of the cross-bed, the cross-strata below 

the shear plane is an intraset. Commonly the shear plane became con

formable up-dip also.

2. Since all known examples of cross-strata at Zion contain a 

tangential lower base, when no such lower surface was observed an 

intraset was suspected.

3. Most examples of cross-strata have bounding shapes that are 

tabular or gently wedge-shaped; whereas shear plane boundaries have dip 

readings just a few degrees below the dip of the cross-strata. When 

shear planes have such dip readings, they form the boundary for intra

sets.
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4. When successive shear planes are bounded above by the same 

cross-set boundary, the structures below the shear planes are intra

sets. In some cases, these might resemble Stokes (1968) multiple 

parallel truncation surfaces discussed in Chapter 3.

5. Adjacent intrasets have essentially equal dip directions, 

while adjacent cross-sets commonly have widely different dip direc

tions.

The origin of intrasets with an erosional base appears to be 

dependent upon the presence of shear planes. Shear planes, whose 

origin will be discussed later in this Chapter, form the upper boundary 

of the intrasets. The nature of the cross-strata composing the intra

set appears identical to the cross-strata found outside the intraset. 

Both types of cross-strata have essentially the same appearance, dip 

direction and inclination, and thickness.

When deposition resumes after the period of erosion, cross

strata cover the shallower-dipping shear plane. The cycle can either 

be repeated by another phase of erosion and shear plane development, or 

the cross-strata can continue to form on the slip-face of the advancing 

dune. If eolian in origin, the presence of intrasets with erosional 

bases simply indicates pauses in the advancement of the dune across the 
desert floor.

Intrasets with a depositional base are somewhat different in 

origin. The upper boundary of these intrasets is also a shear plane. 

However, the lower boundary is less distinct and is clearly deposi

tional, not erosional.
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A short pause in the dunes advancement may have occurred before 

the steeper dipping intraset's cross-strata was deposited. If any 

erosion accompanies this pause, a shear plane would develop. Thus, 

little or no erosion occurred. The cross-strata appear as a series of 

wedges that thin down-dip.

In both erosional and depositional intrasets, the cross-strata 

are deposited on a relatively flat surface at a steeper angle than the 

underlying cross-strata. In erosional intrasets, the lower boundary is 

erosional, indicating a pause in the bed forms advancement. In 

depositional intrasets, the lower boundary is depositional, indicating 

a brief, yet non-erosional period, in the history of the bed form.

Despite the criteria for the recognition of intrasets, complex 

situations locally are present, making it impossible to distinguish 

between intrasets and cross-sets. In some sets, no real difference can 

be observed. When a single shear plane divides the cross-set, the 

cross-strata underneath the shear plane is both an intraset and a 

cross-set (Fig. 22). Thus this definition, as all others, must not be 

considered absolute.

Several varieties of erosional and depositional intrasets are 

present. Shear planes appear to be present in nearly every part of the 

cross-set. In certain vertical levels of the cross-set, shear planes 

disappear and become indistinguishable from the normal boundaries 

between cross-beds. In all instances, shear planes and intrasets 

gradually disappear and all cross-strata becomes conformable along the 

lower tangential base of each cross-set. Commonly shear planes appear
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down dip (Fig. 27a). In this instance, the top of the cross-set is 

devoid of intrasets. Thus, the shear plane becomes conformable with 

other cross-strata both at the lower and upper boundary of the cross

set. In other sets, shear planes and associated intrasets are visible 

up to the top boundary of the cross-set (Fig. 27b). In large scale 

cross-sets, the shear planes do not always fade-out up-dip.

The dip angle of the shear plane in a down-dip direction is 

another important characteristic of intrasets. Many shear planes have 

dips just less than the cross-strata they truncate (Fig. 28a). In 

these intrasets, the shear plane meets and merges with the lower tan

gential cross-strata over a relatively short horizontal distance. Com

monly, however, shear plane dips became gentler in a down-dip direction 

(Fig. 28b). From this point, the shear planes either merge with the 

lower tangential cross-strata or continue as a near-horizontal trun

cation plane.

If the shear planes continue across the cross-set as a near

horizontal truncation surface, the problem of identifying intrasets 

from cross-sets arises (Fig. 28a). If the nature of the shear planes 

can not be observed in an up-dip direction, or if erosion has reduced 

the upper part of the cross-set, it would be very hard to determine 

whether the cross-strata belong to an intraset or a cross-set. Intra

sets with erosional bases meet the lower surface in a tangential manner 

as do the cross-sets. Locally a co-set of tabular and/or wedge-planar 

cross-sets may merge into one large cross-set in an up-dip direction. 

When an intraset is completely truncated by an overlying shear plane,



Z-1 63 Z-1 20
Fig. 27. Shear planes differing in conformability near top of cross-set

A. Shear planes disappear toward top of cross-set

B. Shear planes continuous to top of cross-set
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CO. 4 9 Z-1 28
Fig. 28. Shear planes with differing angles of dip

A. Shear planes with low dip angles

B. Shear planes with high dip angles
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the intraset appears as a wedge that pinches-out in the down-dip direc

tion (Fig. 29). Thus, the intraset is terminated above the lower tan

gential part of the cross-set and does not merge with adjacent cross

strata. Such examples were relatively uncommon in the Navajo at Zion.

Intrasets that have a depositional base have a non-erosional 

lower surface and appear similar to simple cross-strata. Simple cross

strata is a type of cross-strata that has a non-erosional lower surface. 

Jordan (1965) noted the presence of simple wedge-shaped cross-sets in 

the middle of the Navajo. The present study found no simple cross-sets 

in the Navajo at Zion. Perhaps what Jordan observed were these non- 

eros ional intrasets that dip at near-horizontal levels. At any rate, 

low-angle shear planes bounding depositional Intrasets are few. In all 

examples cited, intrasets may occur in any number within the cross-set. 

Some cross-sets contain solitary intrasets. Others may contain as many 

as ten intrasets when viewed in a vertical section. Rarely a cross-set 

may contain many types of complex intrasets (Fig. 26).

In all examples, shear planes probably represent brief inter

ruptions in the migration of the bed form. During this interim, winds 

might truncate the middle and upper parts of the dune. When deposition 

resumes, avalanching sand truncates the steeper dipping cross-strata 

and deposition continues over the shear plane's upper surface.* Since 

the base of the dune is least exposed to the erosive properties present 

along the dune's slip-face, shear planes usually are not found at this 

lower level. Thus, the lower tangential part of the cross-set is

devoid of intrasets.
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Truncation of Gentler Dipping Cross-Strata

In relatively rare instances, shear planes appear to truncate 

shallower dipping cross-strata (Fig. 30)• In nearly every example, the 

shear plane boundary between the shallower and steeper dipping cross

strata actually represents a cross-set, not intraset, boundary. The 

shallower dipping cross-strata are actually small-medium scale trough 

cross-sets that have been differentially eroded. The adjoining, 

steeper-dipping cross-set is either another trough or a planar cross

set. Since such an association commonly is found below a roughly 

continuous boundary, its appearance is similar to intrasets.

In a few sets, the shallower dipping cross-strata is not the 

remnant of an eroded trough cross-set. The cross-strata simply had a 

gentler dip than the overlying, truncating cross-strata. In every 

instance, the upper surface of the shallower-dipping cross-strata is at 

or near the top of the cross-set.
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CHAPTER 4

PETROGRAPHY

Composition

The composition of the Navajo Sandstone at Zion National Park 

is monotonously similar, and consists of approximately 98 percent 

quartz grains that are weakly cemented by calcite and vary in size and 

texture. Gregory (1917), Kiersch (1950), Digert (1955, Harshbarger, 

Repenning, and Irwin (1957), Jordan (1965), and others have discussed 

the mineralogy of the Navajo Sandstone in other locations. Percentages 

of minerals vary from location to location, but quartz, feldspar, heavy 

minerals, chert, and clay are generally present in all localities.

Heavy minerals reported include magnetite, zircon, garnet, and tourma

line.

The quartz grains within the cross-strata range in size from 

silt to coarse-grained. However, most of the cross-sets contain very 

fine to fine grained quartz grains. The quartz grains are sub-angular 

to well-rounded. Generally the finer grained quartz particles tend to 

be more angular, and the medium to coarse grained quartz grains sub

rounded. Many of the medium to coarse grained quartz grains are also 
spherical.

Sorting varies within cross-sets. The cross-beds within each 

cross-set are separated from one another by thin, finer-grained lami

nations. The sorting is very good within these cross-beds and
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cross-laminations. However, when the cross-set is considered as an 

entire unit that includes these two different styles of cross-strata, 

the overall sorting is moderate to moderately well sorted.

The thin laminations in each cross-set usually are slightly 

different in color than the adjacent cross-beds. Iron oxide accounts 

for most of this color, staining many of these thin laminations red.

Iron oxide seems to act only as a coloring agent in the cross-strata.

A thin section was made to closely examine the alternating cross-bed 

and thinner cross-laminations. Silt and very fine-grained quartz 

grains are dominantly confined to these thinner cross-laminations. 

Medium-sized quartz grains locally are found in these cross-laminations. 

No graded beds (either normal or inverse) were observed in any of the 

samples studied.
iThe mineralogy of the various horizontal strata is quite 

varied. The maroon horizontally stratified sandstone and siltstone are 

composed of silt and very fine grained quartz .fragments. The quartz 

grains are set in a hematite matrix that appears to be the cementing 

agent.

The wavy laminations present in the lower Navajo are composed 

of fine to medium-grained quartz. These quartz grains are cemented by 

calcite and appear identical to those in adjacent cross-strata.

Carbonate lenses, as discussed in Chapter 2, were not observed 

in this study. Grater (1948) and Marzolf (1970) described the car

bonate lenses they found at Zion.
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Indistinct strata of the "weeping rock" variety are composed of 

sub-angular silt and very fine to fine-grained quartz. The cement is 

calcite, with iron oxide present as a staining agent in the matrix.

The variety of indistinct strata that appears to be continuations of 

deformed cross-strata have a mineralogy identical to the underlying 

distinct cross-strata.

In rare instances, the "green Navajo" discussed by Grater 

(1948) and Gregory (1950) was observed. Grater (1948) states "the 

green sandstone found in large quantities in the basal Navajo is 

believed to be glauconitic and thus an indicator of water deposition." 

However, Gregory (1950) said of this green sandstone "In the green 

Navajo along the Mount Carmel Highway, Professor Stringham recognized 

'a chlorite of the chamosite variety-brunsvigite1." He also noted that 

the green sandstone commonly forms streaks that cut across cross

stratification. This same green sandstone was found in a small outcrop 

915 feet (279 m) above the base of the Navajo in Section C.O. This 

limited amount of "green Navajo" was found in the middle of a 7 foot 

(2.1 m) white tabular planar cross-set. The boundary of this "green 

Navajo" clearly cuts across the cross-strata. It appears identical to 

the green sandstone near the tunnel at the 450 foot (137 m) level that 

was found by Grater and Gregory.

The correct identification of this green mineral has tremendous 

significance for environmental interpretations. The green mineral was 

identified as a type of chlorite (Schreiber 1978, Personal communi

cation). Because chlorite is the green mineral, and the green streaks



are not related to stratification, the "green Navajo" is clearly the 

result of secondary alternation. It is clearly not glauconite, nor 

does it indicate a marine environment of deposition.

Another type of green "Navajo" was discovered in the upper part 

of the Navajo. A green color is present just below the surface of the 

white cross-beds. The color was limited to a thin zone a few milli

meters below the surface. This green color is due to modern algae. 

Apparently, algae thrive in this position, and they are in the upper 

white Navajo.

Size Analysis

Method

Thirty-seven samples spaced approximately at 50 foot (15 m) 

intervals were collected, and then analyzed in the laboratory. These 

samples represent a near-complete vertical section at Zion. As nearly 

all the Navajo at Zion is represented by cross-strata, most of the 

samples were taken from various parts of cross-sets. However, all 

samples collected for the vertical section were above the lower tan

gential part of each cross-set. This was done to maintain a consistent 

sampling technique in each cross-set. Samples from the tangential part 

of the cross-sets were collected and are included in the section deal

ing with the size analysis of the entire cross-set. Samples E.R.T. 1, 

E.R.T. 7, E.R.T. 10, and C.0. 7 were not collected from cross-sets. 

E.R.T. 1 was collected from the basal Navajo near the Kayenta-Navajo 

contact. The strata are composed of massive and flat-lying thin and
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thickly bedded units. E.R.T. 7 was collected from small-scale cross

strata and wavy laminations. E.R.T. 10 was collected from horizontal 

strata devoid of wavy laminations. C.O. 7 was collected from hori

zontally bedded sandstone and siltstone.

Samples were taken every 10 vertical feet (3m) from the same 

group of laminations and beds in cross-set Z-l-14. This study was 

undertaken to examine the textural variations vertically within a 

single cross-set. Samples were also taken from the backset-topset- 

foreset beds of Z-2-8 E and G. Samples were collected from either side 

of the ’’crest" to determine if grain size differences occur between the 

backset-topset-foreset beds. The foreset samples were collected less 

than 10 feet from the backset-topset samples and represent continua

tions of the same laminations.

Because of the extreme friability of many of the samples, the 

preparation of the samples for sieving required little disaggregation. 

Many workers have listed the problems involved in disaggregation. In 

response to Visher and Freeman's (1975) lack of an explanation as to 

their disaggregation technique, Steidtmann (1977) comments "It is com

monly recognized that both diagenetic grain-size changes and 

disaggregation-produced fines cast serious doubt on the significance of 

grain-size distributions as discriminators of ancient environments." 

When it was necessary to disaggregate the sandstone, a ceramic mortar 

and pestle were used. Care was taken not to crush individual grains. 

When the sandstones were more firmly cemented, the samples were washed 

in a solution of dilute HCL. The acid was later removed and care was
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taken not to lose the finer material. The samples were then air-dried 

for several days until they could be gently disaggregated. In all 

cases involving disaggregation, a gentle tapping motion was employed. 

Trevena (1975) found this to be the best method for obtaining 

uncrushed individual grains.

Other real problems involved in size analysis include feldspar 

alterations and quartz overgrowths. Feldspars are relatively rare in 

the Navajo at Zion. This indicates either a lack of feldspar grains 

when the sediments were deposited or post-depositional alternation. 

Feldspar grains found in the Navajo at Zion appeared both fresh and 

altered. Because of their altered condition, many original feldspars 

may now be represented as clays and other finer grained particles. A 

third, problem concerns quartz overgrowths. Marzolf (1976) reports that 

secondary enlargements appear restricted to the lowest part of the 

Navajo sandstone. However, the only samples containing any appreciable 

amount of quartz overgrowths were E.R.T. 1, 7, and 10. Thus, this 

problem is minor in this study. As Picard (1977) points out, such 

grains are larger than those originally deposited. These samples were 

more firmly cemented than the samples found in the middle and upper 

Navajo.

The sieving was done using intervals that ranged from 4^ to 

in size. Sieving time was fifteen minutes. Each sieve fraction was 

checked for the percentage of aggregates. The weight of the aggregates 

was subtracted from the sample weight. Each fraction was then weighed 

and the cumulative weight and cumulative percent were calculated.
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Textural Data

The data were plotted as cumulative curves on probability paper 

to obtain maximum accuracy in determining grain-size parameters by the 

graphic method (Folk 1965). Statistical measures for average grain 

size, sorting, skewness, and kurtosis were obtained from the values 

intercepted at specific percentiles on these curves (Folk and Ward 

1957). The descriptive measures of sediment size distribution are 

listed below:

Mean size (Mz) />16 + ^50 + #84 
3

Standard deviation (dj)

Skewness (Sk^) 016 + 684 - 2^50 *5 + 495 - 2^50
2(f>84 - *16) + 2U>95 - f5)

Kurtosis (Kq ) <>95 - i>5
= 2.44(^75 - 025)

The textural parameters are listed on Table 3. The mean size 

varies from coarse silt to medium sized sand. Approximately 84 percent 

of the samples were fine grained. In the one cross-set studied ver

tically, the grain size decreases upwards in the cross-set. Grain 

sizes are finer for the foreset beds and coarser for the topset beds.

Seventy-eight percent of the vertical section samples were 

moderately well sorted to well sorted (Folk 1965). Two samples were 

very well sorted and six were moderately sorted. Samples from both the 

cross-set studied vertically and the backset-topset-foreset beds were 

all moderately well sorted.
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Table 3. Average Textural Parameters 
Sandstone at Zion National

and Their Ranges 
Park

for the Navajo

Textural
Parameter

Vertical
Section

Set Studied 
Vertically

Backset-Topset- 
Foreset Beds

Ave 2.6 $ 2.3 t 2.8Mz Rng 1.3 - 4.0 1.8 - 2.6 P 2.5 - 3.1 P

Avg .53 P .59 P .46 pd i Rng .30 - .97 # .55 - .62 P .57 - .70 p
Avg + .12 +.04 +.11DKt Rng —.12 — +.63 -.10 - +.43 +.02 — +.20
Avg 1.0 .8 1.0

k g Rng • 6 “ 1.6 • 7 — .9 .9 - 1.2
No. of samples

analyzed 37 4 4

Mz = Graphic Mean (in p units)

<TI = Inclusive Graphic Standard Deviation (in p units) 

Skj= Inclusive Graphic Skewness 
Kq = Graphic Kurtosis
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Skewness within the vertical section samples was quite varied 

and ranged from strongly fine-skewed to coarse skewed. Seventy-eight 

percent of these samples were fine skewed to near symmetrical. Only 

one sample was coarse skewed and eight were strongly fine-skewed.

Three of the samples from the one vertical set study were near sym

metrical. The lowest (10') sample is strongly fine skewed. Three of 

the backset-topset-foreset samples were fine-skewed and one was near 

symmetrical.

Kurtosis values for the vertical section were varied and ranged 

from very platykurtic to very leptokurtic. A near-equal number of 

samples were platykurtic, mesokurtic, and leptokurtic. The 40' sample 

from the one vertical set study is mesokurtic and the other three are 

platykurtic. The backset-topset-foreset study samples range from 

platykurtic to leptokurtic.

Generally, most samples are fine grained, moderately well 

sorted to well sorted, strongly fine-skewed to near symmetrical, with 

kurtosis values ranging from platykurtic to leptokurtic.

All graphs using grain size parameters are included in Chapters 

5 and 6. These include stratigraphic variations in grain-size para

meters , log-probability cumulative frequency curves, and bivariate 

tests combining two statistical parameters. This information from the 

Navajo sandstone at Zion is then compared to studies from modern

environments



CHAPTER 5

COMPARISONS BETWEEN THE NAVAJO AND 
MODERN EOLIAN ENVIRONMENTS

Textural Analysis

Several approaches to environmental interpretations are used. 

These include multivariate graphs and type-curve matching.

Multivariate Graphs

Multivariate graphs of the Navajo sandstone are included in 

this study. The problems involved with modern eolian textural studies 

are discussed later.

A plot of mean grain size vs. standard deviation was considered 

by Moiola and Weiser (1968) as a way in which to separate river and 

coastal dune sands. It is included here to show how overwhelmingly 

this graph predicts the Navajo to be river sediments (Fig. 31). 

Apparently, the coastal dune sediments studied by Moiola and Weiser 

(1968) were coarser grained, most being less than 2.2^.

Plots of mean grain size vs. skewness are also included in this 

report (Fig. 32). Friedman's (1961) and Moiola and Weiser's (1968) 

environmentally discriminating lines are included on this graph. 

According to Friedman's (1961) interpretation, most of the Navajo's 

samples represent dune deposits. Moiola and Weiser (1968) differ

entiate between inland and coastal dunes and between inland dunes and 

beach sediments. As these lines show, most of the Navajo samples fall
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Fig. 31 Graphic plot of mean grain size vs. standard deviation
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under the inland dune portion of the graph. This seems quite a con

tradiction from the previous graph, in which a river environment was 

predicted. Also, the lowest samples from the one set studied ver

tically falls in a different category than the upper samples. No 

critical mean grain size that separated positive and negative skewed 

samples were observed.

Skewness vs. kurtosis is another type of graph employed by 

Moiola and Weiser (1968). This graph, like the previous one, divides 

inland from coastal dunes and inland dunes from beach sediments (Fig. 

33). In this graph, more samples become beach sediments than in the 

previous graph. The upper three samples from the one set studied 

vertically fall in a different environment (beach) than the lowest 

sample (inland dune)« The samples now appear evenly divided between 

inland and coastal dunes, with several samples from the backset-topset- 

foreset cross-set study falling on opposite sides of the discriminative 

line.

Thus, it appears that the use of Moiola and Weiser's (1968) 

environmental study is not applicable to the Navajo sandstone. It is 

probably, like many other such studies, fairly unique to that area. 

Amaral and Pryor (1977) in a study on the St. Peter sandstone, also use 

some of these graphs. Most of these tests also fail in their study. 

They list several reasons for this failure.

1. The fields of choice are too general.

2. Similar processes can operate in totally different environ

ments .
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3. The mixing of sediments from two separate environments can 

produce parameters characteristic of another.

4. Many sediments are cyclic and do not entirely show charac

teristics of only one environment.

5. The field boundaries are totally subjective and based upon 

unique instances.

Thus, serious flaws are inherent in the use of multivariate 

graphs to interpret ancient environments of deposition. These prob

lems appear to also be present in this study of the Navajo sandstones.

Type Curve Matching

Samples from the Navajo were plotted on log probability paper 

to obtain cumulative frequency curves (Fig. 34). These curves show a 

great deal of variation in shapes. They appear to be far too complex 

to match them visually with any specific environment of deposition.

Many appear similar to Freeman and Visher's (1975) type curves from the 

slip-face of a single barchan. However, Visher gives no curves from 

transverse dunes or any of the other dune types. Many seem somewhat 

similar to Folk's (1971) curves for crest, lee flanks, and reg samples. 

Also, the previously mentioned problems involved with this technique of 

environmental interpretation leaves this approach somewhat question
able
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Textural Features

Mean Grain Size

As noted in Chapter 3, most of the samples from the Navajo are 

composed of fine grained quartz grains. In the one cross-set studied 

vertically, grain size decreases upwards in the cross-set. This is 

probably the result of the previously mentioned tendency for coarser 

grains to deposit near the base of the slip-face. The 20, 30, and 40 

foot samples are all relatively similar in mean grain size. In both 

cross-sets studied, the foreset beds tended to be finer grained than 

the backset-topset beds. Although extremely limited in number, these 

latter two studies at least provide general information for possible 

future studies involving grain size variations within cross-sets.

Roundness

Roundness is another feature attributed to eolian sandstones. 

Obviously, the rounding of grains also occurs in other environments of 

deposition. Glennie (1970) found that the well-rounded grains usually 

have the largest diameter. Many smaller grains appear almost angular. 

These grains probably are so light that they are incapable of self

abrasion, or are so small that they fall between the larger grains and 

avoid other saltating grains (Glennie, 1970). The alternating thin, 

finer laminations found in the Navajo sandstone contain most of these 

smaller, angular grains.
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Sorting

As noted in Chapter 3, the Navajo is dominantly composed of 

moderately to well sorted quartz grains. This textural feature is con

sistent with findings from modern eolian environments.

Skewness

Skewness varies from near-symmetrical to strongly fine-skewed 

(Chapter 3). As discussed in Chapter 4, skewness can vary in modern 

eolian environments. The range in skewness found for the Navajo is 

entirely within the limits calculated from present-day eolian environ

ments .

Frosted Grains

The frosting and pitting of quartz grains by the continual 

collison with other grains in a wind-dominated environment is often 

listed as a diagnostic feature of eolian sandstones. Kuenen and Perdok 

(1962) claim this frosting is the result of micro-chemical attack on 

the surfaces of the grains. They suggest it is associated with desert 

dew. Glennie (1970), however, notes that such frosting is also found 

on grains associated with peri-glacial and coastal dune sands where 

other climatic conditions prevail. Alimen (1944), Walker (1957, 1960), 

and Glennie (1970) all note that fossil sediments cemented by calcite 

tend to be corroded by the calcite, giving the grains a frosted appear

ance. Marzolf (1976) found that the frosting in the Navajo is beneath 

the quartz overgrowths and that the frosting does not resemble primary 

markings. He concludes that the frosting found on grains in the Navajo



sandstone is probably due to diagenetic alterations produced by the 

interaction of the calcite cement with the quartz grains.

Laminations

Textural variations in present day cross-beds have been noted 

(Reineck and Singh 1973). Glennie (1970, Figs. 125 and 126) includes 

in his study photomicrographs of Permian dune sands to illustrate 

bedding and sorting within cross-sets. The cross-strata in the Navajo 

sandstone can be divided into two groups: cross-laminae and cross

beds. These two types of cross-strata differ in grain size.

The thicker cross-beds make up the cross-strata commonly seen 

in the Navajo. The cross-laminae appear as thinner, often discon

tinuous laminae that appear to divide the thicker cross-beds into 

individual groups of cross-strata. Laminations are usually several 

millimeters in thickness. These contain sub-angular silt and very fine 

sand. Because of their thinness, however, larger grains can be found 

associated with these laminae. They can be either continuous or dis

continuous (Fig. 20). The cross-beds commonly vary in thickness from 

.4 to 3 inches (1 to 7 cm), contain dominantly fine sand, and appear 

better rounded than finer grains. Locally, with associated intertongues 

of cross-laminae, they reach thicknesses of 5 inches (12 cm). Cross

beds are also continuous or discontinuous (Fig. 20). These findings 

are consistent with cross-strata found in eolian dunes. The thicker 

cross-beds are caused by the avalanching of sand and may occur over the 

entire slip-face in a single flow or a series of flows. The finer- 

grained cross-laminae form either through size sorting during the
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avalanching of sand or, more likely, when suspension deposits settle 

upon the slip-face during periods of little or no wind.

Mineralogy

As previously noted, the Navajo is weakly cemented by calcite. 

Modern eolian dunes have for their cementing agent, chemical cements 

(Table 3). The local limestone, dolomite, or chert lenses found in the 

Navajo are not inconsistent with what is present in modern eolian 

environments. All may form in lake or sebkha environments. The "green 

Navajo" is not glauconite, but a chlorite. Therefore it is secondary 

in origin and does not indicate a subaqueous environment.

Thus, all types of mineralogy present in the Navajo at Zion are 

consistent with an eolian interpretation.

Sedimentary Structures

Sedimentary structures are perhaps the most important criteria 

for the recognition of ancient eolian environments. The sedimentary 

structures found within the Navajo are compared with those present in 

modern eolian dune fields.

Cross-Bedding

As in modern eolian dunes, concave upwards planar cross-strata 

is the dominant type of cross-stratification in the Navajo at Zion. 

Trough cross-strata locally are present as singular or groups of sets. 

Simple cross-strata are present only under shear planes, commonly only 

appearing in a down-dip direction. All types of cross-strata become 

tangential at their base. Size of cross-strata varies from small to
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large scale. The upper Navajo appears to contain most of the large 

scale cross-strata, although small and medium scale cross-sets are also 

present.

Shape of Cross-Sets

Cross-set shapes are dominately tabular and wedge. The nature 

of these two shapes appears gradational. Perhaps the reason McKee’s 

thicker cross-bed shapes lack a wedge-shaped appearance is due to the 

smaller exposures of the dunes he studied. Many times the cross-sets 

in the Navajo do not take on a wedge shape until after they are traced 

100 feet or more. The presence of many wedge shapes that have clearly 

been highly eroded is consistent with an eolian environment,charac

terized by changing wind directions. Many adjoining cross-sets have 

wedges that thin or thicken in opposite directions, also indicative of 

changing wind direction.

Horizontal Strata

The horizontal laminations found in the Navajo are similar to 

those observed in modern interdune areas. At the base of many tan

gential parts of the cross-strata are found fine-grained horizontal 

laminae of varying thicknesses. These probably represent finer grained 

sediments that have settled out of suspension onto the interdime areas 

during relatively quiet wind periods. They appear to be conformable 

with the tangential strata and might locally be reworked by cross-winds.

The maroon horizontally bedded sandstones and siltstones located 

at the base of Section C.O. represent another type of interdunal
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deposit. Because of the related sedimentary structures (contorted 

strata, desiccation cracks, and ripple marks of wave origin), this 

strata probably was formed in a shallow desert lake. Reasons for call

ing it a lake and not a tidal pond are later discussed. The horizontal 

strata are present over a relatively confined area and pinches out 

quite rapidly at its edges. It is postulated that the sediment com

posing this maroon strata was transported by winds into this lake, 

where it was deposited and preserved. Any salts that formed were 

probably dissolved by the fresher ground water present in this environ

ment as the water table rose. Horizontal and wavy laminations found in 

the lower Navajo are discussed with small-scale cross-strata.

Sedimentary Structures in the Lower Navajo

The gradational contact between the underlying fluvial Kayenta 

Formation and the Navajo is important in environmental interpretations. 

The large amount of horizontally bedded sandstones and siltstones above 

this zone are probably fluvial in origin. Because of the lack of 

cross-bedding, these probably represent flood plain deposits. These 

grade upwards into more sandy units that contain cross-bedding. The 

small-scale cross-strata, wavy bedding, and local horizontal laminae 

appear to be intimately associated with one another. The small-scale 

cross-strata is unlike anything observed in the rest of the Navajo. 

Wavy laminae also appear to be limited to the lowermost Navajo. The 

deposits associated with the small-scale cross-strata also probably 

represent a fluvial environment, perhaps minor channel deposits. The 

wavy and horizontal strata above this limited zone of small-scale
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cross-strata appear to be interbedded with small and medium-scale 

cross-strata. Though possibly associated with fluvial processes, these 

deposits might have occupied interdunal areas. The presence of wavy 

and horizontal laminations in interdunes is not uncommon. Thus, a 

gradual burial of fluvial sediments by encroaching dunes is postulated.

Deformation

The type of deformation present in the Navajo is perhaps one of 

the most important features in the recognition of dunal environments.

In modern eolian environments, the amount of moisture dictates the type 

and variety of deformational features found in the dunes. The Navajo 

sandstone at Zion, with a few notable exceptions, is entirely devoid of 

deformation. This lack of deformational structures has important 

environmental significance and is discussed later in this chapter.

The Lamb Point Tongue of the Navajo, just north of Kanab, Utah, 

contains a zone of intense deformation along its upper boundary. 

Although not studied in this report, this part of the Navajo exhibits 

the most intense deformation viewed in the Navajo in this area. Con

volute and recumbent folds appear to be present in this location.

McKee, Reynolds, and Baker (1962) found that recumbent folds form where 

surface accumulations of sand are pushed by a sudden rush of water over 

the surface of a submerged set of cross-strata. This tongue of the 

Navajo is overlain by the fluvial Tenney Canyon Tongue of the Kayenta 

Formation. It appears likely that the processes responsible for 

deposition of the fluvial Tenney Canyon Tongue also were responsible 

for this zone of convolute and recumbent folding. The basal part of
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the main body of the Navajo in this locality exhibits contorted 

bedding. This is in contrast to the horizontally bedded basal Navajo 

in Zion. Perhaps the contorted lower Navajo was subjected to a greater 

degree of fluvial action than the flat-lying Navajo in the park. In 

any case, variations in the fluvial environment of the Kayenta Forma

tion seem responsible for variations in the basal Navajo.

In the Park, the area containing the highest degree of deforma

tion is found at the base of the C.O. Section. Deformation types in 

this zone include folding, brecciation, normal faulting, and reverse 

faulting.

As earlier noted, cross-strata near the edge of the maroon 

horizontal strata are normally faulted. This type of deformation is, 

according to Bigarella and McKee (1972), absent in dry sand. Water 

moving upwards from the underlying indistinct strata is probably 

responsible for the upward faulting in the down-dip direction.

Directly overlying the maroon horizontal strata containing the desicca

tion cracks is a 30 foot thick group of highly deformed cross-strata.

At the base of this zone is a group of brecciated laminae. Breccias 

are another feature listed by Bigarella and McKee (1972) as forming in 

wet sand. The deformed zone itself contains indistinct, contorted, and 

maroon strata. One outstanding feature of this zone is a stratified, 

2-foot-thick (.6 m) group of maroon strata projecting vertically to the 

top of this zone. Maroon strata are present throughout this zone as 

units that are discontinuous in places and distinct in other places. 

Because this contorted zone thins near the boundary of the underlying
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maroon strata and is always found overlying the strata, the contorted 

zone was probably once a single dune or group of dunes that were 

deposited over a desert lake. Because maroon strata with desiccation 

cracks are found within this zone, this zone might represent a series 

of desert lakes; or the maroon strata might have been projected up into 

the cross-strata through fluid injection.

A few hundred feet from the edge of this contorted zone is a 

series of laminae that are reversely faulted up-dip. The faulted 

strata approach a thrusted appearance down-dip. This type of deforma

tion can form in wet and dry sand. Indistinct strata that are in 

reality highly deformed cross-strata (Sanderson 1974) probably are 

present above this faulted unit.

The desert lake and possibly a raised water table associated 

with the interdune in this area supplied the moisture that caused the 

deformational features present in this zone.

On the East Rim Trail, approximately 250 stratigraphic feet 

(76 m) above this contorted zone, are a series of folded and faulted 

laminae. Overturned folds, gentle folds, fadeout laminae, and flames 

are present. All four types of deformation are common in dry sand 

(McKee et al. 1971). The latter three types are found exclusively in 

dry sand. Therefore, these deformational forms seem to represent dry 

sand features.

The only deformation observed in any other level of the Navajo 

is in the upper Navajo, 600 feet (183 m) below the top of the forma

tion. This type of deformation, as described in Chapter 2, is present
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near the base of a cross-set. This type of deformation could represent 

either wet or dry sand slumping.

All deformations! features observed in the Navajo are con

sistent with an eolian interpretation. Some types seem characteristic 

of wet sand slumping, while others exhibit features of dry sand 

deformation.

Ripple Marks

Two types of ripple marks were observed in the Navajo at Zion. 

Both types are consistent with an eolian environmental interpretation.

One group of ripple marks is located in the indistinct strata 

below the maroon horizontal laminae at the base of section C.O. These 

ripple marks have a ripple index (R.I.) and ripple symmetry index 

(R.S.I.) that indicate a wave formed process. This type of ripple mark 

can be formed in an interdunal area by lake processes.

The second group of ripple marks found in the Navajo at Zion 

have R.I. and R.S.I. values indicative of eolian sandstones. These, as 

well as the unmeasurable ripple marks observed near the top of Section 

C.O., are oriented parallel to the dip direction of cross-strata. As 

Gregory (1950) postulates, the scarcity of ripple marks is indicative 

of the strength and shifting of winds. Bagnold1s (1941) study sub

stantiates this theory. Furthermore, Reineck and Singh (1973) state 

that in fine grained, well sorted sand, only the formation of very low 

ripples are possible.
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Therefore, the lack of ripple marks do not negate an eolian 

interpretation, and the types that are present fit nicely into an 

eolian model.

Desiccation Cracks

The only desiccation cracks observed in the Navajo at Zion are 

associated with the maroon horizontal laminae at the base of Section 

C.O. Associated with these ripple marks are probable dikaka root 

casts. These structures further confirm the postulation that a shallow 

interdunal lake once formed in this area.

Backset-Topset-Foreset Beds

Cross-sets that contain backset-topset-foreset beds were found 

at several levels throughout the Navajo. These structures are con

sistent with an eolian interpretation, and probably represent the wind

ward deposits of dunes. These occur when sand is present in abundance.

Intertonguing Strata

Cross-wind deposits that intertongue upwards with non- 

stratified avalanche deposits were observed in several vertical levels. 

This situation seems to arise when an unusually thick avalanche deposit 

forms. The cross-laminae appear identical to those found where no, 

intertonguing occurs. Thus, only the avalanche deposits are different. 

These unusually thick avalanche deposits probably originated during 

periods of high winds, causing thick deposits to form on the slip-face 

that later avalanche and intertongue with the lower cross-laminae.
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Shear Planes and Intrasets

Shear planes and intrasets are common in both the Navajo and 

modern eolian environments. In the Navajo, shear planes commonly trun

cate steeper dipping cross-strata. The winds that bevel cross-strata 

were probably a combination of cross-winds and unusual types of pre

vailing winds (possibly storm). Shear planes with erosional bases 

indicate a relatively large number of alternating depositional- 

erosional periods in the dune's history. Shear planes with deposi- 

tional bases are usually indicative of longer periods of time in the 

dune's history without the erosive activity that forms shear planes. 

Shear planes that become horizontal down-dip are excellent examples of 

the erosive power associated with their formation.

Many shear planes probably result from the avalanching of sand 

with little or no direct wind activity. These probably form higher on 

the slip-face and are seldom preserved in the Navajo. Simple cross

strata locally appear beneath shear planes in a down-dip direction.

Fossils

As previously noted, fossils are rarely preserved in the eolian 

environment. Root casts are probably associated with the desiccation 

cracks at the base of Section C.O. No fossil footprints or bones were 

observed during the field work for this study.

Color

The color of the Navajo has been of interest to many geologists. 

The fact that the upper part is white and the lower part is red has
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stirred many controversies over the origin of these units. Grater 

(1948) concluded that the division between the two colors was caused by 

differences in depositional histories. He believed the white units 

were sediments reworked by the wind, forming an erosional surface. 

Gregory (1950), however, found no such surfaces, and concluded that 

differences in color had no stratigraphic significance. Digert (1955) 

agreed with Gregory. However, Digert and Gregory disagreed as to the 

color difference's origin.

Gregory (1950) believed the Navajo was once all red, and the 

white portion is now devoid of the hematite stain because it was 

leached downward. Theoretically, the entire formation should one day 

be white.

Digert (1955), however, disagree with this view, using the 

Temple Cap member as an example. He believes that if the red color 

from the Navajo was leached downward, then the red parts of the over- 

lying Temple Cap Formation should stain the white Navajo red. He con

cludes that no such staining occurs, so the idea of the downward leach

ing of the hematite stain is untenable.

The present author, however, did observe the red-staining of 

the white Navajo by the overlying Temple Cap Formation. In certain 

places above Zion Canyon, the red stain is quite brilliant. The reason 

more of the white Navajo is not stained red can possibly be explained 

by the nature of the sediments composing the Temple Cap Formation. . The 

member consists of two units: the Sinawaua Member, an underlying red

horizontally stratified silty unit, and the White Throne Member, an



overlying lighter colored cross-stratified unit (Peterson 1977, Per

sonal communication). Most of the red color is associated with the 

thin, horizontal units that overlie the white Navajo. It is suggested 

that these horizontal units of the Temple Gap Formation act as a trap 

for the red pigment, creating a relatively impermeable boundary.

Where this unit is thin or possibly absent, the red stain passes down 

into the underlying, white Navajo and stains it. Thus, the downward 

movement of the red stain cannot be ruled out by Digert*s argument.

Digert (1955) concluded that the difference in color between 

the upper and lower parts of the Navajo was due to different source 

areas. The red Navajo formed from red sediments and were protected 

from the abrasive action of sediment transport by quartz overgrowths. 

The white portion simply was never red, and originated from a different 

source.

Walker (1967), however, found that in situ reddening of desert 

sediments can occur. The repeated raising and lowering of the water 

table on an annual basis permits iron oxides to form (Glennie 1970). 

Through time, all sediments will be exposed to this action as the water 

table rises. Thus, the entire formation will be stained red.

Also, if the eolian interpretation is correct, it is doubtful 

if quartz enlargements would survive the abrasive action of wind to an 

extent that the red coloring would be unaffected.

However, one problem with Glennie's (1970) explanation arises. 

The writer observed a zone of unique intertonguing that was present all 

along the 500 foot (152 m) stratigraphic level in Zion National Park.

146
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This zone is seen in Fig. 35. The red-colored Navajo appears to inter

tongue upwards with white cross-strata. The boundary, though 

irregular, is sharp. Most, but not all, of the green Navajo is found 

just below the boundary in the red Navajo. The white cross-strata 

above this boundary become gradually redder, but the overlying cross

strata never is as red as it was below the boundary. Eventually the 

red pigment is restricted to the finer grained laminae found either in 

the tangential part of the cross-sets or in the laminae between the 

cross-beds.

This boundary occurs just above the interdune deposits that 

represent a possible desert lake. The water table was probably near 

the surface in this location. Perhaps the water table rose steadily 

after this time and did not allow ferric oxide to form in this zone. 

Whatever the processes involved, the understanding of this unique 

situation is beyond the scope of this study and involves many unrealized 

complex factors.

Horizontal Truncation Planes

Stokes (1968) proposed the term horizontal truncation planes to 

explain the successively smooth, horizontal surfaces commonly seen in 

proposed eolian sandstones. He postulated that with a rising water 

table and accumulating sand, these horizontal truncation surfaces would 

form through time (Fig. 36). The cross-strata in between these 

parallel surfaces are preserved as co-sets.

McKee and Moiola (1975), however, believe these successive 

tabular units are formed by the beveling of one dune advancing over
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Fig. 35. Boundary between red and 
white color levels near base of Section C.O.

Coloring crosses stratification. (Green 
Navajo faintly visible in red strata below 
boundary). Trees to right center of figure 
approximately 9 feet (3m) high.
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1. Dune sand accumulates on previous level substratum

2 Sand aecummulation continues,water tab le rises  In sand

. ........ ....,

3 Wind action removes sand to w ater tab le

4 Second dune field accumulates on water table surface

S W ater tab le  rises to new position in dune f ie ld

6 Wind action  removes sand to second w a te r  tab le

7 Third dune f ie ld  accumulates, etc.

Fig. 36. Scheme illustrating horizontal truncation surfaces 
(After Stokes 1968).



another (Fig. 37). These two dunes would be separated by thinner, 

finer grained interdune deposits.

Stokes (1968) noted that McKee found tabular planar cross

strata at White Sands only in the upper part of the dune. He concluded 

that these can not be the horizontal surfaces commonly observed in 

ancient eolian sandstones.

These above mentioned tabular planar cross-sets are rarely pre

served in the permanent record because of their position in the highest 

parts of the dunes. However, tabular and wedge planar cross-sets would 

form when the upper portions of the dune are beveled by either 

advancing dunes or wind activity.

Field studies conducted at Zion confirmed the presence of hori

zontal surfaces that truncate underlying cross-sets. In every 

instance, only one cross-set overlies this surface (Fig. 11). In these 

situations, no vertically successive tabular units were observed. The 

overlying cross-sets commonly extend for hundreds of feet. Thus, only 

a horizontal surface of erosion is present.

In other places, a series of tabular planar cross-sets were 

observed in a vertical section. However, single cross-sets are present 

in each of these tabular units. In Stokes' diagrams, co-sets of 

cross-sets are found between these tabular surfaces.

In conclusion, horizontal truncation surfaces are found in the 

Navajo at Zion, but these surfaces probably represent the beveling of 

the dunes by advancing dunes or wind activity. Water table surfaces 

may have been present in parts of the Navajo, but no successive tabular
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A-A', B-B1— Truncation planes formed by successive beveling of dunes 
(vertical scale greatly exaggerated). (After McKee and Moiola 1975).
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units caused by beveling to the water table was observed. In every 

instance, a single cross-set overlies these surfaces of erosion.

Paleocurrent Analysis

Several dip directions and dip angles were taken from each 

cross-set studied at Zion. The results of these findings are given in 

Figs. 38-41. As these figures indicate, the average dip directions 

range from south to southwest. The lower 700 feet (213 m) appear to be 

very consistent, with dip directions averaging S. 16o-40° W (Fig. 38). 

The cross-sets between 700 feet (213 m) and 1400 feet (427 m), while 

possessing an average dip direction of S. 31o-40° have a great number 

of dip readings that vary from southeast-south— southwest-west— north

west (Fig. 39). It appears the prevailing wind direction for this time 

was quite varied. The division along the 1400 foot (427 m) level is 

quite arbitrary. It appears that above this level, the wind direction 

is fairly constant once again, with an average dip direction of S. 17°
W (Fig. 40).

The prevailing wind direction shifted from S. 16° W to S. 71° W. 

through time. The middle Navajo possesses quite a wide range of dip 

directions, while the lower and upper Navajo have fairly constant dip 

directions. Thus, the shift through time appears gradual.

Bigarella (1972) considers in depth the wind patterns deduced 

from modern dune structures. He relates these structures to the 

various wind belts presently observed around the world today. He dis

cusses paleowind patterns and their possible relationship to ancient 

wind belts. Poole (1962) measured cross-bed orientations from the
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Fig. 38. Paleocurrent diagram of the Navajo, lower Navajo

Average bearing: S 16° 40' W; consistency factor: .855; average
dip: 21°; 58 measurements; accurate to within ±7° at 95 percent
confidence.
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Fig. 39. Paleocurrent diagram of the Navajo, middle Navajo

Average bearing: S 31° 40' W; consistency factor: .639; average 
dip: 18°; 45 measurements; accurate to within ±13° at 95 percent 
confidence.
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Fig. 40. Paleocurrent diagram of the Navajo, upper Navajo
Average bearing: S 71° W; consistency factor:
22°; 20 measurements; accurate to within tll° 
confidence.

.764; average dip: 
at 95 percent
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Fig. 41. Paleocurrent diagram of the Navajo, complete vertical section

Average bearing: S 30° 35' W; consistency factor: .715; average dip:
20°; 123 measurements; accurate to within ±10° at 95 percent confidence.
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Navajo and its equivalence, the Aztec and Nugget Sandstones. Poole 

(1962) found that paleowind directions indicate that the Navajo was 

deposited from northerly and northwesterly winds. The Nugget and Aztec 

Sandstones indicate paleowinds from the north and northeast. ^Kiersch 

(1950) found that the Navajo at the San Rafael Swell, Utah, has dip 

directions that change vertically through the section. Most of the 

laminae in the lower Navajo dip S. 30o-50° east. The upper Navajo dips 

S. 17o-20° west. This is the same trend of changing wind direction 

that is observed in the Navajo at Zion. However, compared to the read

ings at Zion, the readings seems to be slightly skewed toward the east.

Based upon paleowind directions, the middle and upper Navajo at 

Zion may be equivalent to the Aztec Sandstone. The Nugget paleocurrent 

directions more closely resemble those found in the lower and middle 

Navajo at Zion. This exact relationship was suggested by Marzolf 
(1970).

Paleomagnetic data (Opdyke and Runcorn 1960) indicate that 

North America was within the trade wind belt during the Mesozoic Era. 

Poole (1957) and Bigarella (1972) also believe that the Navajo and its 

equivalence were deposited in the trade wind belt.

This evidence points toward several conclusions:

1. The lower and middle Navajo at Zion is probably equivalent to 

the Nugget sandstone found to the northeast.

The middle and upper Navajo at Zion is probably equivalent to 

the Aztec sandstone found to the southwest.

2.
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3. Through time, the eolian parts of these equivalent formations 

were deposited by paleowinds that gradually changed from a 

southerly direction.

4. These paleowinds were within the ancient trade wind belt.

5. The westerly change in the wind direction through time might 

represent, as Bigarella (1972) defines, an approaching of the 

equator.

Dune Types

The recognition of dune types in ancient sandstones has been 

discussed by several writers (McKee 1945; Jordan 1965; Sanderson 1974; 

and others).

The absence of ripple marks, the presence of many low angle 

cross-sets probably deposited as windward sediments, and the large 

scale of the cross-strata, led McKee (1945) to conclude that most of 

the Coconino sandstone was deposited by transverse dunes.

The scarcity of ripple marks, the abundance of large scale tan

gential cross-sets with concave upward foresets, dominance of 

horizontally-appearing cross-strata viewed normal to the wind direc

tion, the lack of crescentic shapes, the low angular deviation of dip 

directions, and the abundance of sand (as expressed by low angle wind

ward and backset-topset-foreset deposits) all point toward the 

dominance of transverse dunes in the Navajo at Zion.

The internal structure of the cross-sets at Zion appear to be 

very similar to the transverse dunes studied by McKee (1966) at White
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Sands. Shear planes are also common, and simple cross-strata commonly 

are present at the base of the intrasets.

As eolian dunes are beveled by the wind and other dunes, the 

upper portions of modern transverse dunes are seldom preserved. This 

beveling creates basically tabular or wedge shapes, and forms the 

tabular and wedge planar cross-sets commonly observed at Zion. Shear 

planes are not seen to merge up-dip with horizontal bounding surfaces 

because of this beveling. Therefore, few of the thinning-upward sets 

of cross-strata present in modern transverse dunes are observed. 

Locally, however, thick cross-set is overlain by thinner cross-sets. 

Sometimes possible windward deposits overlie the larger cross-sets.

Such instances, however, are rare.

The presence of trough cross-strata is also consistent with 

this interpretation. McKee (1966) noted that troughs locally were 

common higher in the dunes and probably resulted from the infilling of 

scour surfaces caused by changes in wind direction. The lack of trough 

cross-strata in the Navajo is consistent with the theory that the tops 

of the dunes are seldom preserved.

Barchan dune types appear to be uncommon, if not rare. An 

abundance of sand covers the firm substrate necessary for barchans to 

migrate across. The general absence of interdune deposits appears to 

substantiate this postulation. Crescentic shapes and curving strata 

(in views normal to the dip direction) are absent. The lower Navajo 

might contain barchan dune deposits because the underlying fluvial 

Kayenta sediments would provide a firm substrate for their formation.



The presence of possible horizontal and wavy interdune deposits also 

might point toward favorable conditions. However, exposures are 

basically vertical so few three-dimensional views are possible.

Seif dunes appear to be absent. No, interfingering of oppo

sitely dipping cross-strata was observed and, as noted by Folk (1971), 

seif's are erosional dune forms that are rarely preserved in the 

geologic record.

Dome-shaped dunes also are absent, since nearly all cross

strata are tangential, not convex upward, at the base of each cross

set.

Locally, irregular shaped cross-sets are present. Several 

cross-sets from Section Z-2 resemble the reversing transverse dunes 

observed by Sharp (1966) in California.

Interdunes were located in several vertical levels. The lower 

Navajo that appears to intertongue with fluvial deposits contains hori

zontal and wavy laminated interdune deposits. The middle part of the 

lower Navajo contains interdune deposits formed in a desert lake. The 

most abundant occurrences of interdune deposits are located beneath 

each cross-set. The tangential strata of the cross-set represent 

deposits in front of the advancing dune that probably settled from sus

pension on the interdunal areas. The thickness of these interdune 

deposits vary depending upon their exposure to the atmosphere and the 

amount of sediment present. The first point is dependent upon the time 

it takes for an approaching dune to bury the interdune.

160
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Thus, the thinness of the interdunes at the base of each cross

set is consistent with the idea of abundant sand supply.

Dune Movement

Stokes (1964) discussed the possibility of eolian varying being 

present in the Navajo. He includes pictures (Figs. 1-4) to illustrate 

his theory. He states that thin laminations composed of coarser grains 

appear as ribs or grooves depending upon cementation characteristics. 

The thicker beds are composed of avalanche deposits that also contain 

thinner laminations that appear relatively undisturbed. Stokes con

cludes that these thin coarser laminations signify times of the seasons 

when the dunes were relatively moist and the winds could only pick up 

larger grains. He attributes this feature to seasonal variations.

The avalanche deposits probably have within them finer grained 

laminations that form when sediment settles out from suspension. The 

coarser grained laminae, however, are a mystery.

Based upon Stokes' seasonal dune movements, the yearly advance 

would be from 6 inches (15 cm) to 3 feet (.9 m). This seems a little 

low to be consistent with this study's findings as to abundant sand 

supply, the strength of the winds, and so forth. Dune movements 

measured by other authors indicate somewhat larger rates of growth. 

Finkel (1959) found that barchans in souther Peru moved from 30 to 106 

feet (9 to 32 m) a year. McKee and Douglass (1971) found that trans

verse dunes at White Sands move from 4 to 12 feet (1-4 m) a year.

One of Stokes1 study areas is in the Lamb Point Tongue near 

Kanab. From his pictures, it appears these dunes possessed the largest
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values of dune growth. These structures appear quite different from 

the ones observed in the park. Because of the intense deformation in 

the Lamb Point Tongue and the presence of the fluvial Kayenta forma

tion, there was probably a good deal of moisture in this region and the 

"varves" might be related to seasonal variations.

However, as the present study points out, moisture was probably 

absent in the main body of the Navajo at Zion. Stokes’ Figs. 2 and 3 

appear to be simply alternating avalanche and suspension deposits, with 

differential cementation playing an active role in the "varving."

Coastal vs. Inland Dunes

As previously pointed out, deformation is usually abundant in 

coastal dunes and relatively absent in inland dunes. Textural analy

ses, while favoring an inland dune situation (Figs. 32-33), contain 

many flaws and are useless for this study. The same sedimentary 

structures and dune types can be found in either coastal or inland 

dune fields. But the absence of dome-shaped or foredune structures 

and the local presence of dry sand slumps further point toward an 

inland dune field. Coastal dunes are characterized by moisture-laden 

winds that blow inland. Because the winds appear strong in Navajo 

times, (as shown by the presence of erosional wedge-shaped dunes and 

large scour and fill structures infilled with trough cross-strata), it 

is highly unlikely that these salt and moisture-laden sea winds could 

avoid blowing across these dunes if they were coastal deposits. This 

would cause an abundance of a high degree of deformational structures.
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Such is not the case. The winds were strong, and there is 

almost no deformation present in the entire formation at Zion. There

fore, a vast inland desert cut off from moisture-laden sea breezes is 
postulated.

/



CHAPTER 6

VERTICAL VARIATIONS 

Size Analysis

Information concerning the textural analysis of the Navajo 

sandstone at Zion National Park has been listed in Chapter 3. Figs. 

42-45 illustrate the Navajo's vertical variations in mean grain size, 

standard deviation, skewness, and kurtosis.

Mean grain size appears to mostly vary between 2,0j> and 3.0/S. 

The finest and coarsest samples in the vertical section both occur in 

the lower Navajo. There appears to be no trend in an upwards direction 

in mean grain size.

Standard deviation varies quite frequently in a vertical sense. 

Sorting for the entire section is mostly moderately well sorted to well 

sorted. The sorting appears basically very good in the lower Navajo 

(with a few notable exceptions). The lower middle part of the Navajo 

is moderately sorted. The rest of the middle and the upper Navajo has 

less variation and is moderately well sorted.

Skewness mostly varies from near symmetrical to strongly fine- 

skewed. No vertical variation in skewness is noted. Negatively skewed 

samples occur throughout the section. Strongly fine-skewed samples are 

also not restricted to any vertical zone.

Kurtosis mostly varies from platykurtic to leptokurtic. The 

extreme variations occur in the middle of the Navajo.
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The Navajo apparently has no vertical trend in textural char

acteristics. The only possible change appears to be one of variation. 

The samples from the upper Navajo appear to vary less in values than 

those from the middle and lower Navajo.

Paleocurrent Analysis

As previously mentioned, the Navajo can be roughly subdivided 

into three vertical units on the basis of paleocurrent data. The lower 

unit was deposited by winds blowing dominately from the north. The 

middle units appear to have been deposited by winds blowing over a wide 

range, with dip directions varying from southeast, south, southwest, 

west, and northwest. The upper unit was deposited by winds blowing to 

the southwest.

Sedimentary Structures

Planar and rarely trough cross-strata are not restricted to any 

one vertical zone. Tabular and wedge-shaped cross-sets are also 

present throughout the Navajo.

The lower-most Navajo is characterized by structureless and 

horizontally bedded sandstones and siltstones that grade upwards into 

discontinuous horizontal and wavy laminae. Small scale cross-strata 

that resemble large ripples are limited to the lower Navajo. The 

cross-sets are small to medium scale and all shapes are present. 

Cross-sets tend to increase in size upwards in the Navajo, though small 

scale cross-sets are present throughout the Navajo.



This increase in cross-set thickness is rather striking.

Trough and planar cross-sets both increase in size in the upper Navajo. 

There appears to be less interdunal deposits below the cross-sets. 

Cross-sets as thick as 125 feet (38 m) indicate fairly large dunes.

These factors point toward an increase in sand supply and wind veloc

ity. Perhaps the dunes become a vast complex as presently seen in 

parts of Arabia.

Deformed cross-strata are mostly limited to the interdunal 

deposits found at the base of Section C.O. Desiccation cracks, ripple 

marks, horizontal strata, and the "green" Navajo are all found at this 

level. The rest of the Navajo is almost devoid of these features, 

though probable eolian ripple marks are present in the middle and 

upper Navajo. Backset-topset-foreset beds were observed in the middle 

and upper Navajo. They seem to represent complex dune structures and 

are present when sand supply is abundant. These, of course, are the 

windward deposits that are rarely seen. Intertonguing of avalanche 

with cross-wind deposits are present in the lower, middle, and upper 

Navajo. Shear planes and the associated intrasets are conmon in all 

types of cross-strata and are not restricted to any vertical level.

Dune Types

Transverse dunes appear to be the dominant dune type present at 

Zion. The lower Navajo is characterized by features that may have 

allowed barchans to develop. A few cross-sets in the middle Navajo 

exhibit features observed in modern reversing dunes. The upper Navajo 

might have been a large, complex group of transverse dunes. Blowout
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and parabolic dunes might have been present in this area and are pre

served as medium-large scale trough cross-strata. Interdunes deposits 

vary in size, shape, thickness, and nature of deposits throughout the 

Navajo. Perhaps the largest is the paleolake deposits present at the 

base of Section C.O. in the lower Navajo. Interdune areas various 

sizes might be present near the basal Navajo.

Other Features

The color of the Navajo is an obvious vertical division. The 

boundary between the white and red Navajo discussed in Chapter 5 is 

present along the 500 foot (152 m) vertical level (lower Navajo) 

throughout the Park. The "green" Navajo is usually associated with 

this boundary, though samples have been found 400 feet (122 m) above 

this level in the middle Navajo.

In conclusion, it appears that some vertical variations do 

occur in the Navajo. Dip directions, cross-sets thicknesses, certain 

sedimentary structures, dune types, color, and other features vary 

vertically. Textural features, various sedimentary structures, types 

of cross-strata, shapes of cross-sets, the tangential nature of cross

sets, and other features do not appear to change in a vertical sense.

Fluvial, lacustrine, and eolian environments of deposition are 

present in the Navajo at Zion. Fluvial sediments appear to be 

restricted to the Lamb Point Tongue and the lower Navajo. Lacustrine 

deposits are represented by shallow pans infilled with horizontal sedi

ments. Reported occurrences of dolomite, limestone, and chert pans are



probably lacustrine in origin. The Navajo at Zion was, however, 

dominantly deposited by eolian processes.



CHAPTER 7

CONCLUSIONS

The Navajo Sandstone at Zion National Park, Utah, was formed in 

an eolian environment of deposition. The sedimentary features indicate 

the Navajo at Zion was deposited dominantly as transverse dunes in an 

inland eolian dune field. Interdune deposits of horizontal strata are 

common. Rare fluvial deposits probably are present in the lower 

Navajo. Probable lacustrine deposits formed in interdunal areas are 

located below the contorted zone of strata at the base of Section C.O. 

In this locality, maroon horizontal strata, desiccation cracks, ripple 

marks, deformation, and probable root casts are present.

Textural features of the Navajo Sandstone show little strati

graphic variations. When compared to modern textural environmental 

studies, the textural features of the Navajo show inconsistent results. 

The modern textural studies contain inherent flaws in their technique.

Paleocurrent analyses indicate a changing wind direction 

through time. Wind directions move from south to southwest through 

time. The lower Navajo has a high consistency factor of .855 and dips 

S. 16° W at 21°. The middle Navajo has a consistency factor of .639 

and dips S. 31° W at 18°. The upper Navajo has a consistency factor of 

•764 and dips S. 71° W at 22°. The entire Navajo has a consistency 

factor of .715 and dipq S. 30° W at 20°.
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Vertical variations in dip directions, cross-set thicknesses, 

sedimentary structures, and colors occur in the Navajo at Zion.

This study at Zion represents one particular location of the 

Navajo Sandstone. Throughout its regional extent, the Navajo exhibits 

a wide variety of sedimentary structures, paleocurrent directions, 

vertical variations, and so forth. Parts of the Navajo in other areas 

might have formed in a marine depositional environment during the 

transgression of the Carmel Sea. At Zion, no transgression occurred 

until after the deposition of the Navajo Sandstone. Freeman and Visher 

(1975, p. 652) suggested that "The intertonguing relationship of the 

Navajo with the overlying marine Carmel Limestone . . .  casts serious 

doubt upon an eolian-desert origin for the Navajo." A chert pebble 

unconformity at the top of the Navajo Sandstone represents a brief 

period of uplift and tilt toward the west (Pipiringos and O'Sullivan 

1975). The chert pebble unconformity repudiates Freeman and Visher's 

(1975) argument for intertonguing of the Navajo and the marine Carmel 

Formation. Thus, the eolian interpretation is consistent with strati

graphic relationships.



APPENDIX A

Sample

E.R.T. 1 
E.R.T. 7 
E.R.T. 10 
E.R.T. 18 
E.R.T. 29 
E.R.T. 33 
E.R.T. 39

C.O. 2 
C.O. 7 
C.O. 11 
C.O. 14 
C.O. 20 
C.O. 27 
C.O. 32 
C.O. 38 
C.O. 39 
C.O. 43 
C.O. 48 
C.O. 52 
C.O. 54 
C.O. 59 
C.O. 63 
C.O. 70 
C.O. 71 
C.O. 75 
C.O. 77 
C.O. 81 
C.O. 84 
C.O. 89 
C.O. 91 
C.O. 91 
C.O. 92 
C.O. 106

STATISTICAL PARAMETERS OF GRAIN SIZE 
FROM VERTICAL SECTION

Samples from Section E.R.T.

Mz Cj Skj %G

4.05
2.86
2.21
1.26
2.60
2.78
2.29

.82

.47

.51

.66

.42

.54

.47

.24

.07

.01

.63

.12

.41

.01

.89
1.13
1.26
1.41
1.04
1.19
.93

Samples from Section
2.87 .83 
2.55 .81
2.89 .32
1.50 .30
2.77 .49 
2.83 .67
2.90 .97 
2.25 .65 
2.94 .78 
2.60 .90 
2.52 .71 
2.40 .37
2.50 .44 
2.30 .40 
2.43 .65
1.90 . .40 
3.28 .70 
2.36 .40
2.78 .38
2.78 .55 
2.63 .67 
2.38 .60
2.90 .71 
2.80 .68 
2.70 .64 
2.75 .49

.11 1.19

.11 .78

.08 1.29
-.03 1.19
.17 1.26
.07 .94

-.06 .65
.38 1.10
.07 1.10
.35 .86
.32 .80
.06 .90
.05 .96
.06 1.00
.33 .95
.20 1.60

-.09 1.30
— . 10 .86
.14 1.30
.08 .95
.15 .99
.12 1.00

—.10 .90
.20 .90
.30 .90
.02 .80
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Sample

Samples from Section Z-3

Mz CJ1

176

Kg
Z-3 15 
Z-3 18 
Z-3 20 
Z-3 top

2.96 .56 -.07 .90
2.51 .49 .10 .80
2.45 .68 .30 .80
3.06 .47 -.07 1.10



APPENDIX B

S T A T IS T IC A L  PARAMETERS OF GRAIN S IZ E  
FROM OTHER CROSS-SET STUDIES

Samples from Backset-topset-foreset Beds in Section Z-2

Sample Mz C l S k i

Back-Top. 2.53 .67 .12 .88

Foreset 3.10 .62 .20 1.20

Back-Top. 2.63 .70 .02 1.02
Foreset 2.88 .57 .11 1.07

Samples from Set Studied Vertically

10 feet 1.78 .61 .43 .76
20 feet 2.47 .58 -.08 .89
30 feet 2.45 .55 -.09 .81
40 feet 2.57 .62 -.10 .94
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