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ABSTRACT

The San Rafael Group (Middle-Late Jurassic) 
of north central Arizona contains sedimentary evidence 
of the quickening pulse of the Nevadan orogeny to the 
west, i.e., the uplift and destruction of the 
Cordilleran geosyncline. This uplift closed the 
circle of positive areas, except to the north, forming 
a north-south oriented basin on the site of the 
present Colorado Plateau.

Within the study area, the San Rafael Group 
ranges in thickness from 400 (south) to 1200 feet 
(north), and consists of the Carmel Formation 
(?Callovian), the Entrada Sandstone (?Callovian- 
Oxfordian), and the Cow Springs Sandstone (?0xfordian) 

The Carmel Formation consists of red silt- 
stones/ claystones (80^) and interbedded sandstones 
(20#), and lies disconformably on the Navajo Sandstone 
(Triassic-Middle Jurassic). The Carmel varies in 
thickness from 120 (south) to 300 feet (north) and the 
contact with the overlying Entrada is conformable.

The predominantly cross-stratified Entrada
varies in thickness from 200 (south) to 800 feet

xxiv
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(north). Stratigraphic relations suggest partial 
lateral equivalency with the Cow Springs, and physical 
similarities, both units are moderately well sorted, 
silty, very fine grained, leptokurtic, and positively 
skewed sandstones, demonstrate that these two units 
are closely related. The Cow Springs varies from a 
feather-edge (north) to 300 feet (south), and the 
contacts with the overlying Morrison and Dakota units 
are apparently disconformable.

When compared with studies of modern sediments 
on the basis of skewness values and skewness vs. 
kurtosis plots, lower and middle Carmel, lower Entrada, 
and northern Cow Springs samples reflect beach/littoral 
deposition.

The initial, maximum Carmel transgression pro
duced a broad coastal plain where the Navajo Sandstone 
was beveled and reworked, caused not merely by a change 
to more marine conditions but also a climatic change to 
more moist conditions with chemical weathering pre
vailing. Volcanic sources, either to the west or south, 
made a lesser contribution of clay and iron-rich 
minerals. Red beds were produced on the Carmel coastal 
plain tidal flats. Minor cross-stratified sandstones 
indicate winds from the north, although shallow-water
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conditions dominated, with periodic desiccation, and 
evaporation caused by warm, semi-arid conditions.

The northward-, halting retreat of the Carmel 
shoreline produced Carmel/Entrada interfingering as 
the Entrada eolian regimen moved onto the coastal plain 
from the south. The Carmel remained in a semi- 
consolidated state after the commencement of Entrada 
sedimentation.

The basal Entrada units bear evidence of 
subaqueous deposition. As the Carmel sea moved farther 
to the north, the southern source areas returned to 
more arid conditions, with physical weathering again 
prevailing. During much of Entrada time, the nearest 
marine environments were in northwestern Utah.

Many of the Entrada sandstones exhibit features 
of eolian origin, while others apparently represent 
fluvial, or mixed fluvial/eolian deposition. The 
sedimentary evidence implies hot, arid climate.

The San Rafael paleowind pattern underwent a 
significant swing during Entrada time from northerly 
winds to easterly winds reflecting the retreat and 
decreasing influence of the Carmel sea.

The northern, depositional(?) edge of the Cow 
Springs contains evidence of subaqueous origin, while
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the remainder of the unit indicates eolian 
conditions.

The transgression of the Sundance Sea again 
into central Utah is reflected by the reversal of 
Entrada easterlies to westerlies during Cow Springs 
time (?Oxfordian). Concurrently, uplift in the west 
(Nevadan orogeny) caused an eastward tilting of the 
San Rafael basin, shifting the basin axis eastward 
and initiating west to east sediment transport in 
central Utah.

The development of a northeastward flowing 
fluvial system (Morrison), reflecting uplift to the 
west and south, closed out the San Rafael cycle, and 
was in turn followed by extensive pre-Dakota erosion.



INTRODUCTION

General
The San Rafael Group of Jurassic age on the 

Colorado Plateau records a significant event in the 
geologic history of the Western Interior: the destruc
tion of the Cordilleran geosyncline and the invasion 
from the north of the Sundance Sea» Prior to this time, 
invasions of the sea on to the Colorado Plateau had 
been from the west-northwest with source areas to the 
south, southeast, and east. The San Rafael Group 
sediments represent disposition in the environments 
produced in response to this tectonic alteration with 
the resultant changes in source areas and sediment 
transport directions. Thus, an understanding of the 
San Rafael Group, particularly the interaction of sedi
mentary processes responsible for its deposition, can 
aid immensely in the interpretation of the geologic 
history of the Colorado Plateau during the Jurassic.

Area
One area where the San Rafael Group has not 

been studied in any detail lies between Black Mesa,

1
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Arizona* and the Kaiparowits Plateau, southern Utah. 
Figure 1 illustrates the positions of Black Mesa and 
the Kaiparowits Plateau in respect to the outline of 
the Colorado Plateau and the Arizona-Utah border. The 
San Rafael Group is well exposed along the north edge 
of Black Mesa and along the south edge of the Kaiparowits 
Plateau. The Jurassic of Black Mesa has been studied in 
some detail by Harshbarger (1948, 1949), Harshbarger, 
Repenning and Irwin (1957), and Cooley and others
(1969) • Bissell (1954), Phoenix (1963), Wright and 
Dickey (1963a), Lessentine (1965), Peterson and Waldrop" 
(1965), Wilson (1965), Cashion (1967), Imlay (1967), 
Stokes and Thompson (1969), and Thompson and Stokes
(1970) have worked with the Jurassic of the Kaiparowits 
Plateau. In contrast, only the broad reconnaisance 
work of Wanek and Stephens (1953) covers the area in 
between.

The area between Black Mesa and the Kaiparowits 
Plateau, sometimes called the Kaibito Plateau (see 
Fig. 2), is one of the most scenically spectacular, yet 
little visited, areas in the State of Arizona. Inacces
sibility was one of the major problems faced by the 
author in attempting to describe the San Rafael Group 
of the study area (see Fig. 1). What few roads that
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and members.
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exist in the area are primitive at best, and are 
normally travelled only by Navajo sheep or cattle 
herders. These roads are not well mapped and are often 
impossible to follow. Deeply dissected canyons, such 
as Navajo Creek and Kaibito Wash, restrict cross
country travel and make it particularly difficult to 
reach some areas.

The area along Glen Canyon, particularly the 
south side, was next to inaccessible prior to the 
filling of Lake Powell in 1965* Now lake travel 
brings most of the immediate shore areas within reach. 
But here again the mere physical nature of the rock 
exposures add to the problem. The broad, regional 
uplift experienced by the Colorado Plateau has pro
duced sheer, spectacular cliffs in thick, uniform 
stratigraphic units as a result of canyon down-cutting. 
This erosion has left the entire San Rafael Group 
exposed at only a few points between Black Mesa and 
the Kaiparowits Plateau, such as White Mesa, Tse 
Skizzi, Lechee Rock, Tower Butte, Tse Tonte, and 
Cummings Mesa. In between these locations only the 
lowest member of the San Rafael Group, the Carmel 
Formation*, remains as a poorly exposed blanket above

.♦Other units of the San Rafael Group above the Carmel in the study area are the Entrada Sandstone and the Cow Springs Sandstone.
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the underlying and more resistant Navajo Sandstone.
Above this Carmel bench, the upper, more resistant 
formations of the San Rafael Group commonly form sheer, 
nearly inaccessible cliffs, particularly in the 
northern two thirds of the study area.

In addition to accessibility and erosion 
problems, stratigraphic differences exist between Black 
Mesa and the Kaiparowits Plateau. The section along 
the northwest edge of Black Mesa (see Fig. 3) contrasts 
sharply with the thick, massive cliffs along Lake 
Powell (see Fig. 4). Both variation in thickness of 
each unit and removal by later erosion have caused this 
southward thinning. The lack of continuous north-south 
exposures makes it particularly difficult to recognize 
the environmental differences which are known to exist 
between Black Mesa and southern Utah. The Entrada 
Sandstone at its type area in central Utah, was deposited 
in shallow marine or flood plain environments. By 
contrast, the Entrada of the study area is of eolian 
and fluvial origin. The other members of the San Rafael 
Group show similar north-south environmental variations 
that are difficult enough to recognize with accessible 
and continuous outcrop.

The problems of correlating within the San 
Rafael Group were recognized early by Lee, Boyer, and
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Figure 3* Typical southern exposures of the San 
Rafael Group between Coal Mine and Bat 
Canyons, Coconino County, Arizona#
Units include Dakota Sandstone (Kd), Cow 
Springs Sandstone (J ), Entrada Sandstone 
(Je), and Carmel Formation (J ).
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figure 4. Typical northern exposure of the San Rafael 
Group at Northeast Cummings Mesa section 
(SRG-8 ), San Juan County, Utah.
Units include Morrison Formation (Jm ), Cow 
Springs Sandstone (Jcs), Entrada Sandstone 
(Je), Carmel Formation (Jca), and Navajo 
Sandstone (Jn ).
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Gilluly (1926, p. 5) who found that ".-..recognition of 
the still younger Jurassic beds (above the Navajo) is 
even more difficult without careful mapping to determine 
which beds thin out and which persist." And, unfortu
nately for the stratigrapher working on the Jurassic 
strata of the Colorado Plateau, "...gradational contacts 
are more often the rule than the exception" (Harshbarger 
and others, 1957* p« !)• '

Gregory (1917, P* 51) concluded at an early 
date that "...although the beds assigned to this system 
(Jurassic) are the most conspicuous members of the 
stratigraphic column of the (Colorado) Plateau province, 
their correlation and place in the time scale rests on 
poorly established assumptions..." and remain "...in 
an unsatisfactory state." This is due, in part, to the 
difficulty of carrying correlations where "...marine 
fossiliferous beds interfinger into non-marine and 
unfossiliferous beds" (Stokes, 1963b, p. 119) and in 
part due to the difficulties of correlating "...eolian 
deposits with each other and with other types of 
sediments" (Stokes, 1961, p. 160).

In addition, in terms of modem sedimentation, 
the problem of interpreting the San Rafael Group "...is 
difficult because there is no comparable broad, shallow
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sea today extending far into a continent and nearly 
surrounded by low borderlands" (Imlay, 1957* P* 470).

Purpose and Scope
The ultimate aim of this study is the strati

graphic and environmental analysis of the San Rafael 
Group in the area of study and the fitting of this 
analysis into the larger regional paleogeography of the 
Colorado Plateau during the latter part of the Jurassic. 
Reconstruction of depositional environments is based 
primarily on the recognition of:

(1) the sedimentary structures and their 
environmental significance,

(2 ) the directional properties of these 
structures,

(3) the various grain size parameters and 
their sedimentologic meaning, and

(4) the various other environmentally 
significant parameters of the sediments, 
such as lithology, geometry of sand 
bodies, and facies relationships.

Thus, we will try to reconstruct the network of environ
ments present during San Rafael time by first describing 
the sedimentary units in the field and in the 
laboratory and then using the information derived to



interpret the conditions of deposition. The methods 
used in this description and interpretation are dis
cussed in the following section.



METHODS

Field Techniques
The summers of 1966 and 1967 were spent in the 

field, plus several additional weeks when either 
specific problems arose or time became available. Work 
outside the study area included a trip to the type area 
of the San Rafael Group (San Rafael Swell), Arches 
National Monument, and the Straight Cliffs south of 
Escalante, all in Utah.

Initially an attempt was made to locate the 
most accessible, complete exposures and identify the 
gross lithologic units. On the basis of this recon
naissance work, a more detailed program was planned.
This program consisted of measuring a grid of detailed 
stratigraphic sections (see Fig. 5) to cover the out
crop pattern of the San Rafael Group along with tracing 
units between sections. These sections are used to 
show north-south San Rafael Group relationships on the 
regional cross-section (Fig. 6 ). Table 1 outlines a 
general guide used during the field measurement of 
stratigraphic sections.

Of primary concern during this section measuring 
phase of the field work were three aspects*

12
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Key to measured sections:

1. Coal Mine Canyon (SRC-1)
2. Northwest Coal Mine Mesa (SRC-12)
3. Lower Bat Canyon (SRC-11)
4. Blue Canyon (SRC-3)
3. Middle Mesa (SRC-9)
6. Tonalea Trading Post (SRC-13)
7. Eleohant Feet (SRC-2)
8. Cow Sorlngs Trading Post (SRC-14)
9. Tonalea-Kaibito Road (SRC-21)
10. Southwest White Mesa (SRC-4)
11. Window Rock (SRC-15)
12. Northeast White Mesa (SRC-5)
13. Kalblto Trading Post (SRC-16)
14. Tse Sklzzl (SRC-10)
15. Lechee Rock (SRC-18)
16. Southeast Cummings Mesa (SRC-22)
17. Navajo Begay (SRC-20)
18. West Cummings Mesa (SRC-19)
19. Northeast Cummings Mesa (SRC-8)
20. Dangling Rope Canyon (SRC-6)
21. Vahweap (SRC-7)
22. Warm Creek (SRC-17)

Key to auxiliary control oolnts:
6A. Southeast (70°) of Elephant Feet (1.0 mi.)
61. SWS of Tonalea TP (0.4 mile)
7A. North of Elephant Feet Sect. (1.5 miles)
IQA. N. of SW White Mesa Sect. (0.75 mile)
13A. Kalblto Wash, N. ol Kalblto TP (1.5 ml.)
14A. Tse Sklzzl Road, S. of Tse Sklzzl(6.0 mi.)
ISA. Lechee Rock Road
151. Page-Kalblto Road
21A. Kane Creek Bay
22A. Vahweap-Clen Canyon City Road
221. 49-mile Point

* 36°00'

STUDY AREA

Figure 5* Index map of study area with locations of
measured sections, auxiliary control points, 
and index cross section A-A*•
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TABLE 1. Field guide for description of measured 
sections#

A# Lithology: including Heavy-mineral (HM) assemble,
etc# - sandstone (ss), siltstone (sst), mudstone 
(mst), claystone (cst), conglomerate (eg)#

Be Texture*
le Grain size
2e Roundness (2d), sphericity (3d), surface 

texturee
3e Sorting (well = WS, moderate = MS, poor = 

PS).
4 # Presence or absence of matrix and/or cemente

Ce Color* both original and weathered 
GeSeAe Rock color chart

De Bedding*
1. Flat*
2 e Cross-*
3• ae Scale* See Figure ?•

be Type*
Ce Directional readings (direction and 

amount of dip)e
4e Expression* ledge, slope, cliff, coverede

Ee Thickness of unit* (subunits)e
Fe Sample, picture or fossil horizon*
G# Sedimentary structures (other than cross-bedding)e 

—  ripple marks, convolute bedding, etce
He Splitting properties*
I# Type of contacts* gradational, conformable, sand 

on shale, etce
J e MlSCet
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Can r e  Lew angle
«  30 degree)

Medium scale
(1 (0 * )  fast) 
Largs scale
(>  20 feet)

ClaaelfUotloo of Croea-etratlflod Dolte.

Guide to describing layered rocks, stratified 
and cross-stratified units, and classification 
of types of cross-stratified units (adapted 
from McKee and Weir, 1953, Fig. 1, Tab. 2, 4).

Figure 7
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(1) the recognition and tracing of significant 

stratigraphic units utilizing the field 
descriptions of physical characteristics,

(2) the recognition and recording of sedimen
tary structures and any directional 
properties they might possess, and

(3) the collection of representative 
lithologic samples to be used for detailed 
grain size analysis.

Item (l) was the basis for regional correlation 
of formations which serve as a framework for paleoenvi- 
ronment maps.

Items (2) and (3) were emphasized as they form 
the basis for paleocurrent studies and recognition of 
environments. More than 800 directional readings of 
sedimentary structures were taken and 150 samples 
collected from the 21 measured sections and other 
exposures examined. The position of the readings and 
the samples is shown on Figure 6.

In addition, 213 cross-strata directional 
readings from published data (Harshbarger, 1949) have 
been reprocessed and are included with the Entrada and 
Cow Springs paleocurrent statistics.

In order to adequately describe stratification 
and cross-stratification, standard terminology as



proposed by McKee and Weir (1953) has been followed in 
this study (see Fig. 7)• Cross-stratified units, of 
prime concern in this study, require further description 
to aid in the recognition of environmental types.
Figure 7c (McKee and Weir, 1953* Table 4) presents 
terminology for describing (1) the lower bounding 
surface, (2) the shape of the unit, (3) the attitude of 
the axis of each unit, (4) the symmetry of the unit,
(5) the nature of lamination arching (concave upward 
vs. convex) within the unit, (6) the amount of dip 
within each unit, and (7) the scale, or length, of each 
unit: all of these should be used for adequate descrip
tion of cross-stratification types. These characteristics 
are of prime importance when relating cross-bedding to 
mode of formation and current types.

Stokes has recently (1968, p. 511) called 
attention to multiple parallel-truncation bedding planes 
which occur in most eolian sand deposits. Peirce 
earlier (in Opdyke and Runcorn, I960, p. 963) had 
postulated a rising water table to explain these 
characteristic planes and the preservation of the 
cross-bedded unit below. These horizontal planes are 
not as common in the Entrada and Cow Springs sandstones 
as in other eolian units on the Colorado Plateau (i.e., 
Navajo, DeChelly, and Coconino sandstones).

18



As sections were measured, terminology based on 
the elements listed on Figure 7a-c, has been applied 
whenever the nature of bedding was obvious. Readings 
were restricted to one from each cross-bed set with 
the steepest dip always recorded. Unfortunately, 
weathering often gives many beds a massive look, partic
ularly in the northern part of the study area, while in 
the south, lack of induration or cementation makes it 
equally difficult to recognize bedding characteristics.

Care was also taken to collect representative 
lithologic samples from each of the various units of 
the San Rafael Group as well as the underlying and 
overlying units.

In addition to the cross-bed readings, other 
sedimentary structures were recorded. Those with 
directional bias (i,e., ripple mark) have been used for 
the paleocurrent studies while these and the non- 
directional structures (i.e., mud cracks, salt casts, 
etc.) was used in the reconstruction of environments.

Laboratory Techniques 
Lithologic Analysis

All lithologic samples were examined and 
described by binocular microscope. Data derived from 
this study included composition, surface texture and

19
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color of grains, kind and estimated percentage of 
cement and matrix, estimated grain roundness and spheri
city, and estimated sorting (poor, moderate, well), as 
well as color (Goddard and others, 1948), weathering 
characteristics, grain size and degree of cementation 
of the rock itself.

From this information, 70 samples were selected 
from throughout the San Rafael Group and associated 
formations for grain size analysis. The position of 
these samples is shown on Figure 6. Other samples were 
selected for X-ray diffraction analysis and these are 
also shown on Figure 6.

Granulometric
For grain size relationships, the ratio scale 

devised by Udden (1914), with names for the class 
intervals proposed by Wentworth (1922), is used here 
(see Table 2) rather than an arithmetric scale, because 
"...nature apparently favors ratio scales..." (Folk, 
1965, p. 3)» This scale has become standard in modern 
sedimentology and greatly simplifies comparison with 
published works. For the same reason, the phi (fS) 
scale (= negative logarithm to the base 2 of the 
diameter in millimeters) transformation of the Wentworth 
scale (Krumbein, 1934) is used in nearly all modern
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TABLE 2. Classification of grain size using milli
meters, phi (0) units and Udden-Wentworth 
grade classes (Cadigan, 1961, Table 2).

MEAN DIAMETER

Range in millimeters Range in 0 units Class

63.999 — 4.000 -6 .0 0 - 1 t\> O h* Pebbles
3,999 — — 2 .0 0 0

00•CM1 - 1 H O Granules
1.999 — 1 .0 0 0 —i. 00 - -0 .01 Very coarse 

sand
0.999 —— 0 .500 0 .0 0 - 0 .9 9 Coarse sand
0.499 -- 0.250 1 .0 0 - 1 .9 9 Medium sand
0.249 0.125 2 .0 0 - 2 .9 9 Fine sand
0.124 -- 0 .062 3 .0 0 - 3 .9 9 Very fine 

sand
0.061 -- 0.004 4.00 - 7 .9 9 Silt

> 0.003 > 8 00 Clay



studies and simplifies mathematical computations. 
Transformations between phi and millimeters have been 
made in all cases using tables prepared by Page (1955)« 

One basic assumption of granulometric analysis 
is that the grain being tested has not changed charac
teristics since deposition. The grain represents the 
ability of the current to transport, the material 
available, and other factors. From the grain we can 
reconstruct much concerning the conditions of deposition. 
However, the grain characteristics can be changed when 
the rock is affected by diagenetic alteration. These 
alterations includes (l) addition of cement and/or 
matrix, (2) addition of material to the surface of the 
grain (i,e., secondary quartz overgrowths), (3) alter
ation of grains to more stable products (Le., feldspar 
or volcanic material to clay), and (4) etching of the 
grain surface. During examination and processing, 
repeated checks were made for possible post-depositional 
changes. Three samples from the Entrada Sandstone (MW- 
1-6?* NCMM-14-6?, and LR-9-6?) were not included in 
the averages of grain size parameters because of 
secondary quartz overgrowths. Two samples from the 
Morrison Formation were similarly altered (WCM-4-67 
and DRC—8—66).

22
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Several methods for making grain size analysis 

were available, including grain count, settling tube, 
pipette, and sieving. Sieving has been used in this 
study for several reasons. First of all, the San Rafael 
samples were either unconsolidated or easily disaggre
gated. Secondly, because sieving "...has been the most 
widely used method for (study of) sands...and appears 
to have produced the most useful results" (Folk, 1966, 
p. ?4). And finally, because the other techniques for 
grain size analysis, although adequate and comparable 
to sieving for results of mean grain size and standard 
deviation, produce determinations of skewness and 
kurtosis which "... do not correlate well with these 
properties as obtained by sieving" (Friedman, 1962a,
p. 22).

To prepare the samples for grain size analysis, 
disaggregation was accomplished using mortar and pestle 
where necessary. Constant rechecks were made to insure 
that aggregates made up an insignificant portion of 
each sieve fraction. Only a few samples required 
additional grinding. Sieves spaced at one half phi 
(0) intervals were used and complete settling was 
accomplished by employing a standard ro-tap machine 
for 15 minutes.
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Dilute hydrochloric acid (HCL) was used on 

several samples to free the grains of calcium carbonate 
cement for sieving. These samples were washed thor
oughly using preweighed filter paper to remove the acid 
after carbonate digestion and then air dried.

Several additional samples were processed both 
with and without HCL prior to sieving to determine an 
overall CaCO^ percentage and the effect of cement on 
the grain size distribution. Three examples, one each 
from the Morrison Formation, Cow Springs Sandstone and 
Entrada Sandstone, are plotted as cumulative curves on 
Figure 8. The results seem to indicate that the 
presence or absence of CaCO^ does not significantly 
alter the grain size characteristics. The 20 samples 
treated with HCL averaged 8.35% CaCO^.

The 70* samples averaged 89*86% sand size grains 
«4j2f) and 10.14% silt/clay (>4$). Of these samples, 22 
contained sufficient silt/clay fraction to require 
pipette analysis. The silt/clay fraction of these 
samples was deflocculated using calgon and processed 
to either the QfS or 100 size. These samples averaged 
1.44% clay size particles (>8/).

•Four samples were processed both with and
without HCL and the results of each method have been
used to compute the average.



" A ■ with HCL treatment for CaCOj 
1 ■ without HCL treatment for CaCOj 

Morrison Formation

„ Cow Springe Sandstone

CSTP-8-67
WH-6-67(2)

Entreda Sandstone

HB-2-67

Morrison Formation

(Diameter in phi eoale/

Effect of HCL treatment for removal of calcium carbonate (CaCCH) 
on cumulative curves of five samples from the Morrison Formation 
(l). Cow Springs Sandstone (2), and Entrada Sandstone (2).

Figure 8
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The results of the grain size analyses were 

plotted on histograms, and on cumulative curves, using 
semilogarithmic phi-scale probability ordinate paper, 
as suggested by Folk (1966, p. 77)• In order to 
compare the San Rafael members with published data, as 
well as among themselves, mathematical parameters have 
been derived from the cumulative curves. The median 
diameter (Mdff - size at 5®%)* the mean grain size 
(Mz - graphic mean of Folk and Ward, 1957)> sorting 
(6% - inclusive graphic standard deviation of Folk and 
Ward), peakedness or kurtosis (K^ - graphic kurtosis 
of Folk and Ward)., and symmetry or skewness (Sk^ - 
inclusive graphic skewness of Folk and Ward) have been 
tabulated from the samples processed. For the formulas 
by which these measures are derived see Table 3» The 
measures proposed by Folk and Ward (1957) have been 
used because of their (l) relative ease of calculation, 
(2) high efficiency (McCammon, 1962), and (3) common 
usage in the literature (ie., Mabesoone, 1964)•

A general review of graphic measures, including 
a discussion of their efficiency and geologic meaning 
has been made recently by Folk (1966). Greater coverage 
of these measures will be made later when the parameters 
of each formation are discussed.
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TABLE 3. The statistical measures and their formulas 
as used in this study (Folk and Ward, 1957)•

Median diameter Md$ = (size at 0 5 0)
Graphic Mean Mg = 016 + 050 -i- 08

Inclusive graphic 
standard devia
tion

3

8% = 08U—016 + 095-05
4- 6*6

Graphic kurtosis Kg = 095-05

2.44 (075-025)
Inclusive graphic 
skewness Ski = ^16+^84 - 2050 05+095 - 2050

2 (jdG4 - pl6) + 2 (j395 - ^5)
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The results of grain size analysis are tabulated 
by formation* Within each formation, they have been 
grouped either by area or by stratigraphic position or 
both.

Additionally, the samples from the Entrada and 
Cow Springs Sandstones that have been processed for 
grain size analysis have been split into two groups of 
similar bedding types. Group A includes samples from 
units that exhibit medium to large scale, thick to very 
thick cross-bedded, wedge-planar, or tabular planar 
type cross-bedding. Under Group B are included samples 
from units of small scale cross-bedding, trough cross
bedding, and flat and irregular bedding.

Correction for regional tilt was necessary only 
for the readings taken along the northwest face of 
Black Mesa, jue., at Cow Springs Trading Post, at the 
Elephant Feet/Tonalea Section and the area in between 
these sites, at Blue Canyon Section, and at the section 
7*5 miles north of Tonalea. At these locations the 
tectonic tilt exceeded 5°. Correction was accomplished 
by the method outlined in Potter and Pettijohn (1963, 
p. 259, and Figure 10-6) which utilizes the stereo
graphic net.
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Cross-bedding Analysis

The cross-strata readings were analysed to 
determinet (1) average or mean dip direction, (2) 
consistency factor, and (3) "a value to show one-half 
the range of the mean" (Johnson, 1967, P» 6), for each 
locality. The average dip direction is interpreted to 
represent the average paleocurrent direction and the 
consistency factor indicates the distribution of 
readings around that average. The solution for both 
these factors can be done graphically (Raup and Miesch, 
1957, P» 314, Fig. l) or mathematically by several 
methods. The third factor will be used to compare "... 
cross-bed directions from two or more different 
locations..." (Johnson, 1967, p* 6).

Reiche (1938) described a method for determining 
the number of cross-strata dip direction measurements 
necessary to obtain a significant average direction at 
any locality. However, this method "...requires that 
the geologist calculate a relatively large number of 
average directions in the" field" (Raup and Miesch,
1957, p. 317) and this labor of computation makes it 
undesirable.

Another method, proposed by Opdyke and Runcorn 
(I960, p. 966), involves calculation of the mean
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direction, vector strength, and estimated precision by 
using several rather complicated formuli.

In a comprehensive study of wind directions on 
the Colorado Plateau, Poole (1964, pp. 400-401) 
determined average wind direction and dispersion values 
mathematically using equations derived by Curray (1956) 
from the graphical method used by Reiche (1938)• Poole 
(1964, pp. 400-401) also mentions testing his data 
statistically to determine if the readings "...had been 
sufficiently grouped to satisfy a prescribed half-range 
of mean for the 95% confidence interval." This is the 
same as factor (3) above.

Potter and Pettijohn (1963, pp. 262-265) cover 
other methods in some detail including the variance 
(the reciprocal of the square of C), which is also used 
to express relative consistency about the mean, the 
vector mean, arithmetic mean, etc.

In this study, the average direction or mean (0) 
is calculated using the formula*

tan 8* = 2 Sin e- (l) with 6- being the incre- 
£Cos 6- men tangle.

The consistency factor (C) is calculated using the
formulas

C = V (2 Sin 6-)2 + (S Cos 8)2
2n

(2)

Z

where n = number of readings.
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The consistency factor is used to express the 

type of grouping of readings about the mean or average 
direction. High consistency (approaching 1.0) repre
sents a close grouping of readings about the mean 
whereas low consistency (approaching 0.0) demonstrates 
sparse or poor grouping around the mean.

To compare results from one locality to another, 
the number of readings at each locality was tested for 
significance at the 95 per cent level using Stein's law. 
This method is derived from unpublished work of F. G. 
Poole and is thoroughly discussed by Johnson (196?, 
p. 6-9, Fig. 3)» By this method, which sets at 20° the 
maximum value of the half range of the mean, mean or 
average directions can be compared. If the half range 
of mean of readings for the same formation at two 
different localities "...overlap, the directions are 
not significantly different and thus could be formed by 
the same...paleocurrent phenomenon" (Johnson, 1967# 
p. 9).

Miscellaneous
X-ray diffraction techniques were employed using 

a Norelco X-ray diffraction unit with a scanning gonio
meter to determine the mineral content of some samples. 
Bentonite-like claystones were processed in several ways*



Finely disseminated dry samples were packed into mounts 
for random treatment. Oriented samples, both treated 
and untreated, were settled onto a petragraphic slide 
by evaporation from a clay-water slurry. Glycolation 
was accomplished in a saturated ethylene glycol atmo
sphere for at least two days. Heat treatment consisted 
of 15 hours in a furnace at 250°C.

The silt/clay fraction residue from two sand
stone samples, one from the Entrada Sandstone (DRC-4-66) 
and one from the Cow Springs Sandstone (MW-2-6?), were 
also run through X-ray diffraction. However, only 
random mounts were used in this case.

Klein (1963a, p. 572) states "...that provenance 
and mineralogical maturity are the only factors which 
can rigorously define a quantitative mineralogical 
sandstone classification" and recommends usage of "... 
the procedures for classification proposed by..." Folk 
(1954), and van Andel (1958). Since Folk's classifi
cation (1954, 1956, 1965, 1968) is well known and 
familiar to most geologists, it has been used here to 
describe the San Rafael sandstones.

The grain size nomenclature proposed by Folk 
- (1965* P« 26-30) is used to describe the San Rafael 
samples. Most of the finer grained sediments have more

32
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or less equal mixes of silt and clay or with silt pre
dominating. The coarser sediments are either silty 
sandstones (< 90 but >  $0# sand) or sandstone ()> 90% 
sand). Clay is not an important component of any of 
the coarser San Rafael samples.

The majority of the San Rafael sandstones would 
fall into Folk’s submature orthoquartzite grouping 
(1956* p, 168) with sorting greater than 0 .5 but still 
less than 5% clay size particles. A few rocks which 
possess better sorting (0 .3 to 0.5 ) could be called 
mature orthoquartzites. In terms of Folk’s stages of 
textural maturity (1951# p. 127-128; 1965* P« 103-108) 
based upon both the percentage of clay size particles 
(1 .18 to 1.82%) and grain roundness (subangular to 
subrounded), the sandstones from the San Rafael Group 
fall near the submature-mature boundary.

The mature, multicycle nature of the sandstones 
of the San Rafael Group produce a relatively simple 
mineral content. For this reason, plus the easily dis
aggregated nature of the samples, thin sections were 
not made during this study and the emphasis has been 
placed instead on the grain size analysis with identi
fication of clays by X-ray diffraction.
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Furthermore, most authors have concluded that 

heavy mineral analysis of sandstones, such as those in 
the San Rafael Group, have produced discouraging results 
(Mirsky and Treves, 1963# J • C. Wright, person, comm., 
1965). Field identification of a heavy mineral crop in 
several samples proved upon further study to be quartz 
grains with various mineral coatings. These coatings, 
ranging from red to black stain, are not uncommon in 
the San Rafael Group sandstones. In most cases, they 
represent hematite or possibly magnetite coatings. 
Consequently, the heavy mineral content of the San 
Rafael Group was not investigated during this study.

Regional variation and trends in compositional 
and textural characteristics within each unit of the 
San Rafael Group were studied and tested through the 
use of trend maps, cross-sections, and statistical 
procedures.

The basic data which is the basis for this study 
are included in the appendices and summarized in various 
figures. Appendix A contains the measured sections and 
appendix B lists the cross-strata readings by locality 
and formation. The grain size data are summarized by 
formation and sometimes bedding type in figures included 
with the discussion of that formation.



V

PREVIOUS WORK AND HISTORICAL DEVELOPMENT 
OF STRATAL TERMINOLOGY

San Rafael Groupt General 
The San Rafael Group was named by Gilluly and 

Reeside (1928, p. 73) from exposures in the San Rafael 
Swell, central Utah (see Fig. 1 for type area).* How
ever, these rocks had been recognized much earlier by 
numerous authors under a variety of names® The develop
ment of San Rafael stratigraphic nomenclature from 1877 
to the present is shown on Figure 9*

Gilbert (1877), working in the Henry Mountains 
of south-central Utah, referred to beds now placed in 
the San Rafael Group as the Flaming Gorge group, 
although he had recognized Jurassic beds earlier (1875# 
p. 174), but not by name. Beds of the San Rafael 
Group later were called the La Plata group by Cross 
(1907) and Emery (1918) in the Green River Desert (east 
of the San Rafael Swell), Utah, the McElmo group by

♦These same two authors had earlier (1926) 
reported on the lithologies of the San Rafael Group 
from the type area, but not by name® Four units within 
the San Rafael Group were named at this time although 
one of them, the Carmel Formation, has a type locality • 
outside the San Rafael Swell (see following section on 
Carmel). These were the Carmel, the Entrada Sandstone, 
the Curtis Formation and the Summerville Formation.
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Dake (1919) in the Waterpocket Fold area, southwest of 
the Henry Mountains, Utah, and the McElmo, Navajo, 
Todilto, and Wingate Formations by Gregory (1917) in 
the Navajo Country of northeastern Arizona. Baker,
Dane, and Reeside (1936) and Goldman and Spencer (1941) 
continued to misuse the Morrison/Todilito/Wingate 
terminology (=Summerville/Curtis, Entrada-Carmel) for 
the San Rafael strata in the region south of the Four 
Corners area (see Fig. 2). In 1947, Baker, Dane, and 
Reeside referred to the Carmel and Entrada correctly, 
but continued to call the overlying Summerville/Curtis/ 
Bluff portion either Wanakah or Morrison. These authors 
(1947, p. 1667) were the first to call attention to the 
fact that the cliffs of the type Wingate Sandstone at 
Ft. Wingate, New Mexico, are equivalent in part to the 
strata known as Entrada Sandstone and probably trace
able to the type area of the Entrada (Entrada Point,
San Rafael Swell, central Utah). The lower portion of 
the cliff at Ft. Wingate is true Wingate Sandstone. 
Strictly speaking, priority of the term Wingate would 
require that (l) the name Entrada be dropped and the 
term Wingate be applied to the sandstone member of the 
San Rafael Group, and (2) that a new name be applied to 
the Wingate Formation of the Glen Canyon Group. However,
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since these two terms are used for widespread and 
distinctive units .over the Colorado Plateau, and more 
confusion would result from any change, Baker and 
others (19^7» P» 1667-6 8) recommended the retention of 
present terminology and the abandonment of the original 
type area of the Wingate. This recommendation has 
been followed generally in subsequent articles on the 
Colorado Plateau.

Wright and Becker (1951) traced the San Rafael 
Group and related formations south from the Four 
Corners area along the Arizona-New Mexico border and 
correctly identified the Summerville Formation above 
the Entrada at several localities where earlier authors 
had placed the Morrison Formation.

The Cow Springs Sandstone was introduced in 
1951 (Harshbarger, Repenning, and Jackson, p. 95-99) 
as a member of the Morrison Formation with type exposures 
at Cow Springs Trading Post, on the northwest side of 
Black Mesa, Arizona. In an earlier unpublished work, 
Harshbarger (19^9) had laid the foundation for later 
work on the Cow Springs. .

Harshbarger and others (1957) later presented 
data in greater depth to support their ideas concerning 
the relationship of the Cow Springs to the San Rafael
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Group and Morrison Formation. This 1957 reference 
remains the most detailed work on the Jurassic rocks of 
the Navajo Country.

Occurrences of the San Rafael Group were 
summarized for the Kaiparowits region by Bissell (195^* 
p. 64-6?)» for south-central Utah by Stokes and Holmes 
(1954, p. 36-39)# and on the southern flank of the Uinta 
Mountains by Stokes (1957# P* 93-94). These authors 
used the term Winsor, introduced in 195° by Gregory 
(1950a# p. 9 8), for part of the expanded Carmel-Entrada 
sequence. However, the Winsor Formation had been 
mentioned by Gregory in 1948 (p. 235) but without 
proper listing of source or type locality.

In 1963, Wright and Dickey (1963a, p. 2-4) 
summarized San Rafael terminology in the central and 
eastern Utah area. Later summaries of information, 
include those done by Peterson and Waldrop (1965#,P« 51- 
5 6), Wilson (1965# p. 43-45) and Stokes and Thompson 
(1969, p. 184-189).

Authorship for the U. S. Geological Survey 
"Press Release" #6064, of March 30# 1926, entitled 
"Possibility of finding oil in southeastern Utah and 
southwestern Colorado" has been credited differently in 
the literature. Cashion (1967, p. J6) states that the
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release resulted from a meeting to discuss problems of 
Jurassic stratigraphic nomenclature attended by H. S. 
Gregory, R. C. Moore, James Gilluly, and J. B. Reeside, 
Jr. Nevertheless, the only names mentioned in the text 
are W. T. Lee, W. W. Boyer, and Gilluly and it will be 
listed under these names when used here. Gilluly and 
Reeside (1928, p. 78, footnote 10) credit this publi
cation to W. T. Lee. In apparent reference to this 
mysterious document, Harshbarger and others (1957» 
p. 33) credit Gregory, Moore, Gilluly, and Reeside with 
naming the Carmel Formation when in fact the first 
description stems from a work by only Gregory and Moore 
(1931* p. 6 9)• The name Carmel had been used a few 
years earlier by Gilluly and Reeside (1928, p. 73) and 
by Gilluly (1929, p. 99), with footnotes referring to 
a report "in preparation" by Gregory and Moore.

Carmel Formation
The first reference to beds now known to be 

Carmel Formation may have been made by Gilbert in 1875 
(p. 174) when he noted Jurassic fossils "...in a cream- 
colored arenaceous limestone.• •11 near Zion National 
Park and the same forms in a different lithology (gray 
shales) near the Henry Mountains, southern Utah.
Gilbert later referred to these beds as the "

1

t • •
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fossiliferous sectile limestone” (l8?7, p« 6)• These 
strata were later to be called the ”marine Jurassic” 
or McElmo by Lupton (1916, p. 24) and Dake (1919, 
p. 634-640), the Todilto(?) formation by Emery (1918, 
p. 568-570), the Middle La Plata by Cross (1907), the 
"Gypsiferous zone" by Moore (1922), or just Gypsiferous 
shales and sandstones by various authors.

Gilluly and Reeside (1926, p. 158) described 
these beds as ..limestone, gypsum, sandstone, and 
gypsiferous shale, containing a marine fauna,..”, but 
not by name. In March of 1926, Lee, Boyer, and Gilluly 
(p. 3) used the name Carmel for the first time, gave a 
brief description, several thicknesses but no type 
section or locality. Subsequently, the name was used 
by Gilluly and Reeside (1928, p. 73), and Gilluly 
(1929, p* 99), with lithologic descriptions and thick
nesses and in each case a reference to a report by 
Gregory and Moore, in preparation, on the Stratigraphy 
of southern Utah. This reference was probably to a 
report published later by the U. S. Geological Survey 
and titled "The Kaiparowits Region” (Gregory and Moore, 
1931)• In this report Gregory and Moore (p. 6 9) 
officially named the Carmel Formation from exposures 
at Mount Carmel, Kane County, Utah. The Carmel
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Formation has since been traced throughout the Colorado 
Plateau as a distinctive lithologic unit.

It is unfortunate that the type area of the 
Carmel Formation lies remote from the type area of the 
San Rafael Group and the rest of its members. The 
type section at Mount Carmel represents predominantly 
a marine facies of perhaps 600 feet while the 200 to 
300 feet on the east side of the San Rafael Swell,
150 miles to the northeast, contains only a few thin 
fossiliferous beds. This facies difference makes it 
difficult to relate the various type sections to each 
other. Deposition undoubtedly began earlier at Mount 
Carmel and probably continued later although Early 
Cretaceous erosion has removed confirming evidence in 
southwestern Utah. As originally conceived by Gregory 
and Moore (1931» P* 73-74), the type Carmel constitutes 
only the lower l/3 to l/2 of the actual Carmel interval. 
Consequently, considerable confusion has arisen con
cerning the upper part of the Carmel interval. Cashion 
(1967, p« J6) has recently reviewed the Carmel and 
considers some of the problems result from the choice 
of type areas.
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Entrada Sandstone

The Entrada Sandstone was first described by 
Gilluly and Reeside (1928, p. ?6) with the type 
locality at Entrada Point, in the northern part of the 
San Rafael Swell, central Utah. However, the name had 
been used informally by Lee, Boyer, and Gilluly (1926, 
p. 3) without adequate description of the lithology or 
designation of a type locality or section.

Previously, what was to become the Entrada 
Sandstone had been included by Gilbert (1877, p. 6-7) 
as the lower part of the Flaming Gorge group, by Cross 
(1907, p* 64l) as the. Upper La Plata sandstone, by 
Lupton (1914, p. 115-133J 1916, p. 19-26) and Dake 
(1919, p. 634-646) in the McElmo or lower McElmo, by 
Emery (1918, p. 551-577) within the Navajo Sandstone, 
by Moore (1922, p. 219-221) as the lower part of his 
•Upper Jurassic sandstone,• and by Longwell and others 
(1923, p. 14) as part of the •varicolored sandstones 
and shales.'

In the type area, the Entrada is described 
(Gilluly and Reeside, 1928, p. 76) as consisting of two 
contrasting lithologies? one a clean, well-sorted, 
cliff-forming sandstone, which predominates to the east 
of the type area; and the other an earthy, poorly
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cemented, slope-forming, silty sandstone to the west* 
These differences are the result of facies differences 
and will be discussed later under the stratigraphy of 
the Entrada* """

Cow Springs Sandstone
The Cow Springs Sandstone was described by 

Harshbarger and others (1951, p* 97) from exposures 
near Cow Springs Trading Post, Coconino County, Arizona. 
Although proposed as a separate formation because of 
intertonguing both with members of the San Rafael Group 
and with members of the Morrison Formation, the Cow 
Springs is here considered a part of the San Rafael 
Group due to its close sedimentologic association with 
the underlying Entrada Sandstone. The reasons will 
be discussed later under the section on stratigraphy 
of the Cow Springs.

Other Formations
Several other stratigraphic units have been 

referred to the San Rafael Group, but are not present 
in the study area. Since they are shown on Figure 9 
and may be mentioned in the text of this report, a 
brief discussion is given of each* These units include
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the Todilto Limestone, the Curtis Formation, the 
Summerville Formation, the Bluff Sandstone, and the 
Winsor Formation.

Todilto Limestone
Originally described in 1917 by Gregory (1917; 

p. 55-56)t from exposures at Todilto Park, McKinley 
County, New Mexico, the Todilto Limestone occurs 
primarily in northwestern New Mexico (see Harshbarger 
and others, 1957, Fig. 26). The Todilto has been 
assigned as a member to a variety of stratigraphic 
units (Glen Canyon Group, Morrison Formation, Wanakah 
Formation, and others), but is now considered to be a 
formation within the San Rafael Group. The Todilto 
lies everywhere on the Entrada sandstone and occupies 
approximately the same stratigraphic position as the 
Curtis Formation of central Utah.

Curtis Formation
Gilluly and Reeside (1928, p. 7 8) gave Curtis 

Point in the northern San Rafael Swell, central Utah, 
as the type locality of the Curtis Formation. The form 
ation consists of glauconitic sandstone and lesser 
amounts of limestone, and grades laterally into the 
overlying Summerville strata. The Curtis represents
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the second marine incursion during San Rafael time, the 
first being represented by the Carmel Formation.

-Summerville Formation
The unit overlying the Curtis, but extending 

much farther into northeastern Arizona, southwestern 
Colorado, and northwestern New Mexico, has been named 
the Summerville Formation by Gilluly and Reeside (1928, 
p. 80) from exposures on Summerville Point, northern 
San Rafael Swell, central Utah. It is present near 
Escalante, Utah, and may be represented in the northern 
part of the study area as a feather edge of thin flat 
beds at the top of the Cow Springs Sandstone.

Bluff Sandstone
The Bluff Sandstone was named by Gregory (1938, 

p. 58) from exposures near Bluff, southeastern Utah, 
which Lee and others (1926, p. 3) identified as the 
Entrada Sandstone. The true relationship between the 
Bluff and several other Jurassic units, such as the 
Entrada, Cow Springs, and Morrison, is obscured by 
erosion across the Monument upwarp and other areas.
The Bluff lies above and is interbedded with the 
Summerville Formation and may intertongue with the 
Morrison Formation as well (Wright and Dickey, 1963a,
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p. 3)• Harshbarger and others (1957* P* 42) believed 
the Bluff to be a tongue of the Cow Springs Sandstone, 
although they treated it as a separate formation.

Winsor Formation
Although mentioned in a 1948 report by Gregory 

(1948, p. 235) on Kane County, Utah, the Winsor Forma
tion was not formally described until two years later 
(Gregory, 1950a, p. 98). Since that time considerable 
confusion concerning the Winsor has arisen partially 
from its shaky beginning and partly from poor strati
graphic basis. D. D. Dickey (pers. comm, to R. F. 
Wilson, 1965) thought it represented a weathering zone 
within the Carmel and Entrada units. Cashion (1967, 
p. J8, Fig. 2) has recently placed the Winsor within 
the Carmel as a member. However, its basis is not well 
established and the term Winsor should probably be 
discarded.



STRATIGRAPHY OF THE SAN RAFAEL GROUP

General
Gilluly and Reeside (1928, p. 73) named the 

San Rafael Group from splendid exposures in the San 
Rafael Swell of Central Utah. However, as they stress, 
the strata involved "...is the long-recognized marine 
Upper Jurassic succession..." of earlier authors 
(Gilluly and Reeside, 1928, p. 73)• The development 
of the Jurassic stratal terminology to the present day 
has already been discussed.

In the type area, the San Rafael Group consists 
of, from oldest to youngest, the Carmel Formation, 
Entrada Sandstone, Curtis Formation, and Summerville 
Formation. The type section of the San Rafael Group 
is underlain by the Navajo Sandstone, and overlain by 
the Salt Wash Member of the Morrison Formation. The 
Curtis and Summerville Formations are not present in 
the study area, although a few feet of maroon and white, 
flat-bedded sandstone, here placed in the Cow Springs 
Sandstone, occur along the north side of Lake Powell, 
and may represent the southwestern feather edge of the 
Summerville (Peterson and Waldrop, 1965, p. 55-56).
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In northwestern New Mexico and adjacent northeastern 
Arizona, the Summerville Formation is present, but the 
Todilto Limestone occupies the stratigraphic position 
of the Curtis. The Bluff Sandstone of southeastern 
Utah has been assigned to the San Rafael by Strobell 
(1956)• The Junction Creek Sandstone and possibly the 
Pony Express Formation represent equivalents of the 
San Rafael Group in Southwestern Colorado (Cadigan, 
1952).

The Cow Springs Sandstone has such a close 
sedimentologic relationship to the underlying Entrada 
Sandstone that it is considered here as a member of the 
San Rafael Group. This relationship will be covered in 
detail under later sections on the Entrada and Cow 
Springs.

The type areas of the San Rafael Group and of 
each unit discussed are shown on Figure 1.

The San Rafael Group has a wide distribution 
over the Colorado Plateau of northern Arizona, north
western New Mexico, extreme western Colorado, and 
southern and central Utah. The original extent of San 
Rafael sediments to the south, southwest and west is 
largely obscured by removal of beds prior to deposition 
of the Dakota Sandstone of Cretaceous age. However,
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Harshbarger (1949, p. 118) suggests that evidence 
available in the Black Mesa area indicates at least 
part of the San Rafael Group (Carmel Formation) once 
extended at least 50 miles south of the present 
southern limits, and Miller (1966) found 750 feet of 
San Rafael Group(?) rocks in southwestern Utah near the 
Nevada border.

To the north and northwest, equivalents of the 
San Rafael Group include the Arapien Shale, Twin Creek 
Limestone, Preuss Sandstone (Wright and Dickey, 1963a), 
and the Sundance Formation (Pipiringos, 1967, p. 1905)•

The distribution of the San Rafael Group in 
the study area is shown on the outcrop map (Fig. 10)o 
Difficulty in mapping individual San Rafael units was 
encountered in two areas. The Carmel Formation and 
the Entrada Sandstone are mapped together (undiff.) in 
the area south of Blue Canyon (SRG-3) and the Entrada 
and the Cow Springs Sandstones are grouped under one 
map symbol in the area north of Tse Skizzi (SRG-10).

The total isopach map of the San Rafael Group 
(Fig. 11) shows several interesting features. At the 
northwest edge of the study area, thickening of the 
San Rafael Group results primarily from the thickening 
of the Carmel Formation toward the marine section at
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the type locality. Mount Carmel. This expansion of the 
Carmel is clearly shown on the index cross-section 
(Fig. 6), between West Cummings Mesa Section (SRG-19) 
where it is 210 feet thick and Wahweap Section (SRG-7)» 
where the Carmel is over 300 feet thick. At Mount 
Carmel it probably exceeds 600 feet.

Toward the southwest, the San Rafael Group 
thins in part as a result of pre-Dakota erosion which 
has removed vast amounts of Jurassic rocks (Harshbarger 
and others, 1957)* The same processes have removed 
most of the San Rafael Group in western Utah (Wright 
and Dickey, 1963a, p. 4).

The approximate line where pre-Dakota erosion 
begins to effect the San Rafael Group is shown on 
Figure 11. Southwest of this line the Dakota Sandstone 
lies with erosional discontinuity on members of the San 
Rafael Group. This erosion has caused the isopach 
lines to parallel the line of erosion. However, north
east of this line the contour lines reflect the original 
shape of the San Rafael sedimentologic body.

Within the study area, the San Rafael Group has 
a maximum thickness of 1150 feet near Warm Creek (SRG- 
17) on the north side of Lake Powell, Utah, and thins 
southward to less than 400 feet near Coal Mine Canyon 
(SRG-l) on the northwest face of Black Mesa, Arizona.

53
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The San Rafael Group varies considerably in 

its thickness over the Colorado Plateau. Gregory and 
Moore (1931, P# 6 9) found that "...these differences 
in thickness are explained in part by the unequal 
development of the formations of the San Rafael Group, 
in part by the different amounts removed by pre- 
Morrison erosion, and also in part by the difficulty 
in some localities of determining the base of the 
Morrison." These are still the major problems in any 
study of the San Rafael Group.

Nature of the Lower Contact 
The nature of the contact between the San Rafael 

Group and underlying units varies markedly throughout 
the Colorado Plateau. Within the study area and over 
most of the lateral extent of the San Rafael Group, the 
underlying unit is the Navajo Sandstone. Generally, as 
in the study area, the lowest member of the San Rafael 
Group is the Carmel Formation. However, in extreme 
eastern Utah, northwestern New Mexico and western 
Colorado, the Entrada Sandstone is mapped as the basal 
San Rafael unit.

In southwestern Utah, to the northwest of the 
study area, intertonguing relationships between the 
Navajo Sandstone and the Carmel Formation indicate that
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the two units are, in part, contemporaneous (Lewis, 
Irwin, and Wilson, 1961, p. 1439)• However, eastward 
from the area where the Navajo and Carmel intertongue, 
the contact grades from one of conformable relationships 
to an unconformity of considerable magnitude. In the 
study area, the time lapse represented by the contact 
is small, yet eastward, in both Arizona (Wright and 
Becker, 1951* Fig. 2) and Utah (Wright and Dickey,
1963a, p« 2), the lacuna represented by the contact 
increases until, in western Colorado, the San Rafael 
Group lies on the Precambrian basement (Craig and 
Dickey, 1956).

Selected observations from the literature on the 
lower San Rafael contact relationships are presented in 
Table 4. Lower San Rafael Group contact relationships 
observed during the course of this study are also 
listed (Table 5). The contact between the Carmel 
Formation and the Navajo Sandstone is illustrated both 
for the southern area (Figure 12 - Lower Bat Canyon) 
and for the northern area (Figure 13 - Wahweap Landing). 
A few, more detailed, observations on the contact are 
given below.

Stokes (1961, p. 156) found that "...the upper 
contact of the Navajo is an unconformity of regional



Table 4. Observations from the literature of the contact between the Carmel Formation and 
the Navajo Sandstone.

Locality Nature of Contact Reference

San Rafael Swell, Utah Unconformity, with reworking Gllluly and Reeside, 1928 
Gilluly, 1929 p. 99

, P. 74;

Central Utah Smooth, truncating plane Wright and Dickey, 1963b

Navajo County Unconformity Harshbarger and others, 1957, p. 33

Black Mesa, Arizona Unconformity, with reworking Harshbarger, 1949, p. 33, 41

Southeastern Utah Unconformity, truncating, 
with chert pebble cong.

Wright and Dickey, 1958a, p. 173
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Table 5. The nature of the Camel Formation/ Navajo Sandstone contact 
from observations made during this study.

Locality Nature of the Contact

1. Mahweap Section (SRG-7) Irregular, undulating, as much as 1.0 
ft. of relief.

2. Northeast White Mesa 
Section (SRG-5)

Irregular, with slight amount of 
relief.

3. Tse Skizzi Section (SRG-10) Irregular, 4.0 to 6.0 ft. of relief.

4. Northwest Coal Mine Mesa 
Section (SRG-12)

Apparently undulating, with 1.0 to 
2.0 ft. of relief.

5. Dangling Rope Canyon 
Section (SRG-6)

Truncating, with 0.5 to 1.0 ft. of 
relief.

6. Northeast Cummings Mesa 
Section (SRG-8)

Undulating.

7. Kaibito Trading Post 
Section (SRG-16)

Undulating, with 1.0 to 3.0 ft. of 
relief.

8. Blue Canyon Section (SRG-3) Truncating.

9. Middle Mesa Section (SRG-9) Irregular(?).
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vigure 12* Contact between the Carmel Formation (Jca) 
and Navajo Sandstone (Jn ) in Lower Bat 
Canyon (SRG-ll), Arizona#
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igure 13* Contact between the Carmel Formation (Jca) 
and Navajo Sandstone (Jn) near Wahweap 
Landing (SRG-7), Utah-Arizona border area, 
just north of Page, Arizona.
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extent and serves as one of the most useful horizons 
for correlation in the Colorado Plateau•“ This is true 
in the study area although the contact does not repre
sent a time plane.

In the San Rafael Swell, Gilluly and Reeside 
(1928, p. ?4) found the lower Carmel contact to be 
"...an apparently smooth or only slightly rolling 
surface." Gilluly (1929, p. 99) stated that good 
"...evidence for (an) unconformity at the top (of the 
Navajo) is difficult to find, owing to the lack of true 
bedding planes in the Navajo." The lower sandstones of 
the Carmel in this area were considered to have been 
reworked from erosion of the Navajo.

In the Black Mesa area, Harshbarger (1949* 
p. 33* 4l) found a sharp, unconformable boundary between 
the Carmel and Navajo with reworking of Navajo sandstone 
to make up the basal units of the Carmel Formation.

In the Navajo Country, the "...formations are 
separated nearly everywhere by an erosional uncon
formity..." where "...the high-angle cross-beds of the 
Navajo sandstone have been eroded to form a nearly 
planar surface and the flat-bedded deposits of the 
Carmel rest upon this surface" (Harshbarger, Repenning, 
and Irwin, 1957* p. 33)•



Baker (1936, p. 5 6) states that "...in the 
Colorado Plateau minor relief has been observed on the 
top of the Navajo Sandstone, suggesting that a period 
of erosion preceded the deposition of the Carmel 
Formation." However, in the Black Mesa region, 
Harshbarger (19^9» P» ) concluded that the uncon
formity "...does not necessarily represent a long 
interval of erosion...", and Gregory (1950a, p. 93) 
felt that "...the lapse of time represented by Carmel- 
Navajo interval probably was not great..." in south 
central Utah. Craig and others came to the same 
conclusion (1955, P» 134).

Based on the same relationships, Stokes (1961, 
p. 156) concluded that "...the time lapse between 
deposition of the Navajo and succeeding formations may 
have been a long one, during which considerable indur
ation and erosion of the Navajo occurred," while 
Wright and Dickey (1963b, p. E6 3) state that the 
contact "... represents a hiatus of unknown duration." 
The unfossiliferous nature of the marginal marine and 
continental rocks above and below the contact make it 
extremely difficult to accurately determine the amount 
of time involved.
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The contact between the Carmel Formation and 

the Navajo Sandstone generally takes one of two formsi 
either (l) a sharp contact of typical* red Carmel 
lithology on large scale, white or orange Navajo cross
bedding, or (2) a zone of transitional beds which may 
be cross-bedded in a small scale or even flat-bedded, 
and either light or dark in shade. Transitional beds 
were found at Northwest Coal Mine Mesa (SRG-12), North
east White Mesa (SRG-5)* and Middle Mesa (SRG-9)«
Sharp contacts were noted at Wahweap Landing (SRG-7; 
see Figure 13)# Blue Canyon (SRG-3), Cow Springs 
Trading Post (SRG-14), Tonalea Trading Post (SRG-13) 
and Tse Skizzi (SRG-10). In either case, the contact 
appears to undulate, although the Carmel lies without

discordance on the Navajo at all localities observed 
during this study.

Throughout the Colorado Plateau, the basal 
Carmel strata commonly contain reworked elements of the 
Navajo Sandstone. These consist of medium to fine, 
well-rounded quartz grains in red siltstones or mud
stones. Gregory (1950b, p. 35) noted this occurrence 
in south central Utah, as did Craig and others (1955, 
p. 134) in the Four Corners area.
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Reworking of sand from the Navajo Sandstone 

into the Carmel has been noted also in the San Rafael 
Swell (Gilluly and Reeside, 1928, p. ?4), in the Black 
Mesa area (Harshbarger, 194-9, p» 4-1), in the area of 
Zion National Park of southwestern,Utah (Gregory, 1950, 
p. 3)» in the area northwest of the study area (Wright 
and Dickey, 1963b, p. E66), and elsewhere.

The Navajo Sandstone, which underlies the San 
Rafael Group in the study area, is one of the most 
conspicuous units on the Colorado Plateau, Most authors 
(ie,, Harshbarger and others, 1957* P« 22) attribute 
the Navajo to an eolian origin based on the similarity 
of sedimentary structures and granulometric character
istics to modern dunes. However, Jordan (1965a; 1965b; 
1969) suggests a mixed littoral/coastal dune origin 
for much of the Navajo and Nugget sandstones on the 
Colorado Plateau, but mostly in areas of Utah and 
Wyoming. Nevertheless, observations made in and adjacent 
to the study area seem to support the interpretation of 
an eolian origin for the Navajo Sandstone.

In the northern Colorado Pleateau, Jordan (1965a, 
p. 179-180) determined the Navajo Sandstone, based on 
29 samples, to be a well to moderately well sorted 
(6^ = 0.472 to 0 .6 1 2), fine to very fine grained
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(Mz= 2.78^/0.1456mm to 3.380/0.0960mm) sandstone. In 
the southern Colorado Plateau (Navajo Country), 
Harshbarger and others (1957, P« 22) found the Navajo 
to be a fine sandstone (Mz = O.21mm/2.20), based on 
an unstated number of samples.

In the study area, only one sample of Navajo 
Sandstone was analyzed for grain parameters. This 
sample, from the base of the Northwest Coal Mine Mesa 
section, was a moderately sorted (6% = 0.712), medium 
sandstone (Mz = 1.930/0.2588mm), with 99*37# sand 
size grains and only O.63# smaller than 40 (silt/clay 
size). The results of the granulometric analysis of 
this one sample are shown in Figures 14 and 15, with 
a histogram in Figure 16. The many field descriptions 
of the Navajo Sandstone are similar* a medium to fine, 
moderately to moderately well sorted sandstone.

Compositionally, the Navajo Sandstone is a 
typical quartzose sandstone. In the Navajo Country 
(Harshbarger and others, 1957, p* 22), the Navajo 
consists of 98# or more of quartz, less than 2# feld
spars, and 0.5# or less of heavy minerals. Composition 
of samples studied here appears similar. However, in 
areas to the east, toward source areas, the percentage 
of quartz decreases. In northern Utah and Wyoming
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SAMPLE # % SAND % SILT/CLAY % SILT % CLAY % CaCO-

NCMM-1-67 99.37

NAVAJO SANDSTONE 

0.63 - - -

MORRISON FORMATION

WC-10-67 94.13 5.87 - - -

WCM-4-67 96.09 3.91 - - -

DRC-8-66A* 96.66 3.34 - - 22.43

DRC-8-66 94.68 5.32 - - -

AVERAGE 95.39 4.61 22.43

DAKOTA SANDSTONE

SB-1-67 94.85 5.15 - - -

WR-12-67 94.08 5.92 - - 0.35

HQM-19-67 98.73 1.27 - - -

SWM-6-66 96.56 3.44 - - -

AVERAGE 96.05 3.95 0.35

*One half of sample sieved after HCL treatment.

Figure 14. Results of grain size analysis of eight samples from the 
Navajo Sandstone(l), Morrison Formation(3), and Dakota 
Sandstone(4).



SAMPLE # Md0(^/mm.) M z (0/mm.) ei *8 Ski
DAKOTA SANDSTONE :

SB-1-67 2.70/0.1539 2.72/0.1519 0.499 1.297 +0.213

WR-12-67 3.05/0.1207 3.05/0.1207 0.498 1.341 +0.083

SWH-6-66 2.90/0.1340 2.90/0.1340 0.387 1.148 +0.107

NChM-19-67 1.75/0.2973 1.92/0.2643 0.764 0.937 +0.323

AVERAGE 2.65/0.1593 0.537 1.181 +0.182

MORRISON FORMATIONl

WC-10-67 2.20/0.2176 2.27/0.2073 0.796 1.272 +0.248

DRC-8-66B* 1.70/0.3078 1.88/0.2717 0.842 1.458 +0.440

WCM-4-67* 1.85/0.2774 1.90/0.2679 0.714 1.358 +0.220

AVERAGE 2.02/0.2466 0.784 1.363 40.303

NAVAJO SANDSTONE:

NCMM-1-67 1.70/0.3078 1.95/0.2588 0.712 0.801 +0.461

♦Samples with secondary quartz overgrowths.

Figure 15. Medium diameter, graphic mean, standard deviation, graphic kurtosls, and Inclusive Ox
graphic skewness for eight samples from the Navajo Sandstone(l), Morrison ^
FormatIon(3), and Dakota Sandstone(4).
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Figure 16. Histogram of one sample from the Navajo Sandstone.
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(Jordan 1965a, p. 52, Table l), nine samples of the 
Navajo averaged 90$ quartz, 8$ potash feldspar, 0.5$ 
plagioclase, 0.5$ chert/chalcedony, and apparently no 
heavy minerals. In the San Rafael Swell of central 
Utah (Cadigan, 1958); nine samples from the Navajo 
Sandstone averaged 85$ quartz, 12$ feldspars, and 3$ 
chert/tuff fragments.

None of the Navajo Sandstone samples collected 
during this study were analyzed for clay minerals. 
However, Jordan (1965a, p. 53) in his study, found the 
dominant clay mineral to be kaolinite.

Most of the samples collected in the course of 
this study contained varying amounts of calcareous 
cement. Harshbarger and others (1957, P* 22) determined 
the Navajo cementing material to be chiefly calcareous 
but also with "...minor amounts of siliceous cement." 
Although found in other units, secondary quartz was not 
noted in the Navajo samples studied here.

In contrast to the above. Wells (i960, p. 14?) 
X-rayed samples from the Navajo in the area just west 
of the study area and found the cement to consist of 
kaolinite, dolomite, and iron oxide. Iron oxide is 
often noted in Navajo samples as a coating on grains
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but does not seem to fill interstices# The color of 
the Navajo Sandstone results from the presence of this 
iron staining.

Carmel Formation

General Statement
The basal unit of the San Rafael Group, the 

Carmel Formation, is perhaps best known for the fossil- 
iferous, marine phase present in southwestern and 
central Utah. The Carmel of the study area, on the 
other hand, consists of unfossiliferous red beds which 
are here referred to as the nonmarine phase.

The marine phase of the Carmel Formation 
contains basal fossiliferous limestones, overlain by 
shales (gray, orange-red, and greenish), with gypsum 
in contorted beds, and anhydrite. The nonmarine phase 
is a series of thin shaly, brown and gray sandstones 
and red sandy shales, "...with a few gypsum lenses and 
a little limestone" (Gilluly and Reeside, 1928, p. ?4). 
The Carmel of the study area is similar to the latter 
phase.

The Carmel Formation is the only member 
originally assigned to the San Rafael Group that has 
its type area outside the San Rafael Swell of central



70
Utah, At the same time the San Rafael Swell was being 
studied (Lee and others, 1926; Gilluly and Reeside, 
1926, 1928; Gilluly, 1929), H. E« Gregory and R. Co 
Moore were working on the Jurassic section of south
western Utah. Agreement was reached among these 
workers that the section at Mount Carmel, perhaps due 
to the well developed marine faunas present, would be 
used as the type for the lowest member of the San 
Rafael Group (Cashion, 1967, P» J6). Although the 
term Carmel Formation was first published in 1926 (Lee 
and others, 1926, p. 3)* a type section was not estab
lished until 1931 (Gregory and Moore, 1931, p# 73* 74). 
In the meantime (Gilluly and Reeside, 1928; Gilluly, 
1929), this unit had been described in the northern 
San Rafael Swell, giving credit for the name to a 
"...manuscript report on geology of southern Utah and 
northern Arizona..." in preparation by Gregory and 
Moore (Gilluly and Reeside, 1928, ftnt. 52, p. 68).

These same beds had been recognized earlier by 
Gilbert (1875, p. 174) near the type locality and near 
the Henry Mountains. In the Navajo Country, Gregory 
(1917* p» 6 5) noted "... 150 to 200 feet of red sandy 
shales and thin red sandstones..." between the Navajo 
and McElmo (=Entrada) sandstones on both sides of Glen
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Canyon. Gregory (1917, P» 6 5; see also* More, 1922) 
stressed that these beds "...may represent a formation 
that has not previously been recognized and is more 
fully developed north and west of the Colorado River."

In the early descriptions of the Carmel 
Formation in the San Rafael Swell (Gilluly and Reeside, 
1928; Gilluly, 1929), both the thick fossiliferous 
marine western phase (on the western flank of the swell), 
and the thinner, unfossiliferous, nonmarine eastern 
phase were recognized. Carmel thicknesses in the Swell 
range from 650 feet on the western flank to 95 feet on 
the eastern edge. Thus the San Rafael Swell contains 
both the marine and nonmarine phases of the Carmel, 
and the transition zone between phases. It would have 
made an excellent and representative type area.

Contacts
The ihtertonguing and contact relationships 

between the Carmel Formation and the underlying Navajo 
Sandstone have been discussed under a previous section.

As with the contact between the Carmel and 
units below, the contact of the Carmel with the over- 
lying Entrada Sandstone shows considerable regional 
variation both within the study area and elsewhere.
Most authors have placed the boundary between the
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Carmel and Entrada quite arbitrarily. Gilluly and 
Reeside (1928, p. 7*0 believed that "...the two form
ations appear to be conformable and to represent 
continuous deposition." Wright and Dickey (1963a, 
p. 2) note the conformity over much of Utah, but draw 
attention to the overlapping relationship of the 
Entrada onto older formations toward the east (south
eastern Utah and western Colorado). Harshbarger and 
others (1957, P* 37) found gradational relationships 
between the two units in northeastern Arizona.

However, along Lake Powell and to the northwest 
of the study area, the contact relationships are much 
like those between the Carmel and the Navajo - that is 
the Carmel expands to the northwest at the expense of 
the overlying Entrada. Hunt and others (1953, P* 71) 
may have been the first to notice this intertonguing 
on a small scale between the Carmel and the Entrada.
F. C. Peterson (pers. comm., 1967) has also traced the 
basal Entrada Sandstone at West Cummings Mesa Section 
(SRG-19) into the upper Carmel further west.

Generally, in the central and northern parts 
of the study area, the Carmel/Entrada contact is 
marked by a change in grain size, color, and style of 
bedding. The basal Entrada consists of orange to
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white, structureless to cross-bedded sandstones that 
rest with sharp contrast on red, thin-bedded siltstones 
or claystones of the Carmel# Figure 17 illustrates 
these relationships along Lake Powell#

In the southern part of the study area, an 
increase in sand in the Carmel Formation, with resultant 
loss of red color, makes it difficult to distinguish 
between the Carmel and the Bntrada. Therefore, an 
arbitrary boundary between the Carmel and the Entrada 
was picked in the area south of Blue Canyon (SRG-3).
In this area, the Carmel and Entrada are very similar 
in all characteristics due to the increase in sand 
content of the Carmel. However, 'red* bentonites can 
be traced from Blue Canyon southward. One of these 
bentonites was used as a key bed to trace the same 
stratigraphic horizon from Tonalea Trading Post south 
to Blue Canyon and beyond.

Lithology
In the study area, the Carmel Formation differs 

considerably in lithology from either the type section 
at Mount Carmel or the type area of the San Rafael 
Group in the San Rafael Swell (Craig and others, 1955# 
p. 132). In general, the thicker sections in south
western Utah and central Utah (400 feet or more) contain
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Figure 17* Sharp contact between the Entrada
Sandstone (Je) and Carmel Formation (J ), 
Dangling Rope Canyon (SRC-6), Kane County, Utah.
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marine limestone, fossils and bedded gypsum. The 
thinner sections to the southeast in northern Arizona 
and southeastern Utah (300 feet or less) are commonly 
unfossiliferous sequences of red siltstones and clay- 
stones with interbedded sandstones. A transition area, 
where both lithologies are present, occurs in a north
east-southwest band across central Utah and extending 
just to the northwest of the study area. The type 
area for the San Rafael Group, in the San Rafael Swell, 
lies in this transitional area.

Within the study area, the Carmel Formation 
consists of interbedded red siltstones and claystones 
(80$) with lighter colored sandstones (20$). The 
laminated to very thin bedded siltstones and claystones, 
which make up 80$ of the section, weather deeply, 
forming poorly exposed slopes. The more resistant, 
thin- to thick-bedded sandstones form prominent ledges, 
making them appear more abundant than the 20$ of the 
section they actually make up. The sandstones may be 
cross-stratified and/or ripple marked. This inter
bedded nature of the Carmel is well illustrated in 
Figure 18. South of Blue Canyon (SRG-3), the Carmel 
Formation becomes heterogeneous due to an increase 
in grain size in this direction, and the unit is only
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Figure 18. Interbedded mudstones and flat-bedded
sandstones typical of the Carmel Formation, 
Kaibito Wash, 1.5 miles north of Kaibito 
Trading Post (SRG-16), Coconino County, 
Arizona.
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locally red (Fig. 12). Gypsum seams are common in 
the Carmel throughout the study area.

The red coloration of the Carmel Formation is 
apparently due to a weathering alteration of components 
derived from a volcanic source. Cadigan (1958, p, 48) 
noted "...a substantial volcanic contribution to the 
sedimentary rocks which make up..." the Carmel Formation 
in the Paria Amphitheater area in southwestern Utah 
(Garfield County). Throughout most of the Carmel 
sequence, these clays have been mixed with detrital 
grains. However, locally and at certain horizons, they 
occur as unreworked, pure, bentonitic claystone. As 
has been noted by Schultz and Wright (1963, p. E70), 
these bentonites contain euhedral biotite and sanidine. 
The source of the volcanic material may be related to 
the event described by Cadigan (1958, p. 5 8), or a 
later one. As these bentonites constitute an important 
aspect of the San Rafael Group, they are discussed in 
a later section.

The results of granulometric analysis of 20 
samples of sandstone representative of the entire 
stratigraphic and areal distribution of the Carmel 
Formation are tabulated in Figures 19 and 20. These 20 
samples average out to a moderately well sorted
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\

SAMPLE # % SAND % SILT/CLAY 7. SILT 7. CLAY 7. CaCOg

LR-2-67 79.76 20.24 18.88 1.36 0.83

LBC-5-66 89.39 11.61 11.31 0.30 11.61

W-l-66 88.79 11.21 9.31 1.90 1.43

TS-4-67 93.17 6.83 - - 13.82

NB-l-67 86.20 13.80 - - 8.41

NCMM-8-67 98.35 1.65 - - -

BC-3-66 96.52 3.48 - - -

CSTP-4-67 99.42 0.58 - - -

CSTP-3-67 97.00 3.00 - - -

K-4-67 98.25 1.75 - - -

NCMM-7-67 95.60 4.40 - - -

CMC-1-66 98.24 1.76 - - -

W-3-66 97.29 2.71 - • -

LRP-2-67 95.08 4.92 - - -

TTP-2-67 98.07 1.93 - - -

NCMM-5-67 99.54 0.46 - - -

MM-1-66 97.13 2.87 - - -

MM— 6—66 96.50 3.50 - - -

TTP-1-67 94.83 5.17 - - -

NWM-1-66 98.59 1.41 - - -

AVERAGE 94.84 5.16 13.17* 1.18a 7i22b

8 Average of 3 samples.
kAverage of 5 samples.__________________

Figure 19. Results of grain size analysis of 20 samples from the 
Carmel Formation.
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SAMPLE # Kdj(#/«».) M x(#/■■#) ®i 4 Skt

Basal • South:
N OH-5-67 2.8070.1436 2.80/0.1436 0.362 1.434 -0.107
MM-1-66 2.85/0.1387 2.85/0.1387 0.442 1.192 40.031
MI-6-66 2.90/0.1340 2.97/0.1276 0.465 1.434 40.167
TIP-1-67 2.85/0.1387 2.72/0.1518 0.768 1.121 -0.171
TTP-2-67 2.45/0.1830 2.43/0.1856 0.662 0.928 -0.007

Average: 2.84/0.1397 0.540 1.222 -0.017

lasel - Worth:

NVM-1-66 2.45/0.1830 2.48/0.1792 0.548 0.984 40.101
IS-4-67 2.75/0.1487 2.75/0.1487 0.759 1.165 40.074
ULP-2-67 2.65/0.1593 2.63/0.1615 0.652 0.971 40.057
V-3-66 2.75/0.1487 2.73/0.1507 0.496 1.072 -0.070

Average: 2.65/0.1593 0.614 1.048 40.041

Middle:

K-4-67 2.85/0.1387 2.85/0.1387 0.402 1.366 40.00
CSTP-4-67 2.40/0.1895 2.40/0.1895 0.572 0.819 40.027
CSTP-3-67 2.25/0.2102 2.32/0.2003 0.836 0.774 40.163
BC-3-66 1.90/0.2679 1.85/0.2774 1.004 0.859 -0.029
MQM-7-67 2.40/0.1895 2.43/0.1856 0.681 1.070 40.155

Average: 2.37/0.1934 0.699 0.978 40.063

Upper 1/3:

CMC-1-66 2.25/0.2102 2.25/0.2102 0.610 1.050 40.012
MCMM-8-67 2.05/0.2415 2.10/0.2333 0.490 1.040 40.215
LBC-5-6& 3.15/0.1127 3.18/0.1103 0.568 1.434 40.193
Ll-2-67 3.10/0.1166 3.37/0.0967 1.001 1.730 40.551
*1-1-67 3.40/0.0947 3.50/0.0884 0.473 1.475 40.438

Average: 2.88/0.1358 0.628 1.346 40.282

CARMEL TOTAL AVERAGE 2.54/0.1719 0.621 1.154 40.095

V-l-66* 2.60/0.1649 2.65/0.1593 0.946 1.661 +0.279

♦Equivalent to Navajo Sandstone.

Figure 20. Medium diameter, graphic mean, standard
deviation, graphic kurtosis, and inclusive 
graphic skewness for 20 samples from the 
Carmel Formation.
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(6^=0.621), fine-grained sandstone (Mz=2»5^/0« 1719mm. ). 
They range from well-sorted (8^=0.362) to poorly- 
sorted (6'.=1«004), and from medium sandstone (M =1.85#/

3. • Z

0.2774mm.) to a silty, very fine sandstone (M =3*50)#/ 
0.0884mm.). The 20 samples averaged 94.94% sand size 
particles (>4j#/0.0625mm) and 5*16% silt/clay size 
K4//6.0625mm.). Clay size material made up less than 
20% of the silt/clay fraction based on three samples 
which contained sufficient silt/clay fraction for 
pipette analysis.

The five Carmel sandstone samples analysed for 
calcium carbonate averaged 7*22% calcium carbonate 
cement.

The sand grains from Carmel Formation sandstones 
are generally subangular (0.25 to 0.35 on the Powers 
scale (1953)) with less common subrounded (0.35 to 
0.49) grains. The surface texture is nearly always 
frosted and/or pitted. The grains are characteristically 
stained red on the surface. Larger grains with better 
rounding values are rare in the sandstones of the 
Carmel Formation, and are present only from Tse Skizzi 
southward (Tse Skizzi, Tonalea Trading Post, Blue Canyon, 
Middle Mesa, and Northwest Coal Mine Mesa).
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The preceding discussion of grain size and 

texture, is based on analysis of 20 samples from sand
stones in the Carmel Formation. However, sandstone 
makes up only 20% of the total Carmel section. The 
remaining 80% consists of finer grained rocks which can 
not be analysed by granulometric methods.

Sedimentary Structures
The Carmel Formation contains both primary and 

secondary sedimentary structures. Primary structures 
include cross-stratification, ripple marks, mudcracks, 
and salt casts. All these features form at the deposi- 
tional interface. Post-depositional structures, 
including load and slump (=sandstone pipes) features, 
form below the surface of deposition at some time after 
deposition of the unit involved. Slump features, here 
called deformational structures, will be discussed in 
a separate section. '

The sandstones of the Carmel Formation are 
commonly cross-stratified, although the exact nature 
of the bedding is not always recordable. The sand
stone units are thinly to thickly cross-stratified, 
and the cross-beds have the same general style as the 
larger scale bedding in the Entrada and Cow Springs 
sandstones. In fact, the average dip of the Carmel
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cross-stratification, 22,6° on 58 readings, is compar
able to that from the Entrada (24,3°) or the Cow 
Springs (23.0°).

The Carmel paleowind pattern, although based on 
a rather small sample, is similar enough to the pre
ceding (Navajo) and succeeding (Entrada) patterns to 
indicate similar mode of origin and current pattern 
for the cross-stratified portions of all three units# 
Since the Navajo and Entrada are generally believed to 
have been deposited by wind currents, the cross- 
stratified sandstone strata within the Carmel Formation 
are also attributed to an eolian origin. However, the 
interbedding of the Carmel sandstones with finer 
grained, shallow or marginal marine strata, and the 
presence of wave type ripple mark on some bounding 
surfaces indicate these sandstone units were deposited 
on surfaces at or near sea level, whereas the Navajo 
and Entrada sandstones most often show no apparent 
relationship to shorelines.

The ripple marks found throughout the Carmel 
Formation are of a single type; symmetrical with long, 
nonbifurcating crests which are nearly straight 
(Fig. 21). Ripple index (Rl), the ratio of ripple 
period to ripple height, ranges from 4.5 to 8.0
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Figure 21• Symmetrical ripple marks in the Carmel 
Formation on road 6 miles south of Tse 
Skizzi (SRG-10), Coconino County, 
Arizona.
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(Fig. 22). Such ripple marks are generally attributed 
to a wave or oscillating current (Tanner, 1967* p. 94) • 
The Carmel ripple marks occur on or within the sandstone 
beds which may be cross-stratified, flat-bedded, or 
structureless. They were noted and measured within the 
study area at Northeast Cummings Mesa (SRG-8), in 
Kaibito Wash, 1.5 miles north of Kaibito Trading Post, 
on the lechee Rock road, and on the road to Tse Skizzi.

Outside the study area, ripple marks have been 
noted in the Carmel Formation in the Four Corners area 
(Tanner, 1965, p. 571)* the Zion Park area (Gregory, 
1950a, p. 93)» the Navajo Country (Harshbarger and 
others, 1951* P» 97)# south-central Utah (Stokes and 
Holmes, 1954, p. 37), and at numerous other sites.

Mudcracks have been observed locally within the 
Carmel Formation, either on the surface of exposed 
sandstone ledges or on the lower surfaces of undercut 
wash banks. These weathered surfaces may consist solely 
of the sandstone which has filled the dessication cracks 
in finer grained sediments (see Harshbarger and others, 
1957, fig. 23).

At several localities, the presence of mudcracks 
apparently localized or caused loading to occur. The 
lower surface of many of the sandstone ledges within



85

CARMEL FORMATION

1. North of Kalbito Trading Post (1.5 mi.), in Kaibito Wash:

N20°W (no regional tilt)

2. Tse Skizzi Road, South of Tse Skizzi (6.0 mi.):

N 5°W N15°W (regional tilt - 10° due S)
H10°E N15°W
N 5°W N 5 W, RI - RW/RH - 2.4/0.4-0.5 cm - 4.8 to
N-S S85°Eb 6.0

3. Lechee Rock Road:

N50°W (no regional tilt)
N55°W
N40°W RI - RW/RH - 3.0/0.7 cm(Aver.)« 4.3

4. Northeast Cummings Mesa Section (SRC-8):

N70°E (no regional tilt)

ENTRADA SANDSTONE (basal)

1. Tonalea-Kaibito Road Section (SRG-21):

N10°E (regional tilt - 14°, N55°E)
N25 W
E-W RI » RW/RH - 2.0-3.0/0.3-0.5 cm - 4.0

to 10.0

2. Southwest/south of Tonalea Trading Post (0.4 mi.):

N50°W (regional tilt - 16°, N55°E)
N70°W

RI - RW/RH - 3.0/0.4 cm - 7.5

• Ripple Index(RI) ■ Ripple Width( crest to crest)/Ripple Height(RW/RH) 

b asymmetrical; all others symnetrical.

Figure 22. Crest orientations and ripple index(RI) values for ripple
mark observed in the Carmel Formation and Bntrada Sandstone.



the Carmel reveal load casting, a feature which 
indicates the unconsolidated condition of the under
lying finer grained rocks.

Salt casts were also observed at several 
northern localities, such as on the road to Lechee 
Rock.

Fauna
As originally defined, the type section of the 

Carmel Formation at Mount Carmel consisted of 269 feet 
of limestone (?0 feet), sandstone (103 feet), gypsum 
(23 feet), and shale (?4 feet). The following fossils 
were identified from the limestones in the basal 150 

feet of the type section (Gregory and Moore, 1931» 
p. 74)t

Pentacrinus asteriscus Meek and Hayden 
Rhynchonella sp. undet.
Enmicrotis curto (Hall)
Astrea strigilecula White 
Cardinia ? n. sp.
Trigonia ouadrangularis Hall and Whitfield 
Trigonia americana (Meek)
Camptonectes platessiformis White 
Camptonectes stygius White 
Modiola subimbricata

86
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Modiola pertenuis Meek and Hayden 
Modiola sp. undet.
Astarte Packardi White 
Ammonite fragment

As discussed earlier, the type section at 
Mount Carmel corresponds only to the lower portion of 
the Carmel Formation at the type area of the San Rafael 
Group in the San Rafael Swell. The present concept of 
the Carmel at Mount Carmel, as expanded by Wright and . 
Dickey (1963a, b) and Cashion (1967) to include the 
Summerville (?) and Morrison (?) Formations of Gregory 
and Moore (1931) and the Winsor Formation of Gregory 
(1950b, p. 42), may more nearly approximate the San 
Rafael Swell Carmel sequence. This increases the total 
thickness of the Carmel Formation at the type section to 
more than 450 feet.

Within the study area, fossils have not been 
found in the Carmel Formation. The Carmel is also 
apparently unfossiliferous in the Navajo Country 
(Beaumont and Dixon, 1965, P» A9)» southeastern Utah 
(Gilluly and Reeside, 1928, p. 74; Rigby, 1964, p. Ill), 
and south central Utah (Stokes and Holmes, 1954, p. 36- 
37)• The environmental significance of the lack of 
fossils in the Carmel Formation of certain areas, such



as the study area* will be discussed under a later 
section on environments of deposition.

Lateral Variation
The isopach map of the Carmel Formation (Fig.

23) illustrates quite clearly the expansion of this 
unit toward the more marine portion of the Carmel 
basin, northwest of the study area. To the southwest 
of the study area, gradual thinning takes place prob
ably toward a depositional pinchout (Harshbarger, 19^9, 
p. 118). These same relationships can also be seen on 
the north-south cross-section (Fig. 6). However, 
within the study area proper, the Carmel maintains a 
relatively uniform thickness, although there are few 
control points. From Cow Springs Trading Post, the 
Carmel appears to thicken toward the east along the 
north side of Black Mesa.

The Carmel Formation has greater areal exposure 
than the other San Rafael members as shown on the out-

> crop map of the group within the study area (Fig. 10). 
This is due to the resistence of the underlying Navajo 
Sandstone, which holds up the Carmel in broad shelves, 
and the retreat of the Entrada/Cow Springs cliff caused 
by the easily eroded nature of the Carmel. In between 
the Navajo and Entrada/Cow Springs cliffs, the deeply

88
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Figure 23* Isopach map of the-Carmel Formation within 
the study area.
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weathered Carmel forms flat plateaus covered either by 
vegetation or sand. This is true even when the Entrada/ 
Cow Springs is absent. Within the Carmel outcrop band, 
only the thin sandstone ledges are normally exposed 
(see Fig. 18).

To the east in both.Utah and Arizona, the Carmel 
Formation pinches out depositionally as the overlying 
Entrada Sandstone laps onto older units (Harshbarger 
and others, 1951? Wright and Dickey, 1963a? Rigby, 1964, 
p. 111). Laterally equivalent beds are present but 
have been referred to the Dewey Bridge Member of the 
Entrada Sandstone (Wright and others, 1962) in eastern 
Utah and to the medial silty member of the Entrada 
(Harshbarger and others, 1957# PI. 3) in northwestern 
New Mexico.

The original extent of the Carmel Formation to 
the south and southwest of the present outcrop has 
been removed by pre-Dakota erosion. However, Harshbarger 
(1949, p. 118) stated that the data indicated that 
"...the Carmel deposits originally extended at least 
50 miles south of their present southern limit..." in 
the Black Mesa area.

Stokes (1957# p. 93) has concluded that the 
entire Carmel sequence in the eastern border region of
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Utah is equivalent to only the uppermost of the seven 
members (=Twin Creek Limestone) present to the west. 
Wright and Dickey (1963a) show the same approximate 
relationship across most of Utah.

To the west and northwest of the type area of 
the Carmel Formation, equivalent beds, representing 
deposition in deeper parts of the Carmel basin, are 
referred to the Twin Creek Limestone or the Arapian 
Shale (Richards, 1958; Wright and Dickey, 1963a; Rigby, 
1964; Bullock, 1965; Imlay, 196?)• Pre-Dakota erosion 
and complex tectonics, affecting the transition zone 
between the Colorado Plateau and the Basin and Range 
province to the west, have obscured the stratigraphic 
relationships of the Middle and Late Jurassic rocks, 
which probably extended further west in Utah and 
northwestern Arizona than they do today.

Entrada Sandstone

General Statement
The Entrada Sandstone forms one of the most 

conspicuous and widespread outcrop belts of any 
Jurassic unit with the possible exception of the Navajo 
Sandstone. The Entrada forms impressive cliffs from 
the San Rafael Swell of Utah to the southern end of the
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Defiance Uplift, and from the Lake Powell region to the 
southern margin of the San Juan Basin. Particularly 
spectacular are the cliffs along Lake Powell, on the 
east side of the Kaiparowits Plateau, in the San Rafael 
Swell, at Arches National Monument, along both sides of 
the Defiance Plateau, and near Fort Wingate. The 
Entrada has been traced over most of northern Arizona, 
northwestern New Mexico, western Colorado, and southern 
and central Utah. Rocks at even more widely scattered 
localities (such as northeastern New Mexico, eastern 
Colorado, and southwestern Utah) have been referred 
questionably to the Entrada Sandstone (Tanner, 1965? 
Miller, 1966). To the north, equivalents of the 
Entrada include the lower part of the Twist Gulch 
Formation (Wright and Dickey, 1963a, p. 2) of the 
Wasatch Plateau, the Preuss Sandstone (Stokes, 1957, 
p. 93) of northern Utah, and the Sundance Formation 
(Stokes, 1944, p. 973) of Wyoming.

The type locality of the Entrada Sandstone is 
at Entrada Point, in the northern part of the San Rafael 
Swell, central Utah (Gilluly and Reeside, 1928, p. 7 6). 
The Entrada is 312 feet thick at the type locality and 
thickens to 844 feet on the west flank of the Swell. 
Eastward from the type locality, the Entrada gradually
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thins to a feather edge and laps successively onto 
older units in western Colorado (Wright and Dickey,
1963a)• From the Kaiparowits Plateau westward, the 
Entrada is gradually beveled by pre-Dakota erosion 
until it reaches a wedge-edge in the area south of Zion 
Park (Wilson, 1965)•

The type section of the Entrada Sandstone is 
made up of two contrasting lithologic types. The 
western facies consists of earthy, poorly cemented, 
silty, slope-forming, deeply weathering sandstones and 
siltstones that are dominantly flat-bedded. This facies 
connects with the Preuss Sandstone, lower Twist Gulch 
Formation, and Sundance Formation to the north and west. 
By contrast, the eastern facies consists of well-sorted, 
cliff-forming, clean sandstones and less abundant silt- 
stones that are commonly cross-stratified. This facies, 
which forms the spectacular cliffs for which the Entrada 
is known, can be traced from the type area into eastern 
Utah, northern Arizona, and northwestern New Mexico.

These two contrasting facies overlap in a band 
which runs northeast and southwest from the type area. 
This band represents the boundary between two different 
environments of deposition* their significance will be 
discussed under paleogeography.
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The thickness of the Entrada Sandstone on the 

Colorado Plateau varies considerably depending on the 
development of these two facies.

Within the study area the thickness of the 
Entrada varies from more than 800 feet along Lake 
Powell to less than 200 feet along Black Mesa (Fig. 24). 
This thinning is quite regular and probably represents 
depositional thinning. The present distribution of the 
Entrada in the study area is shown on the outcrop map 
of the San Rafael Group (Fig. 10). The unit mapped 
here as Cow Springs Sandstone in the Kaiparowits 
Plateau region was placed in the upper Entrada by 
Stokes and Thompson (19&9; Thompson and Stokes, 1970).

To date, fossils have not been found in the 
Entrada Sandstone (Baker, 1936, p. 57? Stokes, 1944, 
p. 973? Stokes and Holmes, 1954, p. 37? Peterson and 
Waldrop, 1965, p. 55)• However, the Entrada can be 
dated by its position between marine units of known 
Middle Jurassic (Carmel Formation) and Late Jurassic 
age (Curtis Formation), and by lateral equivalency with 
the marine Upper Jurassic Preuss Sandstone of northern 
Utah.
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Figure 24. Isopach map of the Entrada Sandstone 
within the study area.
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The lower boundary of the Entrada Sandstone 
has been discussed under the section on the Carmel 
Formation. This contact appears conformable in western 
exposures, but eastward, gradually truncates older and 
older units, with little apparent discordance. The 
Carmel expands to the west of the study area at the 
expense of Entrada, and intertonguing is present.
Over most of the study area, the contact is apparently 
conformable, with a distinct lithologic change present 
at the contact. However, south of Blue Canyon where 
the Carmel is characterized by an increase in grain 
size and thus differs little from the overlying Entrada, 
the two units are difficult to differentiate. The 
section at Lower Bat Canyon (Fig. 12) is typical of 
this condition. Fortunately, distinctive red bentonite 
beds are in this part of the section and can be traced 
southward from Blue Canyon.

The upper contact of the Entrada Sandstone 
varies greatly depending on the overlying unit. In the 
Henry Mountains, the contact with the overlying Curtis 
Formation is angular, beveling gentle folds in the 
Entrada (Hunt and others, 1953» P« 71)* In the San 
Rafael Swell, the Curtis has a basal conglomerate and
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is separated from the Entrada by an erosional uncon
formity (Stokes, 1944, p. 973? Wright and Dickey, 1963a, 
p. 3)« Where intervening units (Curtis, Todilto) are 
not present, the Entrada and Cow Springs are "...essen
tially inseparable" (Craig and others, 1955, P« 134).

In the Black Mesa area, the Entrada grades into 
the overlying Cow Springs Sandstone, the contact being 
"...an arbitrary boundary based on lithologic differ
ences" (Harshbarger, 1949, p* 50).

After a considerable amount of study, the contact
between the Entrada and Cow Springs Sandstones remains
remarkably arbitrary. Comparison between the two units
develop more similarities than differences. There
appears to be no great grain size differences, and the
style of bedding is indeed similar. However, a color
difference is apparent and has been used more than any-

1thing else to distinguish the two units. The occurrence 1

1. The value of this color difference as a dis
tinguishing feature is disputed by F. C. Peterson (pers. 
comm., Sept., 1969, p. 3) who considers the whitish 
color of the Cow Springs to be

...largely, if not entirely, a post deposi- 
tional alteration phenomenon because some 
residual red still occurs in these beds and 
because the color is not so white as it is 
greenish-gray, which suggests reduction of the 
ferric ion to its ferrous state. This color 
change (from orange to whitish) occurs below 
most of the unconformities in the region.

If this is true then the Cow Springs is actually a part 
of the Entrada and not a valid stratigraphic unit.
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of a distinctive bentonite at the horizon of color 
change in the White Mesa area seems to support the use 
of coloration differences for placing the contact. Thus, 
this study fails to support the statement of Stokes and 
Thompson (1969, p. 186) that the Entrada/Cow Springs 
contact in the White Mesa area is unconformable.

The Entrada/Cow Springs contact is illustrated 
at Window Rock (Fig. 25), at Tse Skizzi (Fig. 26), and 
at Blue Canyon (Fig. 27)•

Lithology
The results of grain size analysis of 26 samples 

from the Entrada Sandstone are summarized in Figures 28 
and 29. The 26 samples average out to a moderately well 
sorted (aver. 6%=0.527), silty, very fine grained sand
stone (aver. Mz=3 e21$/0 .108lmm)•

Sorting (6̂  ) ranges from 0.327 to 0.812, and 
mean grain size (Mz) from 0.2031mm (2»30ff) to 0.0708mm 
(3,82$)• The 26 samples average 86.64% sand size grains 
and 13*36% finer than 4# (=silt/clay size). Eleven 
samples were further processed by pipette analysis to 
find the amount of clay present, and this was determined 
to be approximately 5% of the silt/clay fraction. The 
The calcium carbonate content of eight samples averaged
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Figure 25* Contacts between the Cow Springs
Sandstone (Jcg)# the underlying Entrada 
Sandstone (Je), and the overlying Dakota 
Sandstone (K^), at Window Rock (SRG-15)» 
White Mesa, Coconino County, Arizona.



100

^igure 26. Contacts between the Cow Springs
Sandstone (JCo), the underlying Entrada 
Sandstone (Je>, and the overlying 
Morrison Formation ( )  at Tse Skizzi 
(SRG-10), Coconino County, Arizona.
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Figure 2?. Contacts between the Cow Springs Sandstone 
(JCq )» the underlying Entrada Sandstone 
(J^l, and the overlying Dakota Sandstone 
(K^), Blue Canyon (SRG-3)» Coconino County, 
Arizona*



102

SAMPLE # % SAND X SILT/CLAY X SILT X CLAY X CaC03
DRC-10-66 74.19 25.81 24.16 1.65 -
LR-9-67 88.68 11.32 10.62 0.70 -
WC-4-67 91.34 8.66 - - -
DEC-4-66 87.46 12.54 - - 7.05
DRC-9-66 97.81 2.19 - - -
WC-3-67 74.65 25.35 24.90 0.45 7.87
KWM-5-66 91.17 8.83 - - -
CMC-5-66 81.96 18.04 14.04 4.00 1.93
WC-2-67 88.01 11.99 - - -
W-5-66 92.85 7.15 - - -
TS-7-67 87.30 12.70 - - -
CMC-3-66 95.99 4.01 - - -
K-6-67A* 71.45 28.55 27.80 0.75 8.29
K-6-67B 73.32 26.68 - - -
NB-2-67Aa 76.43 23.57 - - 8.86
NB-2-67B 76.99 23.01 21.51 1.50 -
MW-1-67 96.49 3.51 - - -
WR-1-67 78.10 21.90 20.67 1.23 -
EF-1-67 83.06 16.94 15.67 1.27 8.99
EF-2-67 83.03 16.97 16.16 0.81 •
VR-3-67 81.71 18.29 17.57 0.72 8.74
SWM-2-66 95.53 4.47 - - -
SB-9-67 97.37 2.63 - - -
NQM-14-67 91.00 9.00 - - -
WC-1-67 91.00 9.00 - - -
TTP-8-67 99.78 0.22 - - -
LR-6-67 79.99 20.01 19.50 0.51 12.01
CSTP-5-67 99.14 0.86 - - -

AVERAGE 86.64 13.36 19.3* 1.23b 7.97*

*One half of sample sieved after HCL treatment. 
"Average of 11 samples.
^Average of 8 samples.

Figure 28. Results of grain size analysis of 26 samples from the 
Entrada Sandstone.
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SAMPLE # Mde(e/««=) M,(#/me) *1 *8 Skt

CROUP A TYPE MDDIHC: -

Lower 1/3:

CSTP-S-67 2.50/0.1768 2.47/0.1805 0.507 1.072 -0.108
TTP-8-67 2.30/0.2031 2.30/0.2031 0.389 1.024 -0.020
VC-1-67 3.35/0.0981 3.33/0.0994 0.477 1.304 -0.043

t TS-7-67 3.35/0.0981 3.38/0.0960 0.696 1.860 -0.094
VC-2-67 3.20/0.1088 3.08/0.1183 0.783 0.803 -0.136
V-5-66 2.95/0.1294 2.92/0.1321 0.756 0.837 -0.021

Average: 2.91/0.1330 0.601 1.150 -0.070

South-Central:

SB-9-67 2.60/0.1649 2.65/0.1593 0.327 1.464 +0.356
SUM-2-66 2.80/0.1436 2.87/0.1368 0.417 1.457 +0.330

Average: 2.76/0.1476 0.372 1.461 +0.343

llorth-Upper 1/2:

DRC-10-66 3.45/0.0915 3.57/0.0842 0.812 1.148 +0.309
DRC-9-66 2.20/0.2176 2.30/0.2031 0.482 1.393 +0.402
DRC-4-66 3.30/0.1015 3.35/0.0981 0.543 1.167 +0.193
VC-3-67 3.70/0.0769 3.73/0.0754 0.412 1.043 +0.170
WC-4-67 3.10/0.1166 ’ 3.18/0.1103 0.495 1.161 +0.338

Average: 3.23/0.1066 0.549 1.182 +0.282

Overall A Average: 3.01/0.1241 0.546 1.210 +0.129

Lower 1/3:

La-6-67

' CROUP 

3.55/0.0854

B TYPE BEDDING: 

3.63/0.0808 0.455 1.191 +0.335
QIC-3-66 2.85/0.1387 2.87/0.1368 0.415 1.230 +0.166
QIC-5-66 3.40/0.0947 3.53.0.0866 0.629 1.708 +0.166
NUM-5-66 2.85/0.1387 2.83/0.1406 0.764 1.143 +0.037
K-6-67A 3.70/0.0769 3.82/0.0708 0.425 1.043 +0.420
HB-2-67A 3.70/0.0769 3.75/0.0743 0.422 1.270 +0.310

Average: 3.41/0.0941 0.518 1.264 +0.247

South-Central:

E7-1-67 3.50/0.0884 3.53/0.0866 0.528 1.366 +0.081
BP-2-67 3.50/0.0884 3.57/0.0842 0.420 1.189 +0.315
Ul-1-67 3.55/0.0854 3.63/0.0808 0.495 1.161 +0.338
VR-3-67 3.50/0.0884 3.55/0.0854 0.495 1.072 +0.167

Average: 3.57/0.0842 0.485 1.197 +0.225

Overall B Average 3.47/0.0902 0.505 1.237 +0.239

ENTRADA TOTAL AVERAGE 3.21/0.1081 0.528 1.222 +0.177

HV-l-67* 1.00/0.5000 1.15/0.4506 0.669 2.336 +0.596
LR-9-67 2.75/0.1487 2.92/0.1321 0.686 1.900 +0.493
HCKH-14-67 2.55/0.1708 2.63/0.1615 0.800 1.560 +0.298

*Sa*plee not used due to eecondery quartz overgrowths (see text)•

Figure 29* Medium diameter* graphic mean, standard devia
tion, graphic kurtosis, and inclusive graphic 
skewness for 26 samples from the Entrada 
Sandstone.



7*97#* One unprocessed coarse siltstone contained 
7*49# calcium carbonate.

Outside the study area, several authors have 
studied the grain parameters and composition of the 
Entrada Sandstone.

In the area northeast of Lees Ferry, Phoenix 
(1963, P* 35-36) described the Entrada as a fine
grained, quartzose sandstone. In the southwestern 
portion of the Kaiparowits Plateau (Nipple Butte and 
Gunsight Butte quadrangles), the Entrada is composed 
of very fine to fine quartz grains cemented by calcite 
(Peterson and Waldrop, 1965, P* 54). In the Black Mesa 
area, Harshbarger and others (1957, P* 37) state that 
the sandy members of the Entrada Sandstone are composed 
of medium to fine grains, although they list (p. 3 8) 
a medium diameter of 0.11 mm, which is actually very 
fine grained (0.11 mm = 3*1 to 3*2 0)• They also give 
the composition of the sandy members of the Entrada as 
95# quartz and feldspar, with 4.7# carbonate cement, 
which contrasts with 8.75# carbonate in the medial 
silty member (Harshbarger and others, 1957, P* 37-38).

In the northeastern part of Black Mesa, Beaumont 
and Dixon (1965, p. A9) describe the Entrada as a fine 
to very fine grained sandstone, with 87# of grains in
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those two grade sizes. Farther east, in the Four 
Corners area, the Entrada is also a fine to very fine 
grained sandstone (Tanner, 1965, P« 571),

Compositionally, the Entrada Sandstone varies 
considerably between exposures close to the source and 
the center of the Entrada "basin". A compositional 
average of three samples from the Entrada of eastern 
Utah/westem Colorado is 88# quartz, 7*5% feldspar, 4# 
chert (chalcedony), and 0.5# heavy minerals (Jordan, 
1965a, p. 174). Wright and others (1962, p. 2063) 
found even more feldspar (13-25#) in the same general 
area, but found evidence that to the west the Entrada 
grades "...from feldspathic sandstone to quartzose 
sandstone." These same authors (Wright and others, 
1962, p. 2063) state that the Entrada possesses 'good* 
sorting with very fine to fine size grains. Jordan 
(1965a, p. 181), based on the study of six samples 
from the Entrada of eastern Utah, lists an average 
mean of 2.74)0 (=0.1497mm) and an average standard devia 
tion of 0.533® These values are equivalent to a 
moderately well sorted, fine grained sandstone.

In the Slick Rock District of southwestern 
Colorado, Shawe and others (1968, p. A39-A45) describe 
two members, the Dewey Bridge and Slick Rock members.



of the Entrada Sandstone* The Dewey Bridge is composed 
of clayey siltstone and very fine grained sandstone 
with Entrada Berries (see below), flat-bedded, and 
weathers to "hoodoos" or a "humpy-faced" cliff. The 
Slick Rock Member consists of three units based on 
bedding types, all of which are composed of very fine 
to fine-grained, moderately- to well-sorted, quartzose 
sandstone with Entrada Berries, and form steep cliffs, 
with a rounded, "slick rim" shoulder at the top. Most 
commonly the cement is calcite, although silica and 
dolomite are also present.

Shawe and others (1968, Tab. 2) describe the 
Entrada of southwestern Colorado (Slick Rock Member) 
as being 7^»5% quartz, 11.5% feldspar, 6.0% clay, and 
6.5% calcite. The seven samples they analysed averaged 
out very fine to fine-grained sandstone with moderate 
sorting. Within the study area, the Entrada grains 
are generally subangular (aver. = 0.32-0.3^ on Powers 
scale) with some subrounded, are generally frosted, 
and possess a characteristic, but faint, red or orange 
staining on the surface.

One sample of silt/clay residue from the 
Entrada Sandstone was processed by X-ray diffraction 
to determine which minerals are present. In addition
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to the presence of abundant quartz and rare orthoclase, 
traces of a poorly crystallized montmorillonite clay 
were detected. This is the same assemblage as is in 
the silt/clay residue from the Cow Springs Sandstone 
and in bentonites and bentonitic claystones from the 
Carmel and Entrada.

One very distinctive feature of the Entrada 
Sandstone is the presence of a small percentage of 
medium or coarse grains in the fine to very fine 
grained sandstones. These larger grains, which appear 
to be characteristic of the Entrada, have been called 
Entrada Berries by many authors (Stokes and Holmes, 
1954, p. 37; Wright and others, 1962, p. 2063;
Beaumont and Dixon, 1965* P* A9; Shawe and others,
1968, p. A4l), and are present throughout the study 
area at several levels within the Entrada. However, 
they also occur, although quite rare, in both the 
Carmel Formation and the Cow Springs Sandstone of the 
study area, and in other Colorado Plateau units.
These grains are concentrated along bedding planes at 
certain times during deposition of the Entrada. The 
presence of these larger grains, even in small per
centages, cause the median grain size to be skewed 
upward, and more importantly, cause an increase in the
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sorting coefficient (=poorer sorting). Thus some 
samples have a larger grain size and poorer sorting 
than those samples which lack Entrada Berries. The 
presence of these larger grains explains the poor 
sorting values of samples TS-7-&7, W-5-66, and WC-2-67 
(Pig. 29).

According to Wright and others (1962, p. 2063) 
"...holes ranging from a few inches to several feet in 
diameter weather out locally along horizontal layers..." 
in the Slick Rock Member of the Entrada Sandstone in 
east-central Utah and west-central Colorado. These 
holes, referred to in this report as "moki holes," are 
found throughout the study area wherever the Entrada is 
well-cemented and cliff-forming. These have no relation
ship to the numerous stair holes cut by Indians in 
sloping cliffs over most of the Colorado Plateau.

The origin of these strange holes is probably 
related to differential weathering along zones of 
greatest permeability (?bedding planes) in both cross- 
and flat-stratified sandstone. This feature is well 
illustrated by Gilluly, Waters, and Woodford (1968,
Pig. 15-26), who attribute their formation to removal 
of calcite cement by solution. Their illustration 
clearly shows that the holes occur most commonly
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along the contacts between cross-stratified sets but 
may also occur within sets.

Cementation in the Entrada Sandstone varies 
considerably both areally and stratigraphically.
Calcite is probably the dominant cementing agent, but 
silica, dolomite, and clay may also act locally as a 
binding agent.

Where the Entrada is well-cemented, as along 
Lake Powell, exfoliation jointing and desert varnish 
(Engel and Sharp, 1958) may occur much like that in the 
Navajo Sandstone (Peterson and Waldrop, 1965* P» 5^).

Along Lake Powell, the color of the Entrada 
Sandstone grades from orange in the east to white in 
the area west of Romana Mesa, near the Warm Creek 
section (SRG-17). This change to a white color may be 
"...the result of leaching by underground fluids when 
the formation was exposed at the surface during Early 
Cretaceous time" (F. C. Peterson, pers. comm., 1969)0  

The westward truncation of the Entrada by the Dakota 
Sandstone has been discussed earlier (see page 93)•
D. D. Dickey (pers. comm, to R. F. Wilson, Oct.,1965) 
attributes the Winsor Formation of Gregory on the west 
side of the Kaiparowits Plateau to the same weathering
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phenomenon and believes the Winsor in western exposures 
to be Carmel Formation, and to be Entrada to the east.

Sedimentary Structures
The nature of the bedding and sedimentary 

structures is not always apparent in the Entrada Sand
stone. Weathering on cliff faces locally masks all 
bedding, producing a massive appearance in the northern 
and central parts of the study area. In the south, 
poor cementation produces a rather indistinct slope 
over much of the Entrada outcrop.

Where bedding can be recognized, both flat 
stratification (Fig. 30) and cross-stratification are 
present. Cross-beds include wedge-planar (Fig. 3 1) 
and tabular-planar types, both small and large scale, 
with lesser amounts of small scale trough (Fig. 30), 
and ripple-lamination. The relative amounts of high 
angle, large scale features (probably of wind origin) 
as opposed to smaller scale, low angle cross-stratifi
cation and flat-bedding (probably of subaqueous origin), 
ranges from approximately 70$ wind/30$ water in the 
north to 30$ wind/?0$ water in the south.

The nature of the cross-stratification in the 
upper Entrada Sandstone also can be seen at Tse Skizzi 
(Fig. 2 6) and at Blue Canyon (Fig. 27).
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figure 30. Small scale cross-stratification and flat
bedding in the upper Entrada Sandstone at 
Elephants Feet (SRG-2), Coconino County, 
Arizona.



112

figure 31• Wedge-planar style cross-stratification in 
the Entrada Sandstone (Je), Northeast White 
Mesa (SRG-5)» Coconino County, Arizona.
Square butte in background is all Cow Springs 
Sandstone (J^g).
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Harshbarger (19^9» P« 49) and Phoenix (19&3; 

p. 36) have both compared the nature of the Entrada 
cross-bedding to that in the Navajo Sandstone. However, 
within the study area, this comparison appears to be 
only partially valid. The same type of large scale, 
wedge-planar, and tabular-planar cross-bedding is 
present, but the regular, cyclic truncation by hori
zontal bedding planes that is so characteristic of the 
Navajo and other sandstones of eolian origin (ie«,
De Chelly, Coconino) is not present. Sets of flat-beds 
commonly separate cross-bed sets and where cross-bedded 
units were deposited in succession, the boundary 
surface is generally slightly concave upward, and 
successive bounding surfaces wedge together and are not 
parallel.

Water-formed ripple marks (RI<15) are present 
near the base of the Entrada Formation at several 
locations (Fig. 22). These are all symmetrical with 
bifurcating and wandering crests, with ripple index 
(Rl) ranging from 6.0 to 7«5# and are always associated 
with small scale, trough cross-stratification.

Wind-type ripple marks (R I ^ 15) were also noted 
at two locations, Kane Creek (Fig. 32) and Tse Skizzi, 
and are always associated with large scale, wedge-planar
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Figure 32. Eolian ripple mark in the Entrada
Sandstone, Kane Creek Bay, north side 
of Lake Powell, Kane County, Utah 
(T.43S., R.6E.).
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and tabular-planar type cross-stratification. In the 
northwestern New Mexico area. Tanner (1966, p. 133-13*0 
also noted wind ripples in the Entradao Because of 
their low amplitude, these ripple marks are rarely 
recognized.

Contorted or crinkling bedding is also character
istic of the Entrada Sandstone. Harshbarger and others 
(1957, p. 38) noted these features in their medial 
silty member at Black Mesa, and Harshbarger (19*̂ 9# 
p. 49) reported contorted bedding near Red Lake (here 
called Tonalea) Trading Post, Arizona. In the Henry 
Mountains of Utah, Hunt and others (1953» P* 71) noted 
contorted bedding wherever the clean sand and earthy 
silt facies of the Entrada are interbedded.

In the study area, contorted bedding is found 
within the Entrada at most places where there is a 
considerable admixture of silt size particles. These 
bedding features as well as the large scale deformational 
structures, which also occur throughout the Entrada of 
the study area, will be discussed in detail in a later 
section.

Loading of the Entrada Sandstone along the 
contact with the Carmel Formation is very common 
(Fig. 17)• These load casts are commonly associated
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with mudstones with desiccation cracks, and cause the 
lower surface of the Entrada to be irregular. The 
underlying mudstones were apparently displaced soon 
after deposition while in a thixotropic condition as 
the result of the greater weight and lower porosity of 
the overlying sandstone (McCrone, 1966; Conybeare and 
Crook, 1968, p. 40).

Lateral Variation
The Entrada has been divided into members by 

various authors. However, the basic criteria always 
concerns the contrasting lithologies present at the 
type locality* the clean, cross-bedded, cliff-forming 
sandstone and the earthy, slope-forming, flat-bedded, 
silty sandstone or siltstone.

Harshbarger and others (1957) divided the 
Entrada into two sandy units (upper sandy member, lower 
sandy member) and one silty unit (medial silty member). 
Within the study area, only equivalents of the lower 
sandy member are present, except that the discontinuous 
silty unit present at the Blue Canyon Section, was 
referred to the medial silty member by Harshbarger and 
others (1957* pi. 3)• The unit of red silty sandstones 
and shales below the typical Entrada in northwestern 
New Mexico which Harshbarger and others (1957, pi. 3)



have referred to their medial silty member, was formerly 
called Carmel Formation (Baker and others, 194?, p» 1666; 
Wright and Becker, 1951t fig* 2),

Wright and others (1962, p. 2057-206?) have 
divided the Entrada of eastern Utah into three members, 
from bottom to top, the Dewey Bridge, the Slick Rock, 
and the Moab. The Dewey Bridge Member is a time 
equivalent of and was formerly considered to be the 
Carmel Formation. Not all authors believe it should be 
called Entrada (Rigby, 1964, p. 111). However, it 
contains Entrada Berries, the presence of which is used 
by many to define the Entrada Sandstone (Shawe and 
others, 1968, p. A4l, A42). The Slick Rock and Moab 
members are both clean sandstone with the Slick Rock 
colored various hues of red and brown and the Moab white 
or buff.

According to Stokes (1944, p. 960), the Bluff 
Sandstone also contains "...aggregates of large sand 
grains..." (=Entrada Berries) and because of this he 
believes the Bluff to be "...a local phase of the wide
spread Entrada formation."

More recently, Stokes and Thompson (1969, 
p. 184) have divided the Entrada of the Kaiparowits
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Plateau into several informal members (lower, middle, 
and upper), which they state will be formalized at a 
later date.

In 1970, Thompson and Stokes proposed three 
new members of the Entrada Sandstone in areas to the 
north and northwest of the study area, including most 
of the Kaiparowits Plateau. In ascending order, these 
members are the Gunsight Butte Member, the Cannonville 
Member, and the Escalante Member (Thompson and Stokes, 
1970, p. 12-22). These same authors also described a 
new post-Entrada Jurassic unit which they called the 
Henrieville Sandstone from exposures in the Paria 
Valley, northwest of the study area (Thompson and 
Stokes, 1970, p. 26-28). However, Stokes is "...now 
inclined to correlate most of the Henrieville with the 
upper (Escalante) member of the Entrada" (pers. comm.,
W. L. Stokes, June 1971)•

Deposition of the Entrada Sandstone began 
beyond the eastern extent of the Carmel and spread to 
the northwest as the Carmel sea retreated. The end of 
Entrada deposition began with the incursion of the 
Curtis sea in central Utah and the Todilto sea or 
embayment in northwestern New Mexico, although Entrada 
deposition probably continued around these marine areas.
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As the Curtis sea retreated it was succeeded by 
Summerville conditions over most of its areal extent 
while the Cow Springs/Bluff/Junction Creek units 
succeeded the Entrada in marginal areas. In areas 
where the Curtis or Todilto does not intervene, it 
is difficult to distinguish the Entrada from these 
later succeeding units.

Cow Springs Sandstone

General Statement
The first published description of the Cow 

Springs Sandstone was by Harshbarger and others (1951* 
p. 97) in a guidebook article on the Jurassic strati
graphy of the eastern Navajo Indian Reservation. 
Harshbarger (19^9) had done the basic stratigraphic 
work in an earlier, unpublished dissertation. However, 
even before this, several geologists working on the 
Colorado Plateau had drawn attention to the existence 
of the unit which later would be described as the Cow 
Springs Sandstone. Baker and others (19^?» p. 1668) 
had referred to a "...massive sandstone above the 
Entrada..." along the east side of the Defiance Uplift 
which they believed "...most probably to be a facies 
of the Morrison formation." Most early authors who
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studied the Jurassic section of the Colorado Plateau 
probably grouped the beds which are now called Cow 
Springs with the Entrada Sandstone because of the 
similar appearance and topographic expression of the 
two units.

An isopach map of the Cow Springs Sandstone 
(Fig. 33) clearly illustrates the distribution of this 
unit within the study area. The Cow Springs thins both 
to the.southwest and to the northeast from a thick area 
(as much as 300 feet) running from the type area to the 
northwest corner of the study area. North of the north
east corner of the study area, the Cow Springs apparently 
thins to a feather-edge (J. S. Stephens, pers. comm., 
1967). This pinchout appears to be of a depositional 
nature (see succeeding section on contacts). The 
thinning toward the southwest results from erosion of 
the Cow Springs Sandstone below the pre-Dakota uncon
formity.

The type section of the Cow Springs Sandstone 
is four miles east of Cow Springs Trading Post,
Coconino County, Arizona, in the cliffs along the north
west face of Black Mesa, where it is 3̂ -2 feet thick 
(Harshbarger and others, 1951, p. 9 7).
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Figure 33• Isopach map of the Cow Springs Sandstone 
within the study area.
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The Cow Springs Sandstone in the study area 

occupies an interval possibly equivalent to the Curtis 
and Summerville Formations of the San Rafael Swell of 
central Utah. 1 Since fossils are unknown from the Cow 
Springs, the age of this unit must be inferred from 
such lateral relationships and from stratigraphic 
position relative to units of known age (see section on 
age).

In the western Black Mesa area, the Cow Springs 
Sandstone along with the Entrada Sandstone and the 
sandy Carmel Formation, makes up what has been called 
"...the great sand pile..." (Stokes, 1961, p. 157).

Contacts
The contact between the Cow Springs Sandstone 

and the underlying Entrada Sandstone has been covered 
in detail in the section on Entrada contacts (see page 
96). Within the study area, this contact appears con
formable, which makes differentiation of the two units 
difficult.

Harshbarger (1949, p. 35, 49-50) established 
the Cow Springs/Entrada boundary as an arbitrary,

1. F. C. Peterson (pers. comm., Sept., 1969) 
believes "...there are no beds at Cow Springs T. P. 
area that are a facies of, or are time-equivalent of 
the Summerville..."



grading contact. The characteristics used originally 
to distinguish the two units were differences ini (1) 
grain size, (2) color, (3) sedimentary structures, and 
(4) topographic expression (Harshbarger and others,
1951, P. 97).

The results of this study demonstrate only very 
minor granulometric differences between the Entrada 
Sandstone (M =3.210! O'.=0.527; >40=86<,7#; CaC0^= 7.97#) 
and the Cow Springs Sandstone (M =3«240? 8%=0.563; > 
40=86.0#? CaCO^=9.67#)• Detailed studies of sedimentary 
structures also reveal only minor differences of bedding 
style between the two units.

While topographic expression can be used to 
distinguish the Cow Springs from the Entrada at the 
type section, elsewhere in the study area it cannot.
Thus only color can be used over the entire study area 
to pick the contact between the two units. This points 
up the close sedimentologic relationships between the 
Cow Springs and Entrada sandstones.

The nature of the contact between the Cow 
Springs Sandstone and overlying formations will be dis
cussed in detail in a later section on the upper contact 
of the San Rafael Group. However, some mention must be 
made here concerning the Cow Springs/Dakota and Cow
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Springs/Morrison relationships within the study 
area.

At all places where it is discernable, the 
surface between the Cow Springs and the overlying 
Dakota is an undulating erosional surface. Although 
there is probably an angular discordance between the 
two units, based on the northeast to southwest beveling 
of the Cow Springs, this is difficult to determine due 
to the low dips of both units. Relief along the surface 
varies "...from several inches to over 10 feet" 
(Harshbarger, 1949, p. 69). The amount of hiatus 
involved in this unconformity must include some of the 
Late Jurassic and most of the Early Cretaceous (see 
section on age).

The nature of the contact between the Cow 
Springs and the Morrison Formation is less surely known. 
Intertonguing between the Cow Springs and the Morrison 
has been recorded (Harshbarger and others, 1951» P» 97? 
Harshbarger and others, 1957, P* 48? Stokes, 196l, 
p. 157) in several areas. But throughout the northern 
part of the study area where the Cow Springs/Morrison 
contact was observed it is an erosional surface with 
minor amounts of relief. However, at no one location 
was it possible to trace the contact for any great
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distance laterally due to the inaccessibility of the 
outcrop. Thus the observations by the author were 
inadequate to evaluate the contact relationships. After 
considerable work in the Kaiparowits Plateau and 
environs, F. C. Peterson (pers. comm.. Sept., 1969) 
states he has never "...found any honest-to-goodness 
interfingering of the lower Morrison and..." the upper 
Cow Springs.

Harshbarger (1949, p. 58) found that where the 
Morrison overlies the Cow Springs "...the contact is 
sharp and well defined."

Lithology
The results of granulometric analysis of 16 

samples from the Cow Springs Sandstone of the study 
area are tabulated in Figures 34 and 35* The average 
of these l6 samples is a moderately well sorted 
(#.=0.563), silty, very fine grained (Mz=3«24jZf/0.1038mm) 
sandstone. Sorting ranged from moderate (6^=0.802) to 
well (6^=0 .369) and median grain size from fine sand 
(Mz=2.30^/0.2031mm) to very coarse silt (Mz=4.03j#/0.0612 
mm).

The 16 samples analysed from the Cow Springs 
averaged 86.04# sand size grains (>4$) and 13.96# 
silt/clay (^ 40) fraction. Further testing by pipette
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SAMPLE # % SAND 1 SILT/CLAY % SILT % CLAY X CaC03

SB-6-67 95.08 4.92 • •

SB-7-67 97.17 2.83 - -
WR-11-67 92.69 7.31 - «*
WR-8-67 (l)a. 91.18 8.82 - - -
WR-8-67(2A)b 92.53 7.47 - - 6.73
WR-8-67(2B) 91.00 9.00 - - -
MW-2-67(l)a 71.50 28.50 - - -
MW-2-67(2) 65.95 34.05 31.85 2.20 -
MW-6-67 48.17 51.83 48.93 2.90 11.61
WR-10-67 86.00 14.00 12.70 1.30 0.88
CSTP-8-67Ab
CSTP-8-67B

85.82
88.33

14.18 1
11.67 J- 11.42° l4 50c {  0 -8!

CSTP-6-67 77.42 22.58 21.60 0.98 12.18
SWM-3-66 93.77 6.23 - - -
LR-11-67 82.30 17.70 13.76 3.94 •
WC-8-67 97.23 2.77 - - •
WC-7-67 93.06 6.94 - - -
WC-2-67 94.11 5.89 - - -
LR-10-67 79.74 20.26 19.18 1.08 16.54
WCM-3-67 88.39 11.61 10.98 0.63 18.89

AVERAGE 86.04 13.96 21.30* 1.82d 9.67°

* First sieving of sample, not Included in average.
One half of sample sieved after HCL treatment. 

c Average of both CSTP-8-67A and B due to small amount of silt/ 
clay fraction.ff
Average of 8 samples. 

e Average of 7 samples

Figure 34. Results of grain size analysis of 16 samples from the Cow 
Springs Sandstone.
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SAMPLE # Md,(*/«=.) M£(0/wb.) *1 Kg Ski

GROUP A TYPE BEDDING:
Central;

CSTP-6-67 3.55/0.0854 3.65/0.0797 0.553 1.261 40.400
CSTP-8-67A 3.25/0.1051 3.38/0.0960 0.536 1.528 40.527
Sim-3-66 2.80/0.1436 2.90/0.1340 0.555 1.011 40.339
Wt-10-67 3.25/0.1051 3.37/0.0967 0.541 1.366 40.409
W*-8-67(2)A 3.25/0.1051 3.27/0.1037 0.503 1.103 40.041
VK-H-67 3.15/0.1127 3.17/0.1111 0.435 1.844 40.177

Average: 3.29/0.1022 0.521 1.352 40.316
Vorth:

LR-10-67 3.40/0.0947 3.53/0.0866 0.563 1.112 40.392
LR-ll-67 3.35/0.0981 3.48/0:0896 0.942* 2.774* 40.534*

Average: 3.51/0.0878 0.563 1.112 40.392
Overall A Average: 3.34/0.0988/8 0.527/7 1.318/7 40.326/7

CROUP B TYPE BEDDING
South:

MV-2-67(2) 3.80/0.0718 3.87/0.0684 0.608 1.288 40.250
MW-6-67 4.00/0.0625 4.03/0.0612 0.802 1.519 40.221

Average: 3.95/0.0647 0.705 1.404 40.236
Central:

SB-6-67 2.75/0.1487 2.80/0.1436 0.396 1.588 40.356
SB-7-67 2.80/0.1436 2.87/0.1368 0.369 1.697 40.321

Average: 2.84/0.1397 0.383 1.643 40.339
Worth:

VCM-2-67 3.05/0.1207 3.05/0.1207 0.522 1.134 40.055
VCM-3-67 3.20/0.1088 3.23/0.1066 0.654 1.576 40.495VC-7-67 2.95/0.1294 2.93/0.1312 0.650 1.405 40.020
VC-8-67 2.30/0.2031 2.30/0.2031 0.746 0.912 40.030

Average: 2.88/0.1358 0.643 1.257 40.150
Overall B Average: 3.14/0.1134/8 0.593/8 1.390/8 40.219/8

COW SPRINGS TOTAL AVERAGE: 3.24/0.1038/16 0.562/15 1.356/15 40.269/15

*Mot used in averages.
Figure 35* Medium diameter, graphic mean, standard

deviation, graphic kurtosis, and inclusive 
graphic skewness for l6 samples from the Cow 
Springs Sandstone.
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analysis of the silt/clay fraction of eight samples 
determined the clay to represent less than 10$ of the 
silt/clay fraction, or about ± 1.0$ of the total sample. 
Calcium carbonate averaged 9*6?$ for seven samples 
tested with hydrochloric acid.

The silt/clay residue of one Cow Springs 
sample (MW-2-6?) was run through X-ray diffraction to 
determine the minerals present. In addition to 
abundant quartz and some orthoclase, traces of a poorly 
crystalized montmorillonite clay were found. Thus the 
X-ray diffraction results of silt/clay residue from 
the Cow Springs and the Entrada Sandstones are nearly 
identical.

The quartz grains from the Cow Springs Sandstone 
are mostly subangular and less commonly subrounded. 
Surface texture is frosted or pitted, and only rarely 
with a light red surface staining. Coloration from the 
minor clay content, which is generally white or pale 
olive, is not apparent on the grain surface but does 
produce tinting in weathered outcrops (see below).

Grains significantly larger than the average 
for the Cow Springs were found only along Lake Powell 
(Dangling Rope Canyon and West Cummings Mesa sections).



Whereas the Entrada Sandstone is normally tinted 
hues of red or brown, the Cow Springs Sandstone is 
commonly pale green or olive. Harshbarger (1949, P* 50) 
attributes this green color "...to the occurrence of 
minor amounts of chloritic material in the cement."
From a distance the Cow Springs appears white or grayish 
in outcrop.

Under a previous section on the Entrada Sand
stone (see page 109), it was suggested that a relationship 
exists between the white color in the western 
Kaiparowits Plateau region and leaching resultant from 
pre-Dakota erosion. The same may hold true for the 
whitish nature of the Cow Springs for it lies immed
iately beneath the pre-Dakota unconformity.

At the type locality, the Cow Springs Sandstone 
consists of "...fine-grained, well-sorted, ...firmly 
cemented sandstone...composed predominantly of...quartz 
grains" (Harshbarger and others, 1951, P» 97)* The 
cement is calcium carbonate. At Marsh Pass, at the 
northeast corner of Black Mesa, the Cow Springs is a 
very fine grained sandstone with quartz making up 99% 
of the grains (Beaumont and Dixon, 1965, p. All). In 
the southwestern Kaiparowits Plateau, the Cow Springs 
consists of silt-size to fine quartz grains, with
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calcite as cement (Peterson and Waldrop, 1965# p» 56)e 
From the Black Mesa area, Harshbarger and others (1957, 
p. 50) analysed 37 samples of the Cow Springs Sandstone. 
These averaged1 median diameter of 0.20mm/2.3-2.7$ or 
fine-grained, with 95 to 98# quartz. Note the difference 
between these results and the average mean grain size 
for the Cow Springs derived from this study of O.IO38 

mm/3.24$.

Sedimentary Structures
The Cow Springs Sandstone contains cross- 

stratified units throughout its stratigraphic and areal 
extent. This formation appears to be more consistent 
in the nature of bedding type than the underlying 
Entrada, even though horizontally bedded intervals 
are present (Harshbarger and others, 1951, P® 97; 
Harshbarger and others, 1957, p« 48). The style of 
cross-stratification in the Cow Springs is called 
wedge-planar or asymmetrical-trough by Harshbarger and 
others (1957, p. 48). Peterson and Waldrop (196$, 
p. 5 6) note what they call lenticular trough sets of 
low to medium angle and small to large scale near the 
northern edge of the Cow Springs distribution. Flat
bedding and trough cross-beds occur in some areas (Fig. 
36 and 37), but the larger scale, wedge-planar and
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figure 36. Small scale cross-stratification and 
flat-bedding present in the basal Cow 
Springs Sandstone, Northeast White Mesa 
(SRG-5)» Coconino County, Arizona.



132

Figure 37* Horizontal bedding and small to medium 
scale cross-stratification present in 
the Cow Springs Sandstone, Cow Springs 
Trading Post (;SRG-l4), Coconino County, 
Arizona.
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tabular-planar types of cross-bedding predominate 
(Fig. 38 and 39)* Where the Cow Springs approaches a 
feather-edge in the northern part of the study area, 
the percentage of flat-stratification increases, and 
along Lake Powell makes up most of the section. The 
base of the Cow Springs Sandstone always consists of 
flat-beds and/or small scale trough cross-beds which 
grade upward into larger scale, wedge- or tabular- 
planar units. Most cross-bedded units are truncated 
by flat-bedded units. All cross-bedded units measured 
were of the high-angle type with the 288 cross-strata 
readings ranging from 20.0° to 27.1° with an average 
of 23.0°.

Ripple marks, either eolian or fluvial, were 
not noted in the Cow Springs Sandstone. However, 
desiccation cracks were observed at several localities 
in the Lake Powell area, where they were also reported 
by Peterson and Waldrop (1965# P* 56). They are here 
associated with flat-bedded, silty sandstones, and 
pale olive green laminated siltstones and claystones.

At one locality (Warm Creek section) desiccation 
cracks were associated with the occurrence of load 
casting on the lower surfaces of sandstones lying on 
finer grained units. This is similar to the association

(
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^ieure 38. Wedge-planar cross-stratification present 
in the Cow Springs Sandstone between Bat 
Canyon and Coal Mine Canyon, Coconino 
County, Arizona.
Uppermost prominent set is approximately 
50 feet high.
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figure 39• Large scale, tabular-planar cross-strati
fication present in the Cow Springs 
Sandstone at Lechee Rock (SRG-18),
Coconino County, Arizona.
The overlying Morrison Formation (J ) and 
underlying Entrada Sandstone (J*) are also visible.
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of desiccation cracks and load casting in the Carmel 
Formation and at the base of the Entrada Sandstone.

Deformation structures were not noted within 
the Cow Springs Sandstone of the study area.

Lateral Variation
The Cow Springs Sandstone of the study area 

varies in thickness from more than 300 feet to less 
than l6 feet. At the type locality, just east of the 
study area, the Cow Springs is 3^2 feet thick. 
Harshbarger and others (1951* P* 97) report that the 
Cow Springs is 112 feet at Coal Canyon (cf. Coal Mine 
Canyon Section* SRG-1), 420 feet near Steamboat, 
Arizona, and 240 feet at Lupton, Arizona. In the 
southwestern Kaiparowits Plateau area, the Cow Springs 
ranges from 113 feet to 145 feet (Peterson and Waldrop, 
1965, p. 55).

The Cow Springs is approximately 16 feet thick 
at Fifty Mile Point on the southeast corner of the 
Kaiparowits Plateau. This is the section erroneously 
labeled Navajo Point by Harshbarger and others (1957* 
PI. 3)» The Cow Springs is not recognizable north of 
Fifty Mile Point.



The distribution of the Cow Springs Sandstone 
within the study area is shown on the San Rafael Group 
outcrop map (Fig. 10) while variations in thickness are 
shown on the Cow Springs isopach map (Fig. 33)•

The isopach map shows thinning of the Cow Springs 
both to the northeast and to the southwest. The thinning 
to the southwest (southwest of Tse Skizzi and Lechee 
Rock) is caused by pre-Dakota erosion. Northeastward, 
where the Cow Springs is overlain by Morrison Formation, 
the thinning appears to be depositional, with deposi
tions! pinch-out taking place just north of Fifty Mile 
Point (V. S« Stephens, pers. comm., 196?)•

Southwest and west of the study area, the 
original distribution of the Cow Springs Sandstone is 
obscured by Early Cretaceous (pre-Dakota) erosion.

The Cow Springs Sandstone of the study area 
occupies the interval equivalent in time to the Curtis 
and Summerville Formations of the San Rafael Swell, 
central Utah. These latter two units do not occur 
within the study area. The Summerville and the Bluff 
Sandstone of southern Utah and northeastern Arizona 
grade laterally southwestward into the Cow Springs 
Sandstone of the Black Mesa area (Harshbarger and others, 
1951. P« 97; Stokes, 1961, p. 157). However, F« C.
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Peterson (pers. comm., Sept., 1969) believes that the 
Cow Springs at the type locality is not a facies or 
time equivalent of the Summerville. In addition, some 
workers in the Kaiparowits Plateau region believe that 
the type Cow Springs Section is in part equivalent to 
the upper Entrada Sandstone along Lake Powell (F. C. 
Peterson, pers. comm.. Sept., 1969; Stokes and 
Thompson, 1969, P» 188-189). The unit here treated 
as Cow Springs along Lake Powell is placed within the 
top of the Entrada Sandstone by Stokes and Thompson 
(1969)* and is placed in the Escalante Member of the 
Entrada by Thompson and Stokes (1970, p. 23-24).

Relationships to Overlying Formations 
The San Rafael Group is normally overlain by the 

Morrison Formation of Late Jurassic (?Kimmeridgian) age. 
However, in some areas Early Cretaceous erosion has 
removed the Morrison and portions of the San Rafael 
Group, and in these areas the overlying unit is the 
Dakota Sandstone of early Late Cretaceous age (Agasie, 
1969)' Beveling during the early Cretaceous removed 
increasingly greater amounts of Jurassic rocks toward 
the southwest edge of the Colorado Plateau as a result 
of renewed uplift in this direction. The southwestern
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portion of the study area is affected by this erosion, 
for here the overlying unit is the Dakota Sandstone 
(Fig, 25, 27, and 40). From Tse Skizzi northward, the 
overlying unit is the Morrison Formation (Fig, 26 and 
39)• The line, southwest of which Early Cretaceous 
erosion removed all of the Morrison, is shown on the 
San Rafael Group isopach map (Fig. 11),

That the contact between the Dakota Sandstone 
and the San Rafael Group (Cow Springs Sandstone) is a 
hiatus representing considerable time has been known 
for a number of years (Gregory, 1917, p« 6l; Repenning 
and Page, 1956, p. 258; etc.). Little angular dis
cordance is present but relief as great as six feet 
and an undulating surface have been noted within the 
study area (Table 6).

Four samples of Dakota Sandstone from throughout 
the southern part of the study area were processed for 
grain size analyses (Fig. 14 and 15)• The results 
indicate the Dakota to be a moderately well sorted 
(aver. 8^=0.537, with a range of O .387 to 0.764), fine
grained sandstone (aver. M2=2 .65^/0.1593mm, with a 
range of 1.920/0.2643mm to 3.050/0.1207mm). The four 
samples averaged 9 6*05# sand size grains (>40/0.0625mm) 
and 3*95# silt/clay size grains, with 0.35# calcium
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Figure 40. Contact between the Cow Springs Sandstone 
(Jcs) and the Dakota Sandstone (K^) at the 
head of Coal Mine Canyon (SRG-1), Coconino 
County, Arizona.

%



Table 6. Relationships at the Dakota Sandstone-Cow Springs Sandstone contact at four points 
within the study area.

Location

Coal Mine Canyon Section (SRG-1) 

Northwest Coal Mine Mesa Section (SRG-12) 

Southwest White Mesa Section (SRG-4) 

Window Rock Section (SRG-15)

Erosional surface, 2.0 to 6.0 ft. of relief, truncating. 

Erosional, 1.0 to 2.0 ft., of relief.

Appears gradational, but forms indentation(?), no relief. 

Flat surface, conformable, no relief(?).

H
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carbonate on the basis of one sample. Histograms of 
the four Dakota samples are shown on Figure 4l.

The boundary between the San Rafael Group and
the Morrison Formation remains a matter of considerable
controversy. This is probably due to regional variation
in the type of contact, and also to the problem of
recognizing the base of the Morrison. In regard to this
problem, Cadigan (196?, p. 8) stated that

this disputed relationship may be a poorly 
defined contact which resulted from reworking 
of pre-Morrison Cow Springs sand by sluggish 
Morrison streams; or it may be a transition 
zone marked by intertonguing between equivalent 
Cow Springs and Morrison strata..•

The Morrison Formation (of the Colorado Plateau) 
has been studied in some detail (ie., Stokes, 1944;
Craig and others, 1955? Freeman and Hilpert, 1956; 
Mullens and Freeman, 1957; Cadigan, 196?; Dawson, 1970, 
and others), due primarily to the occurrence of uranium 
in commercial concentrations at numerous localities 
within the formation. The Morrison has been subdivided 
into four members, in ascending ordert Salt Wash, 
Recapture Shale, Westwater Canyon, and Brushy Basin.
The Morrison strata were not studied in any detail 
during the course of this study. However, other workers 
have identified the Morrison member overlying the San
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Figure 41. Histograms of four samples from the Dakota Sandstone.
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Rafael Group in the Kaiparowits Plateau area as the 
Salt Wash Member (Peterson and Waldrop, 1965)• Within 
the study area, along the shores of Lake Powell, the 
contact surface between the Morrison and the San Rafael 
Group appears to undulate, but with only one to three 
feet of relief. Nowhere was intertonguing observed. 
However, the contact was examined at only three local
ities (Table 7) and more extensive work will be needed 
to determine the true relationships. Nevertheless, 
more recent work by F. C. Peterson (pers. comm., 1969) 
confirms the unconformable nature of the contact 
surface.

Lee and others (1926, p. 4) stated that "...the 
Salt Wash Sandstone...lies unconformably upon the 
Summerville..." in the San Rafael Swell, and Gilluly 
and Reeside (1928, p. 81) and Gilluly (1929, p. Ill) 
also noted the angular and erosional nature of this 
contact. Mullens and Freeman (1957, p. 509) discovered 
"...a scour surface on the Bluff Sandstone in most 
places...", but also report intertonguing between the 
Morrison and the Bluff (p. $06, 509)• Harshbarger and 
others (1957, p. 1-2, 52) recorded intertonguing between 
the Salt Wash Member of the Morrison Formation and 
members of the San Rafael Group (Summerville and Cow



Table 7. Contact relationships between the Morrison Formation and the San Rafael Group in the 
study area.

Location Nature of Contact

1. West Cummings Mesa Section(SRG-19) Undulating but sharp, 1 to 3 ft. of relief

2. Dangling Rope Canyon Section(SRG-6) Undulating, 1 to 2 ft. of relief; load casts, 
desiccation cracks

3. Warm Creek Section(SRG-17) Irregular surface, 2 to 3 ft. of relief; 
desiccation cracks
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Springs) in the northern Black Mesa area. In the 
region of the Kaiparowits Plateau, Peterson and Waldrop 
(1965, p. 5 7) reported a disconformable relationship 
between the Morrison (Salt Wash Member) and the Cow 
Springs (?) Sandstone, with "...scouring into the top 
of the Cow Springs (?) in broad swales 5 to 10 feet 
deep." However, they did not believe the contact 
represents a significant pause in sedimentation.

Wright and Dickey (1963a, p. 4-) stated that the 
Morrison Formation "...is generally conformable on the 
San Rafael Group," and refer to the erosional surfaces 
cited above (Lee and others, 1926; Gilluly and Reeside, 
1928; and Gilluly, 1929) as local unconformities caused 
by adjustment of plastic strata beneath. The Salt Wash 
Member also lies unconformably on the Bluff and Junction 
Creek Sandstones in the Four Corners area (Cadigan,
1967; p. 8). These units were discussed earlier as 
probably lateral equivalents of the Cow Springs Sandstone.

Stokes and Thompson (1969, P« 189) interpret the 
Morrison-San Rafael boundary in the Kaiparowits area as 
a significant contact that represents "...erosion and 
removal of an unknown amount of material from the 
underlying formations." F. C. Peterson (pers. comm.. 
Sept., 1969) has concluded "...that there is an uncon
formity at the base of the Morrison..." in the northern
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part of the study area, and that the type section of 
Cow Springs Sandstone is not time equivalent to the 
Morrison Formation.

Thus, intertonguing between, and time equivalence 
of, the Morrison Formation and the Cow Springs Sandstone 
at least within the study area has definitely not been 
proven. The time interval, if any# represented by the 
contact between these two units is still of unknown 
duration.

Harshbarger and others (1957, p» 52) described 
the Salt Wash Member in the Black Mesa area as a fine 
to coarse, conglomeritic sandstone, containing common 
chert fragments. According to Dawson (1970, p. 535)» 
these fragments "...were derived from the chert-rich 
Paleozoic and pre-Morrison Mesozoic rocks of western 
Utah and Arizona." The Morrison Formation (Salt Wash 
Member) of the Colorado Plateau is described by Dawson 
(1970, p. 535) as "...chert-pebble conglomerates, fine 
to medium grained sandstones and illite-rich mudstones."

Chert-pebble conglomerates are present in the 
Morrison area but are well above the basal strata 
sampled and analysed here.

The results of grain size analyses cf three 
samples from the Morrison Formation within the study



area are shown in Figures 14 and 15» The three samples 
averaged out to a moderately-sorted (aver, 8^=0,716; 
range from 0.639 to 0.796), fine- to medium-grained 
(aver. Mz=l.99^/0.2517mm; range from 1.80$/0.2872mm to 
2.27#/0.2073mm) sandstone. Sand size grains (>4$/0.0625 
mm) averaged 95»39%# with 4.6l# silt/clay size grains 
for three samples. ^Calcium carbonate content of one 
sample was 22.439%. Histograms of the three Morrison 
samples are shown on Figure 42.

Deformational Structures 
One of the unique features of the San Rafael 

Group of the study area is the presence of disturbed 
bedding of several kinds. These are grouped under the 
general heading of deformational structures (Hatch and 
others, 1965, p. 145), because the term slump, previ
ously used for this type of feature, implies gravity 
movement down a slope (Rettger, 1935> p* 275? McKee and 
Goldberg, 1969, p. 24l). The features under discussion 
here are apparently unrelated to depositional slope. 
These structures occur in the Carmel Formation and the 
Entrada Sandstone throughout the study area from the 
Elephants Feet Section northward (Fig. 43). None have 
been observed in the Cow Springs Sandstone. They range 
in size from slight crinkling of laminae, called
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Figure 42. Histograms of three samples from the Morrison Formation.
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contorted bedding, to sandstone cylinders or pipes more 
than 400 feet high, and are generally of two types, 
depending on the nature of the bedding of the enclosing 
strata.

First, there are those structures associated 
with interbeds of both sand size and finer grained units. 
Interbeds of siltstone and sandstone, such as in the 
Entrada Sandstone at the Elephants Feet (Harshbarger, 
1949, p. 49) and at Northeast White Mesa (Fig. 44), 
contain irregular structures called contorted or convo
lute bedding (Potter and Pettijohn, 1963, P» 152-153? 
Conybeare and Crook, 1968, p. 37). The general term 
contorted bedding is used here to describe marked 
crumpling and intricate folds present in the San Rafael 
Group of the study area.

Contorted bedding is present locally in the 
silty, flat-bedded portions of the Entrada Sandstone 
(Harshbarger, 1949; p. 49)• This type is generally on 
a small scale, except for one example at Northeast 
White Mesa (SRG-5); where the scale is unusually large 
for contorted bedding (Fig. 44). These same types of 
small scale features may also occur in the Carmel, but 
poor exposures of this unit make their recognition 
difficult.
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Figure 44. Contorted bedding in the Entrada 
Sandstone at Northeast White Mesa 
(SRG-5)» Coconino County, Arizona.
Area covered by picture is approximately 
30 x 50 feet.



Gilluly and Reeside (1928, p. 74, pis. 18c, 19a) 
recognized contorted bedding in the type Entrada Sand
stone of the San Rafael Swell just above the contact 
with the underlying Carmel Formation. They have traced 
similar bedding over most of the eastern outcrop of the 
Entrada, wherever the "earthy facies" is present near . 
the base of the unit. The bedding above, in the "clean 
facies" of the Entrada, and below, in the Carmel, is 
undisturbed.

In south-central Utah, Stokes and Holmes (1954, 
p. 37) noted contorted and disturbed beds throughout 
the Carmel, as did Stokes and Thompson (1969, p. 184) 
in the Lake Powell region. Wright and others (1962, 
p. 2059) describe similar bedding irregularities in the 
Dewey Bridge Member of the Entrada Sandstone, which was 
formerly referred to the Carmel, in extreme east-central 
Utah and west-central Colorado. Peterson and Waldrop 
(1965» P» 52-53) discovered contorted bedding to be a 
significant feature of the Carmel Formation in the 
southwestern Kaiparowits Plateau, as did Phoenix (1958, 
p. 194).

The origin of contorted or convolute bedding 
(Conybeare and Crook, 1968, p. 37, 3 9) is generally 
explained by overloading of sediments while the beds
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are still unconsolidated (Harshbarger, 1949, p« 49)• 
According to McKee and Goldberg (19&9, P« 238) 
"..•convolute structures generally developed in areas 
contiguous to those of sand accumulation..." where 
loading was localized. Stewart (1956) described this 
feature in coastal lagoons, and from laboratory 
experiments duplicating this environment, and explained 
these structures by an air-heave mechanism. The flat
bedding associated with contorted bedding at Elephants 
Feet would support a shallow, subaqueous origin.

The second type, including both small and 
large scale deformation structures, are found generally 
in the cliffs along Lake Powell and south to Tse Skizzi. 
The units that make up these cliffs may be flat- or 
cross-bedded, but, more importantly, are rather uniform 
in lithology throughout. These deformation structures, 
which are called sandstone pipes (Schlee, 1963, p. 112), 
may be totally confined to the Entrada or may penetrate 
down into the underlying Carmel Formation. However, in 
some areas, where there are minor inter-beds of silt- 
stones or mudstones, small scale deformation structures, 
similar to the sandstone pipes, are also found.
Examples include structures in the Carmel Formation, 
such as that at Wahweap Landing (Fig. 45), and in the
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Figure 45* Outline of small deformation structure (ds) 
which penetrated a cross-stratified sand
stone bed (ss) in the Carmel Formation, 
Wahweap Landing, Coconino County, Arizona.



Carmel Formation and Entrada Sandstone to the northwest 
of the study area (Phoenix, 1958# 1963# Peterson and 
Waldrop, 1965)• These structures include both irregular 
slump masses of mixed lithology and true sandstone pipes.

The sandstone pipes within the study area are 
very similar to those from the Jurassic of the Laguna 
District of northwestern New Mexico (Hilpert and 
Moench, i960? Schlee, 1963# Moench and Schlee, 1967)0

The physical characteristics of sandstone pipes 
are quite distinctive. The lithology as well as the 
grain parameters and texture of the sandstone within 
the cylinders is the same as the enclosing rocks.
However, the bedding planes of the enclosing units 
ends abruptly at the edge of the cylinder (Hawley and 
Hart, 1934, p. 1026), within which the bedding is 
massive or brecciated. Only one example of brecciated . 
material was noted within the study area. On the west 
side of Lechee Rock, a sandstone pipe is present that 
contains the so-called diamictic texture (Conybeare 
and Crook, 1968, p. 21). Here, angular fragments of 
laminated sandstone, 2 to 6 inches across, float in a 
massive sandstone matrix similar in all aspects, except 
bedding, to the enclosing, cross-bedding unit. Similar 
occurrences of diamictic texture have been described
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from Ordovician'sandstones of Arkansas (Miser, 1935# 
p. 2010), from the Navajo Sandstone of the Henry 
Mountains (Hunt and others, 1953# P* 62), and in the 
Jurassic of northwestern New Mexico (Schlee, 1963# p* 
117# fig. 5c).

Other characteristics of sandstone pipes include 
undisturbed bedding above and below pipes, some draping 
of the surrounding bedding at the pipe margin (commonly 
downward but not always), concentric ring faults 
(Phoenix, 1958, p. 195)» and ring dikes surrounding the 
pipe core (Moench and Schlee, 1967* p. 41).

In the study area, sandstone pipes are present 
in the Entrada Sandstone from Tse Skizzi northward to 
Lake Powell, where they are quite common (Fig. 46 and 
4?). These pipes vary considerably, in size, but the 
largest .are greater than 400 feet high and $0 feet 
across. The lower extent of the pipe may be obscured 
by the talus debris that commonly accumulates on the 
Carmel slope below the Entrada cliff. However, in a 
few places they can be traced down into the underlying 
Carmel Formation. Nearly all pipes with bases obscured 
at the Entrada/Carmel contact probably do continue 
downward into the Carmel (Peterson and Waldrop, 1965,
P* 53)«
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Figure 46. Large sandstone pipe in the Entrada
Sandstone (Jp)» Dangling Rope Canyon, Kane 
County, Utah.
Sheer cliff is 300-400 feet high and sand
stone pipe actually penetrates downward into 
the Carmel Formation (Jca) which is obscured 
by talus. The Cow Springs Sandstone (Jcs) 
and the Morrison Formation (Jm) are also shown.
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Sandstone pipes (3), contorted bedding, and adjustment 
faults in the Entrada Sandstone cliff, south of Grand 
Bench, opposite West Cunnings Mesa section, north 
shore of Lake Powell, Karte County, Utah.

Deformat Iona1 structure in a 
cross-stratified unit, Entrada 
Sandstone, West Cummings Mesa 
section (SRG-19), San Juan 
County, Utah.

Figure 4?. Sketches of deformational structures in the Entrada 
Sandstone, along Lake Powell, southern Utah.
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Similar sandstone pipes are present in the 

Laguna area of New Mexico where they also penetrate 
Jurassic units - the Summerville Formation, Bluff Sand
stone, and Morrison Formation (Hilpert and Moench, I960; 
Schlee, 1963; Megrue and Kerr, 1965; Moench and Schlee, 
1967; Moench and Hilpert, 1968). As the Laguna pipes 
are similar in all respects to the pipes described 
here, they are thought to have originated in the same 
manner.

Other occurrences of similar deformation struc
tures have been reported from the Cambrian of New York 
and Ontario (Hawley and Hart, 1934; Dietrich, 1953), 
from the Cambrian of northern Utah (Hardy and Williams, 
1959), from the Ordovician of Arkansas (Miser, 1935), 
from the Devonian of England (Allen, 1961; Shearman, 
1964), from the Permian (?) of Colorado (Gableman, 1955, 
1957), from the upper Paleozoic of the Grand Canyon 
region (Bowles, 1965; Kofford, 1969), from the Jurassic 
of the Lucero Mountains of New Mexico (Mirsky, 1955), 
from the Tertiary of Japan (Arai, 1959), and elsewhere. 
Miser (1935) reviews numerous published and unpublished 
examples of this type of structure.

The sandstone pipes within the Entrada Sandstone 
weather less readily than the enclosing rocks, probably
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due to the massive texture, and locally form spectaular 
monoliths on cliff faces, on cliff comers, or even 
standing alone. These monoliths are most common along 
the Entrada cliffs bordering Lake Powell. The smaller 
scale deformation structures in the Carmel Formation 
also weather differentially and are commonly outlined 
by a marginal zone of what appears to be better 
cemented material (see also Phoenix, 1958, p. 195)•»

The deformational structures within the San 
Rafael Group apparently have no directional bias: thus
they are not believed to have formed by down-slope 
slumping. All the exposed sandstone pipes appear 
perpendicular to the horizontal and to the bedding 
surfaces.

From the studies made to date, the sandstone 
pipes in the Entrada Sandstone of the Lake Powell 
region have no demonstrable relationship to regional 
tectonics. The distribution of the pipes has not been 
mapped in detail and little has been published on the 
tectonics of the Lake Powell area. Future work on the 
San Rafael Group should consider the possibility of 
such a relationship. In northwestern New Mexico,
Moench and Schlee (1967* p. 4l) found "...groups or 
belts..." of pipes "...parallel to both the east- and 
north-trending sets of Jurassic folds."
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Although many of the structures reviewed here, 
and by Dietrich (1953), are similar in general appear
ance, it remains extremely probable that they result 
from a variety of processes rather than just one 
(Moench and Schlee, 1967, P« 44).

The origin of the sandstone pipes in the San 
Rafael Group of the study area, and similar structures 
elsewhere, has been the subject of controversy since 
their first description (Moench and Schlee, 1967, P® 41; 
Kofford, 1969, p® 193)• A number of widely varying 
mechanisms have been suggested to explain the formation 
of the pipes.

The formation of sandstone pipes by a downward 
settling of sand into existing cavities in an under
lying unit has been suggested by Miser (1935, P® 2010), 
Dietrich (1953, P® 13), Kofford (1969, P® 193), and 
others. There appears to be good evidence to support 
this contention where the underlying unit contains 
cavities or is susceptible to removal by solution.

The theory of spring water rising through 
unconsolidated sand beds, disrupting the bedding and 
forming pipes, has been proposed by Hawley and Hart 
(1934). However, it seems difficult to explain the 
large number of pipes or their large size by this
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mechanism. Rather than spring water moving upward, 
Phoenix (1958) believes that upward movement of connate 
water in relief of compaction pressures created the pipe 
which was later filled by settling sand.

The theory of injection, or sandstone dikes, is 
also rejected due to the cylindrical shape of the pipes 
and the undisturbed bedding both above and below some 
of the pipes. Injected material would show some rela
tionship to an underlying source.

The suggestion has been made by Gableman (1957) 
that most pipes on the Colorado Plateau are crypto- 
volcanic features that originated from gaseous volcanic 
explosions. In the study area, the sandstone pipes are 
not associated with any indications of volcanic action, 
do not show any explosive characteristics, and appear 
to be sedimentary features.

Megrue and Kerr (1965* 1968) suggest that the 
sandstone pipes of northwestern New Mexico, which are 
very similar to those in the study area, formed after 
the surrounding sediments were indurated, when ascending 
hydrothermal solutions during the Late Cretaceous caused 
the local collapse of Jurassic sandstone, with resultant 
brecciation and alteration. This does not seem to fit 
the relationships present within the study area for at
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least three reasons. First, none of the sandstone pipes 
are mineralized or show alteration such as those cited . 
by Megrue and Kerr. Secondly, the beds above and below 
most pipes are visible, and appear unaltered and unef
fected by hydrothermal solutions. Thirdly, it is 
difficult to imagine that the age of the sandstone pipes 
differ greatly from that of the enclosing rocks (Late 
Jurassic).

Thus, theories to explain the origin of sand
stone pipes and closely similar structures fall into 
four categories (Dietrich, 1953, p» 9)?

(1) Theories requiring an in situ (non
movement) origin of pipe material.

(2) Theories involving sedimentation of 
pipe material in previously formed 
cylindrical cavities.

(3) Theories of movement, either upward 
(a) or downward (b) of pipe material, 
whatever the cause and with or without 
cavities below.

(4) Theories incorporating a combination of 
two or more of the above theories.

Any theory which requires deposition of the sand 
stone pipe at the same time as the enclosing sediment



(#1 above), with no later alteration, can not adequately 
explain the non-bedded nature of the sandstone pipes 
surrounded by units of bedded sediments. Equally 
implausible are theories which provide a subsequent 
filling of an already formed cavity (#2 above). The 
difficulty of finding a mechanism to form cavities of 
the great size involved and the close lithologic simil
arity of the pipe and enclosing material without bedding 
of any kind within the pipe render the second group of 
theories inadequate.

The physical characteristics of the sandstone 
pipes of the study area, and similar structures else
where, appear compatible with the theory of downward 
settling of the pipe filling sand (#3 above), These 
characteristics include* (l) ring dikes and compen
sating faults at the pipe margins, (2 ) massive or 
brecciated, non-bedded sediments within the pipe, and 
(3 ) lithology within the pipe similar to the enclosing 
rocks. Downward movement is indicated also by (l) 
draped bedding which was noted at the margins of some 
pipes, and (2 ) foundering of sand of some pipes into 
mudstones of the underlying Carmel Formation.

Thus the third group of theories, those 
involving downward movement or settling of sand to form
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the pipe structure, seem the most likely to have formed 
the sandstone pipes in the San Rafael Group of the study 
area and other similar structures. A combination theory 
(#4 above) does not seem to be necessary. This settling 
may have been brought about in more than one way.

The presence of bedded and irregular masses of 
gypsum in the Carmel Formation in areas just to the 
north, northwest, and northeast of the study area, has 
led some authors to suggest that cavities formed by the 
dissolution of gypsum may have triggered the downward 
settling of sandstone to form pipes (Stokes and Holmes, 
1954, p. 37? Peterson and Waldrop, 19&5, P» 53? Stokes 
and Thompson, 19&9, p« 184; Mirsky, 1955> P* 25? Schlee, 
1963, p. 122; Moench and Schlee, 196?, p. 43). This 
appears feasible where the presence of gypsum in under
lying beds can be demonstrated. However, many of the 
pipes in the Entrada Sandstone can not be related to 
this mechanism as undisturbed beds can be observed both 
above and below, and in other places gypsum is absent.

Thus, there must be some explanation which 
produces settling in recently deposited, still saturated 
(Hatch and others, 1965, p. 145), fine-grained sand
stone, with or without underlying cavities.
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The formation of the sandstone pipes was most 

probably caused by local earth tremors (Kuenen, 1958), 
which may or may not have been associated with regional 
tectonic or volcanic activity. These tremors took 
place during the time of deposition of the latest beds 
involved in the deformation (pipe) structures. In the 
study area, this would be the middle and upper Entrada 
Sandstone. As the tremors shook the still saturated 
sediments, "instant liquifaction" (=thixotropic condi
tions) took place (McCrone, 1965* P* 270). Settling 
into an underlying cavity, or readily compactable 
sediment, i.e., mud and/or silt, allows for the redis
tribution of grains resulting in a tighter packing.
Even without an underlying cavity, settling takes place 
with the upward expulsion of pore water and resultant 
repacking of grains. This can result in a volume loss 
of up to 15% (Weller, 1959, P» 296) in sandstone.

A recent review of sandstone pipes of the 
Jurassic in northwestern New Mexico by Schlee (1963, 
p. 123) presents what is believed to be the most 
reasonable explanation of pipe formation and selected 
passages are quoted here:
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During formation of the pipes«.[many of which] 
...occur in belts on the limbs of gentle folds 
formed during the Jurassic...material in them 
moved downward. The pipes were formed by 
foundering of partially consolidated sand into 
underlying silts and clays. This foundering 
was caused by the heavier sand sinking into 
the lighter water-saturated silt. The formation 
of some pipes...may have been aided by solution 
of gypsum...

This explanation appears to apply to the San 
Rafael sandstone pipes except that it appears that some 
pipes in the Entrada Sandstone are unrelated to the 
occurrence of silt and clay below. The mechanism of 
formation of these latter pipes remain unknown.

Bentonites
Bentonite is an absorptive and colloidal clay 

mineral, the product of alteration of ash or tuff 
(Williams and others, 1954, p. 157» 327). Beds of 
bentonite, called simply bentonites, are commonly com
posed of montmorillonite clay, but more characteristic 
and definitive than composition are certain properties, 
such as swelling, which render bentonites commercially 
useful.

Bentonites are a common component of many 
Mesozoic formations on the Colorado Plateau. However, 
the San Rafael Group, along with the underlying Glen 
Canyon Group, was originally thought to be devoid of
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bentonites or other volcanic components (Imlay, 1952a* 
p. 960). More recently, bentonites have been reported 
from the Carmel Formation just to the northwest of the 
study area (Schultz and Wright, 1963; Wright and 
Dickey, 1963b; Marvin and others, 1965)0 During the 
course of this study, abundant bentonitic material was 
found throughout the study area. Furthermore, the 
presence of bentonites in the Entrada Sandstone, ranging 
up to the upper contact, is documented here for the 
first time. One particularly distinctive bentonite bed 
occurs near the Entrada/Cow Springs contact at three of ■ 
the four sections measured in the White Mesa area, 
Coconino County, Arizona.

Within the study area, the bentonites occur 
either as pure bentonitic claystones or as less pure 
beds containing reworked clastic particles. When pure, 
the San Rafael samples possess all the typical bentonite 
physical characteristics: (l) swelling on wetting, (2)
waxy appearance when freshly exposed, (3) poorly devel
oped conchoidal fracture, and (4) the tiny "jigsaw 
puzzle" set of fractures which result from shrinking 
after exposure (Grim, 1953, P» 362; Reynolds and 
Anderson, 1967, p. 9).
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The stratigraphic and regional distribution of 
bentonitic material in the San Rafael Group of the study- 
area is shown on Figure 48. The concentration of 
bentonites near the base of the group and in the 
southern part of the study area is clearly shown.

The bentonites in the San Rafael Group vary 
from thin seams, hardly more than coatings on bedding 
surfaces, to beds as much as 2.5 feet thick. In some 
cases, red staining below a bedding plane or contact may 
be all that remains of a bentonite removed by weathering. 
The Entrada/Cow Springs contact at Coal Mine Canyon and 
Northwest Coal Mine Mesa sections is an example of such 
staining.

Within the study area, the bentonites are 
either red, purple, or light green, or shades of these 
colors, or rarely are zoned from top to bottom. Bound
aries between colors are very irregular.

There appears to be definite trends in the 
color zoning in bentonites. At the Window Rock section, 
a bentonite 2.0 feet thick at the Entrada/Cow Springs 
contact grades from light gray (N?) at the top, to 
grayish red purple (5RP4/2) and grayish yellow green 
(5GY7/2) at the base. At Northeast White Mesa, at the 
same stratigraphic level, a unit 2.5 feet thick grades



FE
ET

[

© © 0©

B E N T O N ITE  OR B E N T O N IT IC  CLAYSTONE  

0> B E N T O N IT IC  C LA Y I N SANDSTONE 

TR A C E  OF B E N T O N IT IC  C LA Y

A'

FIGURE 48. CROSS SECTION SHOWING THE DISTRIBUTION OF BENTONITES AND BENTONITIC CLAYSTONES IN  THE SAN RAFAEL 

GROUP OF THE STUDY AREA.



172

downward from grayish red purple (5RP4/2) and light 
greenish gray (5G8/1) at the base. Thus, there appears 
to be a zoning of red purple above to pale green below. 
The significance of the colors and zoning will be dis
cussed later in this section.

The predominant clay mineral of the bentonites 
from the San Rafael Group is montmorillonite, alone or 
as a mixed layered clay with illite (Fig. 49)» Kaolinite 
is rare or absent. The clay present in the silt/clay 
residue from granulometric analyses of San Rafael sand
stones, from X-ray diffraction of two samples (one 
Entrada, one Cow Springs), is also montmorillonite with 
no evidence of chlorite, kaolinite, or illite.

Biotite and sanidine, as euhedral crystals, are 
also present in the San Rafael bentonites. These 
minerals form a potential for isotopic age determination: 
however, neither time nor finances allowed pursuit of 
this aspect during the period of this study.

The bentonites reported from the Carmel Forma
tion to the northwest of the study area "...contain 
little or no montmorillonite that is typical of most 
bentonite beds" (Schultz and Wright, 1963, p. E6 7).
There is no apparent explanation for the difference in 
clay content between the Carmel bentonites of the study
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SAMPLE MINERALS FORMATION

SB-3-67 Mont.-illite Je

SB-4-67 Mont.-illite(?), kaolinite J#
SB-5-67 Mont.(?), or mont./illite(?), quartz (Tr.) Je
CMC-2-66 Mont.-illite, quartz Je
W-4-66 Illlte(7), quartz Jca
DRC-3-66 Illite, quartz Jca
NQM-13-67 Mont.(7), mica, quartz(7), kaolin(?) Je
NCMM-17-67 Mont.(?), quartz Je
BC-4-66 Illite(7), mont.-illite, quartz Jca
BC-6-66 Mont.-illite(7), mica Jca
LBC-4-66 Mont., quartz (A) Jca
LBC® Mont.-illite, illite (Tr.) Jem
DRC-4-66b Quartz(A), orthoclase, mont. (Tr.) Je
MW-2-67b Quartz (A), orthoclase, mont. (Tr.) Jca
DRC-7-66 Illite, quartz J«

^Composite sample near base of section.
^Sllt/clay residue from grain size analysis of sandstone.

Figure 49. Mineral content determined by X-ray diffraction of 15 
bentonitic mudstones or silt/clay residues from the 
San Rafael Group and related formations.



area and those to the northwest. These latter bentonites 
are closely associated with, and may in part result from, 
marine deposition, are somewhat older, and are believed 
to have been derived from rhyolite tuff (Schultz and 
Wright, 1963, p. E72).

Discussion of the possible sources of the 
volcanic material present in the study area will be 
covered under a succeeding section on source areas.

The bentonites that are now known to occur in 
the lower and middle San Rafael Group are potentially 
valuable in two respects. First of all, as units of 
uniform lithology, they present the only traceable 
marker beds throughout the southern and central parts 
of the study area. Secondly, the remanent volcanic 
minerals found in the bentonites, biotite and sanidine, 
appear of a quality and quantity to be useful in iso
topic age dating (Adams and Rogers, 1961, p. 390, 393).

Van Houten (1961, p. 116, 112) states that the 
montmorillonite clay "...in many...red beds...was 
derived at least in part from volcanic debris..." and 
imparts a "...distinctive dark red to lavender..." 
color to the enclosing rocks. All occurrences of benton
itic material in the San Rafael Group of the study area 
are either red or associated with units stained red.
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The source of the red color is believed to be the clay 
derived from a volcanic source.

The color of the bentonite beds may be related 
to whether the bed was exposed or covered during depo
sition and consolidation. Schultz and Wright (1963* 
p. E?2) found bentonites from western exposures of the 
Carmel Formation (more marine, continuously submerged) 
to be green and non-oxidized, while those from the 
eastern exposures (marginal marine, alternately covered 
and exposed) to be red and oxidized. Within the study 
area# the bentonites which are zoned purple at the top 
to green below may indicate oxidizing conditions did 
not penetrate beyond a shallow surface zone.

Grim (1953* P« 363) believes that "...for 
bentonite to form, it is probably necessary for the 
ash to fall in water..." which can be of any salinity.

Typical dark red bentonites are well developed 
in the lower half of the Carmel Formation in Lower Bat 
Canyon (Fig. 12). This part of the Carmel section 
contains both relatively pure bentonites and clay 
material reworked into clastic units. Even where the 
non-bentonitic, clastic fraction constitutes as much as 
50% of the rock, the red color is retained. This indi
cates oxidizing conditions during deposition and 
reworking of the volcanic debris.



AGE OF THE SAN RAFAEL GROUP

General
The age of the San Rafael Group in the study 

area must be inferred from indirect evidence, as no 
fossils have, to date, been found in the Group in the 
area. Placing the San Rafael units in a world-wide 
time scale requires first determining the age of other 
formations whose stratigraphic relationships to the 
Carmel, Entrada, and Cow Springs are known, and then 
inferring the age of the San Rafael strata. Thus, we 
can work from the underlying Navajo Sandstone, the over- 
lying Morrison Formation, and Dakota Sandstone, and 
from laterally contiguous units such as the Carmel 
Formation of southwestern Utah, the Twin Creek Limestone, 
the Curtis and Summerville Formations of central Utah, 
the Todilto Limestone of northwestern New Mexico, and 
other units which have been dated, to place the San 
Rafael Group of the study area in a time scale.

One problem involved in attempts to date the 
San Rafael Group concerns the placement of the Callovian 
Stage in the Jurassic Period. The Callovian Stage has

176



177
been placed in either the middle or upper Jurassic by 
various authors. In a classic paper on the "Standard 
of the Jurassic System," Muller (19^1) placed the 
Callovian in the upper Jurassic series, and Imlay 
(1952a, 1964, 1967) followed this assignment. However, 
the recommendation of the "Colloquium on the Jurassic" 
(Lloyd, 1964, p. 249-259) was to place the Callovian 
at the top of the middle Jurassic, and the recent 
Treatise of Invertebrate Paleontology, Arkell (1956), 
Harland and others (1964), Sohl (1965), and Gordon (1970, 
p. 1690) have followed this arrangement. As this seems 
to be the current usage, it has been followed here. 
Attempts have been made to note all usage other than 
this as confusion may result from literature review, 
as references to Late Jurassic (Callovian) by some 
authors may be considered Middle Jurassic (Callovian) 
by others.

Figure 50 illustrates the placement of the San 
Rafael Group in a framework of Middle and Late Jurassic 
time as proposed here.

Nava .10 Sandstone
Guide or index fossils have not been found in 

the Navajo1 a few tracks (Peterson and Waldrop, 1965, 
p. 51)* some non-marine invertebrates and plant remains
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(Lewis and others, 1961, p. l439)» and two carnivorous 
dinosaur remains (near Shonto, Arizona) have been 
reported (Camp, 1936, p. 39; Brady, 1935, P* 210, 1936, 
p. 150). As Lewis and others (1961, p. 1439) state 
"...the scanty evidence suggests a Late Triassic age 
for much of the Navajo." However, the age of the 
"lower limy unit" of the Carmel has been dated as 
Bajocian (lower Middle Jurassic— see section of Carmel 
Formation for details), and it intertongues with and is 
laterally equivalent to the upper Navajo Sandstone in 
the Lees Ferry, Arizona, to Zion National Park, Utah, 
area (Phoenix, 1963; Wright and Dickey, 1963b). Thus 
the Navajo is considered Triassic to Middle Jurassic 
in age.

San Rafael Group
Carmel Formation

Considerable work has been done on the marine 
Jurassic faunas of the Carmel Formation and related 
units in southwestern and central Utah (Imlay, 1964, 
1967; Sohl, 1965). However, the Carmel strata of the 
study area are not marine and have not, to date, 
yielded fossils of any kind. Furthermore, the well- 
documented marine rocks of the Carmel are lateral 
equivalents of, and intertongue with, the Navajo
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Sandstone and are older than the Carmel of the study 
area (Phoenix, 1963; Wright and Dickey, 1963b; Wilson, 
1965, p. 44). Thus the age of the "lower limy unit" of 
the marine Carmel, Bajocian to Bathonian (Sohl, 1965* 
p. D8; Imlay, 1964, p. Cl), can be applied to the upper
most part of the Navajo. The Carmel of the study area 
must surely be younger (?Callovian).

Although evidence of life is lacking from the 
Carmel of the study area, further work may reasonably 
turn up fossil invertebrates or plants which one might 
expect from the marginal marine environments interpreted 
for this unit.

Isotopic dating has been attempted on biotite 
extracted from Carmel bentonites of southern Utah, but 
these beds too are older than the Carmel of the study 
area (Marvin, Wright, and Walthall, 1965, p. B104). 
Furthermore, variable K-Ar and Rb-Sr ages (165 to 140 
and 163 to 85 m. y. respectively) from these bentonites 
"...preclude a unique age assignment" (Marvin and 
others,' 1965, p. B104) and are used instead as evidence 
for alteration due to groundwater circulation.
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Entrada Sandstone - Cow Springs Sandstone
Since these two units are so closely related 

sedimentologically, and may represent lateral equiva
lents in the study area, they are treated together here. 
Neither unit has yielded fossil remains of any kind.

The age of the lower portion of the Entrada can 
be deduced by its relationship to the underlying Carmel. 
The Entrada/Carmel contact is conformable and the 
extension of slump 'pipes' or cylinders of Entrada sand
stone down into the Carmel indicates that deposition was 
probably continuous across the boundary. Thus the 
strata at the base of the Entrada were probably 
deposited during early Callovian time.

The upper part of the Entrada and the entire 
Cow Springs Sandstone represent the end of San Rafael 
deposition in the study area. Since the upper two 
members of the type San Rafael Group, the Curtis and 
Summerville Formations, are not present in the study 
area, the upper Entrada/Cow Springs strata may repre
sent part or all of Curtis-Summerville time. Imlay 
(1952a, p. 9 6 3) states that the Entrada of some areas 
"...may actually be of lower Curtis age..." Certainly 
the Cow Springs of the study area represents this 
interval of time, since it intertongues with the
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Summerville in northern Arizona (Harshbarger and others, 
1957, p. 41).

The Curtis Formation of central and southeastern 
Utah has been dated as early Oxfordian on the basis of 
the ammonite genus Cardioceras and other fossils 
(Stokes, 1957, P« 94). Thus, the upper Entrada/Cow 
Springs interval is considered to be Oxfordian in age.

Morrison Formation
The Morrison Formation of the Colorado Plateau 

has yielded a great variety of non-marine molluscan, 
vertebrate, and plant fossils. Unfortunately, the fauna 
appears to be unique and unlike most other upper 
Jurassic faunas (Imlay, 1952a, p. 958). The Morrison 
is regarded as Kimmeridgian and Portlandian in age 
(Peterson and Waldrop, 1965, p* 58) in the Kaiparowits 
Plateau region.

Dakota Sandstone
The beds which immediately overlie the Cow 

Springs Sandstone at Coal Mine Canyon (SRG-l) represent 
the middle carbonaceous member of the Dakota Sandstone. 
Agasie (1969, P* 16) recently studied the flora of 
these strata at Coal Mine Canyon and regarded them to 
be early Late Cretaceous (Cenomanian). Cobban and



183
Reeside (1952, pi. 1, col. 30) also place the Dakota 
in the Cenomanian Stage in their reference sequence for 
the Western Interior. In the Kaiparowits region, 
Peterson and Waldrop (1965, P» 60) conclude the Dakota 
might be in part "...late Early Cretaceous in age."



DEPOSITIONAL HISTORY OF THE SAN RAFAEL GROUP

General
The San Rafael Group bears witness to a series 

of significant events in the Jurassic history of the 
Colorado Plateau. These events are interpreted from 
the sequence of Middle and Late Jurassic rocks preserved 
at various locations throughout central and southern 
Utah and northern Arizona. San Rafael rocks document 
the incursion of marine waters twice into the area now 
occupied by the Colorado Plateau, and "...the destruction 
of an ancient geosyncline...in the eastern Great Basin" 
(Wright and Dickey, 1958b, p. 166?; see also Kummel,
1961, p. 228; Stokes, 1963b, p. 121). This Jurassic 
sea which twice invaded "...the depression between the 
Colorado Rockies..." (Stokes, 1944, p. 972) and the 
newly formed positive area in central Nevada, is often 
called the Sundance Sea (Kummel, 1961, p. 22?)* This 
sea contained northern (boreal) faunas quite unlike 
those to the west in California and Oregon or to the 
southeast in the Gulf of Mexico region (Imlay, 1967,
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p. 62). This dissimilarity of faunas indicates there 
were no marine connections between the Sundance Sea on 
the one hand and either the Gulf of Mexico embayment or 
the area west of the Mesocordilleran geanticline.

Thus, in the area now occupied by the Colorado 
Plateau, the early stages of the Nevadan Orogeny are 
recorded in the Middle and Late Jurassic rocks by 
changes in sediment transport patterns, source areas, 
and distribution of environments, changes which would 
become more apparent during the Cretaceous.

For most of the Mesozoic, the area now occupied 
by the "...Colorado Plateau was a slowly subsiding 
basin that received thousands of feet of continental 
clastic sediments from high areas on the south and 
east" (Elston, i960, p. 3*0 • Earlier, the same area 
was a broad shelf between the lowlying ancestral Rockies 
and the Cordilleran geosyncline.

The area that is now the Colorado Plateau was 
more or less surrounded by positive elements which 
supplied elastics to the basins of deposition. Since 
the Late Paleozoic, the nature of the surrounding 
positive areas "... have tended to interfere with the 
transportation of sediment into, across, or out of the 
region so that relatively large volumes were permanently 
trapped..." (Stokes, 1961, p. 151).



The Colorado Plateau was formed during Cenozoic 
time when it was uplifted as a unit 5 ,0 0 0 to 10 ,000 feet 
but with little apparent effects from "...the intense 
deformation and igneous action of surrounding areas..." 
(Stokes, 1961, p. 151)• However, "...the Black Mesa 
area rose 3» 500-7 .000 feet less than the surrounding 
country" (Elston, i960, p. 21), and now forms a struc
tural basin within the Colorado Plateau.

The primary goal of this study, is the recon
struction of the distribution of environments within 
the study area and environs during San Rafael time.
Two different independent approaches were made to this 
interpretation of paleoenvironments. These are covered 
under succeeding sections.

Firstly, regional variations and trends in San 
Rafael grain size parameters were compared with the 
results of studies of modern sediments. Some authors 
have found certain parameters, either singularly or in 
combinations, to be environmentally sensitive. These 
results have been applied to the San Rafael Group rocks 
(see following section on Grain Parameter Trends).

Secondly, based on a detailed study of the 
primary sedimentary structures, principally cross
stratification, the paleocurrent patterns which existed
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during San Rafael time were reconstructed as an aid in 
interpreting sediment transport directions and source 
areas (see sections on Paleocurrent Analysis and Source 
Areas and Shorelines).

And finally, all the other physical character
istics of the San Rafael rocks, such as lithologic 
types, sedimentary structures, facies relationships, 
sedimentary associations, bedding types, and unit 
geometry have been studied and compared with the results 
derived from the study of modern sediments. Combining 
these results with the results of the two approaches 
listed above, the paleoenvironments are then inferred 
from the presence of features which appear to be 
environmentally significant (see section on Environments 
of Deposition).

Grain Parameter Trends

General
One goal of any systematic grain size analysis 

is to determine if grain parameters have environmental 
significance. In this study of Jurassic rocks, compar
ison must be made with the results of studies of modern 
sediments from known environments. A considerable 
number of authors have studied the environmental
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significance of grain size parameters of modern sediments 
with rather mixed results. These studies includet 
Keller, 19^5; Inman, 1953; Inman and Chamberlain, 1955; 
Folk and Ward, 1957; Harris, 1957; Mason and Folk, 1958; 
Harris, 1959; Fuller, 196l; Shepard and Young, 1961; 
Friedman, 1961; 1962b; Duane, 1964; Sahu, 1964; Martins, 
1965; Schlee, Uchupi, and Trumbull, 1965; Klovan, 1966; 
Friedman, 1967; Hails, 1967; Dceglas, 1968; Koldijk,
1968; Moiola, Phillips, and Weiser, 1968; Moiola and 
Weiser, 1968; Royse, 1968; Hails and Hoyt, 1969; Visher, 
1969; and others. The variety of conclusions drawn 
from these studies may result in part from the different 
methods of analysis (Folk, 1966, p. 74-75)•

The main purpose in making grain size analyses 
of sedimentary rocks is to provide a means of comparison 
between samples. The comparison can be made directly 
from the cumulative curves, "...but this is inconvenient 
and furthermore not very quantitative..." (Folk, 1965, 
p. 44). Therefore, several parameters have been derived 
from the cumulative curves* these parameters "...des
cribe quantitatively, certain features of the curves00." 
(Folk, 1965, p. 44). These features, the major proper
ties derived from grain size analysis, are average or 
mean size, sorting, skewness or asymmetry, and kurtosis
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or peakedness. The parameters which best measure these 
properties are discussed in succeeding sections on 
mean size, sorting, skewness, and kurtosis.

Cumulative curves of most of the San Rafael 
Group sandstones,approximate Spencer's (1963, p. 182,
Fig. 4) type A curve, which represents a sediment 
composed of 90% "sand" and 10% "clay" (= silt/clay). 
Spencer's contention is that such a curve represents 
a sediment composed of "...mixtures of three or less 
fundamental populations of log-normal grain sizes"
(1963, p« 183), and that the median, coefficients of 
sorting, skewness and kurtosis are measures of the 
degree of mixing (see also: Folk and Ward, 1957)*

Grain size analyses have been made on ?0 
samples collected within the study area from the San 
Rafael Group and associated formations. These include 
20 samples from the Carmel Formation, 26 from the 
Entrada Sandstone, and 16 from the Cow Springs Sandstone, 
as well as one from the Navajo Sandstone, three from the 
Morrison Formation and four from the Dakota Sandstone.
The stratigraphic position of each processed sample is 
shown on Figure 6. The results of the grain size 
analysis have already been presented for the Navajo 
Sandstone, Morrison Formation and Dakota Sandstone



(Fig. 14 and 15)» and for the Carmel Formation (Fig. 19 
and 20), the Entrada Sandstone (Fig. 28 and 29), and 
the Cow Springs Sandstone (Fig. 3^ and 35)• From this 
data, histograms were constructed and are presented 
here for the Carmel (Fig. 51-5*0, Entrada (Fig. 55-59), 
and Cow Springs (Fig. 60-64). Cumulative curves were 
also plotted for the Carmel (Fig. 65-6 8), Entrada (Fig. 
69-73), and Cow Springs (Fig. 74-77)•

Grain roundness is of doubtful value in environ
mental reconstruction, except that high sphericity 
values do indicate a long history of abrasion brought 
about by long transport and/or multicyclic reworking. 
Roundness values apparently do not increase with 
distance of eolian transport. Potter and Pettijohn 
(1963, p. 202) state that "...sand grains show little 
or no chahge in roundness...with distance of transport... 
The presence or absence of rounded grains is more likely 
related to source of supply than to rounding during 
transport (Potter and Pettijohn, 1963, p. 202).

"Dune sands tend to be more consistently 
frosted..." (Jordan, 1965a, p. 77) than grains from 
other environments. Jordan (1965a, p. 77), working on 
the Jurassic Navajo-Nugget sandstones, could detect 
"...no...regional trends in frosting distribution.•."•
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Figure 51. Histograms of five samples from the basal Carmel Formation, 
southern part of the study area.
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Figure 52. Histograms of five samples from the basal Carmel Formation, 
northern part of the study area.
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Figure 53. Histograms of five samples from the middle Carmel Formation.
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Figure 54. Histograms of five samples from the upper 1/3 of the 
Carmel Formation.
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Figure 56. Histograms of six samples from the lower 1/3 of the 
Entrada Sandstone, Group B type bedding.
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Figure 57. Histograms of six samples from the Entrada Sandstone, southern and central parts of the 
study area. Group A (SB-9-67; SWM-2-66) and Group B type bedding.
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Figure 58. Histograms of five samples from the upper % of the Entrada 
Sandstone, northern part of the study area, Grouo A type 
bedding.
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Figure 59. Histograms of three samples from the Entrada Sandstone 
which possess extensive secondary quartz overgrowths.
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Figure 60. Histograms of two samples from the Cow Springs Sandstone, southern part of the study 
area, Group B type bedding.
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Figure 61. Histograms of six samples from the Cow Springs Sandstone, 
central part of the study area. Group A type bedding.
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Figure 62. Histograms of two samples from the Cow Springs Sandstone, 
central part of the study area. Group B type bedding.
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Figure 63. Histograms of two samples from the 
study area. Group A type bedding.
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Figure 64. Histograms of four samples from the Cow Springs Sandstone, northern part of the study 
area. Group B type bedding.
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Figure 65, Cumulative grain size frequency distribution curves of five
samples from the basal Carmel Formation, southern part of
the study area.
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Figure 66 Cumulative grain size frequency distribution curves of five 
samples from the basal Carmel Formation, northern part of 
the study area.
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Figure 67. Cumulative grain size frequency distribution curves of
five samples from the middle Carmel Formation.
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Figure 68. Cumulative grain size frequency distribution curves of five samples
from the upper 1/3 of the Carmel Formation.
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Figure 69 Cumulative grain size frequency distribution curves of six
samples from the lower 1/3 of the Entrada Sandstone,
Group A type bedding.
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Figure 70. Cumulative grain size frequency distribution curves of six
samples from the lower 1/3 of the Entrada Sandstone, Group
B type bedding.
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Figure 71 Cumulative grain size frequency distribution curves of six
samples from the Entrada Sandstone, south-central part of
the study area and both Group A and B type bedding.
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Figure 72. Cumulative grain size frequency distribution curves of five
samples from the upper 1/2 of the Entrada Sandstone, northern 
part of the study area, Group A type bedding.
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Figure 73. Cumulative grain size frequency distribution curves of three 
samples from the Entrada Sandstone which possess extensive 
secondary quartz overgrowths.
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Figure 74. Cumulative grain size frequency distribution curves of two 

samples from the Cow Springs Sandstone, southern part of 
the study area, Group B type bedding.
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Figure 75. Cumulative grain size frequency distribution curves of six
samples from the Cow Springs Sandstone, central part of the
study area, Group A type bedding.
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Figure 76. Cumulative grain size frequency distribution curves of
two samples from the Cow Springs Sandstone, central part
of the study area. Group B type bedding.
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Figure 77. Cumulative grain size frequency distribution curves of six
samples from the Cow Springs Sandstone, northern part of
the study area. Groups A and B type bedding.
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Shepard and Young (1961) found no significant difference 
in degree of frosting between beach sands and dune sands. 
However, more quantitative studies, utilizing the scan
ning electron microscope (SEM), give promise of grain 
surface texture characteristics which appear environ
mentally significant (Krinsley and Donahue, 1968;
Hodgson and Scott, 1970).

The inability of various techniques developed 
from studies of modern sediments to express strong 
environmental bias when tested with samples from the 
San Rafael Group is probably due to the "...complex 
recycling of the mature sediments involved" (Jordan, 
1965a, p. 73).

Jordan (1965a, p. 73) concluded "...that methods 
of differentiating depositional environments based on 
textural parameters derived from the study of recent 
sediments, at least as far as very mature sediments are 
concerned, are not readily applicable to ancient rocks." 
However, there were a few encouraging results developed 
from this portion of the San Rafael study.

Average Grain Size Trends
Measures of average grain size include the 

median, the mode, and the mean. The median (Trask,
1930) "...is the diameter corresponding to the 507S mark
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on the cumulative curve..." (Folk,. 1965* P» 45)• This 
is probably the least accurate of measures of average 
size, and its use is not recommended. "The mode is the 
most frequently-occurring grain diametec" (Folk, 1966, 
p. 80). In a bimodal sediment there may be more than 
one mode (see Fig. 53* CSTP-3-67, Fig. 55* WC-2-67
and N-5-66). The mode is independent of the grain size 
of the rest of the sediment and is rather difficult to 
calculate. It is not a good measure of overall average 
size and is not used here. The mean, or the overall 
average size of the sediment, is best calculated by the 
time consuming method of moments (see Folk, 1966, p. 78- 
80). Graphic measures aimed at approximating the mean 
have been proposed by Inman (1951), Folk and Ward (1957), 
McCammon (1962), and others. The graphic mean (M^) of 
Folk and Ward is used here because of its ease of cal
culation (see Tab. 3 for formula) and relatively high 
efficiency (McCammon, 1962).

The geologic meaning of mean grain size is not 
well understood, but recent work (Folk and Ward, 1957; 
Mason and Folk, 1958; Spencer, 1963) clearly reveals the 
importance of source material over other factors such as 
environment in controlling grain size distributions.
The mean "...grain size depends largely on the current
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strength of the local environment (together with size 
of available particles), not on distance..." from source 
(Folk, 1965, p. 3).

Potter and Pettijohn (19&3, p. 202) found that 
"...a change of size with distance can occur in fluvial... 
sands...but such change is unlikely in the sands of 
either marine shelf or aeolian dune regimens." The 
number of samples analysed from the formations associated 
with the San Rafael Group was insufficient to determine 
if mean grain size trends exist in these units within the 
study area (see Fig. 14, 1 5).

Samples from the Carmel Formation were grouped 
as to stratigraphic position, i.e., basal-south, basal- 
north, middle (both north and south) and upper l/3-top 
(Fig. ?8 ). The average mean grain size was greater in 
the middle of the formation (2.3700.1934mm) by about 
l/2 0  unit (0.05mm) over both the upper samples (2 .880/ 
0.1358mm) and the basal-south group (2.840/0.1397mm), 
with the basal-north group (2 .650/0.1593mm) somewhat 
intermediate (see Fig. 79)• The upper and middle groups 
of Carmel samples decrease in mean grain size from south 
to north. The basal samples appear to be slightly 
coarser in the central (White Mesa) area.
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Figure 79« Distribution of graphic mean (Mz) values for 19 sandstone 
samples from the Carmel Formation.
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The decrease in mean grain size from south to 

north in the middle and upper Carmel probably reflects 
an influx of clastic material resulting from renewed 
uplift in source areas to the south of the area of 
study.

Harshbarger (1949, Tab. 2), from a study of 29 
samples from the Carmel Formation of Black Mesa, found 
they averaged 2 .480/0.1792mm, which compares well with 
the overall average derived from this study of 2.540/ 
0.1719mm. However Harshbarger*s range was much greater 
(0.80/0.5743mm to 3.50/0.0884mm) than found here 
(1.850/0.2774mm to 3 •500/0.0884mm).

Samples from the Entrada Sandstone have also 
been separated into several stratigraphic/areal groups 
(lower l/3, south-central, and north-upper 1/2 ) as well 
as grouped according to bedding type (Fig. 78). Regional 
trends are not apparent in the south-central or north- 
upper l/2 groups nor in the bedding-type groups (Fig.
80). In the lower l/3 group, the mean grain size 
increases although erratically from north (3.750/0.0743mm 
and 3«330/0.0994mm) to south (2.470/0.1805mm and 
2.870/0.1368mm). As in the Carmel, this relationship 
may represent an influx of sediment from the south in 
early Entrada time.
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Figure 80. Distribution of graphic mean (Mz) values for 23 samples from the 
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The samples from the Cow Springs Sandstone were 

also separated into areal groups as well as by bedding 
type (Fig. ?8). No trends are apparent between the 
bedding-type groups. However, the mean grain size, as 
measured by the graphic mean (Mz), increases from south 
to north in the study area, averaging 3 .930/0 .0656mm 
along the edge of Black Mesa, 3«200/0.1088mm in the 
White Mesa area, and 3»0900.1174mm in the northern area 
(Fig. 81).

The average mean grain size tabulated by 
Harshbarger (1949, Tab. 2) for the Entrada Sandstone (11 
samples) of 2.750/0.1487mm and the Cow Springs Sandstone 
(37 samples) of 2.340/0.1975mm contrast sharply with 
those produced by this study of 3'210/00108lmm for the 
Entrada (26 samples) and 3*240/0«1058mm for the Cow 
Springs (l6 samples). Some of the variance may be due 
to the fact that Harshbarger used the median diameter 
of Trask, while Folk and Wards graphic mean is used here. 
However, this variation in method of approximating the 
average grain size should produce results with a maximum 
difference of less than 0.10 unit. The difference in 
results between Harshbarger*s study and this study 
remain unexplained for the present.
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Sorting Trends
Standard deviation is the best measure of 

sorting (scatter, spread) of the grains which make 
up a sediment. Various authors (Trask, 1930; Inman, 
1952; Folk and Ward, 1957; McCammon, 1962) have 
proposed measures of sorting which approximate the 
standard deviation to varying degrees. The statistical 
efficiency of these measures has been tested by 
McCammon (1962). The measure proposed by Folk and 
Ward (1957), Inclusive Graphic Standard Deviation 
(O^t see Table 3 for formula), was selected for use 
here because of its relatively high efficiency and 
ease of calculation, and because of its extensive 
use in the literature. This allows for comparison 
with the results of other studies. The degree of 
sorting limits proposed by Folk and Ward (1957, p. 13) 
and modified by Folk (1965# p» 46) are used here 
(see Table 8).

The geologic meaning of sorting is also 
poorly understood. Degree of sorting depends on at 
least three variables* (l) size range of particles 
available, (2) type of current acting, and (3)
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TABLE 8. Limits of inclusive graphic standard
deviation proposed by Folk and Ward (1957» 
p. 13) and Folk (1965# p* 46).

in phi (0) units 
<  - 0.35 

0.35 - 0 .5 0  

0 .5 0 - 0.71 
0 .71 - 1 .0 0  

1.00 - 2.00 
2.00 - 4.00 

>  - 4.00

Degree of sorting 
Very well sorted 
Well-sorted
Moderately well sorted 
Moderately-sorted 
Poorly-sorted 
Very poorly sorted 
Extremely poorly sorted



the time available for the selection process to act 
(Folk, 1965, p. 4).

In addition, sorting is apparently strongly 
related to grain size (Folk, 1965* P« 4), and those 
sediments "...having median diameters near .18mm 
[2.45-2.500] are the best sorted..." (Inman, 1949, 
p. 51)* Folk (1965, P* 4-5) states that "...the best 
sorted sediments are usually those with mean sizes of 
about 20 to 30...", or fine sand. The mean grain 
size and sorting of all samples from the San Rafael 
Group and associated formations illustrate the same 
relationships (Pig. 8 2), with the best sorting in 
the fine-grained field (2.30 to 2.90).

This relationship may be explained by the fact 
that nature apparently produces three basic populations 
of particles (pebble, medium sand-coarse silt, and clay), 
each resulting from different weathering types (Folk, 
1965, P» 5)« This produces a relative scarcity of 
coarse sand and fine silt fractions. Consequently, the 
sediments with mean grain size inbetween the three 
basic particle sizes are mixtures and have relatively
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poorer sorting. Cadigan (1961) relates this relation
ship between sorting and grain size to tectonic 
conditions. His concept will be discussed under the 
section on trends of grain parameter combinations.

Poorly developed sorting trends in the Carmel 
sandstones are very difficult to interpret (Fig. 83).
In the basal Carmel, the northern and southern samples 
are better sorted, while in the middle Carmel the best 
sorting exists at White Mesa (the most northerly 
sample). In the upper Carmel, better sorting exists in 
a band running from northwest Coal Mine Mesa to Navajo 
Begay.

The Entrada Sandstone samples have been separ
ated into groups based on areal and stratigraphic 
position and based on differences in the type of cross
bedding. Cross-bedded units within the San Rafael Group 
can generally be separated into two groups based on 
bedding characteristics (Fig. 7)« (1) Group A type
bedding; high angle (21-30°), tabular- and wedge-planar 
sets, commonly large scale, generally thickly to very 
thickly cross-stratified, and associated with high 
index (>15RI) ripple mark, and (2) Group B type bedding; 
low angle (10-20°), trough or wedge-planar sets, medium 
to small scale, thinly to thickly cross-stratified, and
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generally associated with flat-stratified units. These 
two different bedding assemblages occur mainly in sand
stones which are alike in all textural aspects. Studies 
of grain size parameters, grain surface texture, grain 
rounding, composition, etc., detect no significant 
differences between the sandstones of either group.
This is to be expected as only the final current cycle 
differs between groups and as there is a continuous 
gradation from Group A to Group B type bedding (Jordan, 
1965a, p. 83-8 7). These are probably end members in a 
continuous spectrum of cross-stratification style * with 
scale perhaps the most important variable.

Entrada Formation samples separated by bedding 
type (Fig. 84), the B bedding group has a sorting value 
nearly 0.050 units less than the A group (0.5030 vs.
0.5460). However, both these values would be moderately 
well sorted.

The basal beds of the Entrada demonstrate the 
best sorting (G\ = 0 .389 to 0.507)* while the upper 
portions of this unit lack areal or stratigraphic trends 
(Fig. 84).

The plot of Cow Springs sorting values demon
strates rather random scatter except in the central 
(White Mesa) area where the samples are better sorted
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(9% ranget O.369 to 0.555) than in either the northern 
or southern areas (Fig. 8 5)• The comparison of Cow 
Springs groups separated on the basis of bedding type 
demonstrates the reverse relationship from that shown 
by the Entradai here the A bedding group has an 
average sorting value more than 0 .5 units less (i.e., 
better sorted) than group B.

Skewness and Kurtosis Trends
Deviations from the normal cumulative curve 

can be measured by skewness, a measure of asymmetry, 
and by kurtosis, a measure of peakedness. The measures 
of skewness and kurtosis which appear most valuable are 
those proposed by Folk and Ward (1957)« The formula 
for these measures have been listed in the section on 
laboratory techniques (see Table 3)• The class limits 
for skewness (Table 9) and kurtosis (Table 10) used 
here are those proposed by Folk and Ward (1957, p» 14, 
15), with modification of the skewness limits by Folk 
(1965, p. 47).

Skewness has been found by some authors (Mason 
and Folk, 1958: Friedman, 1961; Duane, 1964; Martins, 
1965, Hails, 1967; Hails and Hoyt, 1969) to be the most 
environmentally significant of the grain size parameters 
while others (Shepard and Young, 1961, Schlee and others
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Table 9« Class limits of inclusive graphic skewness,
or asymmetry, proposed by Folk and Ward (1957* 
p. 14; see also Folk, 1965, p. 47)

Inclusive graphic 
skewness (Sk.) in 
phi (0) units Class names

— 1•00 to — 0•30 Very negatively skewed 
(strongly coarse- 
skewedj

— 0e 30 to w 0*10 Negatively skewed (coarse 
skewed)

- 0.10 to + 0*10 Nearly symmetrical
4* 0*10 to + 0*30 Positively skewed (fine- 

skewed)
+ 0*30 to + 1*00 Very positively skewed 

(strongly fine-skewed)
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Table 10. Class limits of graphic kurtosis, or
peakedness, proposed by Folk and Ward (1957, 
p* 15)°

Graphic Kurtosis (K ) 
in phi (0) units 5

< 0.6?
0 .6 7 - 0.90
0•90 — 1 .11

1 .11 - 1 .5 0

1 .5 0 - 3 .0 0

>  3 .0 0

_____Class names_____
Very platykurtic
Platykurtic
Mesokurtic
Leptokurtic
Very leptokurtic
Extremely leptokurtic



1965)# found all grain size parameters to lack environ
mental significance. As pointed out by Folk (1962, 
p« 14-5-146) the differences may be due to different 
laboratory techniques (sieving or point count vs. 
settling tube)• )

There are other, less well-known methods of 
grain size analysis which have been used in attempts 
at environmental discrimination. A few of these methods 
are discussed by Folk (1966, p. 87-88) in his review of 
grain-size parameters.

Folk (1966, p. 8 5) states that a curve "...with 
a tail in the fines has positive [skewness] values... 
and one with a tail in the coarse grains has negative 
values..." Thus, positively skewed samples have an 
added component of fine particles and negatively skewed 
samples have added coarse particles. Sorting values of 
either sample will be poorer than samples without the 
added component.

The geologic meaning of skewness and kurtosis 
is poorly known. Generally speaking, however, normal 
curves represent single source sediments, "...while 
sediments from multiple sources...show pronounced 
skewness and kurtosis" (Folk, 1965, p. 7).
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The skewness values derived from samples from 
the San Rafael Group show well developed trends both 
areally and stratigraphically.

In the Carmel Formation, samples from the basal 
and middle sample groups possess nearly symmetrical 
skewness values whereas the upper l/3 group averages 
out positively skewed (see Fig. 86). r

In the Entrada Sandstone, a sharp contrast 
exists between the lower l/3-Group A type bedding 
samples and all other groups (Fig. 29). The lower l/3 
group of samples. Group A type bedding only, are all 
either negatively skewed or nearly symmetrical. Con
sidering the skewness values irregardless of bedding 
type, the lower l/3 Entrada samples from the south and 
the northern fringe are more nearly symmetrical or 
negatively skewed (Fig. 8?). Most other Entrada samples 
are strongly skewed positively (15 or 1 7).

In sharp contrast with the diversity in the 
Carmel and Entrada, is the rather uniform skewness 
values for the Cow Springs Sandstone samples (Fig. 88). 
These samples"are either very positively skewed (10) or 
positively skewed (4) or nearly symmetrical (4). The 
nearly symmetrical values are almost all (3 of 4) 
located in the northern outcrop area where bedding 
characteristics suggest a subaqueous origin.
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Figure 87- Distribution of inclusive graphic skewness (Sk^) values for 23 
samples from the Entrada Sandstone-
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The nearly symmetrical or negatively skewed 

values possessed by the lower and middle Carmel samples, 
the lower l/3 group of Entrada samples (Group A type 
bedding), and to a lesser extent, the group of northern 
Cow Springs samples, appear to be environmentally 
significant.

Duane (1964, p. 873) "•••found beaches, the 
littoral zone, and tidal inlets..." to produce negative 
skewness while "...dunes were...found to have positive 
skewness." Martins (1965, p. 769) found the range of 
skewness in beach sands to be -0.40 to +0.08, and in 
dune sands to be +8.10 to +O.50. Hails (1967, p« 1068) 
reached the same conclusions as Duane. Folk (1966, 
p. 8 7) states that "...beach samples...are negatively 
skewed...while the dune and aeolian flat samples.•.are 
positively skewed..." Chappell (1967) has attempted 
to locate the maximum sea level in Pleistocene sands 
by using negative vs. positive skewness, and believes 
that ancient sands that possess negative skewness are 
even more certainly beach produced than similar modern 
sands, because post-depositional changes tend to 
reduce the negative skewness of sands.

Thus the three groups listed, the lower and 
middle Carmel samples, the lower Entrada samples (of
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Group A bedding type), and the northern Cow Springs 
samples, based on their skewness values, may represent 
beach or shallow littoral conditions*

In contrast to the definite trends present in 
San Rafael skewness values, the kurtosis values1 appear 
rather uniform throughout the study area*

In the Carmel Formation (Fig. 8 9), kurtosis 
values for the basal-south group of samples averaged 
leptokurtic (1.222), the basal-north and middle groups 
were mesokurtic (1.048 and 0.978 respectively) and the 
upper l/3-top group was leptokurtic (1.346). The over
all Carmel average was slightly leptokurtic (1.154).

All groups of samples from the Entrada Formation 
(Fig. 9 0) possess average kurtosis values which fall 
into the leptokurtic range (1.150 to 1.46l). The same 
was true for all groups of Cow Springs samples (Fig.
91), except one group of only two samples, which 
averaged very leptokurtic (1.643)• The overall average 
of Cow Springs kurtosis values was leptokurtic (1.396).

The geologic meaning of San Rafael kurtosis 
values is not clear. However, Friedman (1962b) has 
shown that most sands are leptokurtic.

1. The values for kurtosis (Kg) listed here and 
elsewhere in this report have not been normalized (Folk, 
1965).



C A R M E L  F O R M A T  I ON

g* MM

Figure 8 9. Distribution of graphic kurtosis (Kg) values for 19 
sandstone samples from the Carmel Formation.
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Figure 90. Distribution of graphic kurtosis (Kg) values for 23 samples 
from the Entrada Sandstone.
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Parameter Combination Trends

In addition to individual parameters, plots of 
grain parameter pairs have also been tested for environ
mental significance. The results from studies of such 
combination plots have been promising (Mason and Folk, 
1958; Friedman, 1961; Moiola and Weiser, 1968; and 
others).

The relationship between mean grain diameter 
and sorting has already been discussed. However,
Cadigan (1961, 1962) believes this relationship is con
trolled by tectonic activity rather than available 
particle size. The San Rafael samples have been plotted, 
sorting vs. mean grain size, on the graph prepared by 
Cadigan (1961, Fig. 1 1). All the sandstones from the 
San Rafael Group fall into the area of the graph desig
nated as "Low Tectonic Uplift, Low Rate of Deposition." 
However, Tanner (1961, p. 375-376) and Jordan (1965a, 
p. 7 3) deny that tectonic influences are more important 
than other factors (geographic environment, climate, 
etc.), as implied by Cadigan, in determining grain size 
distributions. Jordan agrees that, the Navajo Sandstone 
and other multicyle sandstones, such as the Entrada and 
Cow Springs, are the result, perhaps indirectly, of 
tectonic quiescence, but places more emphasis on the
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low rates of deposition present in the high energy 
environment of final deposition (Jordan, 1965a, p. 73)•

In a study of recent sands from Mustang Island 
on the Texas Gulf Coast, Mason and Folk (1958, Fig. 9) 
found environmental significance from a plot of skew
ness vs. kurtosis values. The San Rafael samples have 
been plotted for comparison using the fields determined 
by Mason and Folk.

In the Carmel Formation (Fig. 92), the basal- 
south and basal-north groups fall into the beach, 
indeterminant or beach/eolian flat fields. The middle 
group centers around the indeterminant field with over
lap into all other fields. The upper 1 /3 group falls 
mostly into the dune/eolian flat and eolian flat fields.

The Entrada Sandstone samples (Fig. 93) all fall 
into the dune/eolian flat or eolian flat fields except 
for one complete group of samples, the lower l/3 group 
of A type bedding, which falls into the beach field.

The Cow Springs Sandstone samples (Fig. 94) all 
fall into the eolian flat or dune/eolian flat fields 
with rare samples falling in marginal fields (beach/ 
eolian flat and indeterminant).

Plots were made of mean grain diameter vs. 
skewness to test the conclusions of Friedman (1961) and
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Figure 92.
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Figure 93 •
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Moiola and Weiser (1968) that they could distinguish 
between beach and dune sands by this graph.

All Entrada and Cow Springs samples plot in the 
field designated by both authors as being of dune 
origin (Fig. 95 and 96). One sample from the Carmel 
falls into the beach or coastal dune field of Moiola 
and Weiser and three others into the beach field of 
Friedman (Fig. 97)• All other Carmel samples fall into 
the dune field on both Friedman and Moiola and Weiser 
plots.

Plots were made of several other parameter 
combinations without success.

Thus it would seem that although plots of 
skewness vs. kurtosis (Mason and Folk, 1958) appear 
possibly helpful in determining environments of 
deposition, plots of mean diameter vs. skewness 
(Friedman, 1961? Moiola and Weiser, 1968) appear insen
sitive to the subtle differences which may exist in 
granulometric parameters from closely allied environ
ments. Based on plots of skewness vs. kurtosis, the 
lower and possibly middle Carmel samples, and the lower 
l/3 group of Entrada samples (Group A type bedding) 
appear to reflect, if not subaqueous deposition, at 
least beach environment. These results agree quite 
closely with results from skewness alone.
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In a study of the Navajo-Nugget sandstones, 
which are similar in many respects to the Entrada and 
Cow Springs, Jordan (1965a, p. 61-6?, Fig* 22, 23) 
detected "...little textural variation, either serially 
or stratigraphically..." in graphic plots of skewness 
vs. kurtosis or of mean diamter vs. skewness.

Paleocurrent Analysis

General
Paleoenvironmental reconstructions can be based 

on a variety of evidence preserved in the rock record. 
Probably the most important single technique used in 
the study of San Rafael Group paleoenvironments was a 
detailed analysis of the cross-stratified sandstones that 
make up approximately 70# of the total thickness of the 
San Rafael Group within the study area. Whereas grain 
parameters, a scalar property, have to be mapped to 
show directional bias, cross-stratification, a direc
tional property, demonstrates the current trend at each 
point measured. An analysis of primary sedimentary 
structures, such as cross-strata, has the additional 
advantage in that they "...are formed at the time of 
deposition..." and thus "...furnish data on the processes 
involved and on the general geologic setting..." (McKee,
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1966b, p. 2036) present during formation. "Paleo- 
current analysis seeks to derive inferences about 
current direction, sediment dispersal, and depositional 
slope..." (Allen, 1967, p. 86) based on directional rock 
structures or rock fabrics, and "...can provide useful 
information about sedimentary tectonics" (Potter and 
Pettijohn, 1963, p* 2). Possibly the greatest value 
of paleocurrent analysis "...is its emphasis upon 
quantitative study" (Potter and Pettijohn, 1963, p. 3)«

Thus, a detailed paleocurrent analysis can 
result in an understanding of two different but related 
aspects of the paleoenvironments. First, a careful 
study of the type and style of cross-stratification can 
lead to an interpretation of the nature of the depositing 
media. And secondly, an analysis of cross-strata 
readings can be used to reconstruct the paleocurrent 
pattern.

As mentioned earlier, cross-stratified units in 
the San Rafael Group fall generally into two contrasting 
yet overlapping groups based on bedding characteristics. 
Group A contains high angle, tabular-, and wedge-planar 
sets, commonly large scale, and thickly to very thickly 
cross-bedded, and associated with high index ripple 
mark. By contrast. Group B demonstrates lower angle
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trough or wedge-planar sets, of medium to small scale, 
thinly to thickly cross-bedded, and associated or 
interbedded with flat-stratified units. However, there 
appears to be no detectable textural differences 
between the sandstones of the two groups.

The flat lower bounding surface of planar sets 
may grade laterally to a curved surface. The lower 
bounding surface should not be confused with the hori
zontal truncation surfaces discussed earlier, which are 
erosional features of great extent and probably unrelated 
to the bedding above or below (Pierce, 1964; Jordan, 
1965a, p. 86-8?; Stokes, 1968).

As the variations between the bedding type 
groups (A, B) probably indicate differences in depo
sit ional conditions, it is important to separate the 
San Rafael units into the two groups and to attempt to 
interpret the mode of formation of each. Since the 
difference between groups reflects only the final 
depositing media, an analysis of bedding style may lead 
to an interpretation of the depositing current.

In the literature, many of the San Rafael units 
have been interpreted as being of eolian origin. This 
leads us to a review of the characteristics of modern 
dunal sands and how these features compare with San 
Rafael rocks.



Opdyke (1961, p. 49) listed "...wind artifacts,
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erosion features and evaporites.. as well as good 
sorting, steeply dipping cross-strata, grain shape, and 
surface texture as being useful in the recognition of 
an eolian unit. According to Poole (1962, p. D148), 
modem dunes are characterized by* (l) a high quartz 
content, (2) a comparatively limited range of particle 
sizes, (3) a high degree of rounding and sorting, (4) 
pitting and frosting of grains, (5) steeply dipping 
cross-strata, with initial dips of 29° to 3^°» (6) 
large and medium scale, wedge shaped cross-strata, with 
(7) high index, asymmetrical type ripple mark.
Pettijohn. Potter and Siever (1965, p. 191) state that 
"...abundant and thick crossbeds, the absence of 
fossils, interbedded shale and carbonates and a clay 
deficient sand..." plus frosted grains "...are the chief 
criteria for an eolian origin."

Allen (1970, p. 114) concluded that "...no 
wholly reliable criteria exist by which to identify 
ancient wind deposits..." However, Allen (1970, p. 114) 
listed an

...ideal set of characters [which] strongly 
suggests wind-blown sand* [l] scarcity or 
absence of clayey or [2] gravelly sediment; [3] 
formation wholly or predominantly of fine to 
medium grained and [4] well to very well sorted 
sand; [5] absence of marine fossils; [6] presence 
of vertebrate remains and especially tracks; [7]
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cross-bedding in tabular or trough-shaped units 
typically several metres thick; [8] absence of 
symmetrical ripple mark; [9] presence of rain 
prints; [10] presence of ventifacts; and [ll] 
close spatial association with formations of 
fluviatile or littoral origin.

Selley (1970, p. 6l) concluded that "...it is 
not easy to recognize ancient wind-blown sediments."
He suggests (1970, p. 59-6l) the following as being 
helpful: (l) textural criteria (sorting, skewness,
rounding, etc.), (2) frosting or pitting, and (3) sedi
mentary structures (ripples, contorted sand bedding, 
cross-stratification, etc).

In a tabulation of cross-strata dips from studies 
of modern sands, Jordan (1965a, Tab. 11) states that the 
eolian environment averaged 22.6°, the beach environment 
averaged 6 .5°, and the shallow marine (littoral) environ
ment averaged 17»5°» For comparison, cross-strata dips 
from the Carmel Formation sandstones averaged 22.6°, 
from the Entrada Sandstone averaged 24.3°, and from the 
Cow Springs Sandstone averaged 23*0°. Opdyke (1961, 
p. 47) and other authors stress the steeply dipping 
nature (up to 33°) of cross-strata in modern dune.sands 
as a characteristic feature.

\

Asymmetrical ripple mark with high ripple index 
(Rl) were noted in the Entrada Sandstone at two locations 
within the study area. This type of ripple mark is quite
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common 'in the Entrada (Tanner, 1966, p» 133) and in 
other sandstones of presumed eolian origin throughout 
the Colorado Plateau (Poole, 1962, p. Dl48).

The other physical features believed to be 
characteristic of modern dune sands are generally pre
sent in the sandstones of the San Rafael Group. These 
sandstones are unfossiliferous, generally are very 
thick, and lack conglomerates and micas, except for the 
presence of mica near the numerous ash-derived benton
itic clay beds. However, the absence of mica may not 
be a valid criteria for eolian origin (H. W. Pierce, 
pers. comm., 1970).

Poole (1962, p. D150) believes the Entrada and 
Cow Springs sandstones (as well as the Bluff and Junction 
Creek) "...are typical wind deposits comparable to 
modern dunes."

Thus the sandstones that make up both bedding 
groups (A and B) distinguished in the San Rafael sand
stone units share a common source and differ only in 
the agent of deposition. When compared with the results 
of studies of modern sand environments, group A appar
ently represents an eolian regimen and group B units 
are believed to represent fluvial, beach, and mixed 
fluvial/eolian flat deposition. There are no apparent 
textural differences between the two groups.



Normally, M.«.cross-stratification is interpreted 
to indicate directions of sediment transport and loca
tions of source areas" (Raup and Miesch, 1957, p« 313)* 
However, when the nature of the cross-strata implies an 
eolian origin, the analysis of dip readings represents 
the wind pattern, and may have no direct relationship 
to either paleoslope or source area (Selley, 1970, p* 6l)« 
In fact when the paleocurrent pattern bears little 
relationship to the known paleoslope, it may be explained 
as a product of wind transport (Opdyke and Runcorn, I960, 
p. 966; Potter and Pettijohn, 1963, P* 104), or possibly 
as longshore current produced marine sand waves. Scott 
(1965, p* 399) has found that "...the depositing winds... 
[bear] no immediate relationship to the direction to 
source..." on the basis of heavy mineral studies.

Wind derived sediments generally are quite 
mature texturally. This initial sorting is due in part 
to the relatively small particle size range that can be 
carried by wind currents, and partly because most wind 
systems are relatively long lasting. Furthermore, wind- 
carried particles are selected from nearby environments 
(fluvial, littoral) which also produce relatively 
mature sediments (Selley, 1970, p. 60). Commonly 
coastal dune sands are derived from the shallow littoral
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or beach environments. Inland eolian sands may be 
derived from the fluvial environment (Termier and 
Termier, 1963, p. 16?), or from beaches, shallow-water 
sands, or tidal flats associated with local or inland 
incursions of the sea, as may be the case of the San 
Rafael Group (Cadigan, 1961, p. 122).

Many different criteria have been suggested as 
characteristic of eolian deposits, but none of these is 
absolutely definitive and all may be noted in rocks of 
non-eolian origin. Of the "...many textural and 
structural criteria which have been proposed to dis
tinguish the results of [wind and water] ...processes..., 
few, if any, are foolproof" (Selley, 1970, p. 6l).
Truly, "...recognition of an ancient eolian sediment 
must be based on a critical evaluation of all the avail
able data" (Selley, 1970, p. 62-6 3).

Navajo Sandstone
The paleocurrent patterns in the Jurassic prior 

to San Rafael time have been studied by several authors. 
Harshbarger (194-9, PI. X) studied cross-strata in the 
Navajo Sandstone along the north edge of Black Mesa.
His readings have been reprocessed and tabulated on 
Figure 98. These data show that in the southern part 
of the study area, Navajo paleowinds were from the



LOCATION # READINGS
AVERAGE
BEARING

AVERAGE
DIP

CONSIST
FACTOR

NAVAJO SANDSTONE

Blue Canyon 33* S44o10'B 26.7 0.628
West of Cow Springs Trading Post 21* S 6037'E 26.0 0.816
"Red Lake" (- Tonelea Trading Post) 26 S30°56'E 22.5 0.472

AVERAGE - 25.1

ENTRADA SANDSTONE

Near Cow Springs Trading Post 31* S20°55,B 24.5 0.673
Blue Canyon 28* S18° 6'W 23.9 0.668
"Red Lake" (■ Tonalea Trading Post) 32 Sll° O'B 20,6 0.426

AVERAGE - 22.9

COW SPRINGS SANDSTONE

Cow Springs Type Locality 25 S10*39'E 25.4 0.698
South of Cow Springs Trading Post 26 S10°19'W 25.2 0.550
Navajo Mountain Turnoff 40 S 1°16'E 23.6 0.377
South of Elephant Feet ( 1.0 mile) 31 S10° 6'W 23.4 0.513

AVERAGE - 24.3

* Significant at the 95% level tfor a one half range of mean of 20°.

Figure 98. Results of an analysis of cross-strata readings within the Navajo, Bntrada, and Cow ox
Springs sandstones ( adapted from Harshbarger, 1949, pi. VIII, X). ^
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north and northwest. Cross-strata in the (?)Late 
Triassic Kayenta Formation indicate fluvial paleo- 
currents to the southwest and west prior to Navajo time 
(Poole, 1961, p. Cl4l). Poole (1962; 1964) also pub
lished paleocurrent maps of the Navajo (plus Nugget and 
Aztec sandstone equivalents) which show winds from the 
northwest in the general area of this study just prior 
to Carmel time.

After detailed studies at seven localities in 
southern Utah, Marzolf (1969, p* 50-51) interprets the 
lower and middle portions of the Navajo Sandstone as 
having been deposited by marine currents (in a marginal 
marine environment), flowing first southerly and then 
easterly and southeasterly. Only the upper portion of 
the Navajo is interpreted by him as being a product of 
desert conditions, deposited by southly and southwest
erly flowing paleocurrents (presumably wind). If the 
lower portions of the Navajo in southern Utah are indeed 
of non-eolian origin, then the paleoslope during this 
time (Late Triassic or Early Jurassic) must have been 
to the north from a desert environment in northern 
Arizona. Poole (1964, p. 403) found all of the southern 
Utah Navajo to be of eolian origin.

The intertonguing relationship between the 
Navajo and the Carmel Formation indicates a non-marine/
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marine interface from southeast to northwest near the 
northwestern corner of the study area. Just prior to 
Carmel time, the regional paleoslope must have been to 
the northwest with paleowinds blowing onshore and along 
shore to the southeast and south.

Due to limitations on time, this study was con
fined to establishing the San Rafael paleocurrents, 
and no attempt was made to unravel Navajo paleogeography, 
Navajo cross-strata dip directions were not recorded.

Carmel Formation
Very little has been written concerning the 

paleocurrent pattern which existed during Carmel time. 
Harshbarger and others (1957, p. 44) stated that the 
material that makes up the Carmel was introduced from 
the southwest, by steams eroding the Navajo Sandstone. 
However, these authors cite no examples of or directional 
readings from fluvial type cross-strata, while remarking 
on the apparent eolian nature of some Carmel cross- 
stratified sandstones in the area between Red Lake (now 
called Tonalea) and Coal (Mine) Canyon. The cross- 
stratified sandstone units within the Carmel Formation 
which have a high angle of dip (22.6° on 58 readings) 
are considered here to be at least in part of eolian 
origin, despite small scale and thin bedding. Figure 99



LOCATION (see Fig. 6 for index #) # READINGS
AVERAGE
BEARING

AVERAGE
DIP

CONSIST.
FACTOR

Navajo Begay Section (17) 13* S40°32IE 22.1 0.820
North of Kaibito Trading Post, 1.5 mi.(13A) 10 S17°38,E 25.6 0.916
Tse Skizzi Section (14) 9 S28°25,W 22.8 0.847
Page-Kaibito Road, near Lechee Rock Turnoff (154) 9 S25° 2'E 23.8 0.876
Cow Springs Trading Post Section (8) 6 S12°18'E 22.0 0.663
Northeast White Mesa Section (12) 4 S48°45'E 18.0 -
Northwest Coal Mine Mesa Section (2) 3 S32°E 19.0 -
Wahweap Section (21) 2 S48°E 26.0 -
Northeast Cummings Mesa Section (19) 1 S20°E 18.0 -
Blue Canyon Section (4) 1 S80°B 15.0 -

AVERAGE 22.6

* Significant at the 95% level for a one half range of mean of 20°

Figure 99. Results of an analysis of 58 readings of cross-stratification within the Carmel 
Formation sandstones.
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tabulates the results of an analysis of 58 directional 
readings. This data along with the Carmel isopach 
patterns are plotted on Figure 100.

Figure 100 indicates a wind pattern of southerly 
and southeasterly winds for the Carmel Formation of the 
study area. Thus the Carmel winds were onshore, up the 
paleoslope and similar to earlier (Navajo) and later 
(Early Entrada) wind systems.

Entrada Sandstone
Several authors have interpreted paleocurrent 

directions from studies of cross-strata from the Entrada 
Sandstone. Harshbarger (1949) found indications of wind 
movement to the south in the northern Black Mesa area. 
Poole and Williams (1956, p. 231) report wind movement 
to the southwest during Entrada time over most of the 
Colorado Plateau. In the area of the Lucero Uplift of 
northwestern New Mexico, Mirsky and Treves (1963* p. 454) 
report Entrada winds came from the northwest. Based on 
a study of cross-strata dip directions, Entrada winds 
moved from the northeast in the Lees Ferry region of 
north central Arizona (Phoenix, 1963, p. 36), just to 
the northwest of the study area.

A detailed study of the Mesozoic paleoclima- 
tology of the Rocky Mountain region, including the
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Figure 100. Paleocurrent orientations from an
analysis of 5? readings of cross-strati
fication within the Carmel Formation (see 
Fig. 99 for details).
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Colorado Plateau, has been made by Millison (196*0* 
Unfortunately, Millison*s basic cross-strata data for 
the Navajo and Entrada sandstones are wrong and this 
negates much of his interpretation of Jurassic paleo- 
windse Navajo winds did not move from the west and 
Entrada winds did not, at any time, move from the 
southwest as he states.

Poole (1964, p. 403) states that "...cross- 
strata orientations indicate dominant north-east 
and east winds during deposition of the Entrada..." 
Sandstone over much of the Colorado Plateau. In 
northwestern New Mexico, winds blew from the northeast 
during Entrada time, while streams, based on fluvial 
cross-strata flowed to the northwest (Tanner, 1965, 
p. 565; 1966, p. 133).

Figure 101 tabulates the results of analysis 
of 544 cross-stratification readings within the Entrada 
Sandstone. In addition. Figure 98 summarizes 91 
Entrada readings adapted from Harshbarger (1949# PI* X). 
The results of the analysis of Entrada cross-strata 
data, as well as Entradaisopach patterns, are plotted 
on Figure 102 for both early (lower) and late (upper) 
Entrada time.

Two trends can be observed on the Entrada 
paleocurrent map. First, Entrada winds apparently



LOCATION (see Fig. 6 for Index #) # READINGS
AVERAGE
BEAR.

AVERAGE
DIP

CONSIST
FACTOR

Elephant Feet Section (7) 53* S37°20'W 23.5 0.640
Ton&lea-Kalblto Road Sectlon(9) 8* S18°53'E 27.1 0.965
49 Mile Point, Utah (22B) 23 S38056'W 26.0 0.755
Navajo Begay Section (17) 10 S 3°12,B 22.1 0.696
Window Rock Section (11) 17 S83*30'W 22.4 0.742
Kaibito Trading Post Section (13) 21 S41° 5'W 23.4 0.556
Northeast White Mesa Section (12) 34* S36C37,W 24.4 0.624
Tse Skizzi Section (14) 31* S50o22'W 24.8 0.652
West Cunnings Mesa Section (19) 19* S70° 9'W 24.3 0.796
Kane Creek Bay, Utah (21A) 53 S46°24,W 22.5 0.626
Lechee Rock Section (15) 

Lower 1/2 3 S67°16,W 25.3 0.860
Upper 1/2 12* S55°38,W 24.1 0.821

Total 44* S64013'W 25.0 0.846
Warm Creek Section (22) 

Lower 1/2 18* S58°25'W 22.4 0.577
Upper 1/2 S87051'W 25.0 0.739

Total 45* S77°53'W 24.0 0.654
SWS of Tonalea Trading Post, 0.4 ml.(6B) 29 S16°48'W 25.3 0.647
Northwest Coal Mine Mesa Section (2) 14* S29°36,W 25.6 0.724
Tonalea Trading Post Section (6) 26* S15°26'W 25.3 0.800
Coal Mine Canyon Section (1) 31* S20°27,B 24.6 0.860
Blue Canyon Section (4) 26* S. 5019'B 21.7 0.775
North of Elephant Feet Section, 1.5 ml.(7A) 142 S17°35,B 29.1 0.924
Wahweap-Clen Canyon City Road (22A) 40 S59019'W 25.5 0.891
North of Southwest White Mesa Section, 0,75 mi.(10A) 3 S63E 23.0 -
Southwest White Mesa Section (10) 2 S85W 20.0 -
Dangling Rope Canyon Section (20) 1 S40E 26^0 -

AVERAGE:
*Signlfleant at the 95% level for a one half range of mean of

24.3
20°.

Figure 101. Results of an analysis of 544 readings of cross-stratlflcatlon within the 
Bntrada Sandstone.
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Figure 102. Paleocurrent orientations from an analysis 
of 544 readings of cross-stratification 
within the Entrada Sandstone (see Fig. 101 
for details).
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become more westerly through time. Although there are 
some reversals, this trend can be seen clearly at Warm 
Creek section in the north and at Coal Mine Canyon/
Coal Mine Mesa sections in the south.

Secondly, there is a trend to more westerly 
winds in the northern part of the study area.

These trends toward more westerly wind currents, 
both through time and from south to north, probably 
reflect wind pattern alterations resulting from a 
northward shift of the Late Jurassic marine embayment 
(Sundance Sea) resulting from the uplift of positive 
areas to the south of the study area. The Late Jurassic 
sea retreated from a position in southwestern Utah 
during Carmel time, remained far to the north during 
most of Entrada time and encroached again, this time 
into central Utah, during Cow Springs (= Curtis) time.

Cow Springs Sandstone
Harshbarger (19^9> PI* VIII) studied the Cow 

Springs Sandstone along the northwest face of Black 
Mesa and reported eolian cross-strata indicating wind 
movement to the south (Fig. 98). Poole (1962; 1964, 
p. 403), on the basis of an analysis of Harshbarger's 
(1949) data, shows wind movement from the north and 
northeast during Cow Springs time.



2?6

The results of the analysis of 288 readings of 
cross-strata from the Cow Springs Sandstone are summar
ized on Figure 103* This same data are plotted, along 
with Cow Springs isopach lines, on Figure 104« Although 
not used in this study, 122 additional readings from 
Harshbarger (1949, PI. X) are tabulated on Figure 98.

A subtle swing in Cow Springs wind directions 
is shown, both vertically and laterally, within the 
study area. In the south, early Cow Springs winds blew 
toward the southwest, while they later moved toward the 
south and southeast. Along Lake Powell, where strata 
present represent only late Cow Springs time, the 
indicated paleocurrents moved toward the easto Similarly 
oriented paleocurrents in the Bluff and Junction Creek 
sandstones (see Poole, 1964, Fig. 70 from data of 
Cadigan, 1952), and the upper sand member of the Entrada 
as reported by Poole (1964, Fig. 7D), probably represent 
this same shift to wind directions from the west. Poole 
(1964, p. 405) suggests that this shift may reflect the 
increased influence of the rising land mass in central 
Nevada (Mesocordilleran geanticline). However, the 
encursion of the Curtis sea at this time into central 
Utah may be more directly responsible for this shift.



LOCATION (see Fig. 6 for index #) # READINGS
AVERAGE
BEARING

AVERAGE
DIP

CONSIST.
FACTOR

Southwest White Mesa Section (10) 9 S20°33'E 27.1 0.812
Lechee Rock Section (15) 7 S42°16tW 25.1 0.978
Warm Creek Section (22) 11 N83°46'E 22.4 0.874
West Cummings Mesa Section (18) 14 N68° I'B 24.3 0.551
North of Southwest White Mesa Sect., 0.75 mi,,(10A)34 S73°29,E 25.4 0.312
Southeast(70°) of Elephant Feet, 1.0 mi.(6A) - — - -

Lower 1/2 33 S45039'W 21.7 0.455
Upper 1/2 30 S45°12,E 23.7 0.335

Total 63 S13°17,W (22.7) 0.296
Northeast White Mesa Section (12) 16 S49°59,W 20.0 0.628
Cow Springs Trading Post Section (8) - - - -

Lower 1/2 14 S32° 8'W 21.5 0.668
Upper 1/2 19 S40°42,E 21.1 0.687

Total 33 S11°12,E (21.2) 0.550
Blue Canyon Section (4) 43* S12°44,B 22.9 0.588
Window Rock Section (11) 25* S31°10'E 22.2 0.373
Coal Mine Canyon Section (1) 19* S22°20,W 22.7 0.868
Elephant Feet Section (7) 13 S55°53'W 22.9 0.413
Dangling Rope Canyon Section (20) 1 S75°W 25.0 -

AVERAGE 23.0

* Significant at the 95% level for a one half range of mean of 20

Figure 103. Results of an analysis of 288 readings of cross-stratification within the 
Cow Springs Sandstone.
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Morrison Formation

The Morrison Formation represents deposition in 
a series of northeastward or northward flowing fluvial 
systems developed following a period of erosion or non
deposition over most, if not all, of the Colorado 
Plateau (Poole and Williams, 1956# p« 231; Craig and 
others, 1955; Cadigan, 196?, Fig. 42).

Summary
Prior to the beginning of San Rafael time, 

paleowinds in the study area apparently blew from the 
north and northwest. Earlier (Kayenta time), indications 
are that the paleoslope was to the west and/or southwest. 
Immediately preceding Carmel deposition, the paleoslope 
of the study area must have been to the northwest as 
indicated by Navajo/Carmel stratigraphic relationships. 
The paleoslope during Carmel time remained toward the 
northwest, based upon a known marine/nonmarine inter
face, and paleowinds also carried over from Navajo 
time, being to the south or southeast within the study 
area. .

Apparently the paleowind system covering the 
Colorado Plateau underwent definite alteration during 
the Late Jurassic (Entrada time), and these changes are 
reflected in the Entrada paleocurrent pattern within
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the study area* Two trends are evident during Entrada 
time* First, Entrada winds "become more toward the west 
from south to north* Undoubtedly these trends reflect 
the northward shift of the Jurassic embayment, away 
from the study area, and possibly produced by the 
rising positive areas to the south of the study area.

Following the shift to winds more toward the 
west during Entrada time, the Cow Springs paleowind 
pattern represents a significant change. Early Cow 
Springs paleowinds were from the northeast, while later 
they were from the north and northwest. In the northern 
part of the study area, where only beds of late Cow 
Springs age are present, the winds are nearly to the 
east. This shift of wind pattern probably represents 
the reencroachment of the Late Jurassic Curtis sea into 
central Utah.

After a period of erosion and/or non-deposition
of unknown duration, a series of fluvial depositional

\systems deposited by northeasterly flowing streams 
resumed sedimentation in the latest Jurassic (Morrison 
Formation). These deposits reflect renewed uplift of 
the positive areas to the south and west.

The statement by Poole (1962, p. D150) that 
eolian "...sandstone bodies tend to thicken downwind..."



does not agree with the results of this study. The 
Entrada Sandstone clearly thins downwind (Fig. 102), 
and the Cow Springs may also although the true relation
ships are obscured by an eroded upper surface (Fig. 104). 
Other factors, such as areas of subsidence and water 
table stability, may play a more important role in the 
preservation of wind-blown units than either source or 
wind direction.

Source Areas and Shorelines 
Probably the most difficult problem to solve 

concerning the San Rafael Group is the question of sedi
ment source areas. The eolian nature of much of the 
section makes it difficult to resolve paleocurrent 
(wind) patterns to movement of sediment into the area.
In most cases, the eolian sandstones of the San Rafael 
Group reached their final site of deposition carried 
by winds; if there were other currents working in the 
study area they have not been recorded. Few, if any, 
of the cross-stratification readings used for this 
study are believed non-eolian in nature. Some authors 
have speculated that there were other modes of sediment 
transport, but with little concrete evidence. An 
analysis of source areas must then rely on the location 
of positive areas and sediment dispersal systems before.
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during, and after San Rafael time, the position of base 
level (=shorelines) during San Rafael time, and evidence 
of tectonic activity recorded in areas contiguous to the 
Colorado Plateau and, rarely, on the Plateau itself.

The area now occupied by the Colorado Plateau 
"...has been more or less surrounded by high-standing 
topographic features since middle Paleozoic time..." 
(Stokes, 1961, p. 151). In the case of the study area 
proper and adjacent areas in south central Utah, the 
area to the north was lower all through San Rafael time.

To the east of the Colorado Plateau, various 
elements of the ancestral Rockies were persistent source 
areas during the later stages of the Paleozoic. However, 
beginning in the Triassic, these areas, including the 
Uncompahgre Uplift, were less important and were incon
sistent sources of sediment to the Colorado Plateau, as 
witnessed by the overlap of the Chinle Formation and 
Entrada Sandstone onto this much reduced positive 
element (Wright and Dickey, 1963a, p. 1-2). These areas 
to the east were source areas to the upper part of the 
Chinle and the Kayenta Formations. Following the 
beginning of the Jurassic, the Uncompahgre was much 
reduced again and only locally contributed sediment to 
the west onto the Colorado Plateau- (Stokes, 1944, p. 972;
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Kelley, 1955, P* 83; Harshbarger and others, 1957, 
p. 43)• In the "...late Jurassic sediments were 
deposited widely across the reduced upland and onto all 
older rocks" (Kelley, 1955, P» 83)•

Late in the Paleozoic (Cooley and Davidson,
1963, p» 9) or in the late Triassic (Smith, 1968, p.
132), an important source area developed in central 
and southern Arizona. This area,- to the south of the 
present Mogollon Rim and extending eastward into central 
New Mexico and probably westward into southeastern 
California, has been called the Navajo Highland by 
Smith (1951) and more recently the Mogollon Highland 
(Kelley, 1955, P« 82; Harshbarger and others, 1957, 
p. 44; Cooley and Davidson, 1963, P« 7; Smith, 1968, 
p. 132). The latter term is used in this report. 
Harshbarger and others (1957, P« 23) suggest that as 
early as the Late Triassic (Rock Point Time) the area 
to the south may have been a local source of sediment, 
and it was certainly an active source for the Lower 
Chinle (R. F. Wilson, pers. comm., 1973)• The initia
tion of this area into the framework of the late 
Triassic apparently "...caused the cessation of the 
Kayenta streams by severing their connection..." to the 
west (Harshbarger and others, 1957, p. 43) and reversing
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the direction of sediment transport at that time. This 
closed the ring of positive areas surrounding the 
Colorado Plateau except to the north and northwest. The 
basin of deposition thus formed was tilted in a north 
or northwest direction as evidenced by several marine 
incursions from the north (Kelley, 1955> P* 82) and by 
formations which thicken northwestward (Stokes and 
Heylman, 1965* P» 8).

To the west of the Colorado Plateau, there 
existed another positive area, formed in the late 
Paleozoic as the Antler orgenic belt on the site of 
part of the Cordilleran geosyncline. This is the 
Mesocordilleran geanticline (Kummel, 1961, p. 22?), 
extending from southern and central Nevada northward 
into Idaho. This element "...became generally positive 
in late Paleozoic and continued as such with periods 
of differential subsidence in some areas until the 
Middle Jurassic" (Cadigan, 1967* p# 110). It thus 
became a barrier between the interior and the Pacific 
seas in the middle Triassic (Stokes, i960, p. 119)• 
However, recent studies (Stanley, 1971; Stanley, Jordan, 
and Dott, 1971) have traced early Jurassic sandstones 
of the Navajo type as far west as western Nevada. Thus 
it seems "...there was no persistent Mesocordilleran
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geanticline in central Nevada during the Early Jurassic" 
(Stanley, 1971, p. 454).

During the early stages of San Rafael deposi
tion, the axis of the interior sea located north of the 
study area remained near the west edge of the Colorado 
Plateau with gentle dips in that direction. This 
interior, or Sundance sea, was much better developed 
and lasted longer in the north.

The general location of positive areas and the 
probable axis of the sea prior to deposition of the 
San Rafael Group are shown in relation to the present 
outline of the Colorado Plateau on Figure 105a.

At the beginning of San Rafael time the Mogollon 
Highlands to the south were the most important source 
of sediment to the Carmel embayment (Fig. 105b). A 
minor amount of sediment reworking and sorting by 
northerly winds did occur during Carmel time. Stream 
courses probably ran north or northwestward toward the 
Carmel shoreline which trended northeast-southwest 
across south-central Utah. Unless marine fossils are 
found, it is difficult to support the extreme southward 
extension of the Carmel Sea proper into northern Arizona 
as proposed by Harshbarger and others (1957, Fig. 30).

During most of Entrada time the position of 
positive areas remained approximately the same as during
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Carmel time, but with the Entrada shoreline at times 
far to the north in northwestern Utah as indicated by 
the marine Preuss Sandstone (Imlay, 1952b). This is 
the most southerly marine equivalent of the Entrada 
Sandstone. The San Rafael basin axis lay to the west 
of the present position of the Colorado Plateau (Fig. 
105c).

However, in late Entrada time a major shift in 
the configuration of the San Rafael basin took place. 
Paleocurrent studies in the basal Curtis Formation of 
central Utah (Dickey and Wright, 1958, p. 63; Wright 
and Dickey, 1958b, p. 1667)» a probably lateral equiva
lent of the upper Entrada/Cow Springs interval of the 
study area, demonstrate stream directions to the north
east. This means that the axis of the basin has 
migrated to the east probably as a result of renewed 
and increased uplift in the Mesocordilleran Highlands 
to the west (Fig. 105c). This western source of the 
basal Curtis of the San Rafael Swell had been suggested 
earlier by Stokes (194b, p. 973).

The position of the Mogollon Highlands moved 
northward (Kelley, 1968, p. 30), probably as a result 
of renewed uplift, during the later stages of deposi
tion of the San Rafael Group (Fig. 105c). The Cow
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Springs Sandstone was aparently deposited on the re
elevated slopes (Harshbarger and others, 1957, P» 51) 
of this southern, highland.

The west to east trend of sediment transport 
established late in San Rafael time continued in the 
later Jurassic and into the Cretaceous. However, during 
the last stages of San Rafael deposition, sediment 
transport in eastern Utah and western Colorado was still 
to the west and to the northwest in the Four Corners 
area.

Paleocurrent studies of the Morrison Formation 
indicate movement from source areas southwest and west 
of the present outcrop area (Fig. 105d, after Craig 
and others, 1955? Furer, 1970, p. 2282). A study of 
rock types present in certain Morrison conglomerates 
support these conclusions (Stokes, I960, p. 119)• These 
distinctive "chert-pebble" conglomerates were probably 
"...derived from the chert-rich Paleozoic and pre- 
Morrison Mesozoic rocks of western Utah and Arizona" 
(Dawson, 1970, p. 535)•

The source of volcanic ash in such formations 
as the Chinle and Morrison have been ascribed to areas 
to the west of the Colorado Plateau by Stokes (i960, 
p. 119? 1963b, p. 121). Stokes (1963b, p. 121) believed 
that the ash "...drifted in by air currents from western
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volcanic centers." More recent studies of the source 
of volcanic components in the Morrison Formation of 
the western interior seem to support a western source 
hypothesis. "Volcanic constituents in the Morrison 
Formation..." of northwestern Colorado and northeastern 
Utah "...were derived from Late Jurassic volcanoes in 
western Utah and in Nevada..." (Dawson, 1970# p. 535)e 
Furer (1970, p. 2298) believed that during the "...Late 
Jurassic, volcanic ash [was] carried intermittently 
eastward from volcanic sources in western California 
and Oregon" to the Wyoming interior basin. Reported 
occurrences of volcanic activity in and around the 
present site of the Sierra Nevada range would seem to 
support this possibility and the ages reported are 
certainly compatible (Bateman and Eaton, 1967, p. 1409? 
Lanphere, Irwin, and Hotz, 1968).

An alternate source possibility for the ash 
present in the Chinle and Morrison units as well as the 
Carmel/Entrada sequence as reported here, has been 
suggested by Hayes, Simons, and Raup (1965, p. M8 ). 
Volcanic activity reported by these authors and others 
(Simons and others, 1966, p. D12) may have been present 
over much of the Mogollon Highlands, giving a reasonable 
explanation for the seemingly large volume of
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ash-derived sediments present on the Colorado Plateau. 
Again, the time of volcanic activity in central and 
southern Arizona is compatible with the age of the San 
Rafael Group.

Whether the ash-derived sediments in the Carmel, 
and to a lesser degree in the Entrada, were wind or 
water transported remains an unanswered question. That 
surface winds moved to the south and southwest during 
this time does not eliminate western or southern sources 
of volcanic material which may be transported far above 
the surface and for long distances. However, stream 
directions for the upper Triassic and the Jurassic are 
compatible for a southern ash source.

Environments of Deposition

General
The goal of this paleoenvironmental study is to 

use all available information to make an interpretation 
of the environments which existed during San Rafael 
time in the study area and adjacent parts of the Colorado 
Plateau. Several aspects of the geologic history of the 
San Rafael Group have already been studied. The final 
task now becomes one of fitting all the available des
criptive material into the framework set up by the
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previous discussions of grain size parameter trends, 
paleocurrent trends, and source areas and shorelines.

Environment is being used here largely in the 
geomorphic sense in that each may contain sedimentary 
units representing different energy levels (Pettijohn 
and others, 1965)• Interpretation of the physical 
characteristics of the San Rafael rocks is based on 
comparisons with features described from modern environ
ments. This is the standard method of interpretation 
of paleoenvironments and assumes a uniformity of 
biological relationships and physical processes through 
time. However, studies of Jurassic foraminiferal faunas 
(Gordon, 1970, p. 1701) apparently show that at least 
one group (Nodosaridae) "...occupied a set of ecological 
niches in the Jurassic different from those of the 
present day." Thus, at least some ecological changes 
have taken place since the Jurassic in the biological 
realm, and great care must be exercised in the recon
struction of paleoenvironments from biological data.

Some attempt also will be made to interpret the 
paleoclimates which were present during San Rafael time. 
Numerous authors have attempted this using various 
lithologic associations and sedimentary features as 
evidence.
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Paleowind directions were interpreted from a 

detailed study of eolian sandstones. Paleoslope 
alignments were determined by the positions of shore
lines (marine-non-marine boundaries) and the position 
of source areas, since paleowind patterns bear no 
relationship to paleoslope orientation.

Carmel Formation
General Statement. The information which is 

used here as the basis for an interpretation of deposi- 
tional environments during Carmel time is grouped under 
six catagoriest (1) stratigraphic relations (both 
vertical and lateral) and lithology, (2) grain size 
parameters, (3) primary sedimentary structures and 
paleocurrents, (4) color, (5) deformational structures, 
and (6) miscellaneous information.

(l) Stratigranhic Relations and Lithology.
The intertonguing between the Carmel Formation and the 
underlying Navajo Sandstone in south central and south
western Utah reflects the invasion of the Carmel sea 
into the area.from the north. Deposition of the Carmel 
began earlier, at least as early as the Bajocian, in 
central and western Utah while the Navajo was still 
being laid down in the study area. As the sea advanced 
farther south, Navajo conditions were superseded by
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Carmel sediments, probably during the Bathonian, with 
some reworking of the upper Navajo rocks by shallow 
marine and fluvial processes.

The Carmel sea did not advance into the study 
area or into southeastern Utah (Stokes and Holmes, 195^» 
p. 36-37)• In central and western Utah the sea was 
fairly shallow and less favorable for the variety of 
mollusks that flourished in the deeper Twin Creek sea 
to the north (Imlay, 1964, p. Cl; 1967, p. 6 0). The 
southern end of the seaway was "...warm, varying from 
normally saline to hypersaline...often turbid and 
agitated" (Bullock, 1965, p* 121), and except for a 
few limestones, fossils are very rare in the sediments 
deposited (Imlay, 1957, P» 490). Cyclic strata are 
present (Richards, 1958) and these represent deposition 
during the halting retreat of the sea after the initial 
encroachment. The lower part of the Carmel Formation 
of southern Utah records the farthest marine advance 
with conditions favorable for life assemblages, whereas 
the middle and upper parts of the Carmel contain only 
reworked and abraded fossil fragments and less diverse 
faunas (Sohn, 1965, p* D6). The sea was regressing 
during this time, and conditions were generally restric
tive and less favorable than early Carmel time.



The presence of masses of gypsum in areas 
marginal to the Carmel sea has been recorded by numerous 
authors (Hunt and others, 1953, P« 70; Stokes, 1954, 
p. l6; Craig and others, 1955, P» 132; Imlay, 1957, P» 
489; Hummel, 1961, p. 227; Stokes, 1963b, p. 121;
Wilson, 1965, P* 44). These deposits point to the 
restricted nature of much of the marginal area of the 
Carmel sea, a conclusion supported by the lack of 
associated fossils. Gypsum is also present as thin 
veins within the finer grained Carmel rocks, but these 
may be secondary occurrences.

The contact between the Carmel and overlying 
Entrada Sandstone is similar to the Carmel/Navajo 
contact in that the Carmel expands to the northwest at 
the expense of the Entrada (Hunt and others, 1953)•
This probably indicates that the Entrada advanced over 
the retreating Carmel sea from the southeast and east. 
The presence of equivalent Entrada lithology in areas 
beyond the lateral extent of the Carmel Formation in 
eastern Utah, western Colorado and northwestern New 
Mexico also supports this conclusion.

The presence of gypsum and the predominance of
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red beds certainly imply either arid or hot conditions, 
or both, on the Carmel plain, and many authors have
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interpreted such conditions for the Carmel Formation 
(Stokes, 195^; Harshbarger and others, 1957; Imlay,
1957; Richards, 1958; Van Houten, 1961; Young, 1964, 
p. 885; Poole, 1964, p. 403; Bullock, 1965)*

(2) Grain Size Parameters. Grain size para
meters produce some interesting information on the 
Carmel Formation within the study area.

The decrease in mean grain size from south to 
north in the sandstones at the top of the Carmel prob
ably represents an initial trend influx which later 
led to the appearance of Entrada environments.

Skewness values for the Carmel Formation of the 
study area show definite trends which may be environ
mentally significant (Fig. 86). The sandstones in the 
lower and middle Carmel, based on their skewness values, 
appear to have been deposited in a beach or shallow 
littoral environment, or derived from this type of 
facies by reworking and deposition in adjacent environ
ments.

Results from plots of kurtosis vs. skewness for 
the Carmel sandstones are less definitive than on 
skewness alone, but seem to indicate the same general 
conclusions (Fig. 92). Similarly, results from plotting 
mean grain size vs. skewness for the Carmel sandstones
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seem to lack strong trends, but some lower Carmel 
samples do fall into fields determined as beach on the 
basis of studies of modern sediments (Fig. 95)•

(3) Primary Sedimentary Structures and 
Paleocurrents. Within the Carmel Formation of the study 
area, primary sedimentary structures are found within 
and on the surfaces of the sandstone ledges. These 
structures include abundant ripple marks, generally of 
the symmetrical .type (Fig. 21), and mudcracks, with 
some salt casts and small scale but high angle cross
stratification. These features, except for the type of 
cross-stratification, seem to suggest shallow water and 
periodic exposure. These same structures have been 
noted in the Carmel throughout southeastern Utah and 
northern Arizona (Harshbarger and others, 1957; Phoenix, 
1958, 1963; Young, 1964, p. 883; Peterson and Waldrop, 
1965; Tanner, 1965; Wilson, 1965). However, the cross
bedding within the Carmel sandstones is probably of 
eolian origin based on the high angle of dip (22.6°) 
and the orientation away from the sea to the northwest 
(Fig. 104b). These structures probably represent 
onshore winds reworking marine or tidal flat sands 
during periodic low water levels. The indicated wind 
pattern was similar to those in existence previously 
(Navajo Sandstone) and later (lower Entrada Sandstone).



Origin as marine sand waves, formed in response 
to the movement of surface winds, would also seem a 
reasonable explanation. However, the complete lack of 
fossils from the sandstones would seem to make this 
explanation less likely.

(4) Color. One of the most characteristic 
features of the Carmel Formation is the red color. The 
siltstone and mudstones which make up approximately 80% 
of the formation are always some shade of red, either 
maroon or purple, dark reddish brown, or rarely dark 
orange. The overlying Entrada Sandstone and the under
lying Navajo Sandstone are generally pale orange to 
nearly white. Within the Carmel, the sandstone ledges 
that make up nearly 20% of the thickness are also white 
to pale orange, but are always stained dark orange to 
red by the weathering of the overlying finer-grained 
sediments. Since the color of the Carmel differs from 
that of the eolian sandstones above and below, the 
cause of the coloration may be related to the conditions 
of deposition and thus be environmentally significant. 
Consequently a review has been made of the existing 
literature concerning red beds and red coloration.

Many authors have written on the subject of red 
beds and their significance, and the results have led
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to general controversy. The controversy arose because 
ancient red beds probably formed under many different 
conditions, and early attempts to restrict red bed 
occurrence to narrow environmental or climatic associa
tions were doomed to failure. In recent years it has 
become quite clear "...that redbeds differ greatly in 
their association and must have formed in a wide range 
of environments; their chief common characteristic is 
the red color" (Dunbar and Rodgers, 1957* P« 209).

Krynine (19^9) believed that most red bed 
deposits were formed from the reworking of red soils 
or older red beds in warm, tropical areas.

Working with late Paleozoic arkoses, Robb (1949) 
found an association between the red color and a 
pigment of hematite formed during the post-depositional 
alteration of biotite to other micas.

Miller and Folk (1955) observed detrital magnetite 
and ilmenite abundant in all red zones, and relate the 
origin of red beds primarily to an igneous or metamorphic 
source rich in these minerals and only indirectly depen
dent on climate and environment of deposition. They 
also found that "...most of the red color develops at 
the site of deposition" (Miller and Folk, 1955, P« 344).
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Van Houten (1948, 1961, 1964) has supported the 
idea, formed much earlier, that the red pigment (hema- 
titic) ..developed in upland soils in warm moist 
climates...(and) was deposited as a detrital sediment 
in an oxidizing environment" (1961, p. 9 1)•

McKee (1964, p. 373) capably summarized what
little could be said definitely about the complex
problem of red bed origin:

At present two factors seem definite: (a) red
beds must develop and be preserved in an oxidi
zing environment; and (b) red beds can form 
only where there is an adequate supply of 
ferric oxide. Thus it seems apparent that red 
beds per se. are indicative of no single 
climatic regime.

Hatch and others (1965, p. 372) determined that 
the source of the red coloration is several different 
metastable iron oxides, all of "...which convert into 
haematite with the passage of time." They stress the 
importance of oxidizing conditions and the great variety 
of environmental conditions which will produce red 
color as does Power (1969, p. 8 7 6).

Walker (1967a, b) has recently published data 
which supports the conclusions of McKee and of Hatch 
and others. Walker (1967a, p. 353) states that the 
development of red beds from non-red sediments results
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from ..alteration of iron-bearing detrital grains..." 
if conditions are continuously oxidizing and enough 
time is available.

The origin of the Carmel red beds can be dis
cussed in the context of the above discussion.
Conditions of deposition must have been oxidizing, 
with red color produced after deposition from altera
tion of iron-bearing minerals. The source of the 
iron-bearing minerals in the Carmel was probably 
volcanic ash falls which also contributed considerable 
clay. These minerals .do not occur in the underlying 
or overlying formations (or do not produce red color). 
That Carmel sediments were derived from a different 
igneous or metamorphic source than earlier or later 
seems unlikely since the Carmel is derived from several 
source areas and no major shifts in source areas is 
recorded at this time. It may be more likely to assume 
the same source but that during Carmel time the presence 
of ash-derived, iron-bearing minerals produced the red 
color under oxidizing conditions.

(*>) Deformation Structures. The movement of 
some sandstone pipes from the overlying Entrada Sand
stone down into the Carmel attests to the fact that 
the Carmel remained in an unconsolidated state, with
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much interstitial water, for some time after deposition 
of the Entrada began. The location of the area of pipe 
occurrence in the northern half of the study area 
indicates that the Carmel to the north was finer grained 
and represents more moist conditions.

The occurrence of deformational structures and 
contorted bedding throughout the Carmel of the study 
area, except in the south where the unit is coarser, 
indicates that unstable conditions existed. This disrup
tion of bedding is common in the extremely shallow water 
environments.

(6) Miscellaneous Features. The clay which 
makes up the major portion of the Carmel sediments is 
derived from both volcanic and nonvolcanic sources 
(Schultz and Wright, 1963, p. E6?)• Pure bentonites 
are common and volcanic crystals, i.e., biotite and 
sanidine, as well as clays, make up a significant portion 
of certain other Carmel units.

The iron-bearing minerals derived from a volcanic 
source are responsible, through oxidation, for much of 
the Carmel red coloration.

Source areas have been discussed under a previous 
section. In the study area, the major source area was 
probably to the south or southwest as indicated by the

301



increased sand content at the three more southerly 
measured sections.

The information on the Carmel Formation which 
has been discussed above, has been used to construct 
the map of Carmel paleogeography (Fig. 106)•

Restriction of the southern end of the Carmel 
sea has been suggested by Wright and Dickey (1958a), 
Bullock (1985)» and Imlay (196?) and seems likely in 
the context of sedimentary evidence available. The 
study area lay southeast of the area of restriction.
No truly normal marine waters penetrated as far south 
as the study area.

Many authors have interpreted the Carmel 
Formation, in places where it is similar to the study 
area section, as a product of a tidal flat or lagoonal 
environment (Hunt and others, 1953$ Harshbarger and 
others, 1957, p. 44; Schultz and Wright, 1963, p. E72; 
Rigby, 1964, p. 113; Bullock, 1965, p. 132; Tanner,
1965, p. 571). However, comparison with two recently 
published studies of depositional environments which 
contain summaries of sedimentary structures character
istic of tidal flats (PettiJohn and others, 1965$ 
Conybeare and Crook, 1968), turns up obvious deficien
cies in this interpretation. The most glaring is the
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lack of fossils, either plant or animal• Most detailed 
descriptions of tidal flats find one or more subenviron
ment characterized by organisms or shell accumulations. 
The complete lack of fossils from marginal Carmel areas 
may be explained by the restricted nature of the seaway, 
the same conditions that produced massive gypsum. 
Conditions in the shoaling middle and late Carmel sea 
were unfavorable to most organisms.

Summary. The southward transgression of the 
Carmel sea reached its maximum extent in southern Utah, 
to the north of the study area, where eolian (Navajo) 
conditions still prevailed. Associated with, and 
probably caused by, this southerly maximum of the 
Carmel sea (and the following slow, halting retreat) 
was the development of a largely mud-dominated coastal 
area, which represents a major sedimentologic change 
in San Rafael history. Both before (Navajo) and after 
(Entrada) this time the area essentially received only 
coarse elastics (sand) from the southern source areas. 
Mud-covered coastal plains result from an influx of 
finer grained material produced by chemical weathering 
(Hayes, 1967, p. Ill), whereas physical weathering 
produces coarser elastics. Chemical weathering can be 
related to hot, humid conditions (Hayes, 1967, p. 123)
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in the source areas to the south of the study area.
Thus the Carmel Formation represents a trend toward 
more humid conditions.

Planation of the Navajo Sandstone dunal sands 
and reworking of these sand elements into the Carmel 
environments resulted in interfingering between the 
Carmel and Navajo units before Navajo sedimentation 
ceased.

The widespread, uniform nature of the Carmel 
Formation is related to deposition on a broad, flat 
coastal plain bordering the Carmel marine environments. 
In regions adjacent to upland/source areas, the Carmel 
is coarser grained, and in some cases these coarser 
beds are referred to the more similar, overlying 
Entrada Sandstone. For the study area proper, the 
major source area was to the south, the Mogollon 
Highlands, although the southern and eastern margins 
of the Carmel basin were actually ringed with a con
tinuous series of positive areas stretching from south
eastern California to western Colorado (Fig. 1 0 6)•
The detritus supplied to the study area may have been 
in part of volcanic origin.

Granulometric studies of the sandstones in the 
lower and middle Carmel indicate subaqueous deposition
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(?beach, etc.) as well as south to north sediment 
dispersal (mean grain size trends). However, these 
sands were carried, at least in part, to their final 
depositional site by northerly wind currents as evidenced 
by cross-stratification studies. Other sedimentary 
structures indicate shallow-water deposition (symmetrical) 
ripple mark), with periodic desiccation (desiccation 
cracks) and evaporation (salt casts), and generally 
suggest hot conditions.

The red bed nature of the Carmel Formation draws 
attention not only to oxidizing conditions but also to 
an influx of iron-bearing detrital material not present 
earlier (Navajo time) or later (Entrada time). This 
detritus was also derived from a southern source, and 
may have been, in part, of volcanic origin. The red 
color of the Carmel Formation is not, by itself, valid 
evidence of arid or hot conditions, but in conjunction 
with other evidence it certainly supports such a con
clusion.

Retreat of the Carmel sea took place because 
subsidence did not keep pace with sedimentation, 
although the shoreline oscillated back and forth as it 
moved northward. At the same time, the fluvial sands 
of the basal Entrada Sandstone began to move onto the
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Carmel coastal plain from the south and southeast.
This advance too was halting and resulted in inter
fingering between the mud (Carmel) and sand (Entrada) 
regimens. In the Lake Powell area, the Carmel remained 
water saturated and unconsolidated well after covered 
by the advancing Entrada. The sandstone pipes and 
other deformational features which involve both Carmel 
and Entrada sediments attest to rather rapid burial of 
the Carmel beds.

Thus the Carmel Formation of the study area is 
the product of a shift to chemical weathering in southern 
source areas, resulting from more humid conditions, 
which produced a mud-dominated coastal plain on the 
margin of the Carmel sea of southern Utah. A broad 
flood plain/tidal flat complex would seem to best explain 
the Carmel sedimentary features, at least as found 
within the study area. However, several differences 
do exist between the Carmel rocks and modern tidal flat 
sediments. Most obvious is the lack of fossils in the 
Carmel of the study area, whereas organic, shelly 
concentrates are generally common on tidal flats.
Further work will determine if this lack of organic 
remains represents a sampling phenomena or actual 
conditions present during Carmel time.
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The concept of Carmel environments as pictured 
here closely approximates the environmental catagory 
MII-3 Coastal Plain-Tidal'Flat Red Beds on Cratons" 
described by Van Houten (1961, p» 96-97)• And in fact, 
the Carmel Formation is included as an example of this 
catagory (Van Houten, 1961, p. 97)«

Entrada Sandstone
General Statement. The results from study of 

each aspect of the Entrada Sandstone used to interpret 
paleoenvironments during Entrada time are grouped into 
the following catagories: (l) stratigraphic relations
and lithology, (2) grain size parameters, (3) primary 
sedimentary structures and paleocurrents, and (4) 
miscellaneous features, such as deformational structures, 
and bentonites.

(l) Stratigraphic Relations and Lithology. At 
the type section in the San Rafael Swell of central 
Utah, the Entrada Sandstone consists of two contrasting 
phases, (l) an earthy unit with flat or nondescript 
bedding which predominates to the northwest, and (2) a 
clean, commonly cross-stratified sandstone which pre
dominates to the southeast. To the north and west of 
the type area the earthy phase commonly makes up all 
the Entrada thickness, and to the south and east the
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clean sandstone commonly occurs alone. In the study 
area this latter condition exists, with a clean, pre
dominantly cross-stratified sandstone making up the 
entire section, although some siltstone is present.

That these contrasting lithologies within the 
Entrada represent different modes of deposition was 
noted at an early date. Craig and others (1955> P» 132) 
concluded that "...the earthy sandstone facies is 
largely of subaqueous origin, and the clean sandstone 
facies was deposited in an environment of alternating 
subaerial and subaqueous marginal marine conditions." 
Other authors (Baker, 1936, p. 58; Stokes, 1944, p. 973; 
Stokes, 1961, p. l6l) have concurred with this conclu
sion, but more recent work has shown that at most 
places where the 'clean’ phase occurs, it is at least 
in part of eolian origin (Hunt and others, 1953» P» 72; 
Phoenix, 1963, p. 36; Beaumont and Dixon, 1965, p. A9; 
Peterson and Waldrop, 1965, p. 55; Wilson, 1965, p. 45).

In reference to the clean phase (#2), Jordan 
(1969, p. 725) states that the Entrada Sandstone is a 
product of mixed littoral-eolian conditions and believes 
that the multiple parallel-truncation planes, which have 
been noted earlier (page 18 ), are caused by widespread 
marine planation in areas of coastal dunes. This
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appears doubtful as the style and scale of cross
stratification is the same both above and below these 
planes.

The major problem in calling the clean Entrada, 
or even the earthy phase for that matter, partly marine 
is the complete lack of fossils from any portion of it 
(Baker, 1936, p. 57; Stokes, 1944-, p. 973; Craig and 
others, 1955, P* 132). If this phase does represent 
partly normal marine conditions there should be some 
fossil evidence of its littoral deposition. It seems 
more likely that the flat-bedded portions of the clean 
Entrada are fluvial outwash or dune flat deposits repre
senting periodic reworking of the dune sands during 
periods of increased rainfall and/or runoff. The 
similarity of granulometric characteristics between 
samples from different bedding types would seem to 
support the interpretation of a common source for the 
sand particles in both flat- and cross-stratified 
portions of the Entrada.

Likewise, the earthy Entrada does not contain 
fossils and is composed entirely of irregular or flat- 
bedded units. Again, normal marine conditions would 
leave some evidence of plant or animal life. A more 
likely interpretation would be that the earthy phase
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represents restricted conditions of deposition between 
the retreating Carmel Sea to the northwest and the 
advancing clean Entrada phase to the southeast and*south. 
Conditions were not conducive to life as sand dunes 
advanced and filled shallow basins of non-normal marine 
waters collecting on the extremely flat coastal plain. 
Marine conditions were present in northern Utah from the 
evidence of the fossiliferous Preuss Sandstone.

• The sandstones of the Entrada Sandstone studied 
here are similar to modern dune sands in that they 
"...have (a) a high quartz content, (b) a comparatively 
limited range of rock particle sizes, (c) a high degree 
of rounding and sorting, and (d) pitting and frosting 
of the grains..." (Poole, 1964, p. 398). However, 
none of these characteristics alone or in combinations 
can be used as exclusive proof of eolian origin. Sands 
which have gone through one or more eolian cycles in 
their transport history will possess these character
istics even when final deposition takes place in the 
beach environment, through reworking by an encroaching 
sea, or fluvial environment, by streams spreading across 
a dunal area due to increased rainfall/or runnoff.

The littoral zone during Entrada time was there
fore dominated by sand. This gives some evidence about 
the climate present. Sand dominated coastal zones are
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produced by (l) physical weathering, and (2) a lack of 
major rivers, two features characteristic of arid 
climates (Hayes, 1967* P* Hl)»

(2) Grain Size Parameters. Only one group of 
samples from the Entrada Sandstone, that representing 
the lower l/3 of the unit, shows any regional trends 
in mean grain size. In this group, there is an increase 
in mean grain size from north (very fine) to south 
(fine). This increase probably represents an influx 
of coarser grains from the south. The upper Carmel 
sediments show a similar relationship. The other groups " 
of samples from the Entrada lack regional mean grain 
size trends.

The samples from the basal and upper portions 
of the Entrada Sandstone are better sorted (6^=0.389,0 to 
0.5^3$) than samples from the middle part (0\=O.6j# to 
0.8$) of the formation. For the present, the meaning of 
this difference remains obscure.

In contrast to the poorly developed mean grain 
size and sorting trends within the Entrada Sandstone 
are the trends of skewness values. The samples from the 
lower l/3 of the Entrada Sandstone (Group A type bedding) 
are all either negatively skewed or nearly symmetrical 
(see Fig. 29 for values). All other samples from the
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Entrada are either very positively (10) or positively 
(5) skewed or rarely nearly symmetrical (2).

Several authors have found that negatively 
skewed sands are characteristic of the beach or littoral 
zone (see discussion on page 244). Thus, the lower l/3 
(Group A type bedding) of the Entrada probably repre
sents beach or shallow water deposition similar to the 
upper Carmel Formation. The later Entrada samples, of 
contrasting skewness values, indicate a change of condi
tions, probably the encroachment of dunes from the 
south.

Kurtosis values from the Entrada Sandstone are 
characterized by a lack of trends. All Entrada samples 
fall into the leptokurtic range (1 .1 5 0 to 1.46l) which 
is characteristic of most sands (Friedman, 1962b), as 
do the kurtosis values of samples from the Cow Springs 
Sandstone.

In addition to the usefulness derived from the 
study of individual granulometric parameter trends, 
plots of certain parameters in combination appear to be 
environmentally significant. Using fields determined 
by Mason and Folk (1958) in a study of modern sand 
environments, combination plots of kurtosis and skewness 
values derived from Entrada samples show interesting
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results (Fig. 93)• All groups of Entrada samples, 
except one, fall into fields identified as of dune/ 
eolian flat or eolian flat origin. This seems to &e 
compatible to results for the same sample groups from 
other studies. In contrast, the group of samples from 
the lower l/3 of the formation (Group A type bedding) 
falls into the beach field. These results from plots 
of kurtosis versus skewness confirm conclusions based 
on skewness alone, that is, the apparent upward change 
from beach or littoral conditions to dune/dune flat 
deposition. Harshbarger (1949, p. 118) also noted that 
both "...shallow water and sub-aerial conditions." 
may have existed during deposition of the beds grada
tional between the Carmel and Entrada units.

Combination plots of mean grain diameter versus 
skewness were also made of values derived from the San 
Rafael samples to test the results of studies of 
modern sediments made by Friedman (1961), and Moiola 
and Weiser (1968). For the Entrada Sandstone, all 
samples fall into the field designated dune by both the 
above studies (Fig. 95)• Thus, plots of mean grain 
diameter versus skewness appear less sensitive to 
environmental differences than plots of kurtosis versus 
skewness or skewness alone.
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(3) Primary Sedimentary Structures and 

Paleocurrents. The most common primary sedimentary 
structure occuring in the Entrada Sandstone, the cross
stratification, has been studied in some detail and 
forms an important part of this study. 5^4 observations 
on the amount of dip, direction of dip and style of 
bedding have been made at different sites throughout 
the study area. The analyses of these readings are 
listed by location in Figure 100.

Through a comparison with modern sands, the 
Entrada Sandstone is generally thought to have been 
formed under eolian conditions, a conclusion supported 
by this study (see discussion page 263) • This comparison 
is based on all evidence, not just the primary sedi
mentary structures. However, the cross-stratification 
alone offers strong, if not conclusive, evidence of a 
dunal origin for much of the Entrada. A comparison 
with modern dunes is hampered since a comprehensive 
dune classification based on internal structure has not 
yet been developed (McKee, 1964b, p. 370), and amounts 
of dip are usually expressed in relative terms which 
are meaningless. McKee and Weir (1953* Table 4; see 
Fig. 7) proposed high angle (greater than 20°) and low 
angle (less than 20°), but this division is inadequate



and is not followed. For example, in a recent study of 
modern dunes (McKee, 1966a, p. 26-68), the terms steeply 
dipping (28-33°)» moderate to high angle (15-30°), 
moderately high angle (20-28°), and high angle (26-34°) 
are all used to describe dunal cross-strata.

Some controversy exists concerning the angle of 
cross-strata characteristic of the eolian environment. 
McKee (1957, Table VI) tabulates the results of studies 
by six authors on lee face dips of modern dunes as 
being 30-34° (see also; Baars and Seager, 1970, p. 715)• 
However, several factors must be taken into account 
when comparing these results to the study of ancient 
cross-stratified sandstones.

First of all, the surface of the dune lee face 
is not equivalent to a single cross-laminae. Careful 
examination of dune lee surfaces, both in northern 
Arizona and eastern Saudi Arabia, indicate that the 
cross-laminae on the face of the lee surface at the 
base of the dune may be several inches below the surface 
just ten (10) feet above the base. Obviously, the dip 
of the cross-laminae will be less than that recorded 
for the dune face.

Secondly, the truncation of successive dunes 
often removes the upper portions of cross-bed units

316



leaving only the lower part where dips are less (Poole, 
1962, p. Dl48) by 5° to 10°. These truncation or 
erosional surfaces form the bounding planes of tabular 
and wedge sets (McKee and Weir, 1953? McKee, 1957, P« 
1706) which characterize eolian dunes.

And lastly, compaction during consolidation of 
sandstone bodies will also lessen the amount of original 
dip in comparison to modern dunes. Sandstones can 
compact from 12^ to l6fo of their volume, with greater 
compaction possible as sorting and rounding increase 
(Weller, 1959, p. 2 9 6). Sandstone compaction will not, 
by itself, significantly lessen the observed dip angle. 
These three factors tend to reduce the observed dip 
found in ancient sand bodies of eolian origin.

This author believes that dips in excess of 
20-22° probably resulted from wind action if the other 
characteristics of eolian deposition are present.
Poole (1962, p. Dl48) states that preserved cross-strata 
representing dune lee sides will average between 20° 
and 30°.

The high average dip of cross-stratification 
within the Entrada Sandstone, recorded here as 24.3° 
on 544 readings, probably reflects predominantly 
eolian conditions with a small (?<10%) admixture of
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fluvial units. Thus, for the most part, the Entrada 
Sandstone within the study area is believed to represent 
eolian conditions based both on cross-strata studies 
and on other characteristics.

The style of cross-stratification found in the 
Entrada Sandstone, composed almost totally of fine- to 
very fine grained sandstone, with some coarse siltstone, 
have been studied in some detail. Two basic types are 
recognized. One is suggestive of eolian conditions 
(Group A type bedding), while the other may represent 
mixed eolian-fluvial conditions (Group B type bedding)» 
The Entrada of the northern part of study area contains 
more of the Type A bedding (70?$) than the southern 
portion (30?$). In addition, some bedding in the upper 
Entrada along Lake Powell is suggestive of the beach 
environment (F. G. Peterson, person, comm., 1969).

The distinction between inland and coastal 
dunes may be possible using consistency ratio of cross- 
stratified sets and set thickness. McBride and Hayes 
(1962, p. 551) found that Texas coastal dunes have a 
lower consistency ratio (O.3 5 on 130 readings) and 
relatively thinner sets than inland dunes in general. 
There seems to be no difference in amount of dip (2 3 .7  

on 130 readings). For comparison, the Entrada
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Sandstone cross-strata have high direction consistency, 
ranging from 0.556 to 0.965 (1*0 = all readings are the 
same, 0.0 = completely random) and average about 0 .750  

(Fig. 101) over the entire study area. Trends of 
consistency factor within the Entrada are not apparent. 
The Cow Springs Sandstone and sandstones within the 
Carmel Formation also exhibit high consistency factor 
except at rare locations, where some stratigraphic 
mixing may occur.

The paleocurrent map of the Entrada Sandstone 
(Fig. 102) demonstrates striking differences between 
the northern and southern portions of the study area.
In the southern part of the study area paleowinds show 
little variation through Carmel, Entrada and Cow 
Springs time. However, in the area around Lake Powell, 
Carmel paleowinds were to the south or southeast, 
Entrada paleowinds to the southwest or west and Cow 
Springs paleowinds to the east. However, it does not 
appear that these changes are seasonal as suggested by 
Poole (1964, p. 405), as consistency factors for the 
Entrada and Cow Springs readings are quite high. A 
more reasonable explanation might be that the changes 
in wind patterns during San Rafael time were produced 
both by changes in the position of the Sundance Sea to



the north and by uplift of positive areas to the west 
and south. The late Jurassic rocks of the Colorado 
Plateau record both these changes.

(4) Miscellaneous Features. Several additional 
features which may also reflect the environment of 
deposition were observed in the Entrada Sandstone.
These include primary sedimentary structures other than 
cross-stratification, such as ripple mark, and various 
deformations! structures.

Ripple mark of a type characteristic of shallow 
subaqueous deposition were noted in the basal Entrada 
at several localities within the study area. Higher in 
the Entrada, eolian ripple mark were also observed in 
association with cross-stratification of a type typical 
of wind formed deposits.

Contorted bedding and load structures were also 
found in the Entrada Sandstone, particularly near the 
base. These, and the many sandstone cylinders, or pipes, 
which penetrate portions of the lower Entrada, and often 
the underlying Carmel, all indicate downward movement 
took place before deposition of the Entrada was completed 
and while both the Entrada and the Carmel were still 
largely saturated with water.
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The mud or dessication cracks, which commonly 
occur along the basal Entrada contact indicate at 
least periodic inundations of marine(?) waters at the 
beginning of Entrada time.

The presence of bentonites in the Entrada, 
although quite rare, indicates volcanic activity during 
Entrada time. That the volcanic material makes up 
proportionately less of the Entrada sequence when 
compared to the Carmel, may be a function more of an 
increased supply of elastics than of a decreasing 
volcanic source.

The several Entrada samples which exhibit 
bimodal granulometric characteristics (WC-2-67 and 
W-5-66; see Fig. 55) probably indicate a mixture of two 
different energy levels, but not necessarily different 
modes of transport.

Summary. Within the study area, deposition of 
the Entrada Sandstone began with sands being moved 
northward onto the Carmel coastal plain. The basal 
sands became part of this marginal marine environment 
and in part bear granulometric evidence of subaqueous 
deposition. That the initial source of the Entrada 
was to the south is evidenced by the Entrada/Carmel 
intertonguing relationships and by increasing grain
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size in that direction at the base of the Entrada (Fig. 
80), a trend also present in the upper Carmel rocks. 
These intertonguing relationships indicate that the 
change from Carmel mud to Entrada sand in the Lake 
Powell area was preceded by several temporary sand 
sheets followed by reencroachment of mud. Thus, the 
shoreline at this time fluctuated somewhat as it moved 
northward, and the depositing media of the basal Entrada 
rocks must have been fluvial from the south since the 
Entrada paleowind trend was to the south. Of course, 
fluvial sands reworked by eolian processes must have 
contributed significantly once the predominant deposi
tion shifted from mud to sand.

This sequence of predominantly flat- or irregu
lar-stratified sands and silts form a transition zone 
between the Carmel and the clean, cross-stratified 
Entrada higher in the section. This earthy phase does 
not occur within the study area as the change to clean 
sand was rapid and none of the subaqueous silts found 
elsewhere occur. The clean phase represents eolian 
deposition but also includes eolian flat and/or fluvial 
outwash deposits. Of the two units, the clean phase 
is probably more widespread.
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Far to the north, the Preuss Sandstone repre

sents the nearest marine lateral Entrada equivalents 
(Fig. 107). However, Harshharger and others (1957* 
p. 37) believe that the abundant and persistent hori
zontal bedding planes they found in both sandy members 
of the Entrada Sandstone of the Navajo Country can be 
attributed to subaqueous deposition. Because of the 
nature of the bedding both above and below these planes, 
they are more likely explained as temporary, fluctuating 
levels of the water table which allow preservation of 
units below.

A number of authors have concluded that the 
Entrada Sandstone is the product of deposition in more 
than one environment. Stokes and Holmes (1954, p. 37) 
state that in south central Utah "...the Entrada is 
apparently the result of both wind and water deposition." 
Peterson and Waldrop (1965, p. 55) make a similar inter
pretation of the Entrada in the southwestern Kaiparowits 
area. Jordan (1969, p. 725) interprets the Entrada of 
eastern Utah as "...a product of mixed littoral-eolian 
conditions.•

Numerous authors have interpreted an arid 
climate for much of Entrada time (Harshbarger, 1949, 
p. 119; Hunt and others, 1953# P* 72; Stokes and Holmes,



324

Preuse Sandstone (Marine)
ialeocurrente:

UTAH COLORADO

Positive area:

Outline of 
COLORADO PLATEAUeollan

eollan eollan and

fluvial

eollan and I 

fluvial I

SCALE Miles
MEXICO

Figure 10?» Paleogeographic map of the Colorado Plateau 
and environs during Early and Middle Entrada 
time (Late Callovian).



1954, p. 37? Imlay, 1957, p. 48?; Millison, 1964, p. 8?? 
Poole, 1964, p. 403; Tanner, 1965, P» 564; and others). 
McKee (1964b, p. 367) states that "...physical evidence 
of arid climate, or hot climate, or both, includes 
aeolian sandstones, red beds, evaporite deposits, and 
carbonate rocks, all of which commonly are attributed to 
such environments." The San Rafael Group contains all 
of these sedimentary units. The unfossiliferous nature 
of most of the San Rafael also suggests arid conditions, 
as do salt casts and dessication cracks. Evaporites 
similar to those found in the Carmel Formation are 
found forming today in areas bordering deserts, such as 
the estuaries along the Peruvian coast of South America 
and in the Caspian Sea (Millison, 1964, p. 80).

Eolian sandstones are probably the most important 
single type of sediment in an arid climate, and in 
addition to reflecting dry conditions, they also 
"...give an indication of the dominant wind at the time 
of deposition" (tipdyke, 1961, p. 5 8), "...which in turn 
leads to a reconstruction of ancient wind patterns, 
palaeogeography and palaeoclimates" (Poole, 1964, p. 394).

Winds blowing directly onshore would most likely 
increase the moisture content on the Entrada coastal ' 
plain. However, as we can clearly see on Figure 107,
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the Entrada paleowinds paralleled the Jurassic shore
line and did not significantly contribute to the 
humidity. This pattern agrees with an interpretation 
of arid conditions from other evidence. Tanner (1965* 
p. 573) also suggests that the Entrada winds blew along 
the shoreline and had no chance to release their 
moisture onshore. Actually, for most of Entrada time, 
the nearest water body was far to the north (Preuss sea 
of northern Utah) and only during early and late 
Entrada times did the Carmel and the Curtis seas move 
into central Utah.

The suggestion has been made that the more 
northerly portions of the Entrada in southern Utah, 
associated with marine or marginal marine deposits, 
were derived by winds from the beaches of the Entrada 
embayment (Poole, 1964, p. 403, 404), and others have 
concurred (Harshbarger, 1949* p« 120; Tanner, 1965, 
p. 564). The reworking of older sedimentary rocks to 
the south of the study area by fluvial agents has been 
suggested as a source for the more southerly Entrada 
cross-stratified sandstone. The complex lithofacies 
(Stokes, 1961, p. l6l) which make up the Entrada Sand
stone probably resulted from both agents— wind derived 
sand from the north and stream carried sand from the
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positive areas to the south. However, the initial 
movement of sand onto the finer grained sediments 
(Carmel) was from the south as indicated by granulo
metric and interfingering relationships• The area of 
greatest Entrada thickness (Fig. 102) may have resulted 
from the confluence of these two sources.

The lack of strong vertical or horizontal 
granulometric trends would seem to support a multi
source, multi-process origin for the Entrada. The 
dominance of eolian beds in the northern part of the 
study area (Group A type bedding) and farther north, 
and of mixed eolian-fluvial(?) beds in the southern part 
of the study area (Group B type bedding) would seem to 
support these conclusions.

The extensive sand dominated Entrada coastal 
plain attests to a predominance of physical weathering 
and a lack of major rivers, both of which are character
istic of arid climate (Hayes, 196?, p. 111).

The most likely cause of aridity on the Entrada 
coastal plain would seem to be the extreme flatness.
The very widespread nature of the Entrada Sandstone 
(Heaton, 1939, p* 1155* Stokes, 1944, p. 973, Stokes, 
1961, p. 157; Tanner, 1965, P« 564) suggest deposition 
on a broad, featureless plain (Harshbarger and others.



328
1951# P* 97; Hunt and others, 1951; P* 72; Poole, 1964, 
p. 404). Air currents moving across or along the plain, 
inland toward the south, would release little moisture 
before reaching the Mogollon Highlands of central 
Arizona. The resultant runoff to the north and north
west down the paleoslope would support the poorly- 
developed, intermittent fluvial system implied from 
other evidence.

The "...divergent winds which occurred during 
deposition of some Upper Jurassic sandstones, for 
example the upper part of the Entra da .( Poo le , 1964,
P* 405) are probably not the result of seasonal change 
as explained by Poole. These "unsettled winds" are 
actually the result of stratigraphic lumping of beds 
which undergo a rather rapid and significant change in 
wind pattern from winds blowing to the west (upper 
Entrada) to winds to the east (Cow Springs). The very 
high Entrada and Cow Springs consistency factors recorded 
here (average 0.7 to 0.8) are evidence of the unidirec
tional wind patterns present.

This significant wind pattern change during San 
Rafael time represents a response to the transgression/ 
regression/transgression cycle farther north. The 
swing to a southwest or westerly wind direction during
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the Entrada reflects the period between transgressions 
when the marine sea (Sundance) was far to the north.

Millison (1964) and Tanner (1965# P« 574) have 
suggested that the high pressure cell which now controls 
weather in California may have existed off the coast 
during the Jurassic.

Wind systems different from existing circulation 
patterns might be explained in three ways* (l) polar 
wandering/continental drift, (2) changing climatic 
features, or (3) expanded equatorial belts (Poole, 1964, 
p. 405). Opdyke (1961, p. 59) favors #1 above to explain 
the divergent Mesozoic wind patterns determined by 
eolian sandstone studies in the southwestern United 
States.

Late Jurassic tectonic activity is reflected 
by the occurrence of sandstone pipes in the Entrada 
Sandstone. These deformation structures formed during 
Late Entrada time (?Oxfordian) due to local earth 
tremors in response to more regional tectonic activity 
centered either to the west or south.

It has been suggested that the Entrada Sandstone 
has no modern analogue (Jordan, 1969, p. 726), and this 
will be discussed in a later section.
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Cow Springs Sandstone

General Statement. The many similarities 
between the Cow Springs Sandstone and the Entrada Sand
stone suggest a common origin for the two units* For 
this reason the data used in an attempt to interpret the 
Cow Springs paleoenvironments/paleogeography are grouped 
for discussion into 3 of the 4 categories listed under 
the preceding Entrada discussion, omitting only (4), 
Miscellaneous features, which does not apply to this 
discussion. The other categories are* (l) strati
graphic relations and lithology, (2 ) grain size 
parameters, and (3 ) primary sedimentary structures and 
paleocurrents.

(l) Stratigraphic Relations and Lithology*
Only recently has the Cow Springs Sandstone been recog
nized as a valid stratigraphic unit (Harshbarger, 1949; 
Harshbarger and others, 1951)• Prior to this time some 
confusion existed concerning the exact relationships 
between the strata now called Cow Springs and several 
other Jurassic units. These relationships remain 
obscure despite the formal definition of the Cow Springs 
Sandstone. To solve these problems of both lateral and 
vertical affinities, additional work will be necessary.

Nevertheless, the relationship between the Cow 
Springs and the underlying Entrada Sandstone at least



within the study area seems clear* The close relation
ship between these units is demonstrated by similarities 
in granulometric parameters and in cross-stratification 
which bespeak a common origin* The present study 
detected no significant sedimentologic differences 
between these two units. In addition, the thinning of 
the Cow Springs northward while the Entrada thickens 
(Fig* 6) may indicate at least partial lateral equiv
alency between these two units.

(2) Grain Size Parameters. The average mean 
grain size of samples from the Cow Springs Sandstone, 
whether grouped according to area/stratigraphic position 
or bedding type, show a definite lack of trends. How
ever, the mean grain size of the Cow Springs within the 
study area does increase slightly from south to north 
when all samples are considered.

As with the Entrada, the sorting values for 
samples from the Cow Springs also lack regional trends, 
except that samples from the White Mesa area demonstrate 
slightly better sorting (0r.=3»69$ to 5«550) than the 
rest of the formation. The meaning of this remains 
uncertain.

Skewness values of samples from the Cow Springs 
are similar to values from the middle and upper Entrada

331



332
except for one group of samples. Along Lake Powell, 
the nearly symmetrical skewness values within the Cow 
Springs may indicate a depositional environment similar 
to that interpreted for the lower Entrada and upper and 
lower Carmel samples of similar skewness. Such skewness 
values are apparently indicative of beach or shallow 
water deposition, an interpretation supported, in the 
case of the Cow Springs samples along Lake Powell, by 
the bedding characteristics (F. C. Peterson, pers. comm., 
1967)• Thus, the presence of the Curtis sea to the 
north may be indicated by granulometric trends as well 
as by the northern feather-edge of the Cow Springs Sand
stone.

Like the Entrada Sandstone, kurtosis values for 
the Cow Springs samples all fall into the leptokurtic 
range, except for two very leptokurtic samples. Thus, 
there seems to be no environmental significance to the 
kurtosis values of either sandstone.

As discussed under the section on the Entrada 
sandstone, combination plots of grain size parameters 
have proven useful in differentiating modern sand envi
ronments (i.e., Mason and Folk, 1958). Plots of 
kurtosis versus skewness have been particularly helpful. 
Using the fields determined by Mason and Folk (1958),
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plots of kurtosis and skewness values derived from 
samples of Cow Springs Sandstone generally fall into 
the eolian flat or dune/eolian flat environments or 
marginal areas around these environments.

Attempts to use plots of mean grain diameter 
versus skewness values derived from samples of Cow 
Springs Sandstone for environmental differentiation 
seem to support the results of other granulometric 
plots (Fig. 9 6). All samples fall within the dune 
field of both Friedman (1961) and of Moiola and Weiser 
(1968).

(3) Primary Sedimentary Structures and Paleo- 
currents. Attention has been drawn by numerous authors 
(i.e., Harshbarger, 1949, p. 98; Harshbarger and others, 
1951, P» 97; Poole, 1962, p. D150; Poole, 1964, etc.) 
to the very characteristic bedding within the Cow Springs 
Sandstone. This bedding consists primarily of large 
scale, wedge- and tabular-planar cross-stratification 
with lesser amounts of horizontal bedding. Cross-bed 
dips are high— 23° on 288 readings in this study and 
24.3° on 122 readings from Harshbarger (1949; see Fig. 
98).

The similarity of bedding style between the Cow 
Springs and the Entrada Sandstone has already been noted
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and the environmental meaning of this bedding was 
discussed under the section on Entrada primary sedimen
tary structures and paleocurrents (see pages 315 to 320). 
As with the Entrada, the Cow Springs cross-strata, 
granulometric, and lithologic data, when compared with 
characteristics of modern sands, indicate probable 
eolian deposition. However, in the Lake Powell area, 
where the Cow Springs approaches a depositional 
pinchout, "...numerous horizontal truncation planes, 
flat-stratification, and granule conglomerates suggest 
a subaqueous..." origin for part of the sequence, 
"...although the mud-cracked shales suggest some 
intervals of emergence and desiccation" (Peterson and 
Waldrop, 1965, p. 5 6).

In addition to the several features which 
indicate an eolian origin for much of the Cow Springs 
Sandstone, the lack of features typical of fluvial sand 
bodies (see Pettijohn and others, 1965, p. 179# tab.
13-2) is also probably significant.

On the assumption that the primary paleocurrent 
responsible for deposition of the Cow Springs Sandstone 
was wind, the paleocurrent pattern for this unit (see 
Fig. 104) is interpreted as reflecting the surface wind 
circulation. In the southern part of the study area.
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early Cow Springs winds blew toward the. southwest but 
later shifted to the south and southeast. To the north, 
where only later Cow Springs rocks are present, the 
winds moved toward the east.

Summary. On the basis of all evidence gathered 
within the study area the Cow Springs Sandstone appears 
to be closely related to the underlying Entrada Sand
stone. This evidence includes close similarities in 
granulometric and sedimentary structure data, as well 
as apparent lateral stratigraphic equivalency— thinning 
of the Cow Springs northward while the Entrada thickens. 
All this leads to the conclusion that these two units 
share a common origin.

As with the Entrada, the granulometric and 
cross-stratification characteristics of the Cow Springs 
compare favorably with features of modem dunal sands. 
Consequently, the Cow Springs is interpreted as resulting 
from deposition by winds on a level plain. The northern, 
thinner portions of the Cow Springs "...probably repre
sent coastal-plain dune accumulations formed by reworking 
of beach deposits and regressive marine sands" (Poole, 
1964, p. 403) and in part the beach deposits themselves. 
The southern thicker portions of the Cow Springs were 
probably more remote from the marine influences and
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were "...probably accumulated in an inland-desert 
environment.•.associated with fluvial sandstones...which 
indicate adjoining moist environments" (Poole, 1964, 
p. 403).

The shift in late San Rafael time from winds 
to the west (late Entrada) to winds blowing toward the 
east (Cow Springs) may reflect the encroachment of the 
Curtis sea southward into central Utah (Fig. 102). The 
present winds on the west coast of North America blow 
west to east directly onshore (Slaughter and Hamil,
1970, p. 967). A similar shore line condition may have 
existed in Cow Springs times. The winds farther to the 
south, in the southern part of the study area, blew 
toward the south indicating less influence of the Curtis 
sea (Fig. 108).

The "...easterly and north-easterly directions 
of transport of the Bluff and Junction Creek sands..." 
(Poole, 1964, p. 405) continue the paleocurrent trend 
noted in the Cow Springs of the northern part of the 
study area. This indicates that these two units were 
laid down by a common agent and at approximately the 
same time as the Cow Springs. Thus, the Bluff and 
Junction Creek sandstones appear to be lateral time 
equivalents of the Cow Springs rather than the Entrada
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as one author (Stokes, 1944, p. 960) has supposed, 
because they do not fit the Entrada paleocurrent pattern.

Depositional Analogues 
of the

San Rafael Group

General
In the reconstruction of sedimentary processes 

to explain stratigraphic units— as we have attempted 
with the San Rafael Group— one question arisesi has our 
reconstructed "environment" occurred at some other time 
in geologic history or does it exist somewhere on the 
earth's surface today? In other words, is it a feasible 
explanation? Since we rely heavily on studies of modern 
sediments and sedimentary relationships it would seem 
likely that the San Rafael units can be explained either 
in terms of modern or ancient examples.

It must be stressed, of course, that the evidence 
used in reconstructing physical processes, such as 
sedimentary structures, granulometric parameters, etc., 
are merely the "...responses to no longer directly 
accessible assemblages of environmental factors, [which] 
...have chanced to be preserved" (Allen, 196?, p. 75)•
It is our task to interpret from these "responses" the 
interrelated and interacting processes and conditions 
which produced that particular stratigraphic unit.



Certain rock units have been explained in terms 
of an existing set of environmental relationships devel
oped through careful study of modern sediments, thus 
allowing comparison with lithified textural features*
The internal fabric of some modern sediments are better 
known (i*e., river sands# beach sands, tidal muds) than 
others (i.e., shallow marine, shelf sediments). Desert 
deposits, of importance to a study of the San Rafael 
Group, are not well understood despite increasing interest 
and study. Comparison of recent desert deposits with the 
rock record is hampered by the fact that the desert 
environment is probably the worst possible site for 
preservation of many sedimentary features. Desert condi
tions are harsh and sediment movement, whether eolian or 
fluvial, is episodic and preservation is haphazard at 
best.

Carmel Formation
The paleogeographic interpretation of the Carmel 

Formation is outlined in a previous section (p. 292 to 308 ). 
Briefly, Carmel time within the study area was character
ized by (l) an initial transgression from the northwest 
which did not actually reach the study area, but which 
produced (2) marginal marine sedimentation, alternately 
with restricted, shallow inundations and exposure with
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desiccation, under (3) warm, oxidizing conditions, on 
a (4) broad coastal plain-tidal flat complex, where (5) 
beveling and reworking of the Navajo dune field took 
place, although the (6) wind system remained static, 
with both a (7) southern clastic source of particles 
reworked from older rocks, and a (8) western or southern 
volcanic source of finer material (clay), and followed 
by a (9) gradual retreat of the marine areas farther 
and farther northward, and finally (10) the encroachment 
of fluvial, coarser elastics from the south (Entrada 
Sandstone).

The totally non-fossiliferous nature of the 
Carmel Formation within the study area sets it off from 
most other red bed sequences. In tidal flat areas 
bordering most coastlines and surrounding most embay- 
ments of normal salinities, organisms and their resultant 
shelly accumulations are usually a distinctive and often 
characteristic feature (Dunbar and Rodgers, 1957, p. 71; 
Hatch and others, 1965, p. 167)• On such normal marine 
tidal borders, organisms have a considerable potential 
for preservation due to rapid burial by meandering tidal 
channels and frequent inundations. Thus, the Carmel 
does not compare, at least in this one aspect, with the 
sediments of such well studied modem tidal flat areas
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such as the Jade, North Sea (Reineck and Singh, 1967), 
the Bay of Fundy (Klein, 1963b), the Colorado River 
Delta (Thompson, 1968), and the Wash (Evans, 1965)• The 
lack of fossils in the Carmel tends to confirm the 
interpretation, based on other sedimentary evidence 
(desiccation cracks, salt casts, common gypsum, etc.), 
that Carmel time was climatically harsh (hot, arid), 
with high salinites, oxidation and evaporation, at 
least within the study area.

Comparison between the Carmel Formation and 
other stratigraphic units have been suggested by several 
authors. Van Houten (1961, p. 96-97) places the Carmel 
in the environmental category "II-3 Coastal Plain-Tidal 
Flat Red Beds on Cratons," along with several dozen 
other examples. One unit listed by Van Houten, the 
Triassic Moenkopi Formation, has also been compared to 
the Carmel by Richards (1958, p. 45), who states that 
"...the environment of deposition, lithologies, and 
paleogeography of the Moenkopi are very similar to those 
of the Carmel."

The description of a sequence of Carboniferous 
(Visean) rocks from Ireland (West, Brandon and Smith, 
1968, p. 1091), which includes gypsum, desiccation 
cracks, unfossiliferous limestones, and some unfossilif- 
erous sandstones, suggests a comparison with the Carmel
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Formation. These authors found that the character of 
the Carboniferous strata "...suggests that shell 
remains.•.were originally absent" (West and others,
1968, p. 1091), and they conclude that the "...tidal 
flat environment would best account for the features..." 
which they found in the rocks (West and others, 1968, 
p. 1091).

One portion of the Upper Devonian Catskill 
Delta of central Pennsylvania, the Irish Valley Member 
of the Catskill Formation, has been interpreted by 
Walker (1971) and Walker and Harms (1971) as representing, 
in part, "...nonmarine conditions and consists of thick, 
sandy alluvial plain fining-upward sequences" (Walker, 
1971* p« 1320) and described as "••.nonmarine red silt- 
stones with roots and desiccation cracks" (Walker, 1971* 
p. 1320). From the detailed descriptions of Walker
(1971) and Walker and Harms (1971), a number of simil
arities exist between this particular unit and the 
Carmel Formation of the study area, including ripple 
mark, color, and lithology. However, roots were not 
noted in the Carmel, and gypsum is not found in the 
Devonian rocks. The lack of roots in the Carmel and of 
bioturbate sandstones which are also present in the 
Irish Valley Member, may be explained by the arid.
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high salinity conditions in existence during Carmel 
time.

The depositional site of the Carmel Formation 
may well have been similar to the modern Runn of Cutch^ 
on the west coast of India/West Pakistan (Platt, 1962)• 
Here a large (fOOOmi.^), flat (0«5*/mi«) area, near 
the mouths of several rivers, lies in a region of less 
than 10 inches of monsoon (summer) rainfall. The area 
is characterized by periodic inundations, both from 
river floods and monsoon induced high tides, which cause 
salt incrustation and a near surface water table, 
followed by desiccation for most of the year, with dust 
and sand storms, and little or no vegetation. The 
surface is generally covered with sand or mud incrusted 
with salt. Due to the flooding and high water table, 
most areas remain continually water saturated. Earth
quakes cause compaction and settling of large areas, 
with concurrent expulsion of large quantities of water, 
due to the plastic nature of the saturated mud and sand.

Within historic times (325 B.C.), the area was 
occupied by a very shallow sea with several islands out 
of sight of the shore (Platt, 1962, p. 94-95)•

The main characteristics of the Runn of Dutch—  
desiccation, periodic inundation, wind-blown sediment. 1

1. Many variations of both Runn and Dutch.
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lack of vegetation or animals, harsh, arid climate—  
resemble the physical conditions interpreted here for 
the Jurassic Carmel Formation. The comparison remains 
a moot point, however, because the Cutch sediments and 
their internal nature have not been studied in detail.

Entrada Sandstone-Cow Springs Sandstone
The close sedimentologic relationship between 

the Entrada Sandstone and the Cow Springs Sandstone has 
been discussed (see p. 122 to 123), as well as the 
paleogeography and geologic history of each of these 
units (for Entrada see: p. 308; for Cow Springs see:
p. 3 3 0). Briefly, Entrada/Cow Springs time within the 
study area was characterized by (l) a broad, level 
coastal plain/interior basin with surfaces covered by 
dunal and interdunal sand, undergoing (2 ) slow subsidence 
and rising water table in near equilibrium with sedimen
tation, in an area of (3 ) arid to serai-arid and warm to 
hot conditions, with (4) a persistent, unidirectional 
wind system-blowing onshore, alongshore, and into the 
interior— with (5 ) continually reworking by both eolian 
and subordinate fluvial agents of (6 ) beach, eolian, 
and fluvial deposits and with (7) initiation of deposi
tion by fluvial processes from the south, and (8 )



continual supply of elastics from this southern highland 
source area.

On the basis of one or more sedimentary feature 
in common# a number of ancient sandstones have been 
compared to the Entra'da Sandstone, or the Cow Springs 
Sandstone or both. Based on similarities in the nature 
of cross-stratification, both Harshbarger (1949, p. 49) 
and Phoenix (1963* P» 36) believe the Entrada to share 
.a common origin with the Navajo Sandstone. The results 
of the present study would seem to support such a compar
ison, and with the Cow Springs as well, particularly 
in regard to granulometric parameters. The differences 
noted would seem to be well within reasonable variations 
to be expected within large geomorphic environments, 
particularly when the great lateral extent of all three 
units is taken into consideration.

Poole (1962, p. Dl47; 1964, p. 394-396) concludes 
that at least part of the Entrada Sandstone (the clean 
phase) and all the Cow Springs Sandstone share an eolian 
origin with several other widespread Colorado Plateau 
sandstones, including the Navajo (Triassic? - Jurassic), 
Nugget (Triassic? - Jurassic), Coconino (Permian), De 
Chelly (Permian), and Wingate (Triassic).

Certain problems are involved in the preservation 
of eolian sand units in desert areas swept by strong
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winds. Isolated dunes, such as barchans, moving across 
rocky or stabalized surface would seem to have especially 
poor preservation potential in an area known for the lack 
of a permanent record. The Entrada/Cow Springs land
scape, on the other hand, must have consisted of 
continuous sand surfaces covered by dune, interdunal 
and fluvial features. Preservation of continental 
features in such areas may be explained by "...ground 
water table.•.rising relative to earlier sediment 
surfaces and in this way extensive continental sedi
ments...may be depressed below the equilibrium deflation 
level and so preserved" (Kinsman and Park, 1968, p. 2 8 9)• 
Thus, in order to be preserved, the eolian sediments 
must be moved below the level of active erosion or they 
will be removed by the same agent that emplaced them.

Therefore, the most important factor in preser
vation of eolian and associated units concerns the ratio 
of sediment influx to subsidence of the basin surface, 
and a concurrent rise in the water table which must be 
near the surface. That these very conditions existed 
for several long intervals in the Late Paleozoic- 
Mesozoic basin of the Colorado Plateau is witnessed by 
the occurrence of numerous thick and widespread sand
stone units, which display, in part or totally, features
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indicating eolian origin (Coconino, De Chelly, Wingate, 
Nugget, Navajo, Entrada, Cow Springs, etc.).

Jordan (1969, p. 726) believes that there are 
no modem analogues of the Entrada Sandstone. Indeed, 
it is difficult to picture a continuous expanse of 
eolian dunes— both coastal and inland— extending from 
at least Ft. Wingate, New Mexico, to central Utah. 
Predominantly eolian areas of this size exist today 
only in a few places around the world (see: Allen,
1970, Fig. 3*1)* The North African Sahara Desert, the 
Namib Desert of Southwest Africa, the Rub'al Khali 
Desert of the southern Arabian Peninsula, and a few 
other areas, are of such size and nature.

Nevertheless, the conditions which seem to 
present the best possibility for preservation of eolian 
units, probably do exist today in at least one place—  
the Rub'al Khali sedimentary basin in the interior of 
the southern Arabian Peninsula. In this area, subsidence 
and resultant rise in water table preserves the basal 
portions of eolian and other continental units, and the 
upper edges of such cross-stratified units are often 
visible on windswept, interdunal surfaces. These wind
swept surfaces are probably analogous to the horizontal 
truncation planes noted in most sandstones of supposed
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eolian origin on the Colorado Plateau and discussed 
earlier.

In addition, the nonmarine sediments, including 
eolian dunes, which flank the Caspian Sea of southern 
Russia (Dickey, 1968) may be similar in most respects 
to certain San Rafael units although little is known of 
the internal structures of these modern sediments.

In conclusion, the most important factor control
ling the preservation of eolian sandstone units in hot, 
arid areas is whether equilibrium is maintained between 
(l) low-yield, yet constant sedimentation and (2 ) slow 
subsidence of the basin surface (or sea level rise) and 
associated rise in the water table/deflation base level.



SUMMARY

The San Rafael Group on the Colorado Plateau 
records a significant event in the Jurassic geologic 
history of the Western Interior* the destruction of 
the Cordilleran geosyncline to the west and the invasion 
from the north of the Sundance Sea into the resultant 
trough. During this time river systems were reoriented, 
wind systems altered, and the general sedimentary 
pattern changed to reflect the quickening pulse of the 
Nevadan Orogeny in the west. New source areas were 
developed, including volcanic sources, and climatic 
changes are reflected by different weathering products. 
Never again was the interior basin situated on the 
western margin of the Rocky Mountain land mass as in 
pre-Jurassic times. The evidence of all these changes 
is found within the San Rafael Group of the study area.

The area of study lies between, and includes 
parts of Black Mesa, Arizona, and the Kaiparowits 
Plateau of southern Utah. Only scattered, isolated 
exposures of San Rafael strata occur within this largely 
inaccessible region. Within the borders of the study
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area, significant stratigraphic and ecologic differences 
also exist in the San Rafael units. This particular 
area was selected for study because here the physical 
nature of the San Rafael Group remained essentially 
unstudied.

The early field work of Gilluly, Reeside,
Gregory, Lee, Boyer, and Moore (U. S. Geological Survey) 
in central and southern Utah led to the description and 
establishment of the San Rafael Group and member units. 
While the group itself, the Entrada Sandstone, the 
Curtis Formation, and the Summerville Formation have 
type areas in the San Rafael Swell of central Utah, the 
Carmel Formation is typed at Mount Carmel in southern 
Utah. The Curtis and Summerville are not present in the 
study area, but a unit which may be their lateral equiv
alent, the Cow Springs Sandstone, is here considered an 
integral part of the San Rafael Group. The type section 
of the Cow Springs is on the northwest face of Black 
Mesa, Arizona.

The San Rafael Group is widely distributed over 
the Colorado Plateau of northern Arizona, northwestern 
New Mexico, western Colorado, and southern and central 
Utah. Pre-Dakota erosion has obscurred the original 
extent to the south, southwest and west but lateral
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equivalents occur to the north and northwest. Within 
the study area, the San Rafael Group varies in thickness 
from 400 to 1200 feet.

Within the study area, the San Rafael Group 
consists of the Carmel Formation, the Entrada Sandstone, 
and the Cow Springs Sandstone, which is included within 
the San Rafael due to a close sedimentologic relation
ship with the Entrada.

Over most of the Colorado Plateau, as within the 
study area, the contact between the Carmel Formation and 
the underlying unit, the Navajo Sandstone (Glen Canyon 
Group) is either (l) a sharp boundary with typical 
Carmel lithology (red shale) on cross-stratified, light 
colored Navajo, or (2) may be an arbitrary contact with 
transitional beds, either cross- or flat-stratified, of 
reworked Navajo sandstone. The basal Carmel beds often 
contain particles reworked from the Navajo.

In contrast, to the northwest of the study area 
the Carmel and the Navajo intertongue, demonstrating 
lateral equivalency.

The Navajo Sandstone of the study area is a 
pure quartzose sandstone, medium- to fine-grained, 
moderately well sorted and slightly calcareous (as 
cement).
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The type section of the Carmel Formation at 
Mount Carmel, Utah, consists, in part, of fossiliferous, 
marine limestones, which contrast sharply with the 
Carmel of north central Arizona. The Carmel under study 
here is a series of unfossiliferous, reddish shales and 
sandstones, lying unconformably on the Navajo Sandstone.

The Carmel Formation ranges in thickness from 
120 feet in the southern part of the study area to over 
300 feet north and west of Lake Powell. This unit 
consists of interbedded red, generally structureless 
siltstones and claystones (80#), which may also contain 
gypsum seams, desiccation cracks, and salt casts, and 
gray to orange, flat- or cross-stratified, ripple marked 
sandstones (20#). On the basis of 58 readings from 
cross-stratified Carmel sandstones, dip angles averaged 
22.6°.

The red color of the Carmel results from oxida
tion of iron-rich minerals, which may have been derived 
both from volcanic sources (with significant amounts of 
bentonite), and/or southern clastic sources where 
chemical weathering was active.

The average Carmel sandstone, based on 20 
samples, is a moderately well sorted, fine-grained 
sandstone, which is leptokurtic and nearly symmetrical



(skewness), although one group of samples from the upper 
l/ 3  of the formation is positively skewed.

Within the study area, the Carmel/Entrada Sand
stone contact is marked by a change in grain size (silt/ 
clay to sand), color (red to orange/white), and style 
of bedding (structureless to flat- and cross-stratified). 
At places where the Carmel is a sandy siltstone or 
sandstone, such as in the vicinity of Coal Mine Mesa, 
the contact is more difficult to recognize.

At its type locality in the San Rafael Swell, 
the Entrada Sandstone consists of two contrasting lith
ologies; an earthy, poorly cemented, slope-forming, 
flat-bedded siltstone/sandstone unit (earthy phase), 
and a well-sorted, cliff-forming, cross-stratified, 
pure quartzose sandstone unit (clean phase). The 
Entrada is best known for impressive cliffs of the 
clean phase, and this is the unit present within the 
study area, where its thickness varies from 200 feet 
in the south to more than 800 feet along Lake Powell.

The average of 26 samples from the Entrada 
Sandstone is a moderately well sorted, silty, very fine 
grained sandstone, leptokurtic and positively skewed, 
although one group of samples (6 ) from one bedding type 
group from the lower Entrada are nearly symmetrical to
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slightly negatively skewed. Subangular grains are the 
most common and all grains show frosting and/or pitting.

A distinctive lithologic characteristic of the 
Entrada Sandstone is the common presence of a small 
percentage of medium or coarse grains in fine to very 
fine grained sandstones. These grains, called “Entrada 
Berries," are present in the Entrada throughout the 
Colorado Plateau, including the study area, and cause 
skewing of all granulometric parameters.

The Entrada of the study area is predominantly 
cross-stratified, although horizontal strata may be 
present, particularly in the siltstones and more impure 
sandstones. Cross-stratification varies from the large 
scale, high angle, wedge- and tabular-planar type 
(wind origin), to the smaller scale, low angle, trough 
type (subaqueous origin) commonly associated with flat- 
strata. On the basis of 544 readings, dip angles 
averaged 24.3° for the Entrada, comparing favorably 
with modern dune sands.

Water-formed ripple mark were noted in the basal 
Entrada Sandstone, while wind-formed ripple mark are 
associated with eolian cross-strata.

Load features are common at the Entrada/Carmel 
contact, and contorted bedding occurs commonly within
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the Entrada, particularly where siltstone interbeds 
are present. Both loading and contorted bedding occur 
in the northern two thirds of the study area. Sand
stone pipes also occur within the Entrada from Tse 
Skizzi northward, but are particularly apparent along 
Lake Powell. These latter features may be restricted 
to the Entrada or may penetrate downward into the 
Carmel.

The contact between the Entrada Sandstone and 
the overlying Cow Springs Sandstone is gradational and 
often arbitrary, being marked by a significant change 
only in color (orange/white to olive/gray).

Within the study area, the overlying unit is 
everywhere the Cow Springs. However, where the Curtis 
Formation is present, the upper Entrada contact is 
erosional.

Although originally defined as a separate unit, 
the Cow Springs Sandstone is here considered an integral 
part of the San Rafael Group based on close sedimento- 
logical similarities to the Entrada Sandstone. Within 
the study area, the Cow Springs varies from 300 feet 
near the type section at Cow Springs Trading Post, to 
nothing at the northeast comer.

The average of 16 samples from the Cow Springs 
Sandstone is a moderately well sorted, silty, very fine
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grained sandstone, which is leptokurtic and positively 
skewed* The most common grain is subangular, pitted 
and/or frosted* Thus the Cow Springs is identical to 
the Entrada, and, like the Entrada, the Cow Springs is 
unfossiliferous.

Although flat-stratified intervals are present, 
the Cow Springs appears more consistently cross-strati
fied than the underlying Entrada Sandstone, and 
wedge- and tabular-planar sets predominate. Cross
strata dips are of a high angle type, averaging 2 3*0° 
on 288 readings.

At the northern (feather) edge of the Cow 
Springs, the silty sandstones are flat-stratified, and 
desiccation cracks, sometimes distorted by load 
features, also occur.

The exact lateral equivalency of the Cow Springs 
Sandstone remains obscure due to (l) a lack of traceable 
key beds, (2) lateral facies change, (3) a lack of 
fossils for age determinations, and (4) erosion by 
several younger units. The northward thinning of the 
Cow Springs while the Entrada thickens suggests at 
least partial lateral equivalency of the two units.

Intertonguing between the Cow Springs and the 
overlying Morrison Formation was not observed at any
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location within the study area, and other workers could 
find no evidence for such a relationship in the 
Kaiparowits area. The contact is everywhere a typical 
erosional surface with graded bedding and basal conglom
erates resting in scour troughs. The basal unit of the 
Morrison is a calcareous, moderately-sorted, fine
grained sandstone.

Where post-Jurassic erosion has removed the 
Morrison, the Dakota Sandstone is in erosional contact 
with the Cow Springs. The basal Dakota is a moderately 
well sorted, fine-grained sandstone that is slightly 
calcareous.

Deformation structures, ranging in size from 
slight crinkling of laminae to sandstone pipes more 
than 400 feet high, occur commonly in the Carmel 
Formation and the Entrada Sandstone of the northern 
two thirds of the study area, and are generally of two 
types# depending on the enclosing strata.

First, there are those structures, commonly 
referred to as contorted or convolute bedding, which 
are associated with inter-bedded sandstone and finer 
grained units. This type of structure has been 
attributed to overloading of unconsolidated sediments. 
The second type, generally found in units of uniform
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lithology* occur in abundance along the shores of Lake 
Powell, but are also noted as far south as Kaibito 
Wash in the Carmel, and to Tse Skizzi in the Entrada* 
These structures, here called sandstone pipes, occur 
predominantly in sandstone units and range in height 
up to 400 feet. Sandstone pipes in the Entrada may be 
confined to that unit or may'penetrate downward into 
the Carmel.

The physical nature of these deformation 
features indicate they formed due to overloading (in 
the case of contorted bedding), or to earth tremors, 
which caused momentary liquifaction and settling through 
repacking and also expulsion of pore water (sandstone 
pipes). In both cases, formation followed sedimentation, 
but preceded consolidation, while the sediments were 
still water saturated. A direct relationship to under
lying solution cavities or finer grained, more 
compactable sediments can be demonstrated in some but 
not all cases.

Bentonitic clay material, consisting predomin
antly of montmorillonite, either as pure clay beds or 
as a component of clastic units, makes up a minor but 
significant part of the lower and middle San Rafael 
Group, particularly in the southern part of the study
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area* In the Carmel Formation, pure bentonites are as 
thick as 2.5 feet and provide correlation ties in the 
Black Mesa area, but also occur as a significant, 
although less obvious, contribution to the Carmel 
throughout the study area. Within the Entrada Sandstone, 
bentonitic claystones are generally restricted to the 
basal portions south of Tonalea, but one distinctive 
bed occurs at the Entrada/Cow Springs contact in the 
White Mesa area.

The lack of fossils within the San Rafael Group 
of the study area hampers age assignments and places 
greatest reliance on stratigraphic relationships 
between the various San Rafael members and lateral 
equivalents and overlying and underlying units.

The Carmel Formation of the study area is 
younger than the type Carmel section, being referred 
to the early Callovian stage (latest Middle Jurassic). 
The part of the Navajo Sandstone immediately below the 
Carmel is Bathonian in age.

The Entrada Sandstone is Callovian at the base 
and probably Oxfordian (earliest "Late Jurassic) at the 
top, while the Cow Springs Sandstone is Oxfordian in 
the northern part of the study area, but may be as old 
as Callovian in the Black Mesa area.



360

The lowest part of the Morrison Formation, 
where it rests unconformably on the Cow Springs, is 
Late Jurassic (Kimmeridgian) in age, and the Dakota 
Sandstone at Black Mesa is early Late Cretaceous 
(Cenomanian), "but may also be late Early Cretaceous 
(Albian?) elsewhere within the study area.

The incursion of marine waters twice onto the 
area now occupied by the Colorado Plateau and the 
destruction of the Cordilleran geosyncline during the 
Middle and Late Jurassic is inferred from evidence 
furnished by the San Rafael Group. These marine trans
gressions (Carmel; Curtis) did not reach the study area 
but are documented nevertheless by shifting paleoenvir- 
onments and paleowind systems which are recorded by the 
San Rafael Group in north central Arizona. This marine 
embayment, called the Sundance Sea, contained boreal 
faunas unlike those to the west (California and Oregon) 
or to the southeast (Gulf of Mexico), indicating there 
were no marine connections except to the north. Thus 
the early stages of the Nevadan Orogeny are recorded 
by San Rafael rocks in the Middle and Late Jurassic.

The reconstruction of the San Rafael environments 
is based primarily on detailed studies of grain size 
parameters and primary sedimentary structures. The
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results of these two independent studies were then 
combined with the results derived from a study of all 
other physical features to arrive at an interpretation 
of paleoenvironmentse

Grain size analyses were made on 70 samples 
collected within the study area from the San Rafael 
Group and associated formations. From the data derived 
from these analyses histograms and cumulative curves 
were plotted, and the mean grain size, sorting, skewness 
(or asymmetry), and kurtosis (or peakedness) were calcu
lated for each sample to aid in sample-to-sample 
comparisons with the results of studies of both modern 
sands and ancient sandstones.

Within the study area, sandstone samples from 
the Carmel Formation show a general decrease in mean 
grain size from south to north, in both the upper 1/3- 
top and middle group of samples. The basal Carmel 
sandstones reflect no significant trends. Samples in 
the lower group of the Entrada Sandstone decrease in 
mean grain size from south to north, while the values 
from the Cow Springs Sandstone show the reverse rela
tionship. All other Entrada samples demonstrate a 
lack of mean grain size trends.

Within the Carmel, the best sorting values 
occur in the basal sample group (north and south
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portions) and the middle sample group (central and 
northern areas)# In the upper l/3 sample group, better 
sorting exists in a band from Northwest Coal Mine Mesa 
to Navajo Begay (on two samples) than elsewhere.

In the Entrada, sorting values are best in the 
basal samples of lower l/3 group, and in the central 
(White Mesa) area of the south-central and north-upper 
l/2 sample groups. The Cow Springs also demonstrates 
better sorting in the central (White Mesa) area. The 
environmental meaning of these strong sorting trends 
remains obscure.

Of all the grain parameters studied, skewness, 
or asymmetry, seems to be the most sensitive to subtle 
environmental differences. San Rafael sample groupings, 
both areal and stratigraphic, show well developed 
regional skewness trends.

The nearly symmetrical or negative skewness 
values of the lower and middle groups of Carmel sand
stone samples, the lower l/3 group of Entrada samples, 
and, to a lesser extent, the group of northern Cow 
Springs samples, contrast with all other sample groups 
from these units, and appear to demonstrate environ
mental differences. Based on studies of modern sands, 
negative and nearly symmetrical skewness values reflect
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beach or littoral deposition# Thus, the sample groups 
listed above probably represent beach or JLittoral 
depositional environments, or, where stratification 
indicates eolian currents, in the eolian environment, 
but derived by wind from such areas. Bedding types 
associated with these sample groups often support an 
interpretation of subaqueous deposition.

In contrast to the definite skewness trends of 
San Rafael sample groups, the kurtosis, or peakedness, 
values lack areal or stratigraphic trends within the 
area of study.

Several different plots of grain parameters 
in combination were tested using the San Rafael granulo
metric results, but only one, skewness vs. kurtosis, 
appears sensitive enough to detect the subtle differ
ences between closely allied environments. Based on 
plots of skewness vs. kurtosis, the lower, and possibly 
middle, Carmel sample groups, and the lower l/3 group 
of Entrada samples (Group A bedding type) appear to 
reflect beach or littoral deposition, when compared 
with the results of modern sands. These results thus 
generally confirming the results based on skewness 
trends alone.
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Prior to the beginning of San Rafael time, 

paleowinds in the study area apparently blew from the 
north and northwest. Earlier still (Kayenta time), 
indications are that the paleoslope was to the west 
and/or southwest. Immediately preceding Carmel deposi
tion, the paleoslope within the study area must have 
been to the northwest as indicated by Navajo/Carmel 
stratigraphic relationships. The paleoslope during 
Carmel time remained toward the northwest based upon a 
known marine/nonmarine interface, and paleowinds also 
carried over from Navajo time, being to the south or 
southeast within the study area.

Apparently the paleowind system covering the 
Colorado Plateau during the late Jurassic (Entrada 
time) underwent definite alteration, and these changes 
are reflected in the Entrada paleocurrent pattern 
within the study area. Two trends are evident during 
Entrada time. First, Entrada winds become more toward 
the west through time, and secondly, they become more 
toward the west from south to north. Undoubtedly, 
these trends reflect the northward shift of the Jurassic 
embayment (Sundance Sea) away from the study area and 
the resultant shoreline reorientation and the redistri
bution of positive areas.
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Following the shift to winds more toward the 

west during Entrada time, the Cow Springs paleowind 
pattern represents a significant change• Early Cow 
Springs paleowinds were from the northeast, while later 
they were from the north and northwest. In the 
northern part of the study area, where only beds of 
late Cow Springs age are present, the winds are nearly 
to the east. This shift of wind directions probably 
represents the reencroachment of the Late Jurassic 
Curtis sea into central Utah.

After a period of erosion and/or non-deposition 
of unknown duration, northeasterly flowing streams 
resumed sedimentation in the latest Jurassic (Morrison 
Formation). These deposits probably reflect renewed 
uplift of the surrounding positive areas to the south 
and southwest.

Since the San Rafael paleocurrents recorded in 
this study are interpreted as being eolian, they can 
bear no clear relationship to paleoslope orientations 
and we must derive evidence of source areas and shore
lines from non-paleocurrent information.

The San Rafael basin was ringed by positive 
elements to the east, south, and southwest. The basin 
of sedimentation thus formed was tilted to the north or
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northwest as evidenced by several marine incursions 
from the north and by stratigraphic units which thicken 
in this direction. Prior to late Entrada time, the 
basin axis lay to the west of the present position of 
the Colorado Plateau. However, at this time a major 
shift took place in the position of the San Rafael basin 
caused by apparent uplift to the west. The basin was 
slowly tilted toward the east, shifting the basin axis 
eastward, and initiating west to east sediment dispersal 
for the first time. Continued uplift in the west led 
to continental deposition (Morrison Formation) with 
west to east and northeasterly drainage in the former 
San Rafael basin, and finally extensive erosion of 
unknown duration (pre-Dakota unconformity) particularly 
on the basin margins.

The initial, maximum transgression of the Carmel 
sea did not actually reach the study area, but produced 
a broad coastal plain with resultant beveling and 
reworking of the underlying sediments. The major change 
in the sedimentary regimen within the study area was 
not merely a change to more marine conditions, but was 
caused by a major climatic change to more moist condi
tions particularly in the source areas to the south.
The resultant hot, humid conditions may have been 
influenced by the marine incursion, and caused increased
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chemical weathering in the southern highlands which 
resulted in increased runoff and an influx of finer 
grained elastics, bearing unweathered iron-rich minerals, 
from the south* Westem(?) or southern volcanic sources 
also contributed clay sediments and iron-rich minerals* 
Oxidizing conditions on a tidal flat complex, with 
periodic inundation, produced structureless red beds. 
Sedimentary structures indicate eolian deposition (from 
the north) of some sandstones, but also shallow-water 
conditions (wave ripple mark), with periodic desiccation 
(desiccation cracks), and evaporation (gypsum, salt 
casts) taking place due to hot, arid conditions* These 
harsh conditions probably explain the lack of fossils 
in the Carmel Formation of northcentral Arizona*

As the Carmel sea began a halting regression 
to the north, with sedimentation exceeding subsidence, 
the Entrada regimen began to move onto the Carmel 
coastal plain from the south to close out the red bed 
cycle. The Carmel remained in a semi-consolidated 
state, particularly in the Lake Powell area, long after 
Carmel sedimentation ceased.

Initially, the Entrada sand dominated regimen 
moved northward onto the Carmel coastal plain with the 
basal units bearing ■evidence of littoral and fluvial

>
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deposition. As the Carmel sea moved farther to the 
north, climatic conditions in the southern source areas 
(Mogollon Highlands) became more arid, with physical 
weathering again prevailing, although the northward 
flowing fluvial systems were still in operation. Where 
transitional silty beds occur between the contrasting 
Carmel and Entrada regimens, the earthy Entrada is 
present, always succeeded by the more characteristic 
clean phase, which makes up the entire Entrada within 
the study area.

During much of Entrada time, the nearest marine 
environments lie far to the north in northwestern Utah 
(Preuss Sandstone).

Many of the sandstones of the Entrada Sandstone 
exhibit all the classic features of eolian origin, such 
as high angle, large scale cross-strata, and good 
sorting, and they are so interpreted here. Other sand
stones probably represent fluvial, mixed fluvial/eolian, 
or eolian flat deposition. The nature of the lithology 
implies arid and hot climate.

The Entrada paleowind pattern underwent a 
change from winds to the south to winds to the west 
reflecting the retreat of the Carmel embayment.

The many physical similarities between the Cow 
Springs Sandstone and the Entrada Sandstone reflect a



common origin. These two units are alike in all signi
ficant sedimentary details and an inverse thinning 
relationship may also indicate lateral equivalency. As 
these similarities include the attributes which best 
reflect sedimentary origin the Cow Springs is also 
interpreted as being of eolian origin within the study 
area.

The northward equivalents of the Cow Springs 
probably include a unit (Curtis Formation) deposited 
during the second encursion of the San Rafael sea. As 
would be expected, the northern edge of the Cow Springs 
contains sandstones which reflect subaqueous, probably 
littoral, origin. The more southerly portions of the 
Cow Springs were remote from the influences of the 
Curtis sea, and resemble the Entrada more closely—  
thus, are interpreted as representing deposition on an 
inland, dunal plain..

The shift in paleowind systems during Entrada 
time were reversed in Cow Springs time, particularly 
in the more northern exposures, to winds to the east. 
This change reflects the furthest encursion of the 
Curtis sea into central Utah. This encursion of the 
Curtis sea brought a halt to eolian sedimentation 
(Entrada/Cow Springs) over much of the central Colorado

369
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Plateau but not in the north central Arizona where 
deposition continued as before.

A comparison of the sedimentary features of the 
San Rafael Group with characteristics of modern sedi
ments points up similarities which allow development 
of both modem and ancient analogs.

The Carmel Formation of the study area appears 
distinct from modern tidal-flat areas only in the 
complete lack of fossils. With this same reservation, 
the Carmel appears analogous with certain Triassic 
(Moenkopi Formation), Carboniferous, and Devonian (Irish 
Valley Member, Catskill Formation) sedimentary units.
One modern area, the Rann of Hutch, western India and 
West Pakistan, may experience the same harsh conditions 
which are interpreted for the Carmel, and which may 
explain the lack of fossils. However, the internal 
nature of the Rann of Hutch sediments are not well 
known.

The Entrada/Cow Springs sequence is often con
sidered analoguous with other sandstones of similar 
nature, both in the Colorado Plateau (Navajo, Wingate, 
DeChelly, Coconino, etc.) and elsewhere, which are 
also interpreted as being of eolian origin. These 
comparisons are based on similarities both of bedding 
style and of granulometric characteristics.
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One modem analogue of the Entrada/Cow Springs 

sequence may exist in the Rub*al Khali basin of the 
southern Arabian Peninsula, and it is from this modem 
example that we can describe the physical conditions 
which are probably necessary for the preservation of 
thick eolian sandstones, such as those under discussion. 
Only if equilibrium is maintained between (l) high 
energy sedimentation supplied by a low-yield source 
area where physical weathering predominates, and (2) 
slow subsidence of the basin surface, with a corres
ponding rise in the water table/deflation baselevel, 
will preservation of sand units be possible in a hot, 
arid region (desert).



SUBJECTS FOR FURTHER STUDY

General
A number of additional problems in the analysis 

of the San Rafael Group developed in the later stages 
of this study at a point where their inclusion would 
have required considerable shifting of emphases and 
initiation of additional data gathering. As it was 
felt more important to bring this study to completion 
as originally devised, these newer aspects have not 
been investigated but will be tabulated in this section 
to suggest further work for this and other students.

Carmel Formation
(1) Make a careful search of the siltstones and 

claystones for fossil evidence of any kind; 
i.e., rootlets, burrows, bioturbation, trails 
(on mud), pollen and spores, etc.

(2) Trace sand ledges, correlate if possible, from 
section to section.

(3) Take more readings of cross-stratification and 
record style, etc.

(4) Search for other sedimentary structures (i.e., 
slump, ripple mark, etc.).
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(5) Study the Carmel claystones in more depth by

X-ray diffraction, pipette, thin-section, etc., 
to determine percentage of volcanic contribu
tion, percentage clastic ratio, etc.

Entrada - Cow Springs Sandstones
(1) Study variations in cross-strata (in style, 

scale, direction, etc.) stratigraphically upward 
from the base of both the Entrada and the Cow 
Springs.

(2) Test the supposed differences (paleowind direc
tions, granulometric, color, etc.) between the 
Entrada and the Cow Springs outside the study 
area, i. e., around Black Mesa, along Defiance 
Uplift, near Ft. Wingate, etc.

(3) Select and sample several localities in the 
Entrada (and the Carmel) for concentration and 
isotopic age dating.

(4) Investigate the Cow Springs/Morrison contact 
outside the study area (same areas as #2 above) 
to establish the nature of the contact.

(5) Sample several sandstone pipes and other defor
mation structures to determine if there are 
granulometric or compositional differences in 
relation to enclosing units.
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Miscellaneous

(1) Test scanning electron microscope (SEM) techni
ques to distinguish depositions! environments
(fluvial vs. beach vs. eolian) on the basis of 
grain surface texture.

(2) Study Navajo paleowinds, granulometric para
meters, and cross-strata style at about 20 
locations within the study area and environs 
(upper 100').

(3) Expand depth of study of Morrison and Dakota 
granulometric parameters, and include an analysis 
of bedding style.

(4) Trace top of Carmel around east side of White 
Mesa (between Window Rock and Square Butte 
sections), following sandstone ledges (Carmel), 
plus measure Entrada/Cow Springs, collect 
samples, record directional readings, sedimen
tary structures, etc.



APPENDIX A

MEASURED SECTIONS

In Arizona, township and range refer to the 
Gila and Salt River baseline and meridian; in Utah, 
the Salt Lake baseline and meridian is used. Reference 
is also made to U. S. Geological Survey quadrangle maps 
if they existed at the time the section was measured.
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COCONINO COUNTY, ARIZONA

ELEPHANTS FEET SECTION (SRG-2). Section of San Rafael 
Group measured from the base to the top of 
Elephants Feet Mesa, N 30° E 1.0 miles from 
Tonalea, Coconino County, Arizona, 8 .5 miles 
S 40° W of Cow Springs Trading Post and 22.5 miles 
N 47° E of Moenkopij from Long. 110° 56* W,
Lat. 36° 19»5* N, to Long. 110° 56* W, Lat.
36° 20* N.

(Measured by I. M. Johnston 
and J. I. Johnston, June 23* 1966)

Feet
Not top of section, approximately 20 feet 
of poorly exposed beds unmeasured.

San Rafael Group:
Cow Springs Sandstone: (incomplete)

11. Sandstone, pinkish gray (5YR8/1), very fine 
grained; poorly-cemented, with several 4 to 
0 in. layers of pale olive (10Y6/2) silt- 
stone near the top and bottom, forms 
shallow slope..... ............. ...... 16 .5

10. Sandstone and siltstone; from top consists 
of 1.0 ft. of grayish orange pink (5YR7/2), 
fine-grained sandstone, ledge-forming and 
cross-bedded; then 3*0 ft. of sandstone, 
alternating grayish orange pink (5YR7/2) 
and pinkish gray (5YR8/1), silty, very 
fine grained, thinly cross-bedded; then 
1.0 ft. of siltstone, pale olive (10YR6/2), 
flat-bedded; then 0 .5 ft. grained, flat- 
bedded............ .........................  5*5

9* Sandstone, yellowish gray (5Y8/l), very 
fine grained composed of high angle
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wedge-planar cross-bed sets; forms steep
slope to shallow cliff...... ............ 32.0
Total of incomplete Cow Springs Sandstone... 0
Entrada Sandstone; (incomplete)

8. Sandstone and siltstone; yellowish gray 
(5Y8/1), very fine grained sandstone, 
composed of high angle, wedge-planar 
cross-bed sets; lower 22.0 ft. forming 
sheer cliff and shelf above, very well 
cemented; upper 8.0 ft. of sandstone and 
pale red (5Ro/2) to grayish red (10R4/2), 
very.coarse siltstone (sample EF-l-6 7) 
at top, prominent, but irregular (1 to 4 
ft. thick).............. ...................  3 0 .0

7. Sandstone, yellowish gray (5*8/1), very 
fine grained, well-cemented, composed of 
large scale, high angle cross-bed sets, 
less resistant than unit 8 but still cliff 
forming; with minor silt, some limonite 
streaks and a few 0 .5 to 1.0 ft. layers of 
yellowish gray (5Y7/2) to pale greenish 
yellow (10Y8/2) near the top.............. 22.0

6. Sandstone, alternating white (N9) and 
moderate reddish orange (10R6/6), very 
fine grained; poorly-cemented; flat- 
bedded at base becoming cross-bedded 
(medium scale, medium angle); forms slope; 
unit truncated by unit 7 cross-beds; 
contains contorted bedding (=slumps) and 
mottling with white (N9) splotches; 
probably equivalent to upper 60% of 
Elephants Feet.......... .................. . 22.0

5* Sandstone, mottled moderate reddish 
orange (10R6/6) to moderate reddish 
brown (10R4/6), very fine grained, with 
some white streaks, moderately-cemented; 
flat-bedded (?), forms rounded domes; 
equivalent to base of Elephants Feet; 
sample EF-2-67 3.0



378

4. Sandstone, mottled light brown (5YR6/4) 
to pale reddish brown (10R5/4), very fine 
grained; composed of small scale, low 
angle cross-bed sets; forms slope....... . 4.0

3» Sandstone, pinkish gray (5YR8/1),
becoming light brown (5YR6/4) toward top, 
very fine grained, mottled with 'red* 
splotches, moderately-cemented; flat- • 
bedded and cross-bedded (small scale); 
contorted bedding near top (=slumps); 6.0 
ft. of white (N9) sandstone, composed of 
small scale cross-bed sets at top of unit; 
holds up top of rounded cliff and shelf 
above........................................20.5

2. Siltstone and sandstone, moderate 
reddish brown (10R4/6) siltstone at 
base, with pale reddish brown (10RS/4) 
to moderate reddish brown (10R4/6) sand
stone, very fine grained, at top of unit; 
flat-bedded at base with rare small scale 
cross-beds at top; some irregular white 
(N9) bands of sandstone; forms rounded 
domes...... ................................ 27*5 1

1. Sandstone, light brown (5YR6/4), very
fine grained, with some white (N9) streaks; 
apparently thinly to thickly cross-bedded; 
well-cemented; forms steep slope to 
shallow cliff; truncated by overlying 
flat-bedded unit (unit 2); base covered
by sand.....................................  19*5
Total of incomplete Entrada Sandstone....... 148.5
Total of incomplete San Rafael Group........ 202.5

Base of section, base of exposure.
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COAL MINE CANYON SECTION (SRG-l)
Section of San Rafael Group measured in the 
upper portion of Coal Mine Canyon, 12.2 miles 
S 58° E from Moenkopi, and 21.o miles S 14° W 
from Tonalea Trading Post, Coconino County, 
Arizona:, from Long. 111° 01.5* W., Lat.
36° 02* N., to Long. 111° 02.5' W., Lat. 36 
01' N.

(Measured June 22, 2966 by 
I. M. Johnston and J. I. Johnston)

Top of section, not top of exposure.
Dakota Sandstone: (unmeasured)

Feet

8. Sandstone, white (N9)» fine- to very fine 
grained, thinly cross-bedded (trough),
10 ft. thick at base, remainder of unit 
unmeasured but includes oyster-bearing 
mudstones, laminated to thinly laminated 
and coal, thin bedded to very thin bedded 
(some fired to brick red); total thickness 
greater than 30 ft.; lower contact an 
erosional surface truncating the unit below 
with 2 to 6 ft. of relief but no discolor
ation. ........•••......................... +3 0 .0

San Rafael Group:
Cow Springs Sandstone:

7. Sandstone, very fine grained, with the 
following variations in color and 
bedding:
Subunit 7-2: Grayish yellow (5Y8/4),

weathering to white (N9)» with 
distinct high angle, large scale, 
tabular-planar and wedge-planar 
cross-beds, both thickly and very 
thickly cross-bedded becoming less 
apparent toward bottom of unit; 
forms sheer cliff everywhere, 
sometimes with individual large 
cross-bed sets standing out...... 37.5
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Subunit 7-1» Grayish orange (10YR7/4), 
probably cross-bedded, but less 
apparent than above (Subunit 7-2),
forming sheer cliff....... ........... 11.0

Total of unit 7......  .................. 48.5
6. Sandstone, very fine grained, and siltstone, 

mostly flat-bedded in the following 
subunitsi
Subunit 6-3* Moderate reddish brown

(10R4/6), mottled with white (N9), 
very fine grained sandstone, minor 
cross-bedding with contorted bedding 
as in Subunit 6-1; covered at top, 
which is probably "purple*
claystone......................... .. 38*5

(Section shifted 1,25 miles northeast along 
Coal Mine Canyon on northwest side of 
canyon)
Subunit 6-2* Grayish red purple (5RP4/2),

flat-bedded claystone.............. . 1*5
Subunit 6-1* Moderate brown (5YR4/4), 

mottled to white (N9) at the top, 
same lithology as Subunit 6-3? 
contorted bedding; sample CMC-4-66 
from middle of unit; lower contact 
an erosional surface, with flat- 
beds truncating underlying cross
beds..................................  3-5

Total of Unit 6...................    43*5
Total of Cow Springs Sandstone............. 92.0
Entrada Sandstone*

5* Sandstone, generally white (N9), very 
fine grained, in the following subunits*
Subunit 5-2* Cliff forming, cross-bedded
(large scale, high angle, thickly to
very thickly) unit; upper portion mottled
red to orange from overlying unit? middle
27*5 ft. covered but elsewhere exposed?
well cemented............. .................  60.5
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Subunit 5-1i Similar to subunit 5-2,
but forms slope, poorly cemented, 
scale and nature of cross-bedding 
not generally apparent; some portions 
toward bottom appear flat bedded with 
rare thin beds of 'olive green,' 
chippy claystone and local limonite 
zones, as at 16 ft. above base; 
sample CMC-5-66 at 17 ft. (in flat- 
bedded unit), and sample CMC-6-66  
at 19 ft. (in cross-bedded unit), 
all above the base; covered at this 
point, but cropping out elsewhere 
near the top is a dusky yellow 
(5Y6/4), limonitic fine-grained 
sandstone (sample CMC(2)-2-67)» 
beneath a pale brown (5YR5/2), 
bentonitic claystone (sample CMC 
(2)—1—6 7)» both beneath a to to 2 
ft. concretionary, fine grained
sandstone ledge....................... 3 8 .5

Total of Unit 5 99*0
Section continues 150* north along top 
of Unit 4

4. Sandstone, well cemented, resistant,
forming "Key” ledge; fine- to very fine 
grained; mottled dusky red (5*3/4) and 
white (N9)? irregularly banded, becoming 
concretionary up canyon (southwest), 
sample CMC-3-66 at top........... .......... 3*0

3* Sandstone, yellowish gray (5*8/1), fine- 
to very fine grained; slope forming, 
deeply weathered, poorly cemented; 
weathering brings out laminations that 
may represent cross-strata truncation 
planes toward the top of unit (small 
scale and less than 3 ft. thick); these 
laminations are chippy, pale olive 
(10Y4/2) claystone, generally associated 
with limonite stains, and becoming more 
common toward the top of unit......... 6 0 .5
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2. Sandstone and claystone, ledge forming, 
resistant beds consisting oft 
Subunit 2-6t Claystone, chippy, greenish

gray (5GY6/1), weathering light
limonite stains........... ........... 1*0

Subunit 2-5* Claystone, chippy, moderate 
brown (5YR3/^)» weathering deeply, 
forming slope as above; sample 
CMC-2-66 at top....................... 4.5

Subunit 2-4* Sandstone, fine- to very 
fine grained, yellowish gray 
(5Y8/1 ); containing 3 to 6 in. 
resistant ledge of limonite 1 .0  
ft. from top of unit which forms 
top of cliff; contains small scale 
cross-beds at other locations; 
traced to Lower Bat Canyon Section.... 6.0

Subunit 2-3* Claystone, with, some silt 
(15$); light brown (5YR6/4), 
chippy, mottled at top and bottom
with pale olive (10Y6/2), forms
cliff base.....................    2 .0

Subunit 2-2* Sandstone, fine to very 
fine grained, mottled •olive* to
•tan* with limonite................... 0 .5

Subunit 2-1* Siltstone, greenish gray 
(5GY6/1), chippy, with 1 in. 
limonite bed at top..............    0 .5

Total of Unit 2.............................  14.5
Total of Entrada Sandstone...........   177*0
Carmel Formation*

1. Sandstone, light greenish gray (5GY8/1), 
becoming yellowish gray (5Y7/2 ) toward 
top; fine-grained, well-sorted, with 
subrounded to rounded grains; poorly 
cemented, forms moderately steep slope; 
appears massive or very faintly laminated, 
weathering emphasizes laminations which 
are not apparent in unweathered material; 
contains 0 .5 to 1 .0 in. thick, dusky 
yellow (5Y6/4) siltstone beds and limonite 
stains which become more abundant toward
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top of unit; top of unit irregularly 
colored pale red (5R6/2 ), to pale reddish 
"brown (lOR5/4) to maximum depth of 1 in.; 
sample CMC-1-66 from 8.0 ft. above base
of unit; base of section in dry wash 
bottom, not base of section.
Total of incomplete Carmel Formation.......  71 »5
Total of incomplete San Rafael Group.......  340.5
Base of section, not base of exposure.

y
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BLUE CANYON SECTION (SRG-3)

Complete San Rafael Group section where Moenkopi 
Wash enters Black Mesa through Blue Canyon,
Coconino County, Arizona? approximately 11.5 miles 
south of Tonalea Trading Post; Long. 110° 54.5' W., 
Lat. 36° 09.5' N., to Long. 110° 51.5' W., Lat.
36° 10* N.j regional tilt 8° at base, 0-2° at top, 
N?0E.
(Measured by I. M. Johnston and J. I. Johnston, 
June 28-29, 1966 with additional work June 30, 
196?) Feet
Top of section, top of exposure.

Dakota Sandstones (unmeasured)
18. Sandstone, yellowish gray (5Y7/2), fine

grained, poorly-sorted, 8-10% clay, well 
cemented not non-calcareous, ledgy; samples 
MW-4-67 and MW-5-67? at least 15 ft. 
thick......................................

San Rafael Groups
Cow Springs Sandstones

17. Sandstone, white (N9) to yellowish gray 
(5Y8/1), sometimes light greenish gray 
(5GY8/1), very fine grained, with some 
coarse silt; thick unit 80% cross-bedded 
(small scale, wedge-planar and trough at 
base, becoming large scale, high angle, 
very thickly cross-bedded through most of 
unit) and 20% flat-bedded, in the following 
subunitss
Subunit 17E - White (N9)» weathering very 

light gray (N8); cross-bedded (high 
angle, large scale, tabular-planar);
with some very coarse silt (sample 
MW-3-66) near base; forming sheer
cliff...................................  5 8 .0

Subunit 17D - Pale olive (10Y6/2), flat-
bedded, contacts form clefts...........  17.O

Subunit 17C - White (N9)» cross-bedded.
consisting of two sets (one 1 7 .0 ft. 
thick, one 2 1 .0 ft. thick) of large
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scale, high angle, tabular- planar 
cross-beds; contacts form
recesses............... ........... 38.0

Subunit 17B - Flat-bedded as subunit 1?D
above.••••••••••••••••••••••••••••••••• 12.0

Subunit 17A - Yellowish gray (5Y8/1) to 
white (N9)> mostly cross-bedded 
(small scale at base, wedge-planar 
and trough, becoming large scale, 
very thickly cross-bedded, tabular- 
planar at top), with some silt 
(sample MW-2-67); base undercut with
sample MW-7-67 in grayish yellow
(5Y8/4) siltstone at contact zone.....  53»0

Total of Cow Springs Sandstone......... . 178.0
Entrada Sandstones

16. Siltstone, pale reddish brown (10R5/4)
to moderate reddish brown (10R4/6), and 
sandstone, white (N9)» very fine grained 
and silty, white (10%) at base and irreg
ular streaks throughout, rest brown (90%); 
however, white becomes predominant a short 
distance to the north and to the south; 
moderately well cemented; apparently flat- 
bedded, except for several thinly cross 
bedded units; unit contains zones of 
weakness which weather out to form domes, 
knobs, pinnacles, etc., when not held up 
by overlying unit; lower contact undercut 
into underlying unit; sample MW-6-67 at
2 .0  ft. from top............. . 97*0

15* Sandstone, white (N9), fine-grained 
becoming medium-grained near top; 
moderately well cemented, calcareous 
cement; cross-bedded (medium scale 
becoming large scale at top, wedge-planar, 
thickly to very thickly cross-bedded); forms 
sloping cliff; sample MW-l-67 near top.....  32.0

14. Sandstone, mottled white (N9) and moderate 
orange (10R6/6), fine- to very fine grained; 
with rare thin mudstone, grayish red purple 
(5RP4/2); moderately well cemented but often

/
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deeply weathered, with resistant ledges
at base and 1$.0 ft.; cross-bedded (medium
scale, high angle, thickly cross-bedded);
forms steep slope; sample BC-6-66 at 10.0
ft. above base.............. ....... 35*0

13# Sandstone, mottled moderate reddish orange 
(1GR6/6) and white (N9)» fine- to very 
fine grained; moderately well cemented, 
weathers to round domes and knobs; appar
ently flat-bedded, with 4.0 ft. of all 
white (N9)> flat-bedded sandstone at top; 
forms knobby slope; truncates underlying 
cross-bedded unit with slight overhang.....  16 .0

12. Sandstone, yellowish gray (5Y8/1), very 
fine to fine-grained; 40^ cross-bedded 
(low angle, medium scale, thickly cross- 
bedded) mostly at top, and 60% flat- or 
irregular-bedded; prominent resistant and 
concretionary cross-bedded sandstone ledge 
at 10.0 ft. above base, 1.0 ft. thick, 
underlain by 2.0 ft. each of pale olive 
(10Y6/2) and moderate reddish brown (10R4/6) 
mudstone, and two resistant 3*0 ft. cross- 
bedded sandstone, separated by another 2.0 
ft. layer of pale olive (10Y6/2) mudstone; 
prominent but irregular, 0.5 ft. mudstone, 
grayish red purple (5RP4/2) at 55.0 ft.; 
upper 21.5 ft. of unit white (N9) and 
cross-bedded (high angle, medium scale, 
wedge-planar, thickly cross-bedded), with 
several 2.0 ft. siltstone beds, moderate 
reddish brown (10R4/6); forms steep slope 
to shallow cliff with shelf above concre
tionary ledge; truncated by overlying 11
flat-bedded unit.......... .............. •••• 7 6 .5

Total of Entrada Sandstone....... . 25 6 .5

Carmel Formations
11. Sandstone and siltstone; yellowish gray 

(5Y8/l), very fine grained sandstone at 
top, moderate brown (5YR4/4) siltstone at 
base; mostly flat-bedded, or massive; 
contains a few thin layers of moderate 
reddish brown (10R4/6) or pale olive



(10Y6/2) mudstone at 20.0 ft., 27*0 ft., 
and 3 0 .0 ft. above base; moderately well 
cemented; forms steep slope.................

10. Sandstone, white (N9)» fine-grained 
becoming medium- to coarse-grained at 
top, moderately well cemented; apparently 
massive but with small to medium scale 
trough (?) cross-bedding at top; truncated 
by overlying ’red* unit; forms cliff with 
weathered coating...... ................ .

9« Mudstone, moderate brown (5YR4/4) to pale 
reddish brown (10R5/4), silty, often 
micaceous; poorly-cemented; deeply 
weathering, apparently bentonitic; with
1 .0 ft. prominent grayish red purple 
(5RP4/2) mudstone at 2 .0 ft. above base; 
sample BC-4-66 in this mudstone and BC-5-66 
in micaceous zone at base of same mudstone; 
flat-bedded; forms steep slope..............

8 . Sandstone, yellowish gray (5Y8/1) with 
some ’brown* stain from above; irregular- 
bedded, ledgy; fine-grained; made up of 
numerous individual layers and weathering 
•pockmarked*••..............................

7» Sandstone, very light gray (N8 ), very fine 
to fine-grained; well-cemented; flat-bedded; 
with thin pale olive (10Y6/2) mudstones at
4.0 ft. and at top; cliff forming..........

6 . Siltstone, grayish red (10R4/2), and
sandstone, very light gray (N8 ), fine- to 
very fine grained, in 0 .5 ft. and 1 .0 ft. 
thick resistant ledges near top, which 
weather to concretions and sometimes form 
one 2 .0 ft. thick bed, flat-bedded; forms 
shallow cliff.................... ...........

5» Sandstone, pinkish gray (5YR8/1), medium- 
to fine-grained, increasing upward within 
each set; well-cemented; cross-bedded 
(medium scale, wedge-planar or trough, 
thinly cross-bedded); forms cliff; sample 
BO-3-06 near top............................

48.0

17.0

10.0

5.0 

11.0

8.0

387

10.0
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4. Sandstone, pinkish gray (10YR8/1), very 
fine grained; moderately well cemented 
but deeply weathered; apparently massive 
but with several more resistant cross- 
bedded (small scale, trough), sandstone 
ledges and several thin, mottled grayish 
pink (5R8/2) to light greenish gray 
(5G8/l) mudstone layers near base; forms 
sloping cliff; may intertongue with 
underlying unit 3............... ...........  27*0

3* Claystone, silty, pale reddish brown 
(10R5/4), streaked with white (N9)» 
especially near the top; moderately well 
cemented but deeply weathered; with 
several thin resistant but discontinuous 
sandstone lenses near the base; flat 
bedded; forms steep slope to shallow 
cliff; sample BC-2-66 at 15*0 ft. above 
base; may intertongue with overlying 
unit........................................  2 2 .0

(Section shifts l/4 mile to NWW along 
earth-fill check-dam across small canyon 
tributary to Moenkopi Wash)

2. Sandstone, very light gray (N8 ), fine- 
to very fine grained; bedding mostly 
indistinct, but may be in part cross-bedded; 
deeply weathered, slope forming except upper 
1*0 ft. of wavy-bedded, ledge forming sand
stone (sample BC-1-6 6)..... ............. 15.0

1. Siltstone, moderate reddish brown
(10R4/6), slope forming, with resistant, 
well-cemented, very light gray (N8 ), fine
grained sandstone ledges at 7*0 ft. (3*0  
ft. thick) and 3 2 .0 ft. (5 .0 ft. thick) 
above base; unit truncates underlying
cross-bedded unit........ ..................  4 4 .0

Total of Carmel Formation................... 217.0
Total of San Rafael Group................... 651 .5

Navajo Sandstone; (unmeasured)
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SOUTHWEST WHITE MESA SECTION (SRG-4)

Section of upper San Rafael Group measured one 
mile north of the southwest corner of White 
Mesa on the west face. 10.0 miles S 10° E of 
Kaibito Trading Post and 11.0 miles N 30° W 
of Tonalea Trading Post, Coconino County, 
Arizona; Long. 111° 02* W., Lat. 36° 26.5* N 
to Long. Ill0 01.5' W, Lat. 36° 27.0' W.

(Measured by I. M. Johnston 
and J. I. Johnston, July 7» 1966)

Top of section, not top of exposure.
Feet

Dakota Sandstone*
7. Sandstone, yellowish gray (5Y8/l), very 

fine grained, clayey; moderately well 
cemented forming yellowish cliff capped 
by very thin concretionary (hematite) bed; 
small scale, trough cross-beds; sample 
SWM-5-66 at base in olive gray (5Y4/1), 
laminated, coaly claystone that forms 
indentation; sample SWM-6-66 at base of 
sandstone.
Total Dakota Sandstone...... . . .......30 to 40

San Rafael Group;
Cow Springs Sandstone*

6. Sandstone, pale greenish yellow (10Y8/2) 
at base, becoming yellowish gray (5Y7/2) 
and weathering grayish orange (10YR7/4); 
moderately well to well-cemented, weathers 
to knobs and rounded cliffs; very fine 
grained; mostly thickly to very thickly 
cross-bedded (high angle, large scale, 
wedge-planar), with local flat-bedding 
near base; upper surface appears gradational; 
sample SWM-4-66 at 10.5 ft. above base..... 140.5

5« Sandstone, yellowish gray (5Y8/1), 
becoming light greenish gray (5GY8/1) 
toward top; moderately well cemented, 
but better cementation near top; forms
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cliffsj very fine grained; composed of
high angle» large scale, wedge-planar
cross-bed sets, with 10*0 ft. of flat-
beds at 27»5 ft. below top; local
hemalite/limonite stains near base with
white (N9) coloration; sample SWM-3-66
at 15 .0 ft. below top of unit in 2 2 .0 ft.
cross-bed set, 2 2 .0 ft. thick and
white (N9)........ ............... .......... 9 0 .0

4. Siltstone, and sandstone, very fine grained, 
alternating grayish pink ($R8/2) and 
light greenish gray (5GY8/1); appears 
irregular or flat-bedded, but may be in 
part cross-bedded; local dark red
(5R5/4 to 5R4/6) splotches.................. 11.0
Total of Cow Springs Sandstone........ .. 241.5
Entrada Sandstone* (incomplete)

3* Sandstone and siltstone, alternating; 
sandstone pale red (10R6/2 ) and white 
(N9) varigated, very fine grained, 
locally dark reddish brown (10R3/4) at 
base; siltstone greenish gray (5GY6/1); 
flat-bedded at base, upper portion 
composed of cross-bed sets, that are 
small scale, low angle, very thinly 
cross-bedded, becoming medium scale, 
high angle, thinly to thickly cross- 
bedded; also becoming nearly all pale red 
(10R6/2), then white (N9)» then pinkish 
gray (5YR8/1) with more pale red (10R6/2) 
near top; capped by 6 in. of yellowish 
gray (5Y7/2 ) siltstone and 1 .0 ft. of 
ledgy sandstone, moderately well cemented, 
cross-bedded, very fine grained, above 1 1 .0  
ft. of covered interval; whole unit forms 
slopes and wash banks....... ............. 6 5 .0

(Supplemental* sandstone (BR-l-6 7), pale 
red (5R6/2), weathering pale red (lORo/2), 
very fine grained/very coarse silt, moder
ately to well-sorted, collected at Entrada/
Cow Springs contact (?=uppermost Unit 3) at 
Balancing Rock, 0.75 miles north of Southwest 
White Mesa Section (SRG-4) along the west 
face of White Mesa)
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2. Sandstone, white (N9)» very fine grained,
and siltstone, moderate red (5R5/^)» basally 
all white becoming red toward top? composed 
of cross-bed sets, medium to high angle, 
medium scale, wedge-planar, thinly to thickly 
cross-bedded; moderately cemented, forms 
slope; sample SWM-2-66.............. 14.0

1. Sandstone, white (N9)» very fine grained, 
and siltstone, dark reddish brown (10R3/4), 
weathering pale reddish brown (10R5/4); 
moderately cemented, forming slopes and 
low wash banks; apparently flat-bedded at 
base, upper part composed of wedge- and 
tabular-planar cross-bed sets, thinly cross- 
bedded, small to medium scale; unit becoming 
very light gray (N8) toward top, locally 
thin siltstone beds, light greenish gray 
(5GY8/1), and pockets of grayish red 
(5R4/2) siltstone; 3.0 ft. ledge at top 
of sandstone, pinkish gray (5YR8/1), fine- 
to very fine grained, cross-bedded, 
resistant; sample SWM-1-66 at base in 
flat-bedded siltstone; base of unit covered
by recent sand..... ................. ....... 52.5
Total of incomplete Entrada Sandstone....... 131.5
Total of incomplete San Rafael Group........ 373*0
Base of section, base of exposure.
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NORTHEAST WHITE MESA SECTION (SRG-5)
Section of San Rafael Group measured on 
the northeast slope of Square Butte, 8 .5  
miles N 88° E of Kaibito Trading Post, and 
13.8 miles N 19° W of Cow Springs Trading 
Post, Coconino County, Arizona; Long.
1100 5 5* w., Lat. 36° 36.5* N., to Long. 
110° 56' W., Lat. 36° 36* N.
(Measured July 8, 1966, by I. M. Johnston 
and J. I. Johnston, and on May 6, 1967, by 
I. M. Johnston)
Top of section, top of exposure.

Dakota(?) Sandstone; (unmeasured)
15* Sandstone? dusky yellow (5Y6/4); fine 

grained, pebbly; sample SB-l-67 from 
talus debris, not in place; thickness 
not measured..............................

Feet

San Rafael Group;
Cow Springs Sandstone;

14. Sandstone; white (N9) to pale olive 
(10Y6/2), weathering very pale orange 
(10YR8/2), with pockets of greenish 
gray (5GY6/1); fine grained; forms 
massive appearing cliff, but actually 
cross-bedded (small scale, low angle, 
trough and wedge, very thinly cross- 
bedded at base becoming medium to large 
scale, high angle wedge and tabular- 
planar, very thickly cross-bedded above 
about 35*0 feet); sample SB-6 -67 in 
Mgreen pod" at 10.0 feet above base 
and SB-7-67 at 11.0 feet above base;
thickness estimated.......... ............ 30 0 .0

Total Cow Springs Sandstone....... . 300.0
Entrada Sandstone;

13* Sandstone; pale olive (10Y6/2); fine 
grained; slope forming with claystone
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at top; multicolored; bentonitic; forming
2.5 foot niche at base of massive, over-
lying cliff; upper 1.5 foot of claystone
is grayish red purple (5RP^/2), chippy
and micaceous (sample 5B-3-6?); underlain
by 0.3 feet of mottled, moderate red
(5R$/4), micaceous claystone (SB-4-6?);
then 0.7 feet of similar claystone
(SB-5-6 7), but light greenish gray (5G8/1)
with a horizontal "purple" streak......... . 17*5

12. Sandstone; very light gray (N8), with 
occasional "red" zones; fine grained; 
cross-bedded (high angle, large scale, 
wedge-planar) and rarely flat-bedded; 
and siltstone; grayish red (10R4/2), 
coarse; flat-bedded in one 4.0 foot 
zone at top (called "Upper Red" zone); 
forms stepped or sloping cliff; sample 
SB-2 -67 at 3 0 .0 feet above base in thin 
sandstone, pale olive (10Y6/2), fine 
grained; forms seam between two cross- 
bedded sets.................................  92.0

11. Sandstone; pale reddish brown (10R3/4)
at base becoming mottled with white (N9);
fine grained; often silty; flat-bedded
at base but becoming cross-bedded
(wedge-planar, medium to large scale,
high angle) in upper half; forms cliff
with numerous breaks; 0.7 foot white
(N9) band at 3 6 .0 feet above base;
sandstone slumps at 4 5.0 feet above
base; prominant sandstone ledge at 92.0
feet above base, mottled moderate reddish
brown (10R4/6) and white (N9), cross-
bedded, called "Lower Red" zone (SB-9-6 7);
larger grains in uppermost 8.0 feet....... . 164.5

10. Sandstone; mottled white (N9) and
moderate reddish brown (10R4/5); very 
fine grained; thickly to very thickly 
cross-bedded (high angle, wedge-planar, 
medium to large scale) 51.5
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9. Sandstone? white (N9) weathering very- 
light gray (N8 ); very fine grained? 
thickly to very thickly cross-bedded 
(high angle, medium to large scale, 
wedge-planar)? and minor siltstone 
(as at 1 3 .0 feet above base)? moderate 
reddish brown (10R4/6)? flat-bedded,........ 44,5

8 . Sandstone, mottled white (N9) and 
light brown (5YR6/4)? thinly cross- 
bedded (low angle), with 8 .0 feet of 
siltstone, pale reddish brown (10R5/4), 
mottled white (N9) at top and 1 .0 foot 
of sandstone, fine grained, and silt
stone, dusky red (5R3/4) flat-bedded at 
base? sample NWM-4-66 at 11.0 feet above 
base in thin, grayish red purple (5RP4/2) 
claystone, and sample NWM-5-60 at 10.5 
feet above base in micaceous, pale pink 
(5RP8/2) sandstone, very fine grained......  24.0

?. Sandstone, grayish orange pink
(5YR7/2), weathering to pale brown
(5YR5/2), fine to very fine grained?
thickly to very thickly cross-bedded
(high angle, large scale)........ .......... 40.5

6 . Sandstone and minor siltstone? upper 
25*0 feet of sandstone, light gray 
(N7)» mottled moderate brown (5YR4/4), 
and weathering dark gray (N3)? very 
fine grained? cross-bedded? forms steep 
slope? then middle 25»0 feet sandstone? 
mottled moderate reddish brown (10R4/6) 
and white (N9)? very fine grained? 
flat- or irregularly bedded? with 
minor siltstone near top? dark reddish 
brown (10R3/4)? forms knobby cliff? 
finally lower 1 1 .0 feet of alternating 
siltstone? moderate reddish brown 
(10R4/6)? and sandstone? white (N9); 
very fine grained? flat-bedded except 
for uppermost 2 .0 feet which may be 
cross-bedded? forms moderate slope.........  6l.O
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5. Sandstone; white (N9); fine to very- 

fine grained; flat-bedded with minor 
wedge-planar cross-beds in upper 1.5 
feet; forms ledge with 0.5 foot thick 
claystone (sample NWM-3-66); dark 
reddish brown (10R3/4); which weathers
to a niche............... .................. 9*5
Total of Entrada Sandstone.................  505*0

4. Predominantly covered interval of 103*0 
feet with some exposed ledges as 
follows: 5*5 foot ledge at 39*5 feet
above base of sandstone; very light 
gray (N8), weathering light brown 
(5YR6/4); very fine grained; cross- 
bedded and poorly cemented at base 
becoming irregularly-bedded and well 
cemented at top; a similar but thicker 
ledge at 66.5 feet above base which is 
thinly to thickly cross-bedded (high 
angle, medium to large scale, wedge 
planar); at 86.0 feet above base, a 
poorly exposed mottled brown and white 
unit, flat- and irregularly bedded; 
covered portions probably similar to 
Unit 2......................................  103*0

3* Sandstone; very light gray (N8), 
weathering pale reddish brown 
(10R5/4); fine to very fine grained; 
lower part of unit contains minor 
wedge-planar cross-bedding, while 
upper portion is all flat- or irregu
larly bedded; lower surface shows o 
loading into underlying unit (Unit 2)....... 16.5

2. Mudstone; grayish red (10R4/2);
chippy; and sandstone; pale reddish 
brown (10R5/4); very fine grained; 
forming ledges at 3*0 feet above base 
(0.7 feet thick); at 8 .5 feet above 
base (l.O feet); and at 24.5 feet 
above base (1 .5 feet); sample NWM-2-66 
in mudstone at 8.0 feet above base; 
upper surface irregular due to 
loading by Unit 3 37*0
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1. Sandstone; moderate reddish orange
(10R6/6) at base becoming pinkish gray 
(5YR8/1) at top? fine to very fine 
grained, with well rounded and well 
sorted grains; may be reworked from 
Navajo Sandstone below; upper 1*0 foot 
well cemented, forms top of over
hanging cliff; flat-bedded with rare 
small scale cross-bedding; sample 
NWM-1-66 at 3*0 feet above base; lower
contact irregular, with some relief.*....... 9*8
Total of Carmel Formation...................  166.3
Total of San Rafael Group.... ............. 971*3

(Est.)
Navajo Sandstone; (unmeasured)

Sandstone; pinkish gray (5YR8/1); fine 
to very fine grained; thickly to very 
thickly cross-bedded (high angle, 
large scale); upper surface irregular, 
with some relief; thickness unmeasured, 
but exceeds 100 feet...................
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WAHWEAP SECTION (SRG-7).
Section of Carmel Formation measured 1.0 
mile southwest of Wahweap Landing, from 
contact with Navajo Sandstone to Entrada 
Sandstone contact in Sections 1 and 2,
T. 4l N., R 8 E, Lechee Rock 15* Quad., 
Coconino County, Arizona: Long. Ill0 29•5*
W, Lat. 36° 59* N, to Long. 111° 30* W,
Lat. 36° 58.5* N.

(Measured by.I. M. Johnston 
and J. A. Benfer, August 1, 1966)

Top of section, top of exposure.
Cenozoic terrace gravels: (unmeasured)
l6. Conglomerate

Feet

San Rafael Group:
Entrada Sandstone: (incomplete)

15. Sandstone, white (N9)» sometimes weathering 
"orangish," with local limonite stains; 
very fine grained; composed of cross-bed 
sets, high angle, large scale, thickly to 
very thickly bedded, but with 15% flat- 
beds; forms cliff, sample W-5-66 at 106.0 
ft. above base.
Total of incomplete Entrada Sandstone......  135*5
Carmel Formation:
(A unit of alternating siltstone and 
sandstone; that appears to be mostly 
sandstone on outcrop slopes but is 
actually 60-70% siltstone as demonstrated 
by readouts on road to Wahweap Landing)

14. Siltstone, pale olive (10Y6/2); erodes 
to recess undercutting overlying cliff
forming unit..... .......................••• 2 .0

13* Siltstone, moderate reddish brown
(10R4/6)....................................  3 2.O
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12. Sandstone, light colored, very fine
grained, structureless...................... 1.0

11. Siltstone, similar to unit 13...*........ . • 36.5
10. Sandstone, weathering gray/white,

platey to flaggy, flat-bedded.... . 1.0
9* Sandstone, pale red (10R6/2) to grayish 

red (10R4/2), very fine grained (with 
rare fine and medium grains); upper 
portion covered; flat-bedded, except 
discontinuous cross-bedded (trough) 
ledges 1.0 ft. thick at 10.0 ft. and
20.0 ft. above base................ ........ 25*5

8. Sandstone, moderate reddish brown 
(10R4/6), very fine grained, thin- 
bedded, with minor siltstone at base; 
weathering to ledgy cliff..................  2 6 .5

7. Sandstone, pale reddish brown (10R5/4), 
with white (N9) "checked" zones at 19.0 
and 2?.0 ft. above base; very fine 
grained, flat-bedded and noncalcareous;
cliff-forming.................... . 42.5

6. Covered, partly, may be cross-bedded,
probably sandstone as below (unit 5)•••••••» 10.0

5* Sandstone, moderate reddish brown
(10R4/6) to dark reddish brown (10R3/4), 
very fine grained; flat-bedded; weathering 
concretionary at 13*0 ft. above base;
1.0 ft. of shale, reddish, platy, with
loading features at 1 6 .0 ft. above base;
crosses Page-Wahweap Landing road at
top........ ........................... . 2 5 .0

4. Sandstone, very pale orange (10YR8/2), '
very fine grained, flat-bedded; sample
W - 3 - 6 6 . 2 .5

3. Sandstone, moderate reddish orange 
(10R6/6), very fine to fine-grained; 
flat-bedded, except cross-bedded 
sandstones at 1 6 .0 ft. (trough, 2.0 ft.
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thick) and at 20.0 ft. above base? the 
latter cross-bedded unit is 5"0 ft. thick, 
moderate reddish brown (10R4/6), weathering 
pale reddish brown (10R5/4), with irregular 
surfaces, and thin (1.0 - 1.5 in.) clay- 
stone, with desiccation cracks, at base; 
some claystone beds, thin, pale olive 
(10Y6/2), near base; sample W-2-66 at 
37*0 ft. above base.... ........... ........

2. Sandstone, pale reddish brown (10R5/4), 
very fine grained, cross-bedded, with 
sandstone pipe (=slump) of structure
less sandstone penetrating unit from 
above, also into underlying unit 1.........

1. Sandstone, moderate reddish brown 
(10R4/6), very fine to fine-grained 
(also larger grains and shale flakes 
locally), flat-bedded and ledgy, 
alternating with lesser amounts of 
siltstone (same color), usually covered, 
that forms a steep, ledgy slope; load 
features common in siltstone when 
exposed; characteristic bed at top of 
unit, consisting of two thin (0.5 ft.), 
pale olive (10Y6/2) claystone layers,
1.0 ft. apart; load casting/desiccation 
cracks create a "double dashed" key 
bed; sample W-l-66 at 10.0 ft. above 
base........................ ...............
Total of Carmel Formation..................
Total of incomplete San Rafael Group......
Base of section, not base of exposure.

51.0

10.5

53*5
319*5
455*0
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MIDDLE MESA SECTION (SRG-9)

Short section of Carmel Formation, northwest side 
of Middle Mesa, Coconino County, Arizona; 7*6 
miles south 45° west of Tonalea Trading Post, just 
northeast of road to top of mesa: Long. Ill0 01* W.,
Lat. 36° 14.5* N.
(Measured by I. M. Johnston and J. I.

August 11, 1966)
Top of section, top of exposure

Johnston,
Feet

?Tertiary Gravels: (unmeasured)
6 . Sandstone and conglomerate; at least

1 0 .0 ft. of coarse sandstone and pebble and 
cobble conglomerates, filling 4 .0 ft. -
6 . 0 ft. channels in underlying unit; cross-
bedded (trough)........... ............... .

San Rafael Group:
Carmel Formation: (incomplete)

5* Sandstone, very fine grained, and
siltstone, colored as below from top 
of unit; 1 .5 ft. of siltstone, very 
pale orange (10YR8/2); then 1 .5 ft. of 
sandstone, moderate reddish orange 
(10R6/6), very fine grained; then 6.0 
ft. of sandstone, alternating white 
(N9) and pale reddish brown (10R5/4), 
very fine grained, with a 0 .5 ft. 
layer of dark reddish brown (10R3/4) 
siltstone at 5*0 ft. above base; then 
14.5 ft. of sandstone, lower 1 /3 very 
light gray (N8), next 2.0 ft. moderate 
orange pink (10R7/4), top l/2 (7*0 ft.) 
of very light gray (N8) to white (N9), 
all weathering to moderate orange pink 
(10R7/4), with sample MM-6-66 at 5*0 ft. 
above base, forms ledgy cliff, irregular- 
to flat-bedded..... .............. .......... 23*5
Partially covered; siltstone, grayish 
red (10R4/2), flat-bedded, forming slope, 
upper part 'loaded* from overlying unit;

4.
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with a 0 .5 ft. claystone, grayish red 
purple (5RP4/2) at 3 .0 ft. above base 
(sample MM-4-66), and overlain by 0 .2  
ft. of claystone, light greenish gray 
(5G8/l), a 0 .5 ft. ledge of sandstone, 
pale reddish brown (10R5/4), very fine 
grained, at 8.0 ft. above base, and a
0.1 ft. claystone vein, grayish red 
purple (5RP4/2), with slickensides, at
3*0 ft. below top of unit (sanrole
MM-5-66)....................................  17.5

3« Sandstone and siltstone, moderate 
reddish orange (10R6/6), very fine 
grained, forming ledgy cliff................  9*0

2, Siltstone and sandstone, interbedded, 
grayish red (10R4/2) and light brown 
(5YR6/4), more resistant, fine-grained, 
with coarse, well-rounded quartz grains 
and possible heavy mineral crop; forms 
recess below unit 3» sample MM-3-66 in 
sandstone at 2.0 ft. above base, sample 
MM-2-66 from siltstone at 3*0 ft. above 
base, flat-bedded...........................  4.0

1. Sandstone, pinkish gray (5YR8/1), some
times weathering to moderate orange pink 
(10R7/4) or a pale reddish brown (10R5/4), 
fine- to very fine grained; flat- to 
irregular-bedded; non-calcareous; sample 
MM-1-66 at 2.0 ft. above base; forms ledge;
lower contact irregular (?) ..............  5*0
Total incomplete Carmel Formation...... .. 59*0
Total incomplete San Rafael Group..........  59*0
Base of section not base of exposure.
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TSE SKIZZI SECTION (SRG-10)
Section of San Rafael Group measured on the 
northeast side of Tse Skizzi (Units 1 and 2), 
Long. Ill 6.5' W., Lat. 36° 29«5* N., to Long. 
Ill* 6* W., Lat. 36° 48.5' N., on July 10, 1967, 
and on the west side of Tse Skizzi (Units 3-8) 
Long. Ill 6.5* W.. Lat. 36 48' N., to Long.
111° 6* W., Lat. 36° 48' N., on August 12, 1966, 
all 14.5 miles north 6° west from Kaibito 
Trading Post, and 20.5 miles south 68° east of 
Page, Arizona; units above basal Entrada 
Sandstone, partially measured and estimated 
with hand level; Coconino County, Arizona.

(Measured by I. M. Johnston 
and J. I. Johnston)

Top of section, not top of exposure.
Feet

Morrison Formation^?)* (unmeasure)
8. Sandstone, pale greenish yellow (10YR8/2), 

medium-grained, very poor sorting, well 
cemented; weathers brownish gray (5YR4/1) 
to brownish black (5YR2/1) and forms 
overhanging ledgy sheer cliff; thick- to 
very thick bedded; sample TS-1-66 taken 
from debris from this unit................

San Rafael Groupi
Cow Springs Sandstones

?• Sandstone, yellowish gray (5Y8/1) to light 
olive gray (5Y6/1), very fine grained, 
upper 20.0 ft. of unit flat-bedded, rest 
cross-bedded but appears massive in 
sheer cliff with large slump blocks 
(TS-8-67)...................................  120.0

6. Siltstone, very coarse, grayish red 
(10R4/2), alternating with sandstone, 
white (N9), very fine grained; forming 
ledgy cliff; sample TS-9-6? from slump
block........ ...................... . 40.0
Total of Cow Springs Sandstone............. 160 .0
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Entrada Sandstones
5* Sandstone, moderate reddish orange (10R6/6) 

with streaks of white (N9) throughout, very 
fine grained; forming cliff with MmokiM 
holes toward top; composed of high angle, 
large scale, wedge- and tabular-planar, 
very thickly cross-bedded sets; white (N9) 
bed at base 2.0 ft. thick...................  182.0

4. Sandstone, moderate reddish brown (10R4/6) 
with some white (N9) streaks, very fine 
grained, flat-bedded; calcareous cement, 
forming steep slope, slumps or sandstone 
pipes present....... ...................... 36.0

3« Sandstone, moderate reddish orange
(10R6/6), very fine grained; composed 
of high angle, large scale, wedge- and 
tabular-planar cross-bed sets; one 
thick set, white (N9)» from 35*0 to 66.5 
ft. below top of unit; white (N9) streaks 
at 80.0 ft. below top; two white (N9) 
bands, 5*0 ft. apart at 93*5 ft. below 
top; claystone (TS-3-66), dusky red 
(5R3/4), flaky, near bottom of section 
measured; well-cemented, forming knobby, 
steep slope; sample TS-7-6? from some
where in this unit but at southeast 
corner of Tse Skizzi, a very pale orange 
(10YR9/2), medium-grained sandstone......... 170.5
(Section continued on northeast comer of 
Tse Skizzi; sheer cliff [unmeasured] probably 
includes all of unit 3)

2. Sandstone, mottled brown or orange and
white (as listed below), very fine grained, 
forms steep slope, with the following 
variations; upper 5*0 ft. of white (N9)» 
cross-bedded; then 25*0 ft. of moderate 
reddish orange (10R6/6), irregular- and 
cross-bedded; 4.0 ft. of siltstone, pale 
reddish brown (10R5/4) to moderate reddish 
brown (10R4/6), with load features both 
above and below; 7*5 ft. of sandstone, 
moderate reddish orange (10R6/6), flat- 
bedded, with 0.5 ft. of claystone, pale
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olive (10Y6/2), at 4.0 ft. below top;
1 .0  ft. of sandstone, white (N9)» cross- 
bedded, ledgy, forming top of cliff; 13.O 
ft. of sandstone, moderate reddish orange 
(10R6/6), massive, with 0 .5 ft. of claystone 
(TS-6-6 7), light greenish gray (5G8/1) to 
greenish gray (5Go/l), at 7»0 ft. below
unit top; all from top of unit.... . 57*5

Total of Entrada Sandstone............ 446.0
Carmel Formation;

1. Siltstone/claystone (80%), generally moderate 
red (5R5/4), locally covered, alternating 
with sandstone (20%), lighter colored but 
stained dark, ledge forming; from the base, 
the exposed sandstones include; 2 . 0  ft. 
of, sandstone at the base, moderate red 
(1OR3/4), well-cemented, irregular-bedded, 
fine-grained (sample TS-4-67); at 1 3 .0 ft., 
5*0 ft. of sandstone, flat-bedded; at 2 2 .0  
ft., 4.0 ft. of white (N9) and 4.0 ft. of 
moderate reddish orange (10R6/6) all cross- 
bedded sandstone; at 6 3 .0 ft., 1 5 .0 ft. 
of sandstone, moderate reddish brown 
(10R4/6), cross-bedded; at 94.5 ft., 8.0 
ft. of sandstone, mottled white (N9) and 
moderate reddish brown (10R4/6), cross- 
bedded; at 148.5 ft., 1 .0 ft. of sandstone, 
white (N9)» flat-bedded; at 163.O ft.,
2 . 0  ft. of same; at 174.0 ft., 2 . 0 ft. of 
sandstone, white (N9), flat- and irregular- 
bedded; sample TS-5-67 at 5 2 .0 ft. above 
base, lower contact irregular, with 4.0
to 6.0 ft. of relief....... ......... 183.5
Total of Carmel Formation....... .......... I8 3 .5

Total of San Rafael Group....... ....... 789 .5
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LOWER BAT CANYON SECTION (SRG-ll)

Section of Carmel Formation, Lower Bat Canyon 
(=Ha-Ho-No-Geh Canyon), 15*3 miles due south 
of Tonalea and l6.2 miles due east of Moenkopi, 
Coconino County, Arizona: Sect. 10 (approx.),
T.31 N., R.13 E., Long. 110° 5 6' W., Lat. 36° 
06.5* N.
(Measured by I. M. Johnston, 

San Rafael Group: (incomplete)
August 16, 1966)

Feet

Entrada Sandstone: (unmeasured)
9* Claystone, sandstone, and siltstone unit, 

traced to lower part (subunits 1-4) of 
unit 2 of Coal Mine Canyon Section (SRG-l)j 
prominent ’reddish* brown at top of cliff, 
forms ledge, flat-bedded; lower contact 
conformable............................... .
Carmel Formation:

8 . Claystone, yellowish gray (5Y8/1 ), silty; 
poorly-sorted, with large grains at top 
(sample LBC-6-6 6), near contact with over-
lying ’reddish* unit..... ..................  2.0

7* Sandstone, white (N9) to light greenish 
gray (5YR8/1), very fine grained, clayey, 
micaceous; sample LBC-5-66 at base.........  0 .5

6. Claystone, alternating dark yellowish 
orange (10YR6/6), greenish gray (5GY6/1) 
and grayish red (10R4/2); thinly
laminated................................... 2.0

5* Sandstone, white (N9)» very fine grained, 
and claystone, greenish gray (5GY6/1), 
silty; all flat-bedded and weathering 
deeply, very poorly cemented; mostly clay
stone toward top; some indications of 
minor amounts of cross-bedding; 2 in. of 
dusky yellow (5%6/4), tuffaceous claystone 
at 63 ft. below top, and a thin bed of pale 
olive (10Y6/2), tuffaceous, micaceous, 
sandy claystone (sample LBC-4-66) at 89*0 
ft. below top............................ 96.5
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4. Claystone, grayish red (10R4/2), silty, 

with some light greenish gray (5GY8/l) 
at base...... ............................. . 4*5

3. Sandstone, white (N9) to yellowish gray 
(5Y8/1), poorly-sorted, forming ledge 
(sample LBC-3-66), with thin claystone 
layers, light olive gray (5Y6/1)...........  3.0

2. Claystone, silty, and siltstone, 
yellowish gray (5Y8/1 ) to light 
greenish gray (5GY8/1); deeply weathering, 
slope forming; becoming mottled with 
grayish red (10R4/2) bands toward top with 
some very fine grained sandstone white 
(N9 ) ledges at top.......................... 2 0 .0

1. Siltstone, moderate reddish brown
(10R4/6), alternating with sandstone, 
yellowish gray (5Y8/1), very fine 
grained, all weathering 'reddish', 
slope forming, with sandstone ledges; 
flat-bedded; with 1 .0 ft. bentonitic 
claystones at 2 6 .0 ft. above base (4 in. 
of greenish gray (5GY6/1) and 8 in. of 
grayish red (10R4/2)), at 24.0 ft.
(mottled very light gray (N8 ) and dusky 
red (5R3/4)> sample LBC-2-66) and at 8 .5
ft. (grayish red purple (5RP4/2),
sample LBC-1-66)  .................... 27.5
Total of Carmel Formation............ . 156.0
Total of incomplete San Rafael Group.......  156.0
Base of section, not base of exposure.
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NORTHWEST COAL MINE MESA SECTION (SRG-12)

Section of San Rafael Group measured from 
Navajo Sandstone contact in deeply eroded 
wash, 9*0 miles due east of Moenkopi, 
Coconino County, Arizona, southwest 2.0 
miles southwest to the top of Coal Mine 
Mesa at a point 8.5 miles south 75° east 
of Moenkopi; Long. 111° 04* W., Lat. 36° 
06.5* N., to Long. 111° 05* W., Lat. 36° 
04.5' N.

(Measured by I. M. Johnston 
May 3» 1967)

Top of section, not top of exposure. 
Dakota Sandstone1 (unmeasured)

6 . Sandstone, very pale orange (10YR8/2), 
medium-grained, becoming coarse and 
pebbly at base as well as pock-marked 
from differential weathering of plant 
and shale fragments; well-cemented with 
quartz overgrowths; sample NCMM-19-67 
at 2 .0 ft. above base; at least 1 0 .0 to
2 0 .0  ft. thick; undulating lower contact 
with 1 .0 to 2 .0 ft. of erosional 
relief..... .............................

San Rafael Group*
Cow Springs Sandstone*

5* Sandstone, white (N9) but lower 1 0 .0 ft. 
mottled moderate brown (5YR4/4), very 
fine grained; well-cemented, forms sheer 
cliff; surface weathering conceals 
bedding, but probably 60 to 80% cross- 
bedded, high angle large scale, wedge 
and tabular-planar; upper 3 0 .0 ft. forms 
unmarked cliff, lower 7 0 .0 ft. has 
numerous bedding planes eroded to form 
clefts...... .......... ................

Feet

100.0
Total of Cow Springs Sandstone 100.0
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Entrada Sandstones
4. Sandstone, very pale orange (10YR8/2),

very fine grained; upper 27•5 ft. covered, 
forming shallow slope here but moderate 
cliff elsewhere; composed of high angle, 
large scale, wedge-planar cross-bed sets; 
upper 4.0 ft. is siltstone, moderate 
brown (5YR4/4); sample NCMM-18-67 comes 
from this siltstone but 100.0 ft. northeast 
along cliff; similar siltstone at 1 6 .0 ft. 
below top (2.0 ft. thick); slight undulations 
in upper contact are filled by claystone 
(sample NCMM-17-67), silty, moderate 
brown (5YR3/4); discoloration from this 
claystone extends both above and below; 
hematite stains at base of unit, moderate 
red (5R4/6) streaks at 33*0 ft. and again 
at 73.0 ft. above base............ .........11.0

3« Sandstone (85%), siltstone (10$), and
claystone (5?0 in the following subunits*
3-5• Siltstone, yellowish gray (5Y7/2), 

flat-bedded, with hematite streaks
at 5*0 ft. below top......  9*0

3-4. Claystone, dark reddish brown
(1OR3/4), silty, slightly micaceous, 
with two distinctive, white (N9)
sandstone stringers near top..... .... 4.0

3-3» Sandstone, white (N9)» very
fine grained, flat-bedded............  0.5

3-2. Claystone, pale olive (10Y6/2),
micaceous; sample NCMM-1 6 -6 7.........  0 .5

3-1. Sandstone, white (N9)» fine-
to very fine grained, flat-bedded 
(except as noted below); forming 
cliff or steep slope; 1.0 ft. of 
cross-bedded sandstone at 12.0 ft. 
below top of subunit with irregular
bedding just above and for 5*0 ft. 
below; small scale cross-bed sets 
at 18.0 ft. below top, from 23*0 to
34.0 ft. below top and at base; 
trough cross-beds and ripple 
lamination near 34.0 ft. below top; 
yellowish gray (5Y7/2) and indistinct 
bedding at 5 0 .0 ft. below top........  7 2 .5
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Total of Unit 3.............................  86.5
2 . Claystone (65%). and sandstone (35$)> 

interbedded in the following subunits1 
2-9• Claystone, dusky red (5R3/4),

except upper 0 .6 feet which are 
pale olive (10Y6/2); also with
0 .5 ft. claystone stringers, grayish 
brown (5YR3/2) to very dusky red 
purple (5RP2/2), sample NCMM-15-67 
from stringer 3*0 ft. from top of
unit............................. .. 6 .0

2-8. Sandstone, very pale orange (10YR8/2), 
fine-grained, flat-bedded at base, 
cross-bedded at top; sample NCMM-14- 
6? at 1.0 ft. from base; ledge
forming............................... 4.0

2-7. Claystone, light olive gray 
(5Y5/2 to 5Y6/1), micaceous
locally at base (NCMM-13-6 7). ......... 4.0

2-6. Claystone, pale red (10R6/2)
except for very dusky red (10R2/2)
0.5 ft. thick at 1.0 ft. above 
base (sample NCMM-11-67)* and 1.0 
ft. of mottled very dusky red 
(10R2/2) to pale olive (10Y6/2), 
very micaeous at top (sample
NCMM-12-67); silty..... ..............  3*5

2-5* Sandstone, white (N9)»
weathering light red (5R6/6),
very fine grained.....................  1.0

2-4. Claystone, pale olive (10YR6/2),
slightly micaceous.................... 1.0

2-3* Sandstone, white (N9)» fine- to
medium-grained........................ 1.0

2-2. Sandstone, white (N9)» weathering
grayish pink (5R8/2), fine
grained, cross-bedded, forms
ledge.................................  1.0

2-1. Siltstone, moderate brown
(10YR3/4), very coarse grained, 
micaceous (sample NCMM-10-67)•........

Total of Unit 2.............. •••....... .. 22.5
Total of Entrada Sandstone.........   221.0
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Carmel Formation*
l.’ Sandstone, very fine to medium-grained, 

poorly cemented and slope-forming, with 
the following variations used to distin
guish subunits*
1-6. Sandstone, yellowish gray (5Y7/2), 

fine- to medium-grained, flat-
bedded. ......................... .

1-5* Same as 1-6 but very fine grained, 
and with siltstone, light olive 
gray (5Y6/l), clayey (NCMM-9-67)#
0.5 ft. thick at 2.0 ft. below
top of subunit............ .

1-4. Sandstone, yellowish gray (5Y8/l), 
medium-grained, poorly sorted, 
nearly all flat-bedded, with rare 
hematite concretions (sample 
NCMM-8-6 7) at 2.5 ft. below top
of subunit........ ...................

1-3. Sandstone, dusky yellow (5Y6/4) 
at base becoming yellowish gray 
(5Y7/2) near top, fine-grained, 
with some medium-grained; probably 
flat-bedded, but weathers massive; 
sample NCMM-7-67 at 32.5 ft. belowtop of subunit............. .

1-2. Sandstone, very pale orange 
(10YR8/2), very fine grained; 
predominantly flat-bedded, but 
with local cross-beds as at 2 0 .5  
ft. below top where 2 .0 ft. of 
trough-type cross-beds trend east- 
west; siltstone, moderate red 
(5R4/6), with gypsum at 2 6 .5 ft., 
ledge, concretionary, 0 .5 ft. thick, 
at 2 .5 ft.; claystone, pale olive 
(10Y6/2), in rare, thin beds at 15*5 
ft.; claystone, yellowish gray 
(5Y8/1 ) with gypsum, 0 .5 ft. thick 
at 5 2 .0 ft. (NCMM-6-6 7); hematite- 
stained truncation planes, gypsiferous, 
at 5 8 .5 ft., hematite concretations, 
limonite-stained at 6 5 .5 ft., sample 
NCMM-5-67 at 6 8 .5 ft. in fine-grained 
sandstone with rare medium grains; 
all from top of subunit 1-2..........

5.0

6.0

5.5

33.0

71.5
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1-1. Siltstone and some mudstone, light 
greenish gray (5GY8/1) for upper 
3»5 ft. and basal 3*0 ft. (sample 
NCMM-3-6 7)» and moderate brown 
(5YR4/4), calcareous, for middle
2.0 ft. (sample NCMM-2-6?); lower 
surface undulating, 1.0 to 2.0 ft. 
of relief..... .................... . 8 . 5

Total of Unit 1.............................  131*0
Total of Carmel Formation................... 131.0
Total of San Rafael Group................... 452.0
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TONALEA TRADING POST SECTION (SRG-13)

Section of lower San Rafael Group measured just 
south of U. S. Highway 64 (Navajo Indian High
way #1) from Long. 110° 56.5* W, Lat. 36 19* N.
to Long. 110° 56* W, Lat. 36° 19* N., parallel 
to highway to a point 0.5 mile southwest of 
Tonalea Trading Post, Coconino' County, Arizona; 
top of section equivalent to a point below base 
of Elephants Feet Section.

(Measured by I. M. Johnston, May 4, 1967) 
Top of section, top of exposure.

San Rafael Group* (incomplete)

Feet

Entrada Sandstone* (incomplete)
10. Sandstone, with some siltstone, moderate 

reddish orange (10R6/6), mottled with 
white (N9) and moderate reddish brown 
(10R4/6), very fine grained; flat-bedded 
at base, becoming cross-bedded upward; 
forms soil-free, steep slope; regional 
tilt* N55E, 10°................ ...........  33.0

9. Sandstone, mottled moderate reddish 
orange (10R6/6) and white (N9)» very 
fine grained; irregularly-bedded except 
upper few feet which are cross-bedded; 
regional tilt* N55E, 13° at top...........  25«0

8. Sandstone, white (N9)» very fine grained, 
composed of high angle, large scale, 
wedge-planar cross-bed sets; lower part 
moderately-cemented, upper part more 
resistant; 6 in. of moderate reddish 
orange (10R6/6), flat-bedded siltstone 
at 38.5 ft. above base; above this point 
truncation surfaces and bedding planes 
become increasingly ’reddened* with 
dusky red (5^3/4) to moderate reddish 
brown (10R4/6) stain; forms moderate but 
discontinuous cliff.............. ...........  8 1 .5

?• Sandstone, mottled grayish red (10R4/2) 
to white (N9)» very fine grained, both
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flat- and cross-bedded, variations in 
coloring as follows from base: 1.0 ft.
of grayish red (10R4/2)? 3*0 ft. ledge 
of white (N9)j 14.0 ft. of dark reddish 
brown (10R3/4) with 10ft of white (N9)»
1.0 ft. ledge of white (N9)» 3*0 ft. of
grayish red (10R4/2)? 1.0 ft. ledge of
white (N9)» 1.0 ft. of very dusky red
(10R2/2), micaceous claystone (sample
TTP-7-6?)} and finally 5*5 ft. covered...... 29•5

6. Sandstone, white (N9)» mottled with 
dark gray (N3) at base, fine-grained; 
composed of small scale, both trough 
and wedge-planar cross-beds at base, 
becoming wedge-planar, thinly to thickly 
cross-bedded upward; grains at base 
coated with dark gray (N3). stain; forms 
10 ft. cliff at base, but actually poorly- 
to slightly-cemented, non-calcareous; 
sample TTP-8-6? at 6.0 ft. above base; 
regional tilt N55E, 18° .....................  9 0 .0

Total of incomplete Entrada Sandstone....... 259*0
Carmel Formation:

5* Covered, but probably sandstone, mostly 
light brown (5YR5/6), very fine grained; 
there is some siltstone (sample TTP-1-6? 
at 2.0 ft. above base); regional tilt 
N35E to N45E, 20°...........................  41.5

4. Sandstone, pinkish gray (5YR8/1)
weathering moderate orange pink (10R7/4), 
fine-grained, apparently massive, forms 
ledge; sample TTP-2-67 at 4.0 ft. above 
base.....................    18.0

3* Covered, with sandstone ledges, white
(N9)» cross-bedded, very fine grained, at
6.0 ft. (l.O ft. thick) above base, and 
25*0 ft. (6.0 ft. thick); rest probably 
siltstone or silty claystone................ 31*0

2. Claystone, moderate reddish brown
(10R4/6) to dark reddish brown (10R3/4), 
silty, with some very fine grained
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sandstone, white (N9)» in streaks and 
more resistant; 2.0 ft. thick, white 
(N9)» very fine grained sandstone ledge 
at 16 .5 ft. and 4.0 ft. thick at 54.5 ft. 
above base; in between these ledges there 
are several thin, grayish red purple 
(5RP4/2), bentonitic claystones which 
weather deeply; unit becomes coarser and 
grades to white (N9) above this point;
1.0 ft. ledge of white (N9) sandstone,
very fine grained, at 79*0 ft. above base;
sample TTP-6-6? above this ledge in
moderate brown (10YR3/4), very silty
claystone..... . 8 3.0

1. Covered, but probably moderate reddish 
orange (10R6/6) to dark reddish brown 
(10R3/4), silty claystone and lesser 
amounts of very fine grained sandstone; 
sample TTP-3 -67 at 9*0 ft. above base in 
very calcareous, but poorly-cemented, 
pale reddish brown (10R5/4), very fine 
grained sandstone; 4.0 ft. thick, white 
(N9)» very fine grained sandstone ledge 
at 35.0 ft. above base; sample TTP-5-07  
in sandstone at 53*0 ft. above base, 
light brown with very pale orange (10YR8/2) 
splotches, very fine grained, with common, 
finely disseminated biotite flakes; 
sample TTP-4-67 at 5 8 .0 ft. above base 
in a light brown (5YR6/4) silty, claystone
with white (N9) splotches........ .......... 75*0
Total of Carmel Formation................... 248.0
Total of incomplete San Rafael Group.......  507*5

Navajo Sandstone; (unmeasured)
Base of section, not base of exposure.
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COW SPRINGS TRADING POST SECTION (SRG-14)
Section of complete but partly covered San 
Rafael Group measured 3.0 miles due east of 
Cow Springs Trading Post, Coconino County, 
Arizona, and 0.1 miles west of type section 
of Cow Springs Sandstone; Long. 110 47.5' W.,
Lat. 36° 25* N., to Long. 110° 46.5* W., Lat. 
36° 24.5* N.

(Measured by I. M. Johnston,
June 4, 196?)

Top of section, not top of exposure.
Dakota Sandstones (unmeasured)
6. Sandstone(?); but predominantly covered, 

forming shelf above sheer (Cow Springs) 
cliff; exposing only a 2.0 foot thick 
cross-bedded sandstone bed at 20.0 feet 
above concealed base; also common coaly 
beds weathering to a dark or black soil; 
some hematitic concretionary beds; 
thickness unmeasured....................

Feet

San Rafael Groups
Cow Springs Sandstones

5* Sandstone; grayish yellow (5Y8/4) to dusky 
yellow (5Y6/4); weathers pale yellowish 
orange (10YR8/6) to grayish orange 
(10YR7/4); very fine grained, with clay 
pockets; well cemented; similar to Unit 4 
below but for weathering; same cliff as 
Unit 4, but with a narrow shelf between, 
and color change; sample CSTP-8 -67 at 10.0 
feet above base; becomes ledgy and thinner- 
bedded in top 20.0 feet, but rest 
cross-bedded (medium to large scale wedge 
and tabular-planar)............. ............  115 .0

4. Sandstone; light greenish gray (5GY8/1) 
to yellowish gray (5Y8/1), sometimes 
weathering to pale yellowish brown 
(10YR6/2) or to grayish yellow green
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(5GY7/2); very fine grained? well cemented? 
forms moderately steep cliff? base concealed 
by wind-blown sand? lower 100 .0 feet are 
very thickly to thicly cross-bedded, 
becoming thinly cross-bedded above? regional 
dip S 25 E 15° at base? sample CSTP-6 -0  
at 60.0 feet above base, CSTP-7-6? at
1 60 .0 feet above base.............. . 179*0
Total of Cow Springs Sandstone.............  294.0
Entrada Sandstones

3* Covered unit probably corresponding to 
Entrada Sandstone? forming long gentle 
slope (5°) between cliff base and top 
of unit 2 ? sample CSTP-9-67 at 176 .0  
feet below top in sandstone, grayish 
orange (10YR7/4), medium to fine grained.
cross-bedded, ? in situ....... .. . 588.0
Total Entrada Sandstone (Est.)....... ...... 588.0
Carmel Formations

2. Sandstone? white (N9)» with very light 
gray (N8) spots, locally weathers 
"reddish?" fine grained? poorly exposed, 
sand covered? all probably cross-bedded?
2.0 foot ledges at 4 5.0 feet and 65*0 
feet above base of unit, 5*0 foot ledge 
(sample CSTP-5-6 7) at 75*0 feet above
base.................................... 155.O 1

1. Sandstone ledges (20#) and poorly exposed 
siltstone/mudstone (80#) alternating in 
the following units from the tops 5*0 feet 
of sandstone? white (N9)? ledge forming? 
fine grained? irregular appearing but 
cross-bedded at the top? regional dip 5 
S 25 E? fracture set oriented S 20 E? 
then 13*0 feet covered, probably moderate 
reddish brown (10R4/6) siltstone? then
6.0 feet of sandstone? light brown (5YR6/4)? 
fine grained? channeled at top (1.0 feet) 
into cross-bedded and irregular bedded unit? 
sample CSTP-4-67 at mid point? then 10.0
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feet covered, probably siltstone as above? 
then 5 *° feet of sandstone? very light 
^ray (N8 ), weathering light brown (5YR6/4); 
fine grained; forms ledge; upper 2 .0 feet 
cross-bedded, rest irregularly bedded; 
sample CSTP-3-67 composited over 5*0 feet; 
then 1 5 .0 feet, siltstone as above; then
4.0 foot ledge of sandstone; white (N9)> 
weathering yellowish gray (5Y7/2); very 
fine grained; irregularly bedded; then 25»0 
feet covered probably siltstone as above, 
with some white (N9) mottling and possibly 
covered sandstone; then 2 .0 feet of sand
stone; grayish orange pink (5YR7/2) to 
light brown (5YR6/4); fine grained; 
irregularly bedded; forming ledge with 
loaded lower surface; then 1 .0 feet of 
siltstone as above; then 12 .0 feet of 
sandstone; grayish orange pink (5YR7/2); 
fine grained; cross-bedded; partly covered 
at base; then 0 .6 feet of sandstone; fine 
grained; cross-bedded; ledge-forming;
then 3 .5 feet of mottled sandstone 
(sample CSTP-2-67), white (N9), fine 
grained, and siltstone (CSTP-l-6 7), 
moderate reddish orange (10R6/6), forming 
slope; then 1 7 .0 feet covered, but with
2 . 0 feet of siltstone, moderate reddish 
brown (10R4/6), exposed at top; lower
contact covered...... ....... 119 .0

Total of Carmel Formation....... ........... 274.0
Total of San Rafael Group...................1156.0

Navajo Sandstone* (unmeasured)
Sandstone; grayish pink (5R8/2); fine 
grained; very thickly cross-bedded 
(high angle, large scale, wedge-planar); 
forms ledgy slope; regional attitude 
6° S. 47° E.; upper contact covered...... .
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WINDOW ROCK SECTION (SRG-15)
Section of upper San Rafael Group measured on 
southeast face of White Mesa, from base covered 
by sand to crest of mesa; 10.0 miles northwest 
of Cow Springs Trading Post, 13•9 miles due 
north of Tonalea Trading Post, and 8.0 miles 
southeast of Kaibito Trading Post, Coconino 
County, Arizona; Long. 110° 57*5* W., Lat. 36 
31* N., to Long. 110® 58* W., Lat. 36 31»5* N.
(Measured by I. M. Johnston, June 5» 196?)
Top of section, top of exposure.-

Dakota Sandstone* (unmeasured)
9 . Sandstone, grayish orange (10YR7/4), very 

fine grained with some coarser grains; 
well-cemented, with quartz overgrowths; 
sample WR-12-67; capping butte............

Feet

San Rafael Group* (incomplete)
Cow Springs Sandstone *

8. . Sandstone, grayish orange (10YR7/4) at 
top, yellowish gray (5Y7/2) and grayish 
yellow green (5GY7/2) toward base, 
weathers •orangey* instead of gray like 
cliff below, very fine to fine-grained; 
moderately calcareous at base; composed 
of small scale cross-bed sets at base, 
becoming large scale at top, with 2% flat 
beds; forms upper cliff above shoulder; 
sample WR-ll- 6 7 at 25*5 ft. from top,
WR-10-6? at 1 25 .5 ft. from top, and
WR-9-67 at 4.0 ft. above base............... 182.5

7. Sandstone, white (N9) to yellowish gray 
(5Y8/l), weathering •grayish*, very fine 
grained; lower l/2 composed of small 
scale cross-bed sets at base, becoming 
large scale sets toward top, upper l/2 
appears flat-bedded; rare splotches of 
moderate reddish brown (10R4/6) near 
base; forms cliff and shoulder (above 71*5 
ft.); sample WR-8 -67 at 21.5 ft. above



base; horizontal row of 'moki holes' at
419

71.5 ft. above base....... ................. 110.0
6, Siltstone, moderate reddish brown

(10R4/6), flat-bedded....................... 5«5
Total of Cow Springs Sandstone.............. 298.0
Entrada Sandstone* (incomplete)

5« Claystone, light gray (N?) at top
(sample WR-6-67), grayish red purple 
(5RP4/2) in the middle (WR-5-6?), and 
grayish yellow green (5GY7/2) at the 
bottom (WR-7-67)> micaceous and
bentonitic.... ........................... . 2.0

4. Sandstone, white (N9)» very fine 
grained, commonly composed of small 
scale, trough type cross-bed sets; 
forms rounded cliff................. ....... 15*0

3* Siltstone, dark reddish brown (10R3/4) 
and some white (N9)» pale reddish brown 
(10R5/4) at base; flat-bedded; sample 
WR-4-67 at 5 ft. above base; may be 
•lower red* of Northeast White Mesa 
Section.....................................  34.5

2. Sandstone, with some very coarse silt
stone, white (N9) mottled pale red 
(10R6/2) to very pale orange (10YR8/2), 
sometimes weathering yellowish gray 
(5Y8/l), very fine grained; cross-bedded; 
more resistant ledges (same lithology 
and color) at top of unit and at 30•5 ft. 
from base; sample WR-3-67 at 8 . 5 ft. from 
top, sample WR-2 -67 at 2.0 ft. above base; 
forms slope, in part steep.................. 99»5
(Section continued down wash 0 .5 mile to 
southeast along top of bluff) 1

1. Siltstone, very coarse, and sandstone, 
very fine grained, pale reddish brown 
(10R5/4) with white (N9) streaks at base, 
becoming alternating white (N9) and
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moderate reddish brown (10R4/6) in 
upper l/2, with some grayish orange 
pink (5YR7/2) and light brown (5YR6/4) 
throughout unit; somposed of small scale, 
trough type cross-bed sets with 40$ flat- 
bedded units; sample WR-l-6 7 at 14.5 ft. 
above base; top of unit forms ledge capping 
bluff, base of unit not exposed, covered by
drifting sand...............................  6 0 .0

Total of incomplete Entrada Sandstone......  211.0
Total of incomplete San Rafael Group...... . 509*0
Base of section, base of exposure.

f
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KAIBITO SECTION (SRG-16)
Section of San Rafael Group measured from 
contact with Navajo Sandstone in Kaibito 
Wash, 1•5 miles due south of Kaibito Trading 
Post to top of White Mesa, 4.0 miles south
east by south of Kaibito Trading Post, 
Coconino County, Arizona* Long. 111° 04.5* 
W, Lat. 36° 34.5' N to Long. 111° 02.5 W, 
Lat. 36° 34* N.

(Measured by I. M. Johnston,
June 6, 1967)

Top of section, not top of exposure.
Dakota Sandstone* (unmeasured)
29• Sandstone, yellowish gray (5Y8/1), very 

fine grained, locally coarser; well- 
cemented, with quartz overgrowths(?), 
forms ledgy "cap" at top of cliff similar 
to Window Rock Section; sample 
K—8—67

San Rafael Group*
Cow Springs Sandstone*

28. Sandstone, fine- to very fine grained; 
lower l/2 weathering very pale olive, 
upper l/2 light orange, appears massive 
but actually cross-bedded, large scale, 
high angle, very thickly bedded, wedge- 
and tabular-planar, forms sheer, nearly 
inaccessible cliff (est.).......... .
Total of Cow Springs Sandstone (est.)..
Entrada Sandstone*

27« Sandstone, moderate red (5R5/4), very 
fine grained; may be "upper red sand
stone" of other sections; forms steep 
slope..................

Feet

290.0
290.0

5.0
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26. Claystone, mottled grayish red purple
(5RP4/2) and light greenish gray (5G8/l), 
"bentonitic, micaceous; sample K-7-6?.... . 1.0

25. Sandstone, white (N9)t very fine grained, 
composed of cross-bed sets, high angle, 
large scale, wedge-planar; forming cliff.... 3 0 .0

24. Sandstone, mottled reddish orange 
(10R6/6) and white (N9)» very fine 
grained, thickly cross-bedded.............. . 20.0

23. Sandstone, white (N9) at base becoming 
mottled white (N9) and moderate reddish 
orange (10R6/6) toward top, very fine 
grained, cross-bedded; upper red portion 
probably equivalent to "lower red sand
stone" at Northeast White Mesa and Window
Rock sections...................   82.5

22. Sandstone, moderate reddish brown
(10R4/6) with rare white (N9) streaks,
very fine grained, cross-bedded............  8 . 0

2 1. Sandstone, white (N9) weathering pale 
yellowish orange (10YR8/6), very fine 
grained, flat-bedded................      1 0 .0

2 0. Sandstone, mottled white (N9) and pale 
reddish brown (10R5/4), weathering pale 
yellowish orange (10YR8/6), very fine 
grained, cross-bedded..................... 3 0 .0

19» Sandstone, alternately white (N9) and 
moderate reddish orange (10R6/6), very 
fine grained, flat- and irregularly- 
bedded. .........................    1 3.O

18. Sandstone, white (N9) with pale reddish
brown (10R5/4) at base, very fine grained, 
cross-bedded...................     6.0

17« Sandstone, moderate reddish orange
(10R6/6) and darker, very fine grained,
forming steep slope, cross-bedded............ 2 0 .0
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l6. Sandstone, white (N9)» very fine grained, 
irregularly- and cross-bedded (very small
scale)# ................... ................. . 8.0

15» Siltstone, light brown (5YR5/6), very
coarse, flat-bedded....................... 3 0 .0

14. Siltstone, very coarse, and-sandstone, 
very fine grained, pale reddish brown 
'(10R5/4), with white (N9) streaks and 
bands, becoming light brown (5YR5/6) 
near top, cross-bedded; sample K-6-6?
at 5 0 .0 ft. below top of unit........... . 99*0

13* Siltstone, pale reddish brown (10R5/4) 
mottled, and sandstone, white (N9)> 
very fine grained, cross-bedded...... . 44.0

12. Siltstone, varigated as above, flat-
bedded. .................     2.0

11. Sandstone, white (N9)> very fine grained, 
composed of high angle, large scale, 
tabular-planar cross-bed sets.... ..........  99*5
Total of Entrada Sandstone. .................  508.0
Carmel Formation*

10. Siltstone, moderate reddish brown
(10R4/6), flat-bedded....................... 8.0

9* Covered.............      45*0
8. Partly covered, but siltstone when 

exposed, moderate brown (5YR4/4) at 
base, white (N9) at top, but some 
covered units may be red, flat-bedded; 
the following exceptions to description 
all above base* 0.5 ft. claystone, 
bentonitic, grayish red purple (5RP4/2) 
at 24.0 ft.; 1.0 ft. sandstone, white 
(N9) at 20.0 ft. and 10.0 ft.; 1.0 ft. 
claystone (sample K-5-6?), moderate 
reddish brown (10R4/6), micaceous at 
5*0 ft................................. 30.0
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7* Siltstone, moderate red (5R4/6), flat- 
bedded, with two sandstone ledges, white 
(N9), probably cross-bedded, similar to 
unit 6, at 5»0 ft, above base and at top
of unit.... . . . . . ............. 9»0

6. Sandstone, pinkish gray (5YR8/1), very 
fine grained, with larger grains along 
bedding surfaces, cross-bedded, forms 
cliff? sample K-4-6?*•••••••   .... . 15«0

5. Siltstone, pale reddish brown (10R5/4) 
but with two zones, 2.0 ft. at base and 
1.0 ft. at top, of yellowish gray 
(5Y8/1), flat-bedded........................ 13.0

4. Partly covered, but siltstone where
exposed, moderate reddish brown (10R4/6),
flat-bedded; 2.5 ft. sandstone ledge
(sample K-7-6?), very pale orange
(10YR8/2), clayey, fine-grained at 19*0
ft. above base; similar ledge (sample
K-3-6 7) at 3 6 .5 ft. above base, 1.0 ft.
thick; claystone, bentonitic, at 33*5
ft. above base.................... . 37*5

3* Sandstone, white (N9) but lower 8.0 
ft. weathers moderate reddish orange 
(10R6/6), very fine grained, cross- 
bedded, low angle, small scale, thinly 
bedded; all weathers into concretionary 
ledges? regional dip N65E 3°................ 13*0

2* Sandstone, moderate reddish brown 
(10R4/6), fine-grained, flat-bedded; 
moderately- to well-cemented; upper 
and lower surfaces somewhat irregular.
sample K-l- 6 7 ............................... 1.5

1. Sandstone, moderate orange pink (10R7/4), 
fine-grained, flat- and irregularly- 
bedded; may represent reworking from 
underlying coarse-grained unit..............  3*0
Total of Carmel Formation................... 175*0



Total of San Rafael Group.... .........
(base of section, not base of exposure)

973.0
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LECHEE ROCK SECTION (SRG-18)
Section of upper San Rafael Group measured 
on northwest side of Lechee Rock, 8«5 miles 
S 50° E of Page, Coconino County, Arizona: 
Long. Ill0 19.5* W., Lat. 36° 52' N. to Long. 
Ill* 18.5' W., Lat. 36° 52' N.
(Measured by I. M. Johnston, D. K. Kron, and 
J. I. Johnston, July 6-7, 1967)
Top of section, not top of exposure
Morrison Formation: (unmeasured)

Feet

7« Sandstone, grayish yellow (5Y8/4), fine
grained, well-cemented with quartz overgrowths; 
forms ledgy cliff overhanging unit 6, con
tact irregular, with 1.0 to 2.0 ft. of 
relief; sample LR-12-67.......... .

San Rafael Group: (incomplete)
Cow Springs Sandstone:

6. Sandstone, yellowish gray (5Y7/2) to 
pale olive (10Y6/2), often banded; very 
fine grained; composed of cross-bed sets, 
high angle, large scale, tabular-planar, 
but upper part of unit may be flat-bedded; 
forms sheer cliff with vertical "chutes" 
where fractured; lower contact at shoulder, 
upper contact erosional with coarser rocks 
on finer; sample LR-lO-6 7 at 6.0 ft. above 
base, sample LR-ll-6 7 at 70 .0 ft. above 
base; unit partly estimated due to sheer
exposure............. ...................... 150 .0

Total of Cow Springs Sandstone............. . 150 .0

Entrada Sandstone:
5» Sandstone, white (N9) and yellowish gray 

(5Y7/2), fine- to very fine grained; 
well-cemented, forming cliff; composed 
of cross—bed sets, medium scale at base
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becoming large scale, thickly to very 
thickly bedded, high angle, tabular 
planar, with individual laminae parallel; 
sample LR-9-67 at 71*5 ft* above base..... . 176*0

4. Sandstone, very fine grained with lesser 
amounts of siltstone, both cross-bedded 
(small to medium scale, some trough, 
yet high angle) and flat-bedded strata.
in the following subunits.
4-8. Siltstone, pale red (10R6/2),

flat- and irregularly-bedded.........  0.5
4-7. Sandstone, moderate reddish 

orange (10R6/6), very fine 
grained, composed of small to 
medium scale cross-bed sets.•••••••••• 17*5

4-6. Sandstone, mostly pale reddish 
brown (10R5/4), but white (N9) 
at top, very fine grained; small
to medium cross-bed sets.... .......   33*0

4-5* Siltstone, pale reddish brown 
(10R5/4) with rare white (N9)
lines, flat-bedded....................  19*5

4-4. Sandstone, similar to subunit
4-6 above............................. 1 6 .5

4-3* Siltstone, similar to subunit
4-5 above.....................   2.0

4-2. Sandstone, moderate orange pink
(10R7/4), mottled with white (N9)»
very fine grained; composed of 
small to medium cross-bed sets 
(some wedge); sample LR-13-67 at
top of subunit........... ........... 126 .5

4-1. Sandstone, flat-bedded or cross- 
bedded, color and mottling as in 
subunit 4-2.... ................. . 11.0

Total of Unit 4................. ............  226.5
3« Sandstone, moderate reddish brown 

(10R4/6) and silty at base becoming 
moderate orange pink (lOR7/4) toward 
top, very fine grained; lower 5*0 ft. 
flat-bedded, rest composed of cross-bed 
sets, high angle, large scale, tabular- 
planar; basal flat-beds truncate underlying 
cross-bedded unit, with local loading 
at the contact......................... . 90.0
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(Section shifted 0.5 mi# west)
2* Sandstone and some very coarse siltstone, 

grayish red (10R4/2) to dark reddish 
brown (10R3/4), weathering pale red 
(10R6/2) becoming white (N9) then moderate 
orange pink (10R7/4), very fine grained; 
well cemented, forming cliff and slopes; 
massive appearing, but probably cross- 
bedded, at base becoming cross-bedded 
(high angle, medium scale) toward top; 
wind-type ripple mark at 20.0 ft. below 
top; horizontal section through sandstone 
pipe exposing stratified fragments in a 
massive core which has penetrated cross- 
bedded unit at 2 5 .0 ft. below top of 
unit; sample LR-7-6? at 27«5 ft. above 
base in siltstone which weathers to a 
recess with common load features; 
sample LR-6 -67 at 4.0 ft. above base
in siltstone.................... ...........132.5
Total of Entrada Sandstone.... ........ 625*0
Carmel Formation* (incomplete)

1. Alternating red and white sandstones, 
siltstones and claystones in the 
following subunits *
1-7* Siltstone, very light gray (N8), 

very coarse with a few amber mica 
flakes (sample LR-4-6?); well- 
cemented, moderately calcareous....... 2.0

1-6. Claystone, silty, moderate brown 
(5YR4/4) at base (sample LR-3-6 7) 
becoming moderate reddish brown 
(10R4/6) and micaceous at top 
(sample LR-5-67), with three 6.0 
in. sandstone ledges, moderate 
reddish orange (10R6/6), very 
fine grained, at 7*0, 10.0, and
1 2 .0 ft. above base of unit..........  1 5 .0

1-5* Sandstone, white (N9)» very fine
grained, forming ledge............. .. 1 .0

1-4. Siltstone, moderate reddish brown
(10R4/6), irregularly-bedded.......... 4.0
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1-3. Siltstone, moderate reddish brown, 
with sandstone lenses, white (N9)»
very fine grained........... .... 5* 0

1-2. Sandstone, white (N9) mottled 
pale red (5R6/2), very fine 
grained, forms ledge; sample
LR-2-6?...............................  2.51-1. Siltstone, clayey, to sandstone, 
fine-grained, pale red (5R6/2), 
very finely laminated, well-cemented; 
sometimes chippy, sometimes ledgy; 
sample LR-1-6?. «••••••......    6.0

Total of Unit 1.............................  35-5
Total of incomplete Carmel Formation........ 35*5
Total of incomplete San Rafael Group........ 810*5
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TONALEA-KAIBITO ROAD SECTION (SRG-21)

Section of Carmel Formation measured 7«5 miles 
north of Red Lake School (8.1 miles north of 
U. S. Highway #64), and 0.$ mile east of road 
from Tonalea Trading Post to Kaibito Trading 
Post, Coconino County, Arizona: Long. 110
59.5* N., Lat. 36° 28.5* N., to Long. 111° O' W., 
Lat. 36 28.5' N.
(Measured by I. M. Johnston, October 29, 
Top of section, not top of exposure.

San Rafael Group: (incomplete)

196?)
Feet

Entrada Sandstone: (unmeasured)
14. Sandstone, white (N9), fine-grained,

composed of medium to large scale, wedge- 
planar cross-bed sets thinly to thickly, 
sometimes very thickly cross-bedded, with 
symmetrical ripple marks; equivalent to 
basal part of unit 6 at Tonalea Trading 
Post Section (SRG-13), forms cliff; base 
sometimes shows loading; regional tilt 
N55E, 14° at base........................
Carmel Formation:

13« Covered, but probably "reddish" silty
claystone or siltstone, weathers deeply,
forms slope...................•••...........  36*5

12. Sandstone, white (N9)» very fine grained,
forms ledge................................. 1.0

11. Covered, probably similar to unit 13.......  10.5

10. Sandstone, similar to unit 12............. . 5*0
9. Covered, probably similar to unit 13...... . 9 6 .5

8 . Sandstone, similar to unit 12 but
cross-bedded........ .................... . . 1 0 .0

7. Covered, probably similar to unit 13...... . 10.0



6. Sandstone# similar to unit 12*..*...... .... 6.0
5. Covered, probably similar to unit 13........ 9»0
4. Sandstone, similar to unit 12...............  8.0
3 . Covered, probably similar to unit 13*..... . l4.0
2. Sandstone, white (N9)> very fine grained,

forms ledge as above................... .. 5*0
1. Covered, but probably "reddish" silty 

claystone or siltstone, weathers deeply, 
forms slope............ .................. . • 38.0
Total of Carmel Formation.......... . 249*5
Total of incomplete San Rafael Group.......  249*5
Base of section, not base of exposure.

Navajo Sandstone* (unmeasured)
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SOUTHEAST CUMMINGS MESA SECTION (SRG-22)

Section of San Rafael Group, with thicknesses 
scaled with binoculars and unit descriptions 
from J. D. Lowell (in, Arizona State Land 
Department, Water Resources Report #12-C, Pt.
Ill, 1964) on the east face of the southeast 
corner of Cummings Mesa, 25*6 miles north 
85°. east of Page, and 25*0 miles north 10° 
east of Kaibito Trading Post, Coconino County, 
Arizona.
Morrison FormationC?)i

Feet
29. Sandstone, mudstone, and conglomerate, 

interbeddedi Unit consists of approx
imately 22 beds and grades upward from 
predominantly mudstone and ripple- 
marked and cross-bedded sandstone at the 
bottom to mudstone, structureless sand
stone, and conglomerate at the top.
Sandstone (83 percent of unit): Yellowish
gray (5Y8/1) and grayish orange pink 
(5YR7/2), weathering light brownish gray 
(5YR6/1) and light brown (5YR6/4) respec
tively; very fine to coarse-grained; 
poorly sorted; composed of subangular, 
clear and stained quartz; feldspar and 
black and red accessory minerals; lenti
cular, laminated, and ripple-marked sets; 
symmetrical trough and planar cross
bedding, low- to medium-angle and small- to 
medium-scale cross beds; forms an irregular, 
blocky, and hackly ledge.
Mudstone (15 percent of unit): Similar to
unit 28.
Conglomerate (2 percent of unit): Grayish
orange pink (5YR7/2), weathering pale 
yellowish brown (10YR6/2); fine-grained 
sand to •§• inch pebbles; pebbles are composed 
of subrounded, frosted quartz and quartzite; 
biotite, feldspar, and red accessory minerals; 
contains green mudstone pellets as much as 
half an inch in diameter and some intersti
tial mudstone; lenticular sets of 
structureless or laminated to very thin beds 
are enclosed by sandstone; forms a knobby, 
etched, vertical cliff.................... 82.0
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28. Mudstone; mottled and banded pale olive
(10Y6/2) and dark reddish brown (10R3/4), 
weathering yellowish gray (5Y7/2) and 
grayish red (10R4/2) respectively; clay to 
very fine grained sand; fair-sorted; com
posed of subrounded to subangular, clear 
and stained quartz; black and white acces
sory minerals; lenticular laminated and 
structureless beds; weathers to a smooth.
crumbly, puffy, and covered slope............ 1.0
Total of Morrison Formation(?) • • ............. 8 3.0

San Rafael Group:
Cow Springs Sandstone(?): - +

27. Sandstone, white (N9) to pale red (10R6/2), 
weathering pale red (10R6/2) to pale reddish 
brown (10R5/4), very fine to fine-grained; 
composed of subrounded, clear, frosted, and 
amber-stained quartz; minor black and red 
accessory minerals; some interstitial mud
stone; unit consists of flat, laminated, 
slightly crinkled beds; forms a massive, 
vertical cliff; concentration of gypsum in 
upper 1 foot of unit; lower contact appears 
to be an erosion surface (Unit 27 of 
Lowell).............. .......................  46.0

2 6. Sandstone, white (N9), weathering pale red 
(10R6/2) and pale reddish brown (10R5/4); 
very fine grained; fair- to well-sorted; 
composed of rounded, clear and frosted 
quartz; black and orange accessory minerals; 
rare mudstone seams; wedge simple cross
bedding, medium-angle and medium-scale 
cross-beds; forms a massive, smooth cliff;
eolian environment (Unit 26 of Lowell)....... $8.0
Total of Cow Springs Sandstone(?)............104.0
Entrada Sandstone(?):

25« Sandstone, pale red (10R6/2), weathering 
pale reddish brown (IOR5/4 ); very fine to 
fine-grained; fair-sorted; composed of 
subrounded, amber-stained quartz; rare
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black accessory minerals; some inter
stitial mudstone; laminated to very thin 
bedded; lenticular sets of trough and 
simple cross-bedding, high-angle and 
medium-scale cross-beds; cross-bedding 
resembles that in the upper part of the 
Underlying Unit (Navajo Sandstone); forms 
a rounded, vertical cliff (Unit 25 of 
Lowell)............................. ......... 37.0

24. Sandstone, grayish light red (10R4/2) to 
moderate reddish brown (10R4/6); very fine 
to fine-grained; fair-sorted; composed of 
subrounded, frosted and amber-stained 
quartz; rare black and white accessory 
minerals; interstitial mudstone; some 
pseudo-cross-bedding; lenticular sets of 
symmetrical trough cross-bedding, low- 
angle and small-scale cross-beds; forms
a smooth vertical cliff (Unit 24 of
Lowell)......................................  45.0

23» Covered interval, probably weakly
cemented sandstone (Unit 23 of Lowell)....... 20.0

22. Sandstone, white (N9) to pale reddish 
brown (10R5/4); very fine to medium
grained; poorly sorted; composed of 
subrounded, clear and amber-stained 
quartz; rare red, green, and black 
accessory minerals; interstitial mud
stone; half of unit contains pale 
reddish brown (10R5/4) bands composed 
of horizontal and pseudo-cross-bedded 
layers, and other half contains white 
(N9) bands composed of pseudo-cross- 
bedded and cross-bedded layers; lenticular 
sets of symmetrical trough cross-bedding, 
low-angle and small-scale cross-beds; forms 
a smooth, rounded, vertical cliff (Unit 22 
of Lowell)....... ................... ........6 1 .5

21. Sandstone; pale reddish brown (10R5/4); 
fine- to medium-grained; fair- to poorly 
sorted; composed of subrounded amber- 
stained quartz; minor black and white 
accessory minerals; flat, laminated to
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very thin bedding in lower part grading
upward to lenticular cross-bedding at the
top; low to very low angle and small- to
medium-scale cross-beds; unit forms a
smooth, vertical cliff; lower contact is
a possible erosion surface and is marked
by a large slump of, this unit into below
and by several small faults (Unit 21 of
Lowell).......... ...........................37.0

20. Sandston; white (N9)> weathering light
gray (N7); fine- to medium-grained; fair- 
sorted; composed of rounded, clear, 
frosted, and amber-stained quartz; black, 
red and yellow accessary minerals; weakly 
cemented, calcareous and ferruginous; 
wedge simple cross-bedding, medium-angle 
and large-scale cross-beds; forms a smooth, 
rounded, vertical cliff, eolian environ
ment; base is gradational (Unit 20 of 
Lowell)..................................   39.0

19» Sandstone; light brown (5YR6/4), weathering 
very light brown; silt to medium-grained 
sand; poorly sorted; composed of sub
rounded, amber-stained quartz; some 
interstitial mudstone near the bottom, 
grading upward to a clean cross-bedded sand
stone at the top; forms a rounded cliff; 
fluviatile environment (Unit 19 of 
Lowell)....................        22.0

18. Sandstone; light brown (5YR6/4), weathering 
very light brown; very fine to fine
grained; fair-sorted; composed of sub
rounded, amber-stained quartz; rare black 
and white accessory minerals; slightly 
friable; simple cross-bedding, medium- 
angle and medium- to large-scale cross-beds; 
forms a smooth, rounded cliff; base is 
gradational (Unit 18 of Lowell)............   57.0

17. Sandstone; moderate reddish brown
(10R4/6); silt to fine-grained sand; 
poorly sorted; composed of subangular, 
amber-stained quartz; minor black acces
sory minerals; slightly friable; cemented
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with calcite and interstitial mudstone; 
lenticular sets of planar cross-bedding, 
very low angle and medium-scale cross-beds; 
forms a rounded cliff; base is gradational 
(Unit 17 of Lowell)..........................  28.0

16. Sandstone; light brown (5YR6/4), weathering 
very light brown; very fine grained; fair- 
sorted; composed of subrounded, amber-stained 
quartz; rare black and white accessory 
minerals; calcareous and ferruginous cement; 
sets of planar cross-bedding, medium- to 
high-angle and medium-scale cross-beds; 
weathers to a smooth rounded cliff; white 
(N9) bed at top, 1 foot thick (Unit 16 of 
Lowell)................................ ...... 3.0

15* Sandstone; light brown (5YR6/4),
weathering very light brown; very fine 
to fine-grained; poorly sorted; composed 
of subrounded, amber-stained and clear 
quartz; rare feldspar and black accessory 
minerals; lenticular sets of planar cross
bedding, low-angle and small-scale cross-beds; 
forms a hackly, vertical cliff (Unit 15 of 
Lowell)......................................  0.5

l4. Sandstone; light brown (5YR6/4), weathering 
very light brown; fine-grained; fair- 
sorted; composed of subrounded to subangular, 
amber-stained quartz; rare black and white 
accessory minerals; weakly cemented, calcar
eous and ferruginous; structureless and 
lenticular cross-bedded sets, interbedded; 
wedge planar cross-bedding, low-angle and 
small- to medium-scale cross-beds; forms 
a massive, rounded, vertical cliff; base is 
gradational (Unit 14 of Lowell)..............199*5

13# Sandstone; composed of two white (N9)
beds and one pink bed; very fine to fine
grained; fair-sorted; composed of rounded, 
clear quartz; rare black, red, and green 
accessory minerals; very thick flat- 
bedded, partly structureless; forms a 
massive, smooth, rounded cliff (Unit 13 
of Lowell).... ............... . 35.O
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12. Sandstone? light brown (5YR6/4), weathering 
very light brown with some thin white (N9) 
banding; very fine grained; fair-sorted; 
composed of subrounded, amber-stained quartz; 
rare black and white accessory minerals; 
weakly cemented, calcareous and ferruginous, 
structureless; forms a partly covered, 
crumbly slope; base is concealed (in part
Unit 12 of Lowell)...........................  41.5
Total of Entrada Sandstone(?)..^.............626.0
Carmel Formation(?)t consisting of alter
nating units of sandstone and mudstone (Units 
2 to 11, and part of 12 of Lowell).

Feet
11. Covered (in part Unit 12 of Lowell).... . 20.0
10. Sandstone? same as Unit 8 except that it 

contains some interbedded mottled brown 
and gray beds and very fine grained sand
stone (Unit 11 of Lowell).... ............. .. 47*0

9. Sandstone; light olive gray (5Y6/1),
weathering white (N9); very fine grained; 
fair-sorted; composed of subangular, clear 
quartz; rare black accessory minerals; 
firmly cemented; thick-bedded; structureless? 
forms a massive, smooth cliff (Unit 10 of 
Lowell).............. ....................... 2.0

8. Mudstone; moderate reddish brown (10R4/6) 
to light brown (5YR5/6), weathering pale 
reddish brown (10R5/4); mostly silt; 
weakly cemented; flat, laminated beds; 
forms a partly covered, smooth, crumbly 
slope (Unit 9 of Lowell)..................... 29*5

?• Sandstone; white (N9)» weathering light 
olive gray (5Y6/1); fine-grained; fair- 
sorted; composed of subangular, frosted 
quartz; rare mica and black accessory 
minerals; planar cross-bedding, low angle 
cross-beds; weathers hackly, flaggy, and 
etched; forms a ledge (Unit 8 of
Lowell).......... ...........................  3.0
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6. Sandstone; light brown (5YR6/4 to 5YR5/6); 
very friable; forms crumbly slope; similar 
to Unit 1 (Unit 7 of Lowell)......... . 10.0

5. Sandstone; moderate reddish brown
(10R4/6), weathering moderate reddish
orange (10R6/6); fine-grained; well-
sorted; composed of rounded, amber-stained
quartz; rare mica and black accessory
minerals; flat-bedded; weathers flaggy and
hackly; forms a slope that grades upward
into a ledge (Unit o of Lowell)....... . 17.0

4. Sandstone; similar to Unit 2 below
(Unit 5 of Lowell).......... .........'....... 1.5

3« Sandstone; similar to Unit 1 at base .
(Unit 4 of Lowell)........................... 8.0

2. Sandstone; light brown (5YR6/4), weathering 
pale yellowish brown (10YR6/2); medium
grained, fair-sorted, composed of subangular, 
clear and amber-stained quartz; rare white 
accessory minerals; well cemented; laminated; 
medium- to high-angle cross-beds; forms a 
rounded ledge (Unit 3 of Lowell).... . 4.0

1. Sandstone; moderate reddish brown (10R4/6) 
to light brown (5YR5/6); very fine grained; 
fair-sorted; composed of rounded, amber- 
stained quartz; structureless; forms a
crumbly slope (Unit 2 of Lowell)............. 17«0
Total of Carmel Formation(?)...... ...159.0
Total of San Rafael Group.................. .889.0

Underlying Unit
Consists of an unmeasured thickness of 
sandstone; light brown (5YR5/6), weathering 
light brown (5YR6/4); fine- to medium
grained; poorly sorted; composed of rounded, 
frosted and amber-stained quartz; rare 
feldspar and black accessory minerals; wedge 
cross-bedding, high-angle and large-scale 
cross-beds; forms a rounded cliff (Unit 1 
of Lowell).
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SAN JUAN COUNTY. UTAH

Section of San Rafael Group measured on north
west face of Cummings Mesa, in T43S, R?E, 2.3 
miles up-lake (northeast) from entrance to WestQ 
Canyon Creek, San Juan County, Utah* Long. Ill 
11* W., Lat. 37 4.5' N.

WEST CUMMINGS MESA SECTION (SRG-19)

(Measured by I. M. Johnston, B. Law, 
and F. C. Peterson, August, 196?)

Morrison Formation* (unmeasured)
22. Sandstone, white (N9), weathering

moderate brown (5YR4/4), medium-grained, 
poorly-sorted, well-cemented, coarser at 
base (sample WCM-4-6?); forms shear, 
ledgy cliff which overhangs; lower contact 
sharp, undulating, 1 .0 to 3*0 ft. of 
relief; 120 to 150 ft. thick........ .

Feet

San Rafael Group*
Cow Springs Sandstone;

2 1. Sandstone, white (N9)» weathering
moderate orange pink (10R7/4), very fine 
grained, with some 1 .0 to 2 .0 inch 
greenish gray (5GY6/1) claystone seams; 
flat-bedded except for small scale cross
beds at top, bottom and at 3 6 .0 ft. above 
base; sample WCM-3-67 at 44.0 ft. above 
base, in very pale orange (10YR8/2), very 
fine grained sandstone, with a few larger 
grains......... ......................... ••• 5 1 .0

2 0. Sandstone, white (N9)» very fine grained,
with some larger grains; mostly flat-bedded,
but with some small scale cross-beds at
top; sample WCM-2-67 at 2 .0 ft. above
base............ ...........................  33.O *

19. Sandstone, moderate orange pink (10R7/4), 
fine- to medium-grained, concretionary, 
forms ledge 0.5



Total of Cow Springs Sandstone..............  84.5
Entrada Sandstone*

18. Sandstone, alternating moderate red
(5R5/4) and white (N9)» flat-bedded......... 2 8 .0

17• Similar to unit 18 but all white (N9)
and cross-bedded............................ 7 .0

l6 . Similar to unit 17 but flat-bedded.......... 10.0
15. Similar to unit 17.........     5*0
14. Similar to unit 16 but with moderate

red (5R5/^) in middle..... ................. 3*0

13* Similar to unit 17.......................  5*0
12. Similar to unit l6 ..........................  30. 0

11. Siltstone, moderate red (5R5/4),
flat-bedded............ ............... 7*0

10. Similar to unit 17 but mottled white 
(N9) and moderate red (5R5/4), small 
scale cross-beds......................... ••• 14.0

9* Similar to unit 16.............    3»0
8 . Similar to unit 17..........................  15*0
7* Similar to unit 1 6.......      14.0
6 . Similar to unit 17*.....      7*0
5* Similar to unit 16..........................  36.0
4. Similar to unit 17........................  11.0
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3« Sandstone, silty, and siltstone, moderate 
orange pink (10R7/4) to white (N9), flat- 
bedded, with irregular contacts due to 
slumps and *infraformational* folds; 
•middle silty member* of Peterson, not 
Harshbarger.............................. 53.0
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2. Sandstone, moderate orange pink

(10R7/4) at base becoming moderate 
reddish orange (10R6/6) toward top, 
very fine grained, well-cemented; 
mostly cross-bedded (high angle, 
wedge-planar) but appearing massive; 
silty sandstone streaks at 423 and 392 
ft. above base; 3*5 ft. of sandstone, 
white (N9)> flat-bedded, at 212 ft. 
above base; forms sheer cliff; lower 
contact often slumps 3 to 4 ft., or 
more, into underlying unit (#1); 
lowermost sandstone ledge (3 to 4 ft.) 
becomes intertongued with Carmel 1
farther west................................  495»0
Total of Entrada Sandstone.................  743*0
Carmel Formationi

1. Covered, partially; probably moderate 
red (5R5/4) to moderate reddish brown 
(10R4/6) siltstone and mudstone with 
interbeds of white (N9) sandstone which 
forms ledges, as at 2.0 ft. above base 
and several more; irregular seam of 
claystone, grayish purple (5P4/2), 
bentonitic (?) at top of unit, distorted 
by slumps (4.0 to 12.0 ft. thick) from
overlying unit; forms a slope............... 210.0
Total of Carmel Formation................. 210.0
Total of San Rafael Group...................1037*5

Navajo Sandstone* (unmeasured)
Base of section, not base of exposure.



NAVAJO BEGAY SECTION (SRG-20)
Partial section of San Rafael Group on south
west side of Navajo Begay* 3.2 miles N5 W of 
Navajo Mountain Trading Post, San Juan County,
Utah; regional tilt N4$E, 3°J Long. 110° 48* W., 
Lat. 37 03.5' N.

(Measured by I. M. Johnston 
and J. M. Hobler, September 5> 196?) Feet

Top of section, top of exposure.
San Rafael Group: (incomplete)

Entrada Sandstone: (incomplete)
18. Covered, probably the same as unit 1?....... 148.5
1?. Sandstone, moderate reddish orange 

(10R6/6), fine-grained, with some 
very coarse siltstone; composed of 
large scale, medium to high angle, 
wedge-planar cross-bed sets; sample 
(NB-2-67) at base; forms cliff..... . 66.0

16. Covered, probably the same as unit 17....... 44.0
Total of incomplete Entrada Sandstone......  2 5 8 .5

Carmel Formation;
15* Sandstone, white (N9)> fine-grained,

small scale cross-bedding...................  10.0
14. Covered, probably moderate red (5R5/4) 

siltstone, and silty claystone; deeply 
weathered................     2.0

13* Sandstone, similar to unit 15*..............  4.0
12. Covered, similar to unit 14.................  5*0
11. Siltstone, moderate reddish orange

(10R6/6), very coarse, well-cemented;
sample NB-l- 6 7 ........     4.0
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10. Covered, similar to unit 14......... . 5*5
9. Sandstone, moderate reddish orange 

(10R6/6), fine-grained, irregularly 
bedded.............. ..................... . 1 0 .5

8 . Covered, may be 'brown* sandstone..........  l6.5
?• Sandstone, white (N9)> weathering 

moderate orange pink (10R7/4), fine
grained, mostly low angle, small scale, 
trough type, but partly flat-bedded........  2 6 .0

6 . Covered, similar to unit 14........ ........ 44.0
5. Sandstone, white (N9)» fine-grained, 

composed of high angle, large scale, 
wedge-planar cross-bed sets................  10 .0

4. Covered, similar to unit 14....... ......... 5*5
3» Sandstone, white (N9)» very fine 

grained concretionary, flat- or
irregular-bedded.......................    6 .0

2. Covered, similar to unit 14, with
gypsum seams eroding out.......... . . 3 1 .5  1

1. Sandstone, mottled light brown (5YR6/4) 
and white (N9)» fine-grained, flat- or 
irregular-bedded; contact with under
lying unit covered..... ..........    1 1 ,0

Total of Carmel Formation...............    191.5
Total of incomplete San Rafael Group..... . 450.0

1
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Base of section, not base of exposure.
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NORTHEAST CUMMINGS MESA SECTION (SRG-8)
Section of San Rafael Group measured on the 
west face of northeasternmost prong of Cummings 
Mesh, 1*0 mile due south of Lake Powell, in 
the southern l/ 2  of sect. 3 and the northern 
l/2 of sect. 10, T. 43 S., R. 8 E., Cummings 
Mesa 14* Quad., San Juan County, Utah* Long. 
111° 2* W., Lat. 37 5«5* N. (Note* due to
inaccessibility, upper units not measured or 
described in detail with thicknesses esti
mated and lithologies generalized).

(Measured by I. M. Johnston 
and J. A. Benfer, August 3, 1966)

Top of section, not top of exposure.
Morrison Formation* (unmeasured)

6 . Sandstone, medium to coarse, and conglom
erate, pebbly (lithology finest at base) 
grayish orange pink (5YR7/2), weathering 
to brownish black (5YR2/1), thick to very 
thick bedded ( beds 3*0 to 6 .0 ft. thick), 
locally with small scale, trough cross
bed sets; forms ledgy cliff with slight 
overhang; lower contact an erosional 
surface; similar to Dangling Rope Canyon 
Section across Lake Powell........ .......

Feet

San Rafael Group*
Cow Springs Sandstone *

5* Sandstone, pale greenish yellow (10Y8/2) 
to pale olive (10Y6/2) weathering 
grayish orange pink (5YR7/2), fine- to 
medium-grained; mostly cross-bedded but 
becoming flat-bedded and coarser grained 
toward top, bedding style not always
apparent............................... 6 0 .0

Total of Cow Springs Sandstone............. 60.0
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Entrada Sandstonei
4. Sandstone, white (N9) to very light 

gray (N8), fine- to very fine grained, 
composed of wedge-planar cross-bed sets, 
with local "maroon" flat-beds; forms 
sheer cliff or steep slope.#.,...... .

3« Sandstone, very fine grained, and 
siltstone, alternating white (N9) 
and moderate reddish brown (10R4/6), 
flat-bedded in thin to very thin beds; 
forms ledgy steep slope and shoulder.•..

2. Sandstone, very fine grained, mostly 
thickly to very thickly, high angle, 
large scale wedge-planar cross-beds 
but with local flat-beds, in the 
following subunits:
2-3: Moderate reddish orange (10R6/6),

forming cliff, domes and arches, 
with a shoulder at top, and 
common natural "moki" holes.......

2-2: White (N9) weathering darker,
cross-bedded; locally with slight 
weathering cleft at both contacts. 

2-1: Similar to subunit 2-3 above;
appears massive but mostly cross- 
bedded except at base; forming 
cliff.............................

Total of Unit 2.........................
Total of Entrada Sandstone....... .
Carmel Formation:

100.0

68.0

440.0

24.0

92.0
556.0
724.0

1. Siltstone and mudstone, moderate reddish 
orange (10R6/6), flat-bedded, interbedded 
with more resistant sandstone ledges, 
moderate red (5R5/4), appearing massive 
but probably cross-bedded; forming ledgy 
slope, with sandstone ledges at base 
(2.0 ft. thick), at 20.0 ft. above base 
(3.0 ft.), at 40.0 ft. (5.0 ft.), at .
80.0 ft. (2.0 ft.), and at 120.0 ft.
(2.0 ft.), all well-cemented; asymmetrical
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ripple mark at 24.0 ft. above base in 
very fine grained sandstone? sample 
NCM-1-66 just above sandstone at 4$.0 
ft. above base in pale reddish brown 
(10R 5/4) mudstone? upper contact 
locally with load features of sandstone 
into mudstones, lower contact undula
ting.... ...................................  172.0
Total of Carmel Formation....... ......... 172.0
Total of San Rafael Group......... .........956.0
Base of section, not base of exposure.
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KANE COUNTY» UTAH

WARM CREEK SECTION (SRG-l?)
Section of San Rafael Group along east side of 
Warm Creek (and road), from narrow gorge south
1.0 mile to the edge of Lake Powell, Nipple Butte 
Quad. (15*)» Kane County, Utah* in the SEf of 
NWi of T43S, R4E (unsurveyed); Long. 111° 27* W., 
Lat. 37° 5»0* N., to Long. Ill0 28* W., Lat. 37 
6.0' N.
(Measured by I. M. Johnston, June 8, 1967) 
Top of section, not top of exposure.

Morrison Formation* (unmeasured)
16. Sandstone, pale greenish yellow (10Y8/2) 

to yellowish gray (5Y7/2), medium
grained, both flat- and cross-bedded 
(trough); 4 to 12 ft. beds, moderately- 
cemented, calcareous, forms overhanging 
cliff; sample WC-lO-67 near base, sample 
WC-9-67 from well-cemented, pebbly, 
coarse-grained, yellowish gray (5Y8/1 to 
5Y7/2) sandstone, which fills depressions 
formed by the irregular lower contact 
(2 to 3 ft. of relief) along with pale 
olive (10Y6/2) mudstone........ ..........

Feet

San Rafael Group* (incomplete)
Cow Springs Sandstone*

15* Siltstone and mudstone, light greenish 
gray (5GY8/1 ) to yellowish gray (5Y7/2), 
flat-bedded, mudcracked..... ............. 6 .0

14. Sandstone, yellowish gray (5Y7/2),
medium- to coarse-grained, cliff-forming; 
cross-bedded; lower surface irregular, 
erosion surface into underlying unit; 
sample WC-8-6 7............ •••............ 3 0 .0

13» Sandstone, white (N9) to light greenish 
gray (5GY8/1), very fine grained, with
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common dusky red (5R3/4) mudstone* mud-
cracked and load-cast, forming recesses
in cliff; mostly flat-bedded, may contain
cross-beds (?small scale, low angle);
upper contact an erosional surface
filled with trough cross-beds..... ......... 23.0

12. Sandstone, pale olive (10Y6/2), fine
grained, flat-bedded; sample WC-7-6?.......  6.0

11. Sandstone, similar to unit 13..............  42.0
10. Siltstone, moderate brown (5YR4/4),

very coarse, somewhat fissile; sample
WC-6-67; forms recess in cliff.............  1.0

9« Siltstone, and sandstone, very fine 
grained, dusky red (5R3/4) and light 
greenish gray (5GY8/1), flat-bedded, 
beds average 5 to 6 in.; base trun
cating underlying cross-bedded unit;
forms cliff....... ................. ........ 23.0
Total of Cow Springs Sandstone.............. 131.0
Entrada Sandstones (estimated)

8. Sandstone, white (N9)» with local
stains of dusky red (5R3/4) and light 
greenish gray (5GY8/1), very fine 
grained, composed of wedge-planar cross
beds; truncated by overlying flat-beds; 
forms cliff................ ................ 35*0

7. Sandstone, very light gray (N8) to
yellowish gray (5Y7/2), with dusky red 
(5R3/2) streaks, very fine grained; 
flat-bedded; sample WC-5-67; truncates 
underlying cross-bedded unit................ 6.0

6. Sandstone, similar to above except with 
10 ft. band of splotchy moderate reddish 
brown (10R4/6) sandstone at 20 ft. above 
base; sample WC-4-67 at 50 ft. above base; 
forms sheer cliff; base a recessed bedding 
plane which may represent a bentonite 
bed 82.0
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5. Siltstone, very coarse and sandstone, 

moderate reddish brown (10R4/6) at 
base, becoming partially white (N9) 
toward top, color not continuous 
laterally, very fine grained; cross- 
bedded; sample WC-3-6? at 3 ft. above 
base............. .................... 50« 0

4. Sandstone, massive appearing but
probably cross-bedded, 'orange,* est
estimated from discontinuous cliffs...(Est.) 350.0

3* Sandstone, white (N9) to very pale 
orange (10YR8/2) at base becoming 
white (N9) to yellowish gray (5Y7/2) 
near top, very fine grained, with a 
streak of siltstone, moderate reddish 
brown (10R4/6) at 93*6 ft. above base; 
composed of small scale, medium angle 
cross-beds at base becoming larger 
scale cross-beds towards top; sample 
V/C-2-6? at 133.5 ft. and V/C-l-67 at 
8 .5 ft., both above base; often forms
cliff or steep slope........... ............  163*5

2. Sandstone, white (N9)» very fine grained, 
flat-bedded, forms ledge with shelf at 
top; lower surface loaded into under
lying unit ... ................... ........... 8.0
Total of estimated Entrada Sandstone........ 694.5
Carmel Formation; (unmeasured)

• Top of Carmel as measured at Wahweap 
Section (SRG-7)..... ...........

1
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DANGLING ROPE CANYON SECTION (SRG-6).
Section of San Rafael Group measured from 
contact with Navajo Sandstone up canyon to 
top of cliff at head of canyon, in sects.
16, 17, and 20, T. 425, R8E, Cummings Mesa 
15* Quad., Kane County, Utah* Long. 111° 
4.0' W., Lat. 37° 8.0' N. to Long. 111° 3.5' 
W, Lat. 37° 9*0' N.
(Units 1-4 measured by I. M. Johnston and 
J. R. Thompson on northwest side of canyon, 
July 19, 1966; units 5-7 measured by I. M. 
Johnston and J. A. Benfer on east side of 
canyon, August 2, 1966)
Top of section, not top of exposure.

Feet

Morrison Formation (unmeasured)
7* Sandstone, coarse-grained and conglomerate, 

pebbly, becoming coarser upward, grayish 
orange pink (5YR7/2) but weathers darker 
(FI); thinly cross-bedded in small 
scale trough sets; forms ledgy cliff; 
lower contact is undulating with 1.0 to
2.0 ft. channels in Unit 6 and some 
lateral pinchouts, contact zone filled 
with 4.0 to 6.0 in. of mottled clay- 
stone (sample DRC-7-66), dusky yellow 
(5Y6/4), with large desiccation cracks 
and/or load casts from above; sample 
DRC-8-66 at 2.0 ft. above base; unit 
is greater than 50e0 thick...............

San Rafael Group*
Cow Springs Sandstone*

6. Sandstone, very pale orange (10YR8/2) 
to grayish orange pink (10R8/2), some
times coated by brownish mud weathered 
from overlying unit, fine- to medium
grained, with coarser grains becoming 
more common toward top of unit; lower 
2/3 of unit composed of medium to large 
scale, wedge-planar cross-bed sets.
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upper 25.0 ft. are flat-bedded; moderately- 
to well-cemented, slightly calcareous, 
forming sheer cliff; limonite stains at
23.0 ft. above base; sample DRC-5-66 at
16.0 ft. below top and DRC-6-66 at 1.0
below top of unit...........................  77• 0
Total Cow Springs Sandstone..... . 77*0
Entrada Sandstone*

5# Sandstone, white (N9) to very light 
gray (N8), fine- to very fine grained; 
thickly cross-bedded in medium to large 
scale, wedge-planar sets; moderately 
well cemented, but only slightly calcar
eous; forms sheer cliff on west side of 
canyon, but only steep, ledgy slope 
here; pale maroon flat-beds near top 
(under cross-bedded ledges) are probably 
more abundant than appears; sample 
DRC-9-66 near base of unit, DRC-4-66 
from 4.0 ft. below top................ .. 100.0

4. Sandstone and siltstone, poorly 
exposed, varigated moderate red 
(5R4/6) and white (N9)» very fine 
grained; both cross-bedded, small scale, 
wedge-planar, thinly bedded, and flat- 
bedded; forms partially covered slope 
on west side of canyon but forms ledgy 
slope on east side...... ................••• 6 3 .5

3* Sandstone, pale reddish brown (10R5/4), 
fine-grained, ledgy, alternating with 
minor mudstones, very dusky purple 
(5P2/2), thin (6.0 in.), all flat-bedded 
but sandstone ledges become cross-bedded 
above 44.0 ft.; sandstone poorly cemented, 
slightly calcareous at base, concretionary 
toward top; forming sloping shoulder in 
sheer cliff; white (N9) band at 4 5.0 ft. 
and ledge at 5 0 .0 ft. above base............ 170 .5

2. Sandstone, pale reddish brown (10R5/4) 
becoming moderate reddish orange (10R6/6) 
toward top, very fine grained; well- 
cemented, forming sheer cliff; mostly
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cross-bedded, but commonly appearing 
massive; upper part containing abundant 
natural "moki" holes; lowermost 2 .0 ft. 
are structureless, then flat-bedded, 
becoming thinly to thickly cross-bedded, 
medium scale at base becoming large scale, 
high angle, very thickly cross-bedded 
toward top of unit; 1 1 .0 ft. all white 
(N9) band of flat-bedded or cross-bedded 
sandstone, fine-grained at 57*0 ft. 
above base, truncation surfaces at 104.0 
ft. and 1 90 .0 ft. rows of pock-marks at
115.0  ft., 2 1 0 .0 ft., and 2 98 .0 ft., 
irregular-bedding at 155.O. ft., some 
flat-beds at 328 .0 to 340.0 ft. and from 
433*0 ft. to top of unit; sample DRC-10-66 
near top of unit, 30 .0 ft. below shoulder; 
(large sandstone cylinder or pipe on last 
wall of canyon invades Carmel Formation 1
below)......................................  477.0
Total of Entrada Sandstone............ . 711 .0

Carmel Formation;
1. Claystone, siltstone and sandstone unit 

forming slope with sandstone ledges; 
claystones are dark reddish brown 
(1OR3/4) except at 40.0 to 46.0 ft. 
above base where they are light olive 
gray (5Y6/1) weathering yellowish gray 
(5Y8/l); siltstones are moderate 
reddish brown (10R4/6) becoming pale 
reddish brown (10R5/4) toward top 
(upper 20.0 ft.); sandstones are very 
fine to fine-grained, moderate orange 
pink (10R7/4) to pale reddish brown 
(10R5/4), rarely very light gray (N8 ) 
toward top, flat-bedded, but locally 
cross-bedded; prominent sandstone 
ledges at base (2.0 ft. thick), at 2 6 .0  
ft. above base (1 .0 ft., very slightly 
calcareous), at 29*0 ft. (0 .5 ft.), at
33.0 ft., (2.0 ft.), at 73.0 ft. (0.5 
ft.), at 92.0 ft. (6.0 ft.), at 112.0
ft. (0 .5 ft.), at 113 .0 ft. (1 .5 ft.), 
at 1 26 .0 ft. (5 .0 ft.) and at 133*0



ft. (4.0 ft.) above base; sample DRC-3-66 
at 1 .0 ft. below top in grayish red 
(10R4/2) claystone and siltstone, calcar
eous; uppermost siltstone beds platy 
and contact irregular due to loading 
from massive basal Entrada Sandstone;
0 .5 to 1 .0 ft. of relief on lower
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contact................... .............. 157.5
Total of Carmel Formation................... 157*5
Total of San Rafael Group...................  945*5
(base of section, not base of exposure)



APPENDIX B

TABULATION OF CROSS-STRATIFICATION READINGS, 
BY FORMATION AND LOCATION

B - 1: Carmel Formation
B - 2* Entrada Sandstone 
B - 3* Cow Springs Sandstone
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B - 1: CARMEL FORMATION

Blue Canyon Section (SRG-3)*

Bearing DiE
S80E 15°

Northeast White Mesa Section (SRG-5)*

Bearing Dip
S60E 18°
S55E 19°S45E 20°
S35E 15°

Average bearing...... ..
Average dip.......... . <

Wahweap Section (SRG-7)«

Bearing Dip
S30E 24°
S65E 28°

Northeast Cummings Mesa Section (SRG-8 );

Bearing Dip
S20E 00 O
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5* Tse Skizzi Section (SRG-10)i

Bearina: Dip
S10W
S30W
S15W
S85W
S60W
S15W
SIDE
S75W
S10W

1I!
22°
20°

Average bearing.......
Average dip........ ..
Consistency factor....

Totali 9 readings.

Northwest Coal Mine Mesa Section (SRG-12)i

Bearing DiE
S70E 14° 
Due E (Trough) — - 
S50E 22° 
S25W 20°

Average bearing.... ..
Average dip......... .

3/4 mile southwest of type 
(SRG-14)»

Cow Springs Section

(Rotated for regional tilt as indicated)
Bearing DiE
N17E
S23E
S3W H 

HV
1 

0\
f V
) 

O 
O 
O
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(regional tilt S4?E 6°)
S6E 17°S4W 26°
S19E 26°
(regional tilt S25E 5°)

Average bearing.........
Average dip............ .
Consistency factor......

Kaibito Wash, 1.5 miles north of Kaibito Trading
Post Section (SRG-16)t

Bearing Din
Due S 27°S15E 32°
S50E 19°Due S 24°S5E 24°
S10E 20°
S20W 30°
S55E 25°S40E 26°
S5W 29°

Average bearing........
Average dip.............
Consistency factor......

Totals 10 readings, but 11 are required for one
half range of mean to be 20 .

Navajo Begay Section (SRG-20) s

Bearing DiE
S55E 26°
S60E 24°
S25E 23°S25E 31°
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S85E
S55E 24°
S60E 12°
S60E 27°S15E 27°
S20E 19°
S?0W 17°S10E 19°S45E 24°

Average bearing. ........   S40°32,E
Average dip..... .............. . 22.1°
Consistency factor...... ........ 0.820

Totals 13 readings, and only 9 are required for 
one half range of mean to be 20°.

10. Page-Kaibito Road, 12.5 miles south of Page, 
Coconino County, Arizona

Bearing Di£
S10E 15°S30E 28°
S20W 25°S35W 28°
S55E 24°
S50E 22°
S45E 22°
S20E 25°S30E 25°

S25 2'E 23.8° 
0. 8?6

Average bearing..•
Average dip.... ..
Consistency factor
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B - 2* ENTRADA SANDSTONE

1. Goal Mine Canyon Section (SRG-l)i

Bearing DiE Bearing Dl£ .
S20E 25° S25W 28°
S20E 24° S65E 27°S30E 23° S70E 19°S5W 15° S20E 28°
S15W 3°o S25W 29°S15E 28° S5W 29°S35E 17° Due S 21°
S45E 30° . S40E 23°S50E 17° S10W 25°S50E 26° S15E 27°
S50W 17° S5W 28°
S10E 16° S10W 24°
S40E 28° S50E 26°
S40E 26°
S50W 30°
S30E 27°S35E 31°S45E 19°

Average bearing..... S20°27'E
Average dip. 24.6°
Consistency factor.. 0 .860

Total* 31 readings taken and only 11 jare
required for one half range of mean
to be 20°•

Elephant Feet Section (SRG-2)s

Bearing Din Bearing Die
SIDE 20° N50W 25°S45W 23° Due W 24°
S80W 23
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N50W 21oN35W 27°
N75W 28°
S30W 25°S70W 26°
S15E 27°Due S 27°S50W 24°
S45W 24°
S85W 25°S45E 30°
N25W 24°
S10W 25°S80W 20°
S50W 15°Due W 27°S10W 25°S25W 26°
S30W 29°S40W 22°
S45W 24°
S75W 25°S75W 24°
S65W 24°
S30W 23°S20W 25°S30W 25°S75W 25°

S70W
S20W
N70W
S20W
S45E

z4
17°

S80E
S50E
S55W

14°

S60E
S35W &
S85W
S60E
S10E

11°
21°

S60W
S50W $
S20W 25° 
S5W 18° 
S20W ' 24° 
S15W 27° 
S30E 21° 
(all from upper 
i of formation)

Average bearing.........  S37°20*W
Average dip.......... ........ 23• 5°
Consistency factor..... . . . 0.640

Total* 53 readings taken and only 26 are
required for one half range of mean 
to be 20°.

Blue Canyon Section (SRG-3)*

Bearing BtE Bearing Di£
S50E
S10E if: S5W 21°S25E 22° S10W 22°
s6 oe 21° Due S 18°
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S60W 20° S10W 22°
S75E ' 16° S10W 19°
S20W 25° S10E 23°
S25W 19° S5B 23°
S55W 24° Due S 23°
S20E
S40E 0

S15E 19°
S35E 23° (all near to]? of
S25E
S40W
N55W

22°
20°
21°

formation)

S5W
S20W

22°
22°

Average bearing.........   S5019'E
Average dip............. . 21.7°
Consistency factor.............  0.775

Total* 26 readings taken and only 14 are
required for one half range of mean 
to be 20°.

4. Northeast White Mesa Section (SRG-5)1

Bearing d i e Bearing Di£
N35W 13° S75W 23°N40W 29° S20E 30°
N20E 13° S50W 30°
S45W 23° S5E . 24°
S5E 14° S85W 24°
S5E 20° S5E 35°S45W 27° S10W 26°
S60W 30° S85W 28°
N20W 23° S5W 24°
S50W 27° S25W 29°S45W 16° N80W 25°S20W 19° S60W 19°S5W 22° S20E 31°S30W
S75W

24°
27°

S20W 35°
N50W
S50W
S55E
S20W
S10E

I95°
28°
ii:

(all from upper f 
formation)
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Average bearing..,..... ........S36 37'W
Average dip....................  24.4°
Consistency factor....... ...... 0.624

Totali 34 readings taken and only 22 are
required for one half range of mean 
to be 20°.

Tse Skizzi Section (SRG-10)i

Bearing; Dip Bearing; DiE
Due W 29°S75W 18° S65W 25°N45W 25° S65E 20°
S85W 30° S75W 22°
Due S 29° S85W 29°S50W 22° S80W 31°S60W 21° Due W 28°
S40W 29o N85W 14°S5W 25° S75W 25°S15E 26° S15W 27°N10W 24° S50W 30°
N60E 27° S12W 17°S80W 26° S75W 27S75W 23°Due S 20° (all from lower i of
S10W 28° formation)
Due S 19°S60W 25oDue S 27

Average bearing................  S50°22*W
Average dip......... ...........24.8°
Consistency factor..... . 0 .652

Total* 31 readings taken and only 26 are
required for one half range of mean 
to be 20°.
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6 . Northwest Coal Mine Mesa Section (SRG-12)«

Bearing Di£ Bearing Di£
S15E K

s 6oe 28°
S70W 25° S70W 29°S45W 18° S55W 26°
S75W 31° N40W 24°
S10E 29° S30W 29°S70W 27° S40W 25°S15E 25° Due S 29°

Average bearing........   S29036*W
Average dip........ ............  25»7°
Consistency factor.............  0.724

Totali 14 readings taken but at least 18 are 
required for one half range of mean 
to be 20°.

?• Tonalea Trading Post Section (SRG-13)i
(Rotated for regional tilt as indicated)

Bearing Dip Bearing Die
S33E 20°
S12W 3° S22E 17°S21E 22° S8E 12°
S33E 23° S65W 27°S13E 11° S26W 27°S19E 27° S54W 29°S22E 25° S23W 27°S9E 19° S7W 17°S35E 23 S43W 28°

(Regional tilt of Q
N55E 18°) S69W 30°

S71W 26°S45W 36° S4E 26°
S55W 36° S54W 28°
S61W 36° S57W 31S10E 25° (Regional tilt of

14*)N60E
(Regional tilt of Qx -

N55E 15°) [all from H O < l(D O

formation.]



Average bearing.••
Average dip......
Consistency factor
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S15°26,W
250°0.800

t o  T a n

8.

required for one 
to be 20°.

Window Rock Section (SRG

half range of mean 

-15):

Bearing DiE Bearing DiE
S75W 19° S80W 25°S55W 25° S75W 16°N35W 26° S25W 18°
S85W 27° S60W 16°
N40W 27° S30W .24°
N30W 27° S20W 20°
S85W 27° S70E* 24°
S80W 27° S20E* 26°
N20W 17° S70E* 23°N45W 16° S45E* 17
S75W 25° (All from up] 

formation,
oer -a of

•Trough type - not used in averages#
Average bearing.................  S83°30,W
Average dip...... . 22.4°
Consistency factor.............  0.742

Totali 17 readings taken but 22 are required 
for one half range of mean to be 20°.

9* Kaibito Trading Post Section (SRG-16)s

Bearing DiE Bearing Dip
S60W 24° N80W 26°
S85W 23° N40W 25°S20W 18° N45E 27°S85W 21° S55E 22°
S50W 23° S55E 23S70W 24° S10E 23°S80W 23° S55E 21°
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S50W 23° S30W 2?;
S25W 20° S30N 23N50W
S45W &

S15W 26

Average bearing.........   S4l°5,W
Average dip.......... .......... 23.4°
Consistency factor.............. 0.556

Totali 21 readings taken but 36 are required 
for one half range of mean to be 20°.

10. Warm Creek Section (SRG-17)»
(Lower a of formation)

Bearing Dip Bearing Dip
N20W 22° Due S 18°
S80W 28° S40W 22°
N55W 13° Due S 25°N55W 24° N55W 27°S70W 27° S30W 21°N80W 23° Due S 21°
S75W 22° S5W 22°
S5E 22° S65W 24°
N20W 18° S5W 24°

(Upper i of formation)
Bearing Dip Bearing Dip
N65W 19° S25W 27°N45W 25° S30W 26°
N45W 23° S65W 26°
Due W 19° Due W 22°
N35W 26° S85W 31°N30W 28° S85W 24°
S85W 28° S50W 25°Due W 27° S50W 26°
S75W 25° N80W 27°Due S 25° S85W 26°N40W 23° S80E 19°S85W 28° N60W 28°S80W 27° N80W 28°

N60W 18°
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Lower & Upper ^ Total

Average bearing......  S58°25,W S87051'W S77°53,W
Average dip........ .. 22.4° 25.0° 24.0°
Consistency factor.... O.577 0.739 O.654
Number of readings.... 18 27 45
Totals 45 readings taken and only 44 are required 

for one half range of mean to be 20°.

11. Lechee Rock Section (SRG-18)s
(Upper ^ of formation)

Bearing Di£ Bearing Die
S15W 25° S75W 28°S65W 20° S40W 22°S55W 24° S10E 27°S50W 25° S75W 22°N30W 25° S70W 25°S55W 25° S70W 21°

(Lower i of formation)
Bearing Die Bearing Die
S80W 19° N55W 26°S80W 24° S15W 29°S45W 27° N80W 22°S15W 28° S65W 17°S10W 27° S60W 26°S50W 31° S50W 25°N30W 25° Due W 25°Due W 23° S80W 27S85W 26° S50W 27°S80W 28° S70W 24°S70W 25° Due W 24°S65W 27° S40W 22°S70W 27° N85W 19°S55W 28° N50W 22°Due W 28° S15W 25°S75W 27 S80W 29

Lower i Upper i Total
Average bearing...... S55°38,W S67°l6*W S64°13»WAverage dip.......... 24.1 25.3 25.0Consistency factor.••. 0.821 0.860 0:846Number of readings...* 32 12 44
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Totals 44 readings taken and only 11 are
required for one half range of mean 
to be 20°.

12. West Cummings Mesa Section (SRG-19)*

Bearing Dip Bearing Di£
S70W 23° N45W 25°
S35W 35° S80W 15°S15W 21° N30E 25°S55W 32° Due W 26°
S70W 32° S45W 23°N50W 23° N40W 23°S45W 25° S30W 24°
S75W 28° S30W 16°
S85W 24° S80W 21°
S55W 21° (all from upper i

formation)

Average bearing...........  S70°9*W
Average dip........ ............24.3°
Consistency factor.............. 0.796

Totals 19 readings taken and only 14 are
required for one half range of mean 
to be 20°.

13* Navajo Begay Section (SRG-20)s

Bearing Di£ Bearing DiE
S55E 26° S5E 21°
S60E 19° S40W 20°
S45E 25° S75W 23°S35W 16° S50E 26°
S40W 30° S20W 15(All from Lower i of Formation)
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Average bearing........ . S3 12*E
Average dip........ ........... • 22.1
Consistency factor....... ...... O.696

Totals 10 readings taken but 22 are required 
for one half range of mean to be 20°.

14. Tonalea-Kaibito Road Section (SRG-21)s
(Rotated for regional tilt as indicated)

Bearing: Dte
S32E 25oS11W 33°S12E 21°
S19E 29°S37E 29°S29E 28°
S24E 29°S10E 23°(Regional tilt of N55E, 14°)

Average bearing.•.
Average dip.... .
Consistency factor

S18053'E
27.lO
0.965

Totals 8 readings taken and only 5 are required 
for one half range of mean to be 20°.

15. Kane Creek Bay, Utahs

Bearing Di£ Bearing Di£
S80W 18° S55W 19°S40W 25° S50W 24°
S10W 25° S40W 20°
S5E 23° S5W 22°
S5W 27° N40W 13°Due S 25° N25W : 19°S25W 25° S5E 13°S40E 26° S85W 23°S85W 14° N45W 27°S55W 27 S80W 20°
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Due S 30° S5E 18°
N30W 23° N30W 22°
N80W 23° N35W 28°
S45W 26° S40E 26°
N60W 25° S55W 26°
S70W 22° S40W 18°
S55E 15° S30E 26°
S5W 13° S10E 25°
S20W 23° S80W 24°
S55W 18° S75W 15°
S55W 24° S5W 20°
S20E 22° N30W 28°
S70W 25° S70W 21°
S60W 25° Due S 23°N45W 22° S70W 27°
S60W 24° S65W 24°

S10E 24°
(All from the lower i of formation)

Average bearing.........  S46°24,W
Average dip........... .........22.5°
Consistency factor.............. 0.626

Total* 53 readings taken and only 50 are
required for one half range of mean 
to be 20°.

l6. 49 Mile Point, Utah*

Bearing Di£ Bearing DiE
S45W 28° N75W 20°
S55W 24° S5W 23°S20E 24° S60W 23°S15W 26° S60W 28°
S50W 29° S45W 15°N80W 17° S65W 27°S65W 30° S25W 28°S15W 22° S15W 26°
N45W 27° S80W 29°S10W 28° • S80W 29°S25W 
S15W ,

S15W 32°
(All from near top of formation)



Average bearing...
Average dip.......
Consistency factor

4?0

S38056eW 
26.0° 
0.755

Total* 23 readings taken and only 14 are
required for one half range of mean 
to be 20°.

17. South by southwest of Tonalea Trading Post 
(0.4 miles)*
(Rotated for regional tilt as indicated)

Bearing Di£ Bearing Din
S67W ?7o N33W 13oS72W 43° N38W 22°
N82W 28° S17W 4°
S77W 31o S63E 19oS20E 25° S35E 22°
S1E 31o S40E 24°
S13W 3lo S15E 22°
S37W 3°o S70W 28°
S24W 36° S65W 24°
S28W 35° S32E 17oS53W 32° S28E 16°
S58W 31° S39E 28°
S56W 26 S37E 27°
S1E 19o S27E 22°
S30E 20° (All from basal ;

of formation)
(Regional tilt of N55E, 16°)

Average bearing........  Sl6048eW
Average dip.......... . 25»3°
Consistency factor.... ......... 0.647

Total* 29 readings taken but 31 are required1 
for one half range of mean to be 20°.
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18. North of Elephant Feet Section (1.5 miles)i

Bearing: DiE Bearing; Di£
S5E 29° S10E 30°
SIDE 32° S40E 31°
S55E 31° S20W 25°S50E 32° S15E 32°
SIDE 23° S40E 30°
S10W 31° S10W* 25°S15E

(All
28°

from upper i
S5W*

of formation) 29

*?Trough type
Average bearing.......... . S17°35,E
Average dip..... ...............  29.1°
Consistency factor.......... 0.924

Total: 14 readings taken and only 11 are
required for one half range of mean 
to be 20°.

19. Wahweap-Glen Canyon City Road:

Bearing; DiE Bearing; Dip
S35W 24° S50W 23°S40W 28° S85W 28°
S85W 26° S75W 21°S65W 26° S70W 26°
S10W 24° Due W 30°S40W 26° N75W 28°
S45W 24° S85W 26°
S75W 28° S40W 28°
S75W 23° S35W 25°S80W 26° S75W 25°S35W 20° S5W 26°S85W 25° S15W 28°
S75W 27° S65W 21°S80W 27° N85W 26°S65W 26° N80W 20°S60W 29° S80W 28°
S75W 25° S35W 23°S40W 24° S35W 25°S5E 28° S85W 26°S50W 26° Due W 24°(All from lower ■§• of formation)
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Average bearing............. . S59 19'W
Average dip................... * 25* 5°
Consistency factor.............  0.891

Totali 40 readings taken and only 11 are
required for one half range of mean 
to be 20°.

20. North of Southwest White Mesa Section (0.75 miles)i

Bearing Din
S50E 26°
S50E 28°
Due E 15°

Average bearing............. . S63°S
Average dip....... .............  23.0°

21. Southwest White Mesa Section (SRG-4)t

Bearing DiE
Due W 22°
S80W 17°

Average bearing.....
Average dip..... .. .

Dangling Rope Canyon Section (SRG-6)i

Bearing Difi
S40E 26°
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B - 3* COW SPRINGS SANDSTONE

Coal Mine Canyon Section (SRG-l)»

Bearing Dip Bearing Dip
S20W 23° S15E 22°
S10W 18° S15E 24°
S10W 21° Due S 25°Due S 21° S5E 27°
S5W 21° S45W 22°
S15W 24° S70W 24°
S5E 24° S30W 20°
S65W 22° S70W 25°S45W 23° S65W 24°
S70W 22° (All from lower t of 

formation)

Average bearing..............   S22o20*W
Average dip.....................  22.7°
Consistency factor.............  0.868

Totals 19 readings taken and only 18 are
required for one /half range of mean 
to be 20°.

Elephant Feet Section (SRG-2);

Bearing Dip Bearing DiE
S30E 15° S40W 24°
S15E 28° S55W 25°S10E 24° S80W 24°
S5E 26° S60W 19°N15W 22° S80W 23°S10W 24° N40W 20°
N25W 24° (All from lower •§■ of 

formation)
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Average b e a r i n g . • S55 53*W
Average dip........ ............ 22.9
Consistency factor............ . 0.413

Totals 13 readings taken but 26 are required 
for one half range of mean to be 20°.

Blue Canyon Section (SRG-3)*

Bearing DiE Bearing DiE
S45W 23° S70E 19°
S45E 24° S15W 16°
S10W 22° S80W 24°
S5W 25° S70E 15°S60E 26° Due S 13°S65E 24° N80E 12°
S35E 24° N20E 21°
N30W 29° S60W 18°
S50W 23° N40W 16°
S60E 23° S75W 25°S40W 23° S75W 19°S25E 23° S70W 23°S5E 22° S10W 27°S40E 25° S25E 20°
Due S 25° S40E 27°S10E 17° S15E 27°S50E 24° S40E 24°
S55E 28° Due S 25°S35E 28° S35E 26°
S5W 26° S70W 26°
S10E 28° S45E 27S10E 22° (All from lower i of

formation)

Average bearing.... . S12°44'E
Average dip. . 22.9Consistency factor.• . 0 .588

Totals 43 readings taken and only J6 are
required. for one half range of meanto be 20° •
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4. Southwest White Mesa Section (SRG-4)t

Bearing EIe
s 6oe 28°
SIDE 28°
S50W 27°
S10E 27°S15E 26°S25E 26°
Due S 28°
Due S 28°
Due W 26°

Average bearing............    S20°33,E
Average dip.......... .......... 27*1°
Consistency factor.......... . 0.812
Average bearing............   S20°33,E
Average dip.......... .......... 27.1°
Consistency factor.......... . 0.812

Totals 9 readings taken but 14 are required 
for one half range of mean to be 20°.

5* Northeast White Mesa Section (SRG-5)*

Bearing Dio Bearing Dio
N55W 25° S85W 29°S20W 20° Due S 16°
Due W 21° S15E 23°S20W 13° S65W 11°S70W 26° N45W 30°
N80W 19 Due S 25°N60W 10° S10E 17°S70W 13° S10E 22°

(All from basal part of formation)

Average bearing.....Average dir..........
Consistency factor.«

Totals 16 readings taken but 31 are required
for one half range of mean to be 20°.
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6 . Cow Springs Trading Post Section (SRG-14)t 

(Rotated for regional tilt as indicated)
(From lower i of formation)

Bearing DiE Bearing Die
N75W 27° S8W 11°S79W 161 S8E 30°
S47W 23° S52E 28°
S78W 18° S55E 26°
N89W 24° (Regional

S15E
tilt n 

15°)S12E 10° S3W 16°
(Regional tilt 0x •

S25E 15°) S43W
S36W

16°
24°

S66W
(Regional
S35E

32° 
tilt  ̂

16°)
(From upper i of formation)

Bearing Die Bearing DiE
S45E l4o S15E 24°
S75E 25° S15E 8S27W 26° S59E 26°
S86E 29° S71E 30°N18W 10o S79E 23°S31E 24° S15E 23S22E 24° (Regional

S15E
tilt n 

15°)N73E 27°S23E 21° S65W 8°
S47E 23° s6w 15S64E 20° (Regional

S35E
tilt

16°)

Lower ? Upper!- Total
Average bearing......  S32°8'W S40°42*E S11°12’E
Average dip..........  21.5 21.1 21.2
Consistency factor.... 0 .668 0.68? 0.550
Number of readings.... 14 19 33

Total: 33 readings taken but 44 are required
for one half range of mean to be 20°.
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7* Window Rock Section (SRG-15)*

Bearine; Difi Bearing Dio
S45E 25° N20E 17°
S40E 23° N35W 26°
S5E 18° N50E 1?°
S85E 27° N20E 26°
S55E 23° S20W 15°
S55E 19° S50W 22°
S60E 21° S65W 27°S10E 22° S65W 20°
S65W 23° S10E 19°S65E 16° S60E 26°
S10W 26° N70W 22°
S20E
S25E

N50E 29

Average bearing........     S31°10*E
Average dip.......... .......... 22.2°
Consistency factor..... ........ 0.373

Totali 25 readings taken but 57 are required 
for one half range of mean to be 20°.

8. Warm Creek Section (SRG-17)*

Bearing Di£ Bearing
S80E 27° S65E 19°N55E 26 Due E 22°S40E 25° S75E 17°N60E 22° N65E 23°N20E
S50E $ N70E 21°

Average bearing..................N83°46*E
Average dip.......... ........ 22.4°
Consistency factor.............  0.874

Totals 11 readings taken but 14 are required
for one half range of mean to be 20°.
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9. Lechee Rock Section (SRG-18)t

Bearing Dip
S50W 30°
S20W 17°S45W 27°
S50W 25°S50W 27°S60W 25°S50W 25°(All from lower i of formation)

Average bearing....... S42°l6'W
Average dip.......... 25.1°Consistency factor.•.. 0.978

West Cummings Mesa Section (SRG-29):

Bearing Din Bearing Di£
S5E 20° N20E 23°N50E 25° N30E 22°
S55E 25° N55E 25°N35W 24° S20E 24°
Due E 28° N35E 29°N30E 18° N30E 28°
n 6oe 23 S75E 26°

Average bearing................. N68°l*E
Average dip........... ......... 24.3°
Consistency factor......... .. 0 .551

Total: 14 readings taken but 31 are required
for one half range of mean to be 20°.
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11. Southeast (S70°E) of Elephant Feet Section 
(1.0 mile):

(Lower i of formation)
Bearing Die Bearing Die
Due S 27° S75W 22°
S50W 25° S70W 24°
Due S 26° S75E 25°Due S 29° S55W 24°
S10E 28° N10W 22°
S85W 21° N25E 23°
S5W 22° N40W 23°S45W 22° S50W 25°SIDE 25° S55W 24°
S5W 27° N50W 23°S10W 25° S55W 21°S60W 25° Due N 17°S85W 23° S10W 27°N10W 20° N30E 18°
N80W 25° N75W 21°
S30W
N15E

30° S40E 20
(Upper & of formation)

Bearing Die Bearing Die
S60W 20° S5E 27°S70E 3°° S30E 27°S80W 20° N60E 20°
S75E 28° N20E 20°
S85E 25° S15W 21°N80W 24° S45W 20°
N20E 21° Due S 24°
n6oe 26° S5W 12°N5W 22° S20W 18°
N50W 22° S5E 26°
S60W 23° S45E 20°
S45E 27° S85E 10°N50E 16°' S20W 18°
S65E 29° S45E l6°
N75E 23°N70E 15°
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Lower i- Upper & Total
Average bearing....... S45 39*W
Average dip..... . 23 • 7°
Consistency factor.... 0.455 
Number of readings.... 33

S45°12,E
21.7°
0.33530

S13 17*W 
22.7° 0.296 
63

Total* 63 readings taken but 89 are required 
for one half range of mean to be 20 •

12. North of Southwest White Mesa Section (0.75 mile)*

Bearing DiE Bearing Dip
N80E 30° N10W 19°Due E 29° N30E 32°
S45 E 28° S8W 27°
Due E 26° N55E 32°
N35W 29° S80W 23°S5E 29° N45W 27°
N45E 22° N80W 21°
N35E 23o N80E 25°N20E 25° S75W 25°N80E 22° S65W 14°
S55E 28° s6ow 12°S20E 27° S5E 27°
S55E 25° N65E 31°S55E 29° S15E 28°
S70E 19° S10W 21°
Due E 28° N80E 14°
S55E 32°

(All from
N20E

lower £ of 33°formation)

Average bearing. .........   S73°29 *E
Average dip............... . 25*4
Consistency factor.............. 0 .312

Total* 34 readings taken but 64 are required 
for one half range of mean to be 20°.

13* Dangling Rope Canyon Section (SRG-6)*
Bearing Dip
S75W 25°



APPENDIX C

SAMPLE DESIGNATIONS USED THROUGHOUT THIS STUDY

For locations of measured sections refer to 
Appendix A.
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EG
BR

CMC
CSTP
DRC
EF
K
LBC
LR
LRP
LRR
MM
MW
NB
NCM
NCMM
NWM
SB
SCM
SWM
TKR

= Blue Canyon Section (SRG-3)
= Balancing Rock, North of Southwest White Mesa 

Section (O.7 5 mi.)
= Coal Mine Canyon Section (SRG-l)
= Cow Springs Trading Post Section (SRG-14)
= Dangling Rope Canyon Section (SRG-6 )
= Elephant Feet Section (SRG-2)
= Kaibito Trading Post Section (SRG-16)
= Lower Bat Canyon Section (SRG-ll)
= Lechee Rock Section (SRG-1 8)
= Lechee Rock - Page Road
= Lechee Rock Road
= Middle Mesa Section (SRG-9)
= Moenkopi Wash (= Blue Canyon Section)
= Navajo Begay Section (SRG-20)
= Northeast Cummings Mesa Section (SRG-8 )
= Northwest Coal Mine Mesa Section (SRG-12)
= Northeast White Mesa Section (SRG-5)
= Square Butte (= Northeast White Mesa Section) 
= Southeast Cummings Mesa Section (SRG-22)
= Southwest White Mesa Section (SRG-4)
= Tonalea - Kaibito Road Section (SRG-21)



TS = Tse Skizzi Section (SRG-10)
TTP = Tonalea Trading Post Section (SRG-13)
W = Wahweap Section (SRG-7)
WC = Warm Creek Section (SRG-17)
WCM = West Cummings Mesa Section (SRG-19)

= Window Rock Section (SRG-15)
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