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ABSTRACT

The Willow Canyon Formation is exposed in the Empire, 
Santa Rita, and Whetstone Mountains. It is made up pre
dominantly of arkosic sandstone with lesser amounts of con
glomerate, siltstone, claystone, and a few limestone units. 
The formation may be 6,000 feet (1,830 meters) thick in the 
Empire Mountains area, possibly as much as 2,500 feet (763 
meters) thick in the Santa Rita Mountains, and up to 560 
feet (171 meters) thick in the Whetstone Mountains. The 
stratigraphy and sedimentology of most of the Willow Canyon 
Formation suggests that it was deposited by braided, ephem
eral streams in a distal fan to alluvial plain environment. 
Paleocurrent data, the texture and composition of the sand
stones, and the relationship of the formation to the sug
gested laterally equivalent Glance Conglomerate indicate 
that it was deposited in a northwest-trending, fault-bounded 
basin, from sources to the north and west of the modern 
Willow Canyon Formation exposures. This basin may have 
also had a northeast-trending structural component.

ix



INTRODUCTION

The Willow Canyon Formation is part of the Early 
Cretaceous Bisbee Group of southeastern Arizona. Bisbee 
Group rocks have been described in most of the mountain 
ranges of southeastern Arizona, but the Willow Canyon Form
ation is restricted to the Whetstone, Empire, and Santa 
Rita Mountains (Fig. 1). Although the formation has been 
mapped and described in these three ranges, this has always 
been done as part of a larger study of Bisbee Group rocks, 
or the stratigraphy of an entire mountain range. Conse
quently, fairly general descriptions of the stratigraphy 
and sedimentology of the Willow Canyon Formation are all 
that exist in the literature, and each of these descriptions 
is restricted to a single mountain range. The purpose of 
this report is to provide a fairly detailed, comprehensive 
description of the stratigraphy and sedimentology of the 
Willow Canyon Formation. It includes the exposures in the 
Whetstone, Empire, and Santa Rita Mountains, so that the 
reader can gain a thorough understanding of the formation 
in a single volume.

Regional Setting
The Whetstone, Empire, and Santa Rita mountain 

ranges occupy parts of Cochise, Pima, and Santa Cruz
1
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Nillov Canyon Formation Exposures

Figure 1. Location of Study Area.



3

counties in southeastern Arizona. Within the Basin and 
Range physiographic province, they are part of a larger 
system in southeastern Arizona, of northwest, north, and 
northeast-trending mountain ranges and normal faults.
The Santa Rita Mountains trend northeast. They are approx
imately 25 miles long and 12 miles wide. Elevation within 
this range commonly reaches 6,000 to 7,000 feet. The 
northeast-trending Empire Mountains are approximately three 
miles east of the northern Santa Ritas. The Empire Mount
ains are approximately eight miles long and three miles 
wide, and frequently reach an elevation of 5,000 feet. 
Cienega Wash separates the Empire Mountains from the north
trending Whetstone Mountains approximately six miles to the 
east. The Whetstones are roughly 11 miles long and seven 
miles wide. Elevation within this range commonly reaches 
6,000 feet.

In the Empire and Whetstone Mountains the Early 
Cretaceous rocks of the Bisbee Group are unconformably 
underlain by Paleozoic strata. In the Santa Rita Mountains 
Bisbee Group strata are largely in thrust contact with the 
underlying Paleozoic rocks, or Precambrian granodiorite and 
quartz monzonite. This same Precambrian rock makes up the 
core of the northern Santa Rita Mountains where Bisbee 
Group strata are exposed. The igneous core of the Empire 
Mountains is made up of quartz monzonite of Late Cretaceous
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or younger age. In the Whetstone Mountains Bisbee Group 
strata are intruded by rhyodacite and granodiorite of 
Cretaceous age, but Precambrian quartz monzonite is exten
sively exposed in the northern part of the range.

Location and Accessibility 
In the Empire Mountains the Willow Canyon Formation 

is principally exposed in a broad belt along the southeast 
flank of the range, and in Cienega Wash (Fig. 2). This 
belt of outcrop can be reached from the north, south, or 
west. Approximately 6.5 miles east of State Highway 83 is 
a forest service road that leads south past the Pantano 
Substation, and into the Total Wreck mine area. This same 
access can be used to reach the Cienega Wash outcrops by 
driving east and then south along a dirt road that inter
sects the forest service road approximately three miles 
north of Total Wreck Mine. The Total Wreck Mine can also 
be reached from the west using a ranch road that intersects 
State Highway 83 approximately 1/4 mile south of Mulberry 
Canyon. A pipeline road leads southwest from Total Wreck 
Mine across a major portion of the Willow Canyon Formation 
exposure. A four wheel drive vehicle is required for the 
western access to the Total Wreck Mine, and for travel 
along the pipeline road. A four.wheel drive vehicle is 
recommended for all accesses. The pipeline road contains 
some locked gates, and is in very poor condition.
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Approximately 6.5 miles north of Sonoita, Arizona 
is an Anamax Mining Company road that leads northeast from

6

State Highway 83 through the Empire and Cienega ranches, 
and into the Cienega Wash exposures. Permission is required 
from Anamax Mining Company before using this access. Other 
ranch roads that lead east from State Highway 83 may also 
be used to gain access to the southern exposures of Willow 
Canyon Formation.

In the Santa Rita Mountains the Willow Canyon 
Formation is exposed in the east-central and northwest 
portions of the range (Fig. 3). The formation is not 
exposed south of the Sawmill Canyon fault zone. Three main 
accesses were used by the author.

The Sycamore Canyon area (Fig. 3, locality A) was 
reached by driving southeast from Sahuarita, Arizona 
through the Military Reservation and Experimental Range to 
Helvetia. From Helvetia a four wheel drive vehicle is 
required to enter National Forest land, via dirt road past 
the Old Dick and Omega Mines, where a forest service road 

leads north to the Sycamore Canyon area.
The Box Canyon area (Fig. 3, locality B) was 

reached using the Greaterville road, which leads east 
from State Highway 83 approximately eight miles north of 
Sonoita, Arizona. About three miles west of State Highway 
83 the Greaterville road forks, and the road leading
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northwest goes through Box Canyon. A two wheel drive 
vehicle is sufficient along this route.

Locality C (Fig. 3) was reached in two ways. The 
northern half of the location was reached via the Greater- 
ville road, but where this road forks approximately three 
miles west of State Highway 83, the road leading southwest 
was used. The Fish Canyon area in the southern half of 
locality C was reached by driving west on Gardner Canyon 
road from state Highway 83, and then following the posted 
signs until the dirt road leading to Fish Canyon was 
reached. A two wheel drive vehicle is sufficient to get 
into the northern and southern halves of locality C, 
but a four wheel drive vehicle is more convenient.

There are no locked gates along any of the routes 
described in the Santa Rita Mountains, and permission is 
not required for their use.

In the Whetstone Mountains the Willow Canyon 
Formation is exposed along the southwest flank of the 
range as a narrow, discontinuous, sinuous belt of strata 
trending northwest (Fig. 4). The exposures of Willow 
Canyon Formation shown in figure 4 include the Glance 
Conglomerate, which has been mapped as part of the Willow 

Canyon Formation in the Whetstone Mountains. One northern 
and one southern route were used by the author to gain 
access to outcrop.
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Figure 4. Willow Canyon Formation and Glance Conglomerate Exposures 
in the Whetstone Mountains (Archibald, 1982).
The Willow Canyon Formation and Glance Conglomerate were 
not mapped separately in the Whetstone Mountains. See 
figure 1 to identify outcrop area.
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Northern exposures were reached by way of the 
Empirita ranch. The Amole Interchange, exit 292, off 
Interstate Highway 10 provides access to the ranch. A 
ranch road leading south along Cienega Creek branches off 
to the southeast. After approximately six miles, very near 
the northernmost exposures of Willow canyon formation, this 
road connects with a jeep trail. A four wheel drive 
vehicle is recommended. The route through the Empirita 
ranch contains several locked gates, so access must be 
approved by Mr. Charles Ohrel, caretaker of the ranch.

Southern exposures were reached using the Sands 
Ranch road which intersects state Highway 82 approximately 
one mile west of the intersection of State Highways 82 and
90. Sands Ranch road leads north and northwest, and event
ually connects with a forest service road that leads into 
Mine Canyon and the southernmost exposures of the Willow 
Canyon Formation. A two wheel drive vehicle is sufficient 
to reach the Mine Canyon area. There are no locked gates 
along this route, and permission for entry is not required.



PREVIOUS WORK

Bumble (1902) named the sedimentary rocks of Early 
Cretaceous age in the Mule Mountains the Bisbee beds. 
Ransome (1904) named these same beds the Bisbee Group, and 
divided them, in order of decreasing age, into the follow
ing four formations: 1) the Glance Conglomerate- a basal 
conglomerate of varied lithology reflecting that of the 
underlying rock; 2) the Morita Formation- mostly shales and 

fine-grained sandstones, but also contains some impure 
limestones; 3) the Mural Limestone- mostly thin-bedded 
impure limestones in the bottom half of the formation, 
some sandstones in the middle, and relatively thick-bedded 
and pure limestones in the upper half of the formation; 
and 4) the Cintura Formation- mostly shales and sandstones, 
but also contains some arenaceous limestones much like the 
Morita Formation. Subsequent workers in southeastern 
Arizona have used the term Bisbee Formation when referring 
to Early Cretaceous sedimentary rocks, or, like Ransome, 
have called these rocks Bisbee Group, and separated them 
into several formations.

Tyrrell (1957) prepared the first geologic map of 
the Whetstone Mountains, and also described the geology of 

the mountain range. He referred to the Early Cretaceous

11
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strata in the Whetstone Mountains as the Bisbee Group, and 
divided these strata, in order of decreasing age, into four 
formations: the Willow Canyon Formation, the Apache Canyon 
Formation, the Shelleburg Canyon Formation, and the Turney 
Ranch Formation. Tyrrell included a Glance Conglomerate 
Member as part of the Willow Canyon Formation. Creasey 
(1967) prepared a geologic map of the Benson quadrangle 
which includes the Whetstone Mountains, but he mapped the 
entire Early Cretaceous section as Bisbee Formation. 
Archibald (1982) performed a fairly detailed study of the 
Bisbee Group in the Whetstone Mountains. Archibald used 
the nomenclature defined by Tyrrell (1957), but considered 
the Glance Conglomerate to be a separate formation rather 
than a member of the Willow Canyon Formation.

Both Galbraith (1959) and Moore (1960) give a 
general description of the Cretaceous stratigraphy of the 
Empire Mountains. The first significant work on the Cret
aceous rocks of the Empire Mountains area was completed 
by Schafroth (1965). Schafroth used the nomenclature de
fined by Tyrrell, and included the Glance Conglomerate as 
the lower member of the Willow Canyon Formation. Schaf
roth 's study included a geologic map. Finnell (1970) gives 
a brief description of the formations of the Bisbee Group 
in the Empire Mountains quadrangle. Finnell used the same 
nomenclature as Tyrrell, but considered the Glance
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Conglomerate to be a separate formation, and renamed the 
Shelleburg Canyon Formation the Shellenburger Canyon Form
ation. Finnell (1971) also prepared an unpublished geo
logic map of the Empire Mountains quadrangle.

The only significant study of the Cretaceous rocks 
in the Santa Rita Mountains was performed by Drewes (1971). 
Drewes (1971a and 1971b) prepared geologic maps of the 
Sahuarita and Mount Wrightson quadrangles, which include 
the Santa Rita Mountains. Drewes1s maps subdivide the 
Bisbee Group into five formations using the nomenclature 
of Tyrrell/ as modified by Finnell. Drewes (1971c) also 
describes the stratigraphy and general lithology of the 
five formations of the Bisbee Group.

Bilodeau (1979) performed a regional study of the 
Glance Conglomerate, which in some areas is closely related 
to the Willow Canyon Formation.



STRATIGRAPHY

Empire Mountains
Well exposed outcrops of the Willow Canyon Formation 

in the Empire Mountains are, for the most part, limited to 
ephemeral stream channels in northwest-trending valleys 
along the southeast flank of the range, and in Cienega 
Wash. Valley sides are covered with talus and desert 
shrubs. Therefore, lateral facies variations are difficult 
to study, but the stratigraphy of the formation, with some 
exceptions, is uniform enough to be sufficiently described 
by two key sections. These two sections, measured in Pump 
Canyon on the southeast flank of the range and in Fresno 
Canyon in the Cienega Wash area, are included in the 
appendix. The Fresno Canyon section describes the strat
igraphy of the top of the formation, which is poorly expos
ed and covered in Pump Canyon.

Schafroth (1965) did not map the Glance Conglom
erate separately from the Willow Canyon Formation. Finnell 
(1970) placed the boundary between the two formations at 
the top of the highest conglomerate bed that is overlain 

by siltstone or sandstone that contains only a few thin 
beds of conglomerate. The boundary with the overlying 
Apache Canyon Formation is placed by Schafroth at the base

14
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of that portion of the sequence which contains abundant 
limestone beds. Finnell places this same boundary at the 
horizon above which limestone is a dominant part of the 
lithology.

Schafroth (1965) estimated the thickness of the 
Willow Canyon Formation to be 6,200 feet. Finnell (1970) 
states that the formation is at least 3,000 feet thick.
The section measured for this report is 6,277.5 feet thick, 
but this number may be exaggerated due to faulting in the 
poorly exposed, upper part of the section. Geologic maps 
by Schafroth and Finnell both show thickening due to fault
ing in this area. Finnell (1971) mapped two normal faults 
that bisect Pump Canyon. Displacement along the first 
fault was accounted for in the section measured for this 
report. However, due to the location of the second fault, 
in the poorly exposed part of the section, its displacement 

could not be determined. In any case, the formation must 
be at least 5,000 feet thick in the Empire Mountains, and 
may be up to 6,000 feet thick or more.

The Willow Canyon Formation consists predominantly 
of arkosic sandstone with lesser amounts of siltstone, 
claystone, and pebble conglomerate. A few limestone beds 
are also present at the top and bottom of the formation. 
Throughout most of the southeast "flank of the range the 
formation unconformably overlies Paleozoic limestone, but
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locally Glance Conglomerate is present between the Willow 
Canyon Formation and the Paleozoic strata. This Glance is 
made up predominantly of limestone clasts in a coarse sand 
matrix, is no more than 100 feet thick, and is in sharp to 
slightly gradational, conformable contact with the Willow 
Canyon Formation. To the north (Fig. 2, locality B) the 
contact between the Glance and the Willow Canyon Formation 
is much more gradational, and the Willow Canyon Formation 
interfingers with, and wedges out into the Glance Conglom
erate. This Glance, according to Bilodeau (1979), is a 
granitic clast conglomerate up to 2,625 feet thick.

The bottom 430 feet of the Willow Canyon Formation 
is made up of very fine grained sandstone, siltstone, 
lesser amounts of claystone, and locally a few thin lime
stone units. The limestones are nonfossiliferous sandy 
sparites to sandy microsparites, and do not exceed 14 feet 
in thickness. The clastic rocks vary from grayish red 
(5R 4/2) to light olive gray (5Y 6/1). The sandstones are 
arkosic to subarkosic, and contain a very fine grained 
matrix. To the north at locality B this bottom part of 
the section contains abundant interbeds of granitic clast 
conglomerate, reflecting the gradational contact with the 

underlying and possibly laterally equivalent Glance Con
glomerate. The fine grain size and abundant matrix of the 
clastic rocks, together with the grayish red color make
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them distinct to the bottom part of the section. One unit 
in particular, consisting of about 300 feet of uniform 
grayish red, very fine grained sandstone and siltstone, in 
units usually no more than eight inches thick, can be 
traced along the entire southeast flank of the Empire 
Mountains. It is also present to the north at locality B, 
but is interrupted by interbedded coarser sediment. This 
unit is also unique in that it has abundant carbonate con
cretions where exposed at locality B, and mineralized vugs 
along the southeast flank of the range.

The next 1,500 feet of strata consist primarily of 
interbedded fine- to very coarse grained arkosic sand
stones, and pebble to cobble conglomerates. These rocks 
are mostly pale red (10R 6/2 and 5R 6/2) to light olive 
gray (5Y 5/2), or less often grayish red (5R 4/2) in color. 
The sandstones are not present in well defined units of 
particular grain size, fining or coarsening upward se
quences, or distinctive composition. On the contrary, they 
lack any discernable trend, and vary gradationally, but 
rapidly and repeatedly in grain size. All are arkoses 
with very similar composition. The pebble and cobble con
glomerates are never more than a few feet thick. The 
conglomerates are sometimes interbedded with the sandstones 
and have a uniform thickness throughout their exposure, 
while at other times they are lenticular, and clearly a
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scour-and-fill channel deposit. Clasts within the conglom
erates range from subangular to subrounded, and are made 
up of red siltstone resembling that interbedded in other 
parts of the formation (Figs. 5 and 6), sandstone (usually 
arkosic), quartzite, granitic rock, chert, and volcanic 
rock fragments, in decreasing order of abundance. Sand 
sized material of arkosic composition always makes up the 
matrix of the conglomerates.

The fining upward character of the Willow Canyon 
Formation as a whole begins to become apparent approx
imately 2,000 feet from the base of the formation. Al
though coarse sandstones are still fairly abundant in the 
next 850 feet of the formation, conglomerates are absent, 
and the sandstones themselves become finer grained overall. 
Siltstone and claystone become more important, and make up 
approximately 20 percent of this part of the section. The 
rocks in this interval are varicolored, but most are light 
olive gray (5Y 5/2) to greenish gray (5GY 6/1). The sand
stones are still arkosic, as they are throughout the entire 
formation. Host of the sandstones vary repeatedly and un- 
predictably in grain size, like the sandstones in the lower 
part of the section, and sedimentary structures, discussed 
later in this report, are the only means of defining sed
imentary units. However, where the sandstones are inter
bedded with claystone and siltstone, distinct sedimentation
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Figure 5. Sandstone and Lenticular Conglomerate With Siltstone Rip-ups 
from the Bottom Third of the Measured Section in Locality A 
of the Empire Mountains.-- Five foot Jacob staff for scale.

Figure 6. Close-up View of the Lenticular Conglomerate and Siltstone 
Rip-ups.
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breaks are apparent. Near the bottom half of this part of 
the section the siltstone and claystone units are often 
one foot or less in thickness, resulting in a step-like 
pattern in outcrop where they are in.sharp contact with 
thin units of fine-grained sandstone (Fig. 7). The silt- 
stones and claystones increase in thickness upward within 
the section.

The next 2,700 feet of Willow Canyon Formation 
becomes increasingly poorly exposed as one progresses up 
section, probably due to an increase in the amount of fine
grained elastics in that direction. Sandstones in this 
part of the section are almost exclusively medium-grained 
or finer, and siltstone and claystone become increasingly 
more abundant. These rocks are mostly pale olive (10Y 6/2) 
or grayish olive (10Y 4/2) in color. The sandstones differ 
from those lower in the formation by being of uniform grain 
size through thicknesses of 50 feet or more. Siltstone and 
claystone units are usually less than two feet thick where 
exposed, but may be thicker in poorly exposed and covered 
areas. Siltstone and claystone are still subordinate to 
sandstone, and probably make up no more than 30 percent of 
this part of the section.

The top 500 feet of the Willow Canyon Formation is 
best exposed in Fresno Canyon. Sandstone is slightly less 
abundant than siltstone and claystone in this part of the
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Interbedded Fine-grained Sandstone, Siltstone, and 
Shale from Near the Middle of the Measured Section 
in Locality A of the Empire Mountains.
Five foot Jacob staff for scale.

Figure 7.
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section (Fig. 8). These rocks are primarily grayish olive 
(10Y 4/2) to pale olive (10Y 6/2) in color. The sandstones 
are mostly fine-grained, but a few medium- and coarse
grained sandstones are also present. Where interbedded 
with siltstone and claystone, sandstone units are generally 
four feet thick or less, and siltstone and claystone units 
are usually less than six feet thick. Contacts between 
these units vary from sharp to gradational. In at least 
one part of this portion of the section a gradational, 
coarsening upward sequence of claystone to fine-grained 
sandstone is present. The top of the formation is de
lineated by a 20 foot thick, light gray, slightly fossil- 
iferous (ostracods), sandy micrite. This is clearly where 
Schafroth (1965) mapped the contact between the Willow 
Canyon Formation and the overlying Apache Canyon Formation. 
Finnell (1971) mapped the contact somewhat higher in the 
section, where the only significant change in stratigraphy 
is an increase in the amount of limestone. In the south
ern part of the Empire Mountains the limestones at the top 
of the Willow Canyon Formation are lithologically indis
tinguishable from those in Fresno Canyon.

A very generalized section of the Willow Canyon 
Formation in the Empire Mountains is shown in Figure 9. 
Mostly fine-grained sandstone, siltstone, and locally a 
few thin limestone units at the bottom of the formation,
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Figure 8. Interbedded Sandstone, Siltstone, and Shale from the
Measured Section at the Top of the Formation in Locality 
C of the Empire Mountains.
Five foot Jacob staff for scale.
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give way to coarser sandstones' and some thin conglomerates 
that make up the bottom 2,000 feet of strata. Above this 
lower part of the section sandstones become finer grained, 
and siltstone and claystone increase in abundance until, 
in the top 500 feet or less of the section, sandstone is 
slightly less abundant than the combined total of siltstone 
and claystone.

Santa Rita Mountains
Well exposed outcrops of the Willow Canyon Formation 

in the Santa Rita Mountains are, as is the case in the 
Empire Mountains, restricted to ephemeral stream channels. 
Unfortunately, the stream channels in the Santa Rita Mount
ains do not usually trend normal to the strike of the 
strata. Complex faulting, as well as overturned anti
clines and synclines, also complicate the stratigraphy. 
Nevertheless, a fairly complete understanding of the 
stratigraphy of the formation can be accomplished. Three 
localities, designated A, B, and C in figure 3, were stud
ied for this report. Each is described separately at 
first, after which a generalized section is proposed.

In most areas the Willow Canyon Formation is thrust 
upon rocks of Paleozoic age or older, but where it conform
ably overlies the Glance Conglomerate, Drewes (1971) places 
the boundary between the two formations above the horizon 
at which thick conglomerate beds cease. The contact with



26

the overlying Apache Canyon Formation is placed by Dreves 
at the approximate location at which siltstone is dominant 
over arkose. Locally Dreves places this boundary at more 
specific positions based on convenient marker beds, and so 
states that it is unlikely that the contact is a fully syn
chronous horizon as mapped. Dreves estimated the thickness 
of the formation to be 2,200 feet. Although a complete 
section was not measured for this report, it is estimated 
that an undisturbed and complete section of the formation 
would be approximately 2,500 feet thick. The formation 
consists primarily of arkosic sandstone, pebbly sandstone, 
thin conglomerates, siltstone, and a small amount of clay- 
stone and shale. Some thin limestone units are also 
present at the top of the formation.

Locality A is in the Enzenberg and Fish Canyon 
area. The Fish Canyon area, in the southeast portion of 
locality A, contains the only section measured in the Santa 
Rita Mountains for this report, and also contains the best 
exposures of the formation in this part of the range. The 
formation is roughly 2,000 feet thick in Fish Canyon. The 
bottom of the formation here is in fault contact with Pre- 
cambrian granodiorite. Above this contact is approximately 
1,200 feet of fine- to very coarse grained arkosic sand
stone, pebbly sandstone, conglomerate, and siltstone.
These rocks are pale red (5R 6/2), light gray (N7),
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greenish gray (5GY 4/1), and light olive gray (5Y 5/2) in 
color. The sandstones vary gradationally, but frequently 
and unpredictably in grain size. Where sandstone is inter- 
bedded with siltstone individual units of each rarely 
exceed two feet in thickness. Siltstones increase in 
abundance up section. The conglomerates are lenticular, 
and are usually less than one foot thick. Subangular to 
rounded clasts within the conglomerates are made up of 
quartzite, granitic rock, sandstone, volcanic rock, and 
chert, in decreasing order of abundance.

The top 800 feet of section is poorly exposed. 
However, it is clear that pale olive (10Y 6/2) siltstone 
increases in abundance up section. It appears that in this 
top 800 feet of section siltstone is dominant over sand
stone at the top and bottom, but probably subordinate to 
sandstone in the middle of the section. Locally, near the 
top of the formation as mapped by Drewes, black to dark 
gray shale is interbedded with thinly laminated, fetid 
limestone of the same color.

In the Enzenberg Canyon area, northeast limb of 
locality A, the formation is poorly exposed. The section 
here appears to be similar to that in Fish Canyon, with 
the exception of 200 feet, or more, of grayish red (5R 4/2) 
siltstone and fine-grained sandstone that make up the 
section bottom. This unit is very similar to the
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distinctive unit described in the bottom 400 feet of the 
formation in the Empire Mountains, but contains some poorly 
preserved, unidentifiable bivalves.

Drewes (1971) suggests that the formation becomes 
finer grained to the northeast and to the southeast in 
locality A. This may be true to some extent, but faulting 
may have removed the fine-grained, grayish red unit from 
the bottom of the formation in the central part of locality 
A. Faulting may also have removed this same unit, and 
most of the coarsest material from the bottom of the sec
tion in the southeastern portion of locality A. Therefore, 
most of the apparent fining may be the result of post- 
depositional faulting, together with a loosely defined 
boundary with the overlying Apache Canyon Formation.

In the Box Canyon area, locality B, a partial 
section is well exposed along the main road. This locality 
is particularly significant in that it is the only place 
in the Santa Rita Mountains, as mapped by Drewes, where 
the Willow Canyon Formation is not in fault contact with 
the underlying rock. The top of the formation however, 
has been removed by faulting at this locality. The Glance 
Conglomerate conformably underlies the Willow Canyon For
mation here. The contact between the two formations is 
gradational. This Glance is a granitic clast conglomerate. 
Grayish red siltstone rip-ups(?) up to three feet long and
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1.5 feet wide are incorporated in the upper part of the 
Glance.

Grayish red siltstone and fine-grained sandstone 
also make up the bottom 25 feet of the Willow Canyon 
Formation at this locality. Pebble sized granitic clasts 
are scattered throughout the siltstone, and granitic clast 
conglomerates up to two feet thick are interbedded within 
this unit. . This unit is similar to the bottom part of the 
formation in locality B of the Empires (Fig. 2), where the 
contact with the underlying Glance Conglomerate is also 
very similar. Above this is 100(?) feet, or less, of 
fine- to coarse-grained sandstones and thin, lenticular 
conglomerates. These sandstone beds are often less than 
two inches thick. Coarse-grained sandstones of this thick
ness often overlie fine-grained sandstones of the same 
thickness, with a sharp contact between the two.

The next 200(?) feet of section is made up of gray
ish red siltstone interbedded with fine- to medium-grained 
sandstones. Fining upward sequences are sometimes present 
within this unit. Above this is a coarse-grained sandstone 
overlain by green siltstone, and then more grayish red silt
stone and light red, fine- to medium-grained sandstone 
make up the top 200(?) feet of section. The fine-grained 
sandstone and siltstone beds are less than one inch thick 
in places. Numerous faults displace the strata in this
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section making it impossible to determine the total thick
ness, but it probably represents no more than the bottom 
500 feet of the formation.

In the southern part of locality B the formation 
is somewhat thicker, but is still not complete. The bottom 
of the section here is very similar to that just described 
to the north, but above this coarse-grained sandstones 
become abundant.

Locality C is in the Sycamore Canyon area. The 
formation is in thrust contact with the underlying older 
rocks at this locality, but is conformable with the over- 
lying Apache Canyon Formation. Arkosic sandstone, pebbly 
sandstone, siltstone, and lenticular conglomerate make up 
the stratigraphy of the formation here. The sandstones 
are between pale olive (10Y 6/2) and grayish olive (10Y 4/2) 
in color. The siltstones are a darker greenish gray.

The bottom third of the formation at this locality 
consists mainly of coarse-grained sandstones and inter- 
bedded lenticular conglomerates. Clasts within the con
glomerates are mostly subrounded, and consist of sandstone, 
granitic rock, quartzite, and volcanic rock, in decreasing 
order of abundance. According to Drewes (1971), a thick 
volcanic conglomerate is also interbedded with the arkoses 
in the bottom part of the formation.
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Above the bottom third of the formation at this 
locality very fine to medium-grained sandstones begin to 
dominate the section. In the middle of the formation 
coarse-grained sandstones become abundant again, and 
lenticular conglomerates are also present. The composition 
of these conglomerates is similar to those in the lower 
half of the section. Fine-grained sandstone and siltstone 
dominate the top of the formation. A dark gray (N3), 
sandy micrite, approximately five feet thick, is poorly 
exposed near the boundary with the overlying Apache Canyon 
Formation.

A generalized section of the Willow Canyon Formation 
in the Santa Rita Mountains is presented in figure 9. This 
section, with the possible exception of the northeastern 
portion of locality A, is not complete in any one place.
It is speculated, however, that prior to faulting this 
section may have existed fairly uniformly throughout the 
area where the formation is now exposed.

In the only area where the formation is in con
formable contact with the underlying rock, a thick unit 
of grayish red siltstone and fine-grained sandstone makes 
up the bottom of the section. This unit is very similar 
in lithology to the bottom of the formation in the Empire 
Mountains, and it may have once been just as ubiquitous.
The rest of the section is based on exposures in localities
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A and C. In both places arkosic sandstones and lenticular 
conglomerates in the bottom third of the formation, give 
way to finer grained sandstones or siltstones near the 
middle of the section. Above this, coarse-grained sand
stones with a few interbedded conglomerates dominate the 
formation again. The top of the formation is made up of 
fine-grained sandstone, siltstone, and, in places, a small 
amount of shale or claystone. Near the contact with the 
overlying Apache Canyon Formation, dark gray limestone is 
usually present.

Whetstone Mountains
Although the Willow Canyon Formation appears in 

figure 4 to extend, albeit discontinuously, along the 
entire southeast portion of the Whetstone Mountains, it 
is actually restricted, for the most part, to the northwest 
and southeast exposures. Figure 4 includes the Glance 
Conglomerate as the lower member of the Willow Canyon 
Formation, and over most of the central portion of the 
range the Glance Conglomerate is all that is present 
(Tyrrell, 1957). The Glance Conglomerate is not considered 
part of the Willow Canyon Formation in this report.

The northwestern and southeastern exposures are in 
the Willow Canyon and Mine Canyon areas, respectively.
The formation is only poorly exposed, and often covered 

in both of these areas. The southeastern exposures have
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been metamorphosed, presumably as a result of granodiorite 
and rhyodacite intrusions of Cretaceous age.

Since Tyrrell did not map the Willow Canyon For
mation and the Glance Conglomerate separately, the contact 
between these two formations is undefined. However, 
Archibald (1982) considered the boundary to be at the top 
of the highest conglomerate bed that is overlain by sand
stone or siltstone that contains only a few thin beds of 
conglomerate. The boundary with the overlying Apache 
Canyon Formation was placed by Tyrrell at the base of the 
first limestone that is at least 20 feet thick. According 
to Tyrrell (1957), the Willow Canyon Formation (excluding 
the Glance Conglomerate Member) is at least 560 feet thick 
in parts of Willow Canyon, and 225 feet thick in the south
ern portions of the range.

The formation here is made up primarily of silt- 
stone, claystone, and lesser amounts of sandstone. The 
sandstones are generally arkoses. A few limestones, and 
according to Archibald (1982), some thin sandy conglomerate 
beds are also present. A gypsum interval approximately 
60 feet thick makes up part of the formation in the south
eastern part of the range. The clastic rocks, and lime
stones in the lower part of the formation, are generally 
light olive gray (5Y 5/2) to olive gray (5Y 3/2) in color. 
Limestones in the upper part of the formation are dark 
gray (N3).
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Tyrrell measured two sections of the Willow Canyon 
Formation in the Willow Canyon area (Fig. A, locality A), 
including the type section. A good part of each section 
consists of what Tyrrell calls mostly covered slope. The 
exposed part of one section is mainly olive gray to olive 
green siltstone. The exposed part of the other section 
is primarily interbedded sandstone, siltstone, and clay- 
stone, olive gray to grayish brown in color (Tyrrell, 1957). 
A section of the formation examined by the writer in the 
same area is also made up of interbedded sandstone, silt
stone, and claystone, but towards the top of the formation 
these rocks are interbedded with limestone. This section 
can be divided into two very similar sequences, each 
approximately 50 feet thick. Sandstone units approximately 
five feet thick at the bottom of each sequence decrease in 
thickness and abundance up section, while the amount of 
siltstone and claystone increases in fining upward cycles. 
The sandstones are arkosic, and mostly very fine grained. 
Towards the top of each sequence the clastic rocks are 
interbedded with dark gray (N3) limestones. Some of the 
limestones are thinly laminated. This section is very 
similar to the top part of the formation exposed in Fresno 

Canyon in the Cienega Wash area of the Empire Mountains. 
However, the first limestones encountered in the top of the 
formation in Fresno Canyon are light gray in color, and are
not laminated.
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One section measured by Tyrrell and two sections 
measured by Archibald are a good indication of how poorly 
exposed the formation is in the Mine Canyon area (Fig. 4, 
locality B). Almost 70 percent of the total section 
measured by these two investigators was referred to as 
covered slope. Scattered small exposures are primarily 
dark gray (N3) to olive gray (5Y 3/2) siltstone, calcareous 
siltstone, and fine-grained, massive, nonfossiliferous 
limestone. One siltstone unit contains quartz pebbles.
A gypsum interval approximately 60 feet thick is also 
poorly exposed in at least one gully in the area.

The generalized section in figure 9 is based mainly 
on exposures in the Willow Canyon area. Interbedded sand
stone, siltstone, and claystone make up the majority of 
the section. Sandstone is subordinate to siltstone and 
claystone. Towards the top of the formation the clastic 
rocks are interbedded with dark gray limestones. The 
southern exposures deviate from this section in that they 
have a higher ratio of siltstone plus claystone to sand
stone, limestone is present near the bottom of the for
mation, and they include a gypsum unit.



SEDIMENTARY STRUCTURES

Several different kinds of sedimentary structures 
occur in the Willow Canyon Formation. Some are almost 
ubiquitous throughout the formation, while others were only 
observed at a few outcrops. Table 1 lists the sedimentary 
structures present in each of the mountain ranges studied, 
and ranks each structure according to its abundance in the 
section. In the Empire and Santa Rita Mountains the types 
of sedimentary structures, and the relative abundance of 
each, are very similar. Intense iron oxide staining in 
the Santa Rita Mountains, however, makes the study of these 
structures more difficult. Thinner section and lack of 
outcrop in the Whetstone Mountains may explain the relative 
lack of sedimentary structures observed there. It should 
also be noted that almost all of the data for the Whetstone 
Mountains was obtained from a few good exposures in the 
Willow Canyon area.

Empire Mountains
Plane horizontal laminations are the most often

encountered sedimentary structure in the Empire Mountains,
.and are almost ubiquitous throughout the section. Wavy 

horizontal laminations are also present, but were only 
observed in a few outcrops. Planar parallel and planar
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Planar Planar Small Burrows,
Plane Wavy parallel wedge Trough scale Soft tracks,

Mountain horizontal horizontal cross cross cross- cross- Graded sediment or
range laminae laminae strata strata strata strata Ripples bedding deformation trails
Empire
Mountains A T C C R-C R-C C T T-R T

Santa
Rita
Mountains

C T R C C R-C R T T-R T

Whetstone
Mountains C R R-C — —  C C R — — — —

Table 1. Type and Abundance of Sedimentary Structures Observed in the Willow Canyon Formation 
in the Three Areas Studied.
The occurence of each structure is described as: A = abundant, almost always present; 
C = common, often present; R = rare, sometimes present; T = trace, only observed in a 
few outcrops.
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wedge cross-stratification are common throughout the 
section. Sets of these strata are commonly six to eight 
inches thick, and are rarely greater than one foot in 
thickness. If less than two inches thick, these strata 
were referred to as small scale cross-stratification.
Trough cross-stratification is common in the northern 
exposure (Fig. 2, locality B), and to a lesser extent the 
bottom third of the formation along the eastern flank of 
the range (locality A). Trough cross-stratification is 
rare throughout the rest of the section. Sets of trough 
cross-stratification in the northern exposure are up to 
1.5 feet thick, but are usually less than one foot in 
thickness.

Small scale cross-stratification was referred to 
as ripples only if a ripple origin was obvious in outcrop. 
Both of these structures are present throughout the section, 
but are more common in the fine-grained sandstone and silt- 
stone that occurs near the bottom, and in the upper third 
of the formation. Cusp type (crescentric) ripples were most 
commonly identified. Graded bedding and trace fossils 
were only observed at a few outcrops. Trace fossils con
sist of a few scattered vertical and subhorizontal burrows 
at each outcrop, and are not restricted to any particular 
part of the formation. Soft sediment deformation is present 
in some of the sandstones, and although rare in occurrence,
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it is not restricted to any particular part of the forma
tion. In at least one outcrop, trace fossils and soft 
sediment deformation occur together.

A few of the sequences of sedimentary structures 
that occur in the Willow Canyon Formation are shown in 
figure 10. Sections A, B, C , and D are from the Empire 
Mountains. Section A is from the lower part of the for
mation at locality B, where trough cross-stratification is 
common. This cycle, or one very similar to it, is repeated 
in the immediate area. Section B, from locality A, simply 
shows planar wedge cross-stratification overlying hori
zontal laminations in mixed coarse sand to granule conglom
erate. The most common occurrence of planar wedge cross
stratification is overlying horizontal laminations. Section 
C is from locality C, probably near the stratigraphic 
middle of the formation. This section also shows wedge 
cross-stratification overlying horizontal laminations, 
which in turn overlie planar parallel cross-strata. Planar 
parallel cross-stratification most commonly underlies 
horizontal laminations. Wedge cross-stratification is also 
commonly overlain by horizontal laminations, or, slightly 
less commonly, ripples as in section C. Ripples most 
commonly overlie horizontal laminations as shown in section 
D. The sequence shown in section D is most often observed 
in the sandstones near the top of the formation, and is



Figure 10. Some of the Sequences of Sedimentary Structures that Occur in the Willow Canyon 
Formation.
The following abbreviations are used to identify the sedimentary structures 
illustrated: T = trough cross-bedding; PP = parallel planar cross-bedding;
PW = planar wedge cross-bedding; SST = small scale trough cross-bedding; IIL = 
horizontal laminations; R = ripples; SSD = soft sediment deformation. See text 
for discussion.
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repeated several times in the Fresno Canyon area where 
fine-grained sandstones are interbedded with siltstone 
and shale.

Santa Rita Mountains
The sedimentary structures in the Willow Canyon 

Formation in the Santa Rita Mountains are similar in type 
and abundance to those in the Empire Mountains (Table 1).
In fact, all of the sedimentary structures present in the 
Empire Mountains are also present in the Santa Ritas.
There are, however, slight differences between the two 
ranges in the abundance of some of these structures.

Horizontal laminations are common in the Santa 
Rita Mountains, but do not approach ubiquity as they do in 
the Empires. Planar parallel cross-stratification was also 
observed less frequently in the Santa Rita Mountains.
Trough cross-stratification, common only in locality B in 
the Empire Mountains, is fairly common at all localities 
studied in the Santa Ritas. Sets of cross-strata of all 
types are usually six to eight inches thick, but trough 
cross-stratification 1.5 feet thick and four feet wide is 
present near the bottom of the formation at locality A. 
Ripples appear to be less common in the Santa Rita Mount
ains, but this structure is concentrated in the fine
grained elastics, which are better exposed in the Empire 
Mountains. Also, ripples may be more easily concealed
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than most structures, by the intense iron oxide staining 
in the Santa Rita Mountains.

Section E (Fig. 10) is from locality C in the Santa 
Rita Mountains. Trough cross-strata commonly overlie and 
often scour horizontal laminations. Less frequently, trough 
cross-stratification overlies planar wedge cross-strata.
Also shown in section E is small scale cross-stratification, 
trough in this case, overlying trough cross-strata; this is 
another common sequence. As is the case in the Empire 
Mountains, planar wedge cross-stratification frequently over- 
lies horizontal laminations.

Whetstone Mountains
It has already been noted that most of the data on 

sedimentary structures in the Whetstone Mountains was 
gathered from a few outcrops in the Willow Canyon area 
(Fig. 4, locality A). In the Mine Canyon area, locality B, 
the formation is too poorly exposed to yield much informa
tion.

The stratigraphy of the Willow Canyon Formation in 
the Whetstone Mountains is similar to the upper one fourth 
of the formation in the Empire Mountains, which is well 
exposed in Fresno Canyon. Therefore, one might expect that 
the sedimentary structures would "also be similar, and indeed 
that is the case. Horizontal laminations, small scale 
cross-stratification, and ripples are the most abundant
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sedimentary structures. Planar parallel cross-stratifica
tion is also present. Planar wedge cross-stratification, 
which does occur in the upper part of the formation in the 
Empire Mountains, was not observed in the Whetstones. The 
lack of trough cross-stratification, which doesn't occur in 
the upper part of the formation in the Empire Mountains, 
is less surprising.

Section F in figure 10 is from the Whetstone Mount
ains. Ripples overlie a single set of planar parallel 
cross-strata, which in turn overlies horizontal laminations. 
The entire sequence fines upward. Most of the other sand
stones in this area are no more than 1.5 feet thick, and 
appear to be made up exclusively of sets of small scale 
cross-strata. Near the top of some of these sandstone 
units, the small scale cross-stratification appears to be 
of ripple origin.



PALEOCURRENTS

Paleocurrent data in this report is restricted, 
for the most part, to the Empire Mountains. Intense iron 
oxide staining, often poor exposure, the irregular, broken 
up surface of outcrops caused by fracturing and jointing, 
and the structural complexity of the Willow Canyon Forma
tion in the Santa Rita Mountains all inhibit the direct 
measurement of paleocurrents there. In the Whetstone 
Mountains the main obstacle to paleocurrent analysis is the 
lack of outcrop.

Paleocurrent data were gathered at 13 different out
crops in the Empire Mountains. Seven of these outcrops 
are in the Cienega Wash area, and the other six outcrops 
are in or near Pump Canyon. All of the measurements at 
each outcrop were taken from planar wedge and/or planar 
parallel cross-strata. The results are shown in figures 
11 and 12.

The data are highly variable from outcrop to outcrop, 
and within a single outcrop as well. Williams (1966) found 
that paleocurrents measured from planar cross-stratification 
on the average deviated 50 degrees from actual current 
direction, and could deviate up to 90 degrees. Allen (1966) 
also suggested that cross-stratification could diverge
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be

Figure 11. Paleocurrent Rose Diagrams.
Each rose represents measurements from a single outcrop. 
Letters refer to the outcrop localities as shown in figure 
2. Numbers indicate the total measurements taken from 
each outcrop.
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Figure 12. Rose Diagram of the Vector Means of the Paleocurrent Roses 
in Figure 11.
The scale of this diagram is three times larger than that 
used in figure 11.
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widely from mean current direction, even in streams of low 
sinuosity. Some of the data in Figure 11 were taken from 
low angle (less than 10 degrees) cross-strata. Picard 
(1973) warns against the use of low angle cross-strati
fication as a reliable current indicator.

With the above cautions noted, two azimuth direc
tions, and possibly a third are prominent. The rose diagram 
of the vector means (Fig. 12) indicates prominent southwest, 
fairly prominent northeast, and less prominent southeast 
paleocurrent directions. There is no systematic change in 
paleocurrent direction either vertically or laterally 
within the section, so gradual change through time cannot 
explain the different azimuth directions.

Bilodeau (1979) measured clast imbrications, channel 
orientations, and oriented clast fabrics in the Glance 
Conglomerate of the northern Empire Mountains. His data 
are fairly consistant and indicate a dominant south to 
southwest paleoslope throughout Glance time. This is sig
nificant because the Glance Conglomerate interfingers with 
the Willow Canyon Formation in the northern Empire Mount
ains, and a southwest paleoslope is also indicated in this 
study.

Bilodeau (1979) also determined the paleocurrent 
direction of the Glance Conglomerate in the Box Canyon 
area of the Santa Rita Mountains (Fig. 3,. locality B). An 
east to northeast paleocurrent direction is indicated there.
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The only paleocurrent measurement made in the Santa Rita 
Mountains for this study was also in the Box Canyon area. 
The orientation of a channel within the Willow Canyon 
Formation was determined to be N.37*E. This is consistent 
with Bilodeau's measurements in the Glance Conglomerate, 
and the Willow Canyon Formation is closely related to the 
Glance in this area. It should be noted that a northeast 
paleocurrent direction is also one of three general direc
tions indicated in the Empire Mountains.

Parting lineation at one outcrop in the Whetstone 
Mountains trends N. 27"W. or S. 27*E. Again, this paleo
current direction is one of the three that is indicated 
in the Empire Mountains.



PALEONTOLOGY

Only a few fossils of any kind have been found in 
the Willow Canyon Formation by previous investigators, and 
this study has very little to add. A summary of previous 
work is presented in table 2. It should be noted that all 
of the fauna collected by Drewes in the Santa Rita Mountains 
(Table 2) are from a single limy black shale bed near the 
top of the formation, in the southeast limb of locality A 
(Fig. 3). None of the fossils collected by previous work
ers are diagnostic enough to date the formation more pre
cisely than Cretaceous.

In the overlying Apache Canyon Formation in the 
Whetstone Mountains, most of the fauna are indicative of 
fresh to brackish water conditions (Archibald, 1982). 
Archibald believes that one pelecypod, belonging to the 
fresh water genus Musculiopsis MacNeil, may have an Aptian 
to Albian age range. The fauna in the Apache Canyon For
mation in the Santa Rita Mountains also suggest brackish 
water conditions (Drewes, 1971). Drewes did not assign an 
age to this fauna.

None of the paleontological data collected in the 
field for this report is significant as to the age or 
environment of deposition of the Willow Canyon Formation.
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Type of fossil 
(general)

Family,
genus,
or
species

Paleo-
ecological
interpretation

Locality
where
found

Referenced
and
collected
by

Identified
by

Branchiopod
carapaces Cyaicus(?)

fresh to 
brackish water

Whetstone
Mountains

Tyrrell
(1957) Tyrrell

Lcbensspurcn — —

Whetstone
Mountains

Archibald
(1982) Archibald

Gastropod Viviparus fresh water
Empire
Mountains

Finnoll
(1970) Cobban

Bivalve Mactra marine
Santa Rita 
Mountains

Drewcs
(1971) Kauffman

Bivalve Ostrea marine
Santa Rita 
Mountains

Drewes
(1971) Kauffman

Bivalve Corbicula(?)
fresh to 
brackish water

Santa Rita 
Mountains

Drewes
(1971) Kauffman

Bivalve Thracia marine
Santa Rita 
Mountains

Drewes
(1971) Kauffman

Bivalve Nuculava marine
Santa Rita 
Mountains

Drewes
(1971) Kauffman

Bivalve Tellina marine
Santa Rita 
Mountains

Drewes
(1971) Kauffman

Table 2. Summary oC Pnleontolcx|ieal Data Collected from the Willow Canyon Formation by 
Previous Workers (Modified and expanded from Archibald, 1982).
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Ostracods, too poorly observed to identify, are the only 
fossil present in the light gray limestone at the top 
of the formation in the Empire Mountains. The limestones 
at the bottom of the formation in the Empire Mountains are 
nonfossiliferous. Burrows resembling Planolites (Fursich, 
personal communication, 1986) also occur in some of the 
sandstones in the Empire Mountains.

A sample, examined in thin section, from the dark 
gray limestone at the top of the Willow Canyon Formation 
in locality C of the Santa Rita Mountains is nonfossil
if erous . At locality B, however, some poorly preserved 
bivalves were collected from the fine-grained sandstone 
and siltstone at the bottom of the formation. Due to the 
poor preservation of these bivalves, all that can be said 
is that at least some are articulated and probably all 
were infaunal (Flessa, personal communication, 1986, and 
Fursich, personal communication, 1986).



PETROGRAPHY

A suite of sandstone samples for thin section 
examination and point counting was selected from two areas 
in the Empire Mountains, and three areas in the Santa Rita 
Mountains. Most of the samples were selected semirandomly 
in roughly equally spaced intervals from the bottom to the 
top of each section. Rather than ignore the fine-grained 
sandstones, which are abundant in parts of the formation, 
they were included in the first section sampled. Although 
the coarse-grained sandstones often contained more lithic 
fragments than the fine-grained rocks in this study, this 
was not always the case, and this bias was not significant 
enough to change the rock name based on Folk's (1980) 
classification of sandstones. The increase in the amount 
of lithic fragments with increasing grain size of the 
samples is more apparent, however, in other triangular 
compositional diagrams presented in this report. In order 
to minimize this bias an effort was made to restrict thin 
section study to medium- or coarse-grained sandstones, when 
possible, in subsequent sections sampled. Due to the very 
fine grain size of most of the clastic rocks in the Whet
stone Mountains, only a few samples from this range were 
examined in thin section.
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Total organic carbon (T.O.C.), insoluble residue, 
and X-ray analyses were performed on some of the carbonate 
rocks in the formation. Some of the carbonate rocks were 
also studied in thin section.

Empire Mountains
Both suites of sandstone samples collected in the 

Empire Mountains were taken from locality A (Fig. 2). One 
suite was collected in Pump Canyon in the northern portion 
of locality A, and the other was collected in the extreme 
southern portion of this locality. The majority of the 
samples are arkoses, but three are lithic arkoses, and one 
is a litharenite (Fig. 13). The lithic arkoses and the 
litharenite are from the bottom part of the formation.

The sandstones within the Willow Canyon Formation, 
not restricted to those studied in thin section, range from 
very fine to very coarse grained. They are generally made 
up of poorly sorted, angular to subangular, equant to sub- 
equant clasts in the bottom half of the formation, and 
moderately sorted, angular to subrounded, equant to sub- 
equant clasts in the upper half of the formation. In 
general, these rocks contain very little or no detrital 
matrix, but a few samples, especially near the bottom of 
the formation, do contain a significant amount (10 percent 
or more). It was sometimes difficult to distinguish 
between fine-grained detrital matrix, authigenic clay.
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Q
Quartzarenite

SublithareniteSubarkose

LithareniteFeldspathicLithic
Arkose

Arkose
Litharenite

• Northern Section 
o Southern Section

Figure 13. Sandstones from the Empire Mountains Plotted on Folk's 
(1980) Triangular Compositional Diagram for the Class
ification of Sandstones.
The Q-pole includes all types of quartz and metaquartzite, 
but not chert. The F-pole includes all single feldspar 
grains plus granite and gneiss. All the fine-grained rock 
fragments are included in the RF-pole.
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and squashed sedimentary lithic fragments in these 
samples.

In addition to Folk's (1980) triangular diagram 
for the classification of sandstones, the sandstones were 
also plotted on triangular QFL (Fig. 14) and QmFLt (Fig.15) 
compositional diagrams (Dickinson and others, 1983). Table 
3 lists some of the important characteristics of the sand
stones studied. Quartz is more abundant than feldspar 
in these rocks, and lithic fragments are subordinate to 
both quartz and feldspar. The ratio of quartz to feldspar 
is lower in the rocks' of the southern sampling section.
Rocks from the southern section also appear to be slightly 
richer in lithic fragments than those from the north, but 
most of this increase can be attributed to the coarser 
grain size of some of the samples from the southern section.

The majority of the feldspar grains are plagio- 
clase, and the ratio of plagioclase to total feldspar is 
greatest in the northern sampling section (Fig. 16, and 
Table 3). In some rocks plagioclase is the only feldspar 
present.

Lithic fragments consist of sedimentary rock frag
ments (sandstone, siltstone, and shale), chert, granitic 
rock fragments, volcanic rock fragments, and a small amount 
of metamorphic rock fragments. Sedimentary rock fragments 
and chert were present in almost every thin section
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Northern Section
Southern Section

RECYCLED
OROGEN

CONTINENTAL 
BLOCK *^5

MAGMATIC
ARC

F L
Figure 14. Sandstones from the Empire Mountains Plotted on a Triangu

lar QFL Compositional Diagram (after Dickinson and others, 
1983).
The Q-pole includes all quartzose grains including poly
crystalline lithic fragments such as chert and quartzite. 
The F-pole includes monocrystalline feldspar grains only. 
The L-pole is made up of unstable polycrystalline lithic 
fragments from igneous, sedimentary, or metamorphic 
sources.
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Q m

Northern Section 
Southern Section

W  MIXED

CONTINENTAL 
BLOCK a

RECYCLED 
\  OROGEN

Figure 15. Sandstones from the Empire Mountains Plotted on a Triangu
lar QmFLt Comoositional Diagram (after Dickinson and others, 
1983).
The Qm-pole includes monocrystalline quartz grains only.
The F-pole includes only monocrystalline feldspar grains. 
The Lt-pole is made up of polycrystalline lithic fragments, 
including quartzose varieties.
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Refer
ence
Number

Sample
Number

Grain
Size Qm/Fm P/Ft

Poly-
Quartz Lithics

Calcite
Replace
ment Qu/Qnu

Most
Abundant
Cement

1 18 m-c 1.18 0.49 24 52 A 8.75 qtz
2 28c m-c 1.45 0.76 20 22 S 19.00 qtz
3 35 f 2.41 0.56 0 17 A 2 .0 0 qtz
4 37 f 2 .0 0 0 . 6 6 4 2 A 2.28 qtz
5 39b f-m 1.94 0.81 2 14 S 3.30 qtz
6 44 m-c 1.51 0.96 12 35 L 0.82 clay
7 48c m-c 1.57 0.55 15 29 S 1.40 qtz
8 53a m-c 1.31 0.76 15 47 L 1.34 qtz
9 56a m 1.58 0.73 6 31 VLN 1.15 qtz/clay

10 60a f-m 1.55 0.82 12 19 S 1.67 qtz
11 62b f 2 .66 0.97 3 17 S-A 2.11 qtz/clay
12 67a m 1.93 0 .8 8 8 21 A 1 .86 qtz
13 74b m 2.24 0.89 28 20 S 2.01 qtz
14 78a f-m 1.57 0.99 6 15 S-A 1.38 qtz
15 81b f-m 1 .68 0 .8 8 15 20 S-A 1.53 qtz
16 84d f-m 1 .2 0 0.99 5 9 A 1.97 qtz
17 87 m 1.42 0.99 15 21 S-L 1.83 qtz
18 90h m 1.18 0.76 10 23 VLN 1.62 qtz
19 93a f 1.49 1 .0 0 8 9 A 1.43 qtz
20 B f 2.15 1 .0 0 7 16 A 2.58 qtz/clay
21 D f-m 1.30 0.80 17 28 S 2.63 qtz/clay
22 E m-c 0.92 0.59 15 35 L 2.97 qtz/clay
23 G m 1 .22 0.62 13 29 S-A 3.62 qtz
24 H f-m 1.23 0.76 14 23 L 0 .6 6 clay
25 I m-c 1.52 0 .6 6 14 31 VLN 0.92 clay
26 J m-c 1.16 0.50 15 45 S 3.47 qtz
27 K c-vc 0.85 0.59 28 25 VLN 1.16 clay
28 L c-vc 1.96 0.09 33 63 A 1.96 qtz/clay
29 M m-c 1.27 0.90 16 20 S 1.69 qtz/clay
30 N f 1.13 1 .00 32 23 A 1.62 qtz
31 0 m 13.55 0.82 3 95 A 0.99 clay

Table 3. Some Characteristics of Those Sandstones from the Willow 
Canyon Formation that were Examined in Thin Section.
Numbers 1-31 are from the Empire Mountains, numbers 32-51 
are from the Santa Rita Mountains, and number 52 is from the 
Whetstone Mountains. Heading abbreviations are defined as 
follows: Qm = monocrystalline quartz grains; Fm = mono
crystalline feldspar grains; P = plagioclase; Ft = total 
monocrystalline feldspar grains; Qu = undulatory quartz;
Qnu = nonundulatory quartz. Abbreviations within the calcite 
replacement category are defined as follows: A = abundant;
S = significant; L = little; VLN = very little to none. The 
numbers in the polycrystalline quartz and lithics categories 
indicate frequency of occurence out of 400 points counted.
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Refer
ence
Number

Sample
Number

Grain
Size Om/Fm P/Ft

Poly-
Quartz Lithics

Calcite
Replace
ment Qu/Qnu

Most
Abundant
Cement

32 SCA c 0.95 0.77 30 28 VLN 0 . 8 6 qtz
33 see c 1.01 0.77 19 13 VLN 2 .22 qtz
34 SCE c 0.80 0.80 18 22 VLN 0.91 clay
35 SCF c 1.15 0.83 46 25 VLN 3.64 qtz
36 SCH m-s 1.33 0.55 25 24 VLN 1.34 qtz
37 SCJ c 0.89 0.72 38 18 VLN 0.96 qtz
38 SCK c 1.23 0.74 35 40 VLN 0.87 clay
39 FCA m 1.18 0.99 20 15 A 1.52 qtz
40 FC2B c 1.29 1 .00 29 45 A 2.48 qtz
41 FC5 c 1.22 1 .0 0 31 29 VLN 3.00 qtz
42 FC8 m 1 .20 0.70 13 14 S 1.95 qtz
43 FC14 m-c 1.37 0.95 22 33 L 1.33 qtz/clay
44 FC20 c 2 .0 0 0.99 21 23 S 2.36 qtz/clay
45 FC24 m-c 1.27 0.89 22 22 VLN 0.76 qtz/clay
46 FC28 c 1.39 0.91 24 28 L 1.47 qtz/clay
47 BC2 f-c 1.72 1 .00 1 10 A 0 .2 2
48 BC6 c 1.14 0.52 20 29 VLN 2.33 qtz
49 BC11 m 0.81 0.96 11 34 L-S 1.19 qtz
50 BC12 c 1.21 0.91 9 24 S 1.11 qtz
51 BC13 m 1 .22 0.87 6 13 A 1.62 qtz
52 WC f 0.78 0.98 8 15 L 0.53 qtz

Table 3, Continued
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Q

Northern Section
Southern Section

P K
Figure 16. Sandstones from the Hnpire Mountains Plotted on a 

Triangular QPK Compositional Diagram.
The poles represent monocrystalline quartz (Q), plagio- 
clase (P), and potassium feldspar (K).
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examined. Sedimentary rock fragments are often the most 
abundant type of lithic fragment. Chert usually makes up 
less than one percent of the total rock. Granitic and 
volcanic rock fragments were also present in small amounts 
in most of the rocks studied. Because the volcanic rock 
fragments were often altered and sometimes difficult to 
distinguish from chert and fine-grained sedimentary rocks, 
they may be slightly more abundant than recognized. Vol
canic rock fragments are perhaps most important in the 
upper part of the formation, and may make up a significant 
amount of the total lithic fragment population there.

Magnetite is the most abundant heavy mineral, and 
is often concentrated in bedding planes. Biotite, musco
vite, hematite, limonite, epidote, and to a lesser extent 
zircon, hornblende, and garnet, are also present. Heavy 
minerals never make up more than two or three percent of 
the rock, and usually make up less than one percent.

A wide variety of quartz types are present in 
these sandstones. Based on Folk's (1980) genetic class
ification of quartz types, plutonic, vein, metamorphic, 
and possibly volcanic sources are all represented by the 
quartz in these rocks. Although usually less, up to 15 
percent of the total quartz population in these sandstones 
can be made up of polycrystalline quartz. It was sometimes 
difficult to distinguish polycrystalline quartz from
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monocrystalline quartz grains deposited adjacent to each 
other, and subsequently cemented by quartz overgrowths.
Quite often no "dust rim" was present around the original 
detrital monocrystalline grains, so other less diagnostic 
means had to be used to distinguish polycrystalline quartz 
from quartz-cemented monocrystalline grains. Most of the 
polycrystalline quartz consists of a mosaic of interlocking 
equant grains with straight boundaries. Elongate crystals 
with crenulated borders within some of the polycrystalline 
quartz grains suggest a metamorphic source.

Extinction of the quartz grains varies from straight 
to strongly undulose. For this study quartz was classified 
as either undulose or nonundulose. Grains were classified 
as undulose if greater than five degrees of stage rotation 
was required to complete extinction. The ratio of undulose 
to nonundulose quartz for each sample is given in table 3. 
Boehm lamellae are also present in some of the quartz 
grains. Much of the deformation of these quartz grains may 
have taken place in situ. Broken feldspar grains and 
squashed lithics in the sandstone suggest extreme compac
tion. In addition,the ratio of undulose to nonundulose 
quartz is lowest in the few sandstones that have a clay 
matrix, or clay as the most abundant cement (Table 3).
This fine-grained material may have served as a cushion 
between detrital grains.
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Quartz grains range from clear to having abundant 
vacuoles. This range is often present within a single 
thin section. In some samples exhibiting this range the 
very clear quartz has straight extinction, while the 
quartz grains with several or abundant vacuoles are more 
likely to have undulose extinction.

Limonite pseudomorphs after pyrite are often present 
in the sandstones throughout the formation, and are also 
present in the limestones at the top of the formation.
They are usually concentrated in horizons parallel to bed
ding, but may also be scattered sparsely throughout a sed
imentary unit. The pseudomorphs are cubic. In thin 
section they appear to have crystallized around and enve
loped detrital grains, probably during very early diagene
sis.

According to Berner (1984) the major factors 
controlling how much pyrite can form in a sediment are the 
amounts of organic matter and reactive iron minerals 
deposited in that sediment, and the availability of dis
solved sulfate. Sulfate concentration is usually the 
limiting factor in freshwater sediments (Berner, 1984).
The fact that the pyrite formed in the Willow Canyon 
Formation was euhedral (cubic) may suggest that the avail
ability of iron controlled the amount of pyrite formed.
If the availability of iron was not a limiting factor,
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saturation might occur with respect to some monosulfides 
and pyrite. The monosulfides, even though they have a 
higher solubility product, would precipitate first for 
kinetic reasons, and might subsequently be converted to 
framboidal pyrite rather than euhedral pyrite (Raiswall, 
1982). Less reactive sources of iron, such as magnetite 
which may have been the source in this case, favor the 
direct production of euhedral pyrite because of its low 
solubility product (Raiswall, 1982).

As already mentioned, the majority of the feldspar 
grains in the sandstones are plagioclase, and in some rocks 
plagioclase is the only feldspar present. The possibility 
of albitization cannnot be ignored. Walker (1984) lists 
the following characteristics as being indicative of dia- 
genetic albitization of potassium feldspar: 1 ) high percent
age of untwinned plagioclase, particularly if clouded by 
submicroscopic inclusions of vacuoles or hematite; 2 ) abun
dant perthite with irregular contacts between albite and 
potassium feldspar phase; 3) high percentage of albite 
grains with chessboard twinning; 4) untwinned or chess
board twinned plagioclase with inclusions of potassium 
feldspar, calcite, anhydrite, or dolomite; 5) unexpectedly 
high plagioclase to potassium feldspar ratio; and 6 ) plag
ioclase of nearly pure albite composition where less pure 
is expected.
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The first five characteristics listed above are all 
present to some degree in the sandstones of the Willow 
Canyon Formation. The composition of the plagioclase was 
not determined. In some cases plagioclase, potassium 
feldspar, and calcite are all present in a single grain 
suggesting possible albitization through a calcite stage. 
Another characteristic that may indicate albitization is 
the presence of perfectly clear plagioclase in a rock where 
most of the feldspars are turbid or partially sericitized.
In one case the growth of small, clear plagioclase crystals 
within a potassium feldspar grain appears to have been 
crystallographically controlled.

Quartz overgrowth cement is the most abundant 
cementing agent in the sandstones, and has commonly 
completely filled original pore space. Authigenic clay 
cement is also commonly present, and in a few of the sand
stones is more abundant than quartz overgrowth. Petro
graphic and X-ray analyses of the clay cements indicates 
that they are mainly illite/sericite and chlorite, and 
possibly illite interlayered with chlorite (Schreiber, 
personal communication, 1986). Less common cements include 
microcrystalline quartz, megacrystalline quartz, chalcedony, 
hematite, calcite, and feldspar overgrowths. In most 
samples it is clear that quartz overgrowth cement was the 
first to form, and authigenic clay cement formed sometime
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after this. In one sample containing four generations of 
cement, chlorite cement was first, followed by quartz 
overgrowth cement, followed by another generation of 
chlorite cement, and than quartz overgrowth cement again.

Replacement minerals include calcite, sericite, 
muscovite, limonite, hematite, albite(?), and a small 
amount of siderite. Calcite is by far the most abundant 
replacement mineral, and is so extensive in some of the 
sandstones near the bottom of the formation that an accurate 
determination of their original composition is impossible. 
Calcite replaces all types of detrital grains and cements 
indicating that in most samples it was the last diagenetic 
mineral to form. Sericite commonly replaces plagioclase, 
and in some cases it appears that muscovite is also replac
ing plagioclase. The other replacement minerals listed 
are less extensive, or have already been discussed.

One limestone from the top of the formation and 
one from the bottom were also examined in thin section.
The limestone from the bottom of the formation is a sandy 
microsparite. The sand grains consist of monocrystalline 
quartz and polycrystalline quartz with mica inclusions.
The limestone from the top of the formation is a slightly 
fossiliferous, sandy micrite. The sand grains consist 
of detrital quartz and feldspar. Insoluble residue, T.O.C., 
and X-ray analyses were also performed on this sample
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(Table 4). A nondispersive IR (infra red) analyser was 
used for the T.O.C. analysis. Note the lighter color and 
corresponding lower total organic carbon content of this 
rock when compared with samples from the top of the for
mation in the Whetstone and Santa Rita Mountains.

Santa Rita Mountains
Several samples each from the Fish Canyon area of 

locality A, the Box Canyon area of locality B, and the 
Sycamore Canyon area of locality C in the Santa Rita Mount
ains were studied in thin section. Two of the samples are 
lithic arkoses, and the rest are arkoses (Fig. 17). Both 
of the lithic arkoses are from the lower third of the for
mation.

The sandstones, not restricted to those studied 
in thin section, range from very fine to very coarse 
grained. In general, they are made up of poor to moderately 
sorted, equant to subequant clasts. The clasts are mostly 
angular to subangular in the bottom portion of the formation, 
but higher up in the section they become mostly subangular 
to subrounded. Detrital matrix makes up from zero to five 
percent of most of the sandstones. An exception is the 
grayish red fine-grained sandstone at the bottom of the 
formation in the Box Canyon area. Calcite replacement is 
extensive in this rock, but it appears that as much as 25
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Sample Color Percent
CaC03

Percent
Organic
Carbon

Clay Minerals 
Present (from 
X-ray analysis)

EFC
medium
light
gray
(N6)

62 0.09
illite/sericite
i H i t  e-chlorite 
interlayered(?)

FCB
dark
gray
(N3)

21 0.12
illite/sericite
chlorite

FCD
dark 
gray 
(N3)

89 0.34 illite/sericite

SC3 (
medium 
dark 
gray 

. (N4)
59 * 0.31

illite/sericite
chlorite

WF
dark
gray
(N3)

94 0.42
illite/sericite
illite-chlorite 
interlayered(?)

Tabla 4. Suitmary of Insoluble Residue, T.O.C., and X-ray Analyses Per
formed on Five Samples from the Top of the Willow Canyon For
mation.
Sample EFC is from the Fresno Canyon area of the Empire Mount
ains, FCB and PCD are from the Fish Canyon area of the Santa 
Rita Mountains, SC3 is from the Sycamore Canyon area of the 
Santa Rita Mountains, and WF is from the Willow Canyon area 
of the Whetstone Mountains.
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Q
Quartzarenite

Sublitharenite

Litharenit'eLithic
Arkose

FeldspathicArkose
Litharenite

o Sycamore Canyon • Fish Canyon
x Box Canyon l Whetstone Mountains

Figure 17. Sandstones from the Santa Rita and Whetstone Mountains
Plotted on Folk's (1980) Triangular Compositional Diagram 
for the Classification of Sandstones.
Poles are defined in figure 13.
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percent of it may have originally consisted of detrital 
matrix.

These sandstones were also plotted on triangular 
QFL (Fig. 18) and QmFLt (Fig. 19) compositional diagrams 
(Dickinson and others, 1983). Some of the important char
acteristics of these sandstones are listed in table 3 .
Quartz is more abundant than feldspar in these rocks, but 
the ratio of quartz to feldspar is lower on the average 
than it is in the sandstones of the Empire Mountains.
Lithic fragments are also slightly more abundant in these 
sandstones, but are still subordinate to quartz and felds
par. Some, not all, of the increase in the amount of lithic 
fragments in the Santa Rita Mountains, as compared to the 
Empire Mountains, can probably be attributed to the coarser 
grain size of the Santa Rita samples. However, even though 
the Sycamore Canyon samples are all coarse-grained, some of 
these samples contain no more lithic fragments than the 
sandstones of the Empire Mountains, while others are sig
nificantly richer in lithic fragments.

Plagioclase is far more abundant than potassium 
feldspar in these rocks (Fig. 20). The sandstones from 
the Fish Canyon area have the highest plagioclase to total 
feldspar ratio. In fact, half of the sandstones examined 
from this area contain no potassium feldspar at all. The 
sandstones from the Sycamore Canyon area all contain some
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Figure 13. Sandstones fran the Santa Rita and Whetstone Mountains

Plotted on a Triangular QFL Compositional Diagram (after 
Dickinson and others, 1983).
Poles are defined in figure 14.
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• Sycamore Canyon 
x Box Canyon
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I Whetstone Mountains

MIXED

CONTINENTAL
BLOCK

RECYCLED 
V OROGEN

Figure 19. Sandstones from the Santa Rita and Whetstone Mountains
Plotted on a Triangular QmFLt Compositional Diagram (after 
Dickinson and others, 1983).
Poles are defined in figure 15.
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Q

Fish Canyono Sycamore Canyon
x Box Canyon I Whetstone Mountains

P K
Figure 20. Sandstones from the Santa Rita and Whetstone Mountains 

Plotted on a Triangular QPK Compositional Diagram. 
Poles are defined in figure 16.
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potassium feldspar, and as a group they clearly contain 
more potassium feldspar than the sandstones from the other 
localities.

The same types of rock fragments found in the sand
stones of the Empire Mountains are also present in these 
rocks. They include chert, sedimentary rock fragments, 
granitic rock fragments, volcanic rock fragments, and meta- 
morphic rock fragments. Volcanic and granitic rock frag
ments were identified in every sample examined. Sedimentary 
lithic fragments were only absent in two samples. Chert 
was also present in almost every sample. Metamorphic rock 
fragments are almost all in the form of polycrystalline 
quartz, and are restricted to the Sycamore Canyon area and 
a few samples from Fish Canyon. Metamorphic rock fragments 
are probably the most abundant lithic fragment in the 
Sycamore Canyon sandstones, but in all other areas sedi
mentary, granitic, or volcanic rock fragments are dominant. 
Many of the sandstones are roughly equally divided between 
these three types of lithics. Volcanic lithic fragments 
are slightly more abundant here than they are in the Empire 
Mountains.

The heavy mineral content of these sandstones is 
almost identical in type and abundance to the sandstones 
of the Empire Mountains. The types of quartz present are 
also very similar. The Sycamore Canyon area, however,
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has an exceptional amount of polycrystalline quartz, much 
of which appears to be metamorphic.

The diagenetic history of these sandstones is 
also very similar to that of the Empire Mountains. Limo- 
nite psuedomorphs after cubic pyrite are present, but 
probably less abundant than in the Empire Mountains. The 
same sort of albitization textures described earliar are 
also present in these sandstones. Even though some potas
sium feldspar is present in all of the Sycamore Canyon 

samples, textures indicative of albitization are present in 
these sandstones also.

Quartz overgrowth cement is the most abundant type 
of cement in most of the sandstones. Authigenic clay 
cement is usually present also, and in a few samples it is 
the most abundant type of cement. X-ray analysis was not 
performed on any of these sandstones, but examination under 
the petrographic microscope and comparison with other 
samples that were X-rayed suggests that the clay cements 
consist of illite/sericite and chlorite. Quartz cement was 
the first to form in most cases. Some megacrystalline 
quartz, calcite, hematite, and feldspar overgrowth cements 
are also present. Replacement minerals include calcite, 
sericite, limonite, hematite, chlorite, and albite(?). 
Calcite, one of the last diagenetic minerals to form, is
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the most abundant replacement mineral. It replaces almost 
all types of detrital grains and other diagenetic minerals.

A limestone from the top of the formation in the 
Sycamore Canyon area, examined in thin section, was deter
mined to be a sandy micrite. The sand grains are made up 
of detrital quartz and feldspar. A summary of insoluble 
residue, T.O.C., and X-ray analyses performed on this 
sample and two samples from the Fish Canyon area is pre
sented in table 4. The two samples from the Fish Canyon 
area are also from the top of the formation. Sample FCB 
is a siltstone.

Whetstone Mountains
Compared to the Empire and Santa Rita Mountains, 

the sandstones of the Willow Canyon Formation in the Whet
stone Mountains make up a much smaller percentage of the 
total section. Tyrrell (1957) concluded that the sandstones 
are made up mostly of poorly sorted, fine- to coarse
grained, angular to subrounded quartz grains with minor 
amounts of feldspar, mica, and other material. According 
to Tyrrell these sandstones range from arkose to sub- 
graywacke. Archibald (1982) states that the sandstones 
are feldspathic and rich in lithic fragments, and individ
ual grains are mostly subangular to angular.

Lawrence E. Archibald was kind enough to loan 
several thin sections from the Willow Canyon Formation to
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the author for further study. Unfortunately, most of these 
rocks were either too fine-grained, or too severely meta
morphosed to be suitable for point counting. One sample 
from Archibald's collection and one from this study are 
plotted in figure 17. The sample from this study is also 
plotted in figures 18 and 19. These two samples contain 
a higher percentage of feldspar than the samples from the 
Santa Rita and Empire Mountains.

Other samples from Archibald's collection contained 
a much smaller percentage of feldspar, but calcite replace
ment is extensive in these samples and may have prefer
entially replaced feldspar grains. On the other hand, 
calcite replacement is insignificant in another sample that 
is made up almost completely of quartz grains. It is not 
known to the author which part of the section this quartz 
rich sample comes from.

Based on an admittedly small number of samples, it 
would appear that the sandstones of the Willow Canyon For
mation in the Whetstone Mountains are more variable in 
composition than those from the Empire and Santa Rita 
Mountains. Fine-grained detrital matrix is also more 
abundant in the sandstones from the Whetstone Mountains. 
Lithic fragments in the few samples studied from this 
mountain range include sedimentary, granitic, and volcanic 

rock fragments.



Insoluble residue, T.O.C., and X-ray analyses were 
performed on one limestone sample from the top of the 
formation in the Willow Canyon area (Table 4).
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DISCUSSION AND SYNTHESIS

Due to the limited areal extent of the Willow 
Canyon Formation, and the similarity of the formation in 
the three mountain ranges in which it is exposed, it is 
possible and most convenient at this point to discuss the 
formation as a whole.

Depositional Environment
The stratigraphy and sedimentology of most of the 

Willow Canyon Formation suggests that it was deposited by 
braided, ephemeral streams in a distal fan to alluvial 
plain environment. The braided stream deposits grade 
upward into lacustrine deposits at the top of the formation. 
Near the bottom of the formation fluvial and/or colluvial 
deposits dominate, but locally lacustrine deposits are also 
present.

The origin of the fine-grained sandstone, silt- 
stone, and claystone that make up the bottom of the for
mation in the Empire Mountains and parts of the Santa Rita 
Mountains is unclear. The sandstones are very poorly 
sorted, and contain an abundant fine-grained matrix. In 
the Empire Mountains these rocks are interbedded, locally, 
with nonfossiliferous limestone units of probable lacustrine 
origin. The ancient lakes or ponds may have been too
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short-lived to develop a preservable fauna. Drewes 
(1971c), working in the Santa Rita Mountains, thought that 
the fine-grained clastic rocks near the bottom of the 
formation resembled the consolidated equivalents of the 
weakly developed soils formed on the low terrace deposits 
of streams that drain areas underlain by continental 
granodiorite. Therefore, Drewes concluded that these rocks 
were regolith beds, which either formed in place or were 
brought in from nearby areas by sheet wash or colluvial 
action. A sheet wash origin may be supported by sharp 
contacts between thin units (one to eight inches thick) of 
interbedded sandstone and siltstone.

The thickness of this part of the formation (approx
imately 400 feet) in the Empire Mountains, together with 
isolated cross-bedding in some of the sandstone units and 
ripple marks in the fine-grained sandstone and siltstone, 
suggests a fluvial origin for the bottom of the formation 
in this area. Most of the fine-grained elastics may rep
resent the overbank deposits of meandering streams. What
ever the depositional mechanism, these sediments probably 
record initial uplift, and subsequent erosion and stripping 
of the soil profile in the surrounding areas.

The overwhelming majority of the formation was 
probably deposited by braided, ephemeral streams in a 

distal fan to alluvial plain environment. Several
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characteristics of the sediments suggest that they were 
deposited by braided rather than meandering streams: 1 ) an 
abundance of planar cross-bedding which is rare in meander
ing streams, but common in braided (Miall, 1977); 2) the 
presence of scour fills which are rare to common in braided 
streams, and absent in meandering (Miall, 1977); 3) rapid 
and frequent fluctuations in grain size of the sediments;
4) lack of fine-grained overbank deposits; 5) lack of well 
developed fining upward sequences characteristic of mean
dering streams.

Miall (1977) and Rust (1978) both describe the 
abundance of horizontal laminations in the ephemeral flood 
deposits of Bijou Creek, Colorado. Rust (1978) also 
describes the abundance of scour fill, low angle cross-beds 
(SI facies of Miall, 1977), and to a lesser extent, high 
angle planar cross-beds in the braided, ephemeral stream 
deposits of the Malbaie Formation. According to Picard 
(1973), low angle cross-stratification and horizontal dis
continuous stratification are the most abundant bedding 
types along modern ephemeral streams. Picard states that 
most workers do not differentiate horizontal discontinuous 
stratification from horizontal parallel stratification.
Due to the limited extent of outcrop it may not have been 
possible to do so for this report, but Picard's description 
of the two types of horizontal stratification suggests
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that most of the horizontal stratification of the Willow 
Canyon Formation may be of the discontinuous type. Picard 
refers to the low angle cross-stratification as low angle 
wedge (Picard, 1973, Table 1), and Miall (1977) infers that 
the low angle cross-beds of his SI facies are also planar 
wedge cross-beds.

All of the sedimentary structures listed above as 
characteristic of braided, ephemeral stream deposits are 
present in the Willow Canyon Formation. Horizontal lami
nations are the most abundant sedimentary structure in 
the formation. Low and high angle planar parallel and 
planar wedge cross-beds are also abundant. Therefore, it 
appears reasonable to say that the stratigraphy and sedi
mentary structures of the Willow Canyon Formation most 
closely resemble that of braided, ephemeral stream deposits

According to Rust (1978), sediments of braided 
rivers and alluvial plains are very similar, but alluvial 
plain deposits are much more extensive normal to mean trans 
port direction, and tend to be transitional up slope to 
alluvial fan deposits. The relationship of the Willow 
Canyon Formation to the fan deposits of the Glance Con
glomerate suggest that it was deposited on an alluvial 
plain, or, in the northern Empires, possibly the distal 
portions of an alluvial fan.

The fining upward character of the Willow Canyon 
Formation as a whole can be explained by erosional retreat
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and subduing of the source area. The Cretaceous sea may 
have been transgressing from the south at this time also, 
thereby raising base level, and decreasing stream com
petence .

The top of the formation is gradational to the 
predominantly lacustrine deposits, possibly estuarine 
deposits in the Santa Rita Mountains, of the Apache Canyon 
Formation. Fossils from the Apache Canyon Formation in 
the Whetstone Mountains are indicative of fresh to brackish 
water (Archibald, 1982). The fossils from the Apache 
Canyon Formation in the Santa Rita Mountains also indicate 
fresh to brackish water conditions, and are common in an 
estuarine environment (Drewes, 1971c). In the Willow 
Canyon Formation itself, a fresh water gastropod was found 
by Finnell (1971) in the top of the formation in the Empire 
Mountains, and Tyrrell (1957) identified branchiopod cara
paces of fresh to brackish water origin in the Whetstone 
Mountains.

Kauffman (in Drewes, 1971c) identified a mostly 
marine fauna from a limy black shale bed at the top of the 
Willow Canyon Formation in the Fish Canyon area of the 
Santa Rita Mountains. Therefore, at least the top of the 
Willow Canyon Formation in the southernmost exposures of 
the Santa Rita Mountains may contain some marine sediments.
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Tectonic Setting
According to Coney (1978), beginning sometime in 

latest Triassic to early Jurassic, and extending to late 
Jurassic time, a magmatic arc trended northwest-southeast 
across southwestern Arizona. Magmatic activity waned in 
late Jurassic time, and then flared up again in the Early 
Cretaceous far to the southwest, along the extreme south
western margin of North America. Arizona was in an arc- 
rear setting at this time (Coney, 1978), and it was during 
this time that the Willow Canyon Formation was deposited. 
Coney states that the. resulting paleogeography in Arizona 
was complex and is not entirely clear.

Several authors suggest a northwesterly structural 
trend in southeastern Arizona at the time that the Willow 
Canyon Formation was deposited. Bilodeau (1978) presents 
evidence for a system of northwest and west-trending normal 
faults during deposition of the Glance Conglomerate. The 
Glance Conglomerate is slightly younger than the Willow 
Canyon Formation in some areas, but in other localities 
the two formations are probably equivalent in age. Bilodeau 
(1978) suggests that southeastern Arizona was a zone of 
regional northeast-southwest extension during this time.

Drewes (1981) also recognizes a system of northwest
trending high angle faults in southeastern Arizona.
According to Drewes this system has a complex history of
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movement ranging in age from Precambrian through Cenozoic, 
and often controlled the movement of magma and mineralizing 
fluids during this time. During the time interval of 
Triassic through Early Cretaceous moderately active tectonic 
conditions prevailed (Drewes, 1981). Vertical tectonic 
activity appears to have been dominant in central, and 
especially western southeastern Arizona during this time 
(Drewes, 1981). Tensional conditions appear to have pre
vailed. The association of considerable local relief and 
high angle faults suggest normal fault movement (Drewes, 
1981).

The composition of the sandstones from the Willow 
Canyon Formation support the interpretations of Bilodeau 
(1978) and Drewes (1981). Most of the sandstones plot in 
or close to the continental block field of the triangular 
QFL (Figs. 14 and 18) and QmFLt (Figs. 15 and 19) compos
itional diagrams. More specifically, the sandstones plot 
mainly in the basement uplift and transitional continental 
fields (Dickinson and others, 1983). Basement uplifts 
occur, among other places, along incipient rift belts 
(Dickinson and others, 1983) in extensional regimes.

Titley (1976) also cites evidence for a dominant 
northwest-trending tectonic grain. In addition, Titley 
suggests the possibility, at least in Triassic and Jurassic 
age rocks, of a northeast-trending structural grain that
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appears in some areas to have broken up the northwest
trending blocks into isolated segments.

Paleoqeoqraphy and Provenance
The Willow Canyon Formation was probably deposited 

in a northwest-trending graben that may have been segmented 
by one or more northeast-trending faults. The main sources 
of sediment lie to the west, north, and possibly to the 
east of the modern exposures of the formation.

Bilodeau (1979) presents convincing evidence for 
the existence of at least two south-side-down, east-west or 
northwest-southeast trending normal faults in the northern 
part of the Empire Mountains during early Cretaceous time. 
The Glance Conglomerate was shed in a southwest direction 
off the resulting highland, and records the stripping of 
the Paleozoic cover and the subsequent erosion of the under
lying Precambrian granitic rock (Bilodeau, 1979). In the 
Santa Rita Mountains Bilodeau (1979) presents evidence for 
a fault-created, northeast-facing paleoslope, which he 
suggests fed sediment into the same basin that was receiv
ing sediment from the north in the Empire Mountains area. 
Bilodeau's conclusions are based on his study of the Glance 
Conglomerate, but he suggests that the Willow Canyon For
mation is the distal fan and basin equivalent of the Glance 
Conglomerate.
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The northwesterly orientation of the fault-bounded 
basin suggested by Bilodeau is in good agreement with the 
generally accepted structural trend for Early Cretaceous 
time discussed in the previous section. Several aspects 
of the Willow Canyon Formation also support Bilodeau's 
hypothesis.

The Willow Canyon Formation is much thicker in the 
area of the Empire Mountains than it is in the Santa Rita 
and Whetstone Mountains. In the simplest case, the differ
ences in thickness can be explained by the position of the 
present exposures relative to the paleobasin. The exposures 
of the formation in the Empire Mountains may represent the 
depocenter of the paleobasin, while the Santa Rita and 
Whetstone Mountains exposures are closer to the original 
basin margin. A basin margin position for the exposures 
in the Whetstone Mountains is supported by the fact that 
they are only similar to the upper portion of the section 
in the Empire Mountains.

Paleocurrent measurements from the Willow Canyon 
Formation in the Empire Mountains also suggest that this 
may have been the center of deposition. Figure 12 indicates 
a northeast and southwest paleoslope, which is conceivable 
in the center of a northwest-trending basin receiving sed
iment from both sides (Fig. 21). The dominant source, to 
the northeast or southwest, may have fluctuated with time
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10 miles

Figure 21. Approximate Position and Orientation of the Fault-Bounded 
Basin in which the Willow Canyon Formation May Have Been 
Deposited.
Faults A and B refer to models one and two discussed in 
text, fault C refers to model two only. Arrows indicate 
direction of sediment transport. Note that the present 
exposures of the Willow Canyon Formation in the Santa Rita 
Mountains have been thrust an uni mown distance to the 
vest. See figure 1 to identify outcrop area.
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in the center of the basin, or the center of the basin 
itself may have shifted back and forth. The generalized 
section of the Willow Canyon Formation in the Santa Rita 
Mountains (Fig. 9) illustrates a recurrent shift from the 
deposition of predominantly coarse- to predominantly 
fine-grained sediment. If this fluctuation in sedimentation 
indicates pulsating tectonic events in the area of the 
present Santa Rita Mountains, this would also be reflected 
in the center of the basin. During periods when the 
deposition of fine-grained sediment was dominant in the 
Santa Rita Mountains, a northeasterly source of sediment 
might prevail in the center of the basin. The southeast
erly paleocurrent component of figure 12 may represent 
transportation of sediment out of the basin, presumably 
from the basin center.

Given the paleogeographical model described above, 
a source for the arkosic sediment of the Willow Canyon 
Formation is not diffiult to establish. Precambrian grano- 
diorite and quartz monzonite are extensively exposed in the 
Santa Rita Mountains immediately west of the Willow Canyon 
Formation exposures (Drewes, 1971a and 1971b). Gneissic 
quartz diorite and quartz monzonite also of Precambrian age 
are exposed immediately north of the Empire Mountains 
(Finnell, unpublished geologic map, 1971). These rocks 
are in the inferred directions of the source areas. Even
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though there is some evidence of albitization in 
the arkoses of the Willow Canyon Formation, a plagioclase- 
rich source rock is indicated in figures 16 and 20. By 
definition, granodiorite and quartz diorite must have a 
high ratio of plagioclase to potassium feldspar. Quartz 
monzonite may also have a high ratio of plagioclase to 
potassium feldspar. Thus the composition of the Precam- 
brian granitic rock in the Santa Rita Mountains and north 
of the Empire Mountains is further evidence that they may 
have been the major sources of sediment for the Willow 
Canyon Formation.

Precambrian quartz monzonite is also extensively 
exposed to the east in the Whetstone Mountains. Although 
there is no direct evidence, such as paleocurrent measure
ments, to suggest that the area of the Whetstone Mountains 
was a source of sediment for the Willow Canyon Formation, 
this area may have been a highland along the basin margin 
during Early Cretaceous time. Therefore, it must be con
sidered a possible source, especially for exposures adja
cent to the Whetstone Mountains.

An alternative model for the paleogeography of 
the study area is very similar, but slightly more complex 
than the one proposed above. This model simply adds, to 
the basin described above, a component of northeast-trending 

normal faulting in the area of the Empire Mountains (Fig.
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21). Deposition of later Cretaceous sedimentary rocks, 
intrusion by later Cretaceous igneous rocks, and uplift 
of the present day Empire Mountains precludes the direct 
establishment of such a fault, or system of faults, but 
some indirect evidence and the possibility of this type 
of faulting should be discussed.

The irregular surface of the Paleozoic strata on 
which the Willow Canyon Formation was deposited in locality 
A of the Empire Mountains indicates that there was some 
relief in this area. Another indication of local relief 
is the Glance Conglomerate. In locality A of the Empire 
Mountains the Glance Conglomerate is a lenticular 
limestone-clast conglomerate. This Glance is very similar 
to the limestone-clast conglomerate of probable Pleistocene 
or Holocene age that aggraded and filled some of the stream 
channels along the east flank of the present day Empire 
Mountains. The Glance in question is at least 80 feet 
thick near the center of its exposure, but becomes thinner 
and finer grained to the northeast and southwest until it 
pinches out in both directions. It appears to be a paleo- 
channel fill that trends roughly northwest-southeast. The 
thickness of this Glance Conglomerate indicates consider
able relief in this area just prior to deposition of the 
Willow Canyon Formation.
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A south-side-down, northeast-trending normal fault 
in the area of the Empire Mountains also helps to explain 
the tremendous thickness (possibly 6,000 feet) of the 
Willow Canyon Formation along the southeast flank of this 
range. Unfortunately, a complete section of the formation 
is not exposed west of this area until one reaches the 
Santa Rita Mountains where the formation is 2,500 feet 
thick or less. Therefore, it is impossible to determine 
if the thinning of the formation to the west is gradational, 
or if it is an abrupt thinning that could best be explained 
by syndepositional faulting.

The main sources of sediment for this model are the 
same as those already discussed for the first model. If 
movement along the northeast-trending fault was intermit
tent, the upthrown northwest side of the fault might have 
alternated between erosion and deposition, and may have at 
times supplied another source of sediment to that part of 
the Willow Canyon Formation that lies to the southeast.
This source of sediment would explain the southeastern 
paleocurrent direction indicated in figure 12.

Finally, a northeast-trending fault is consistent 
with Titley's (1976) suggestion that a northeast-trending 
structural grain may have broken up the predominantly 
northwest-trending structural blocks of southeast Arizona 
into isolated segments. A northeast-trending fault system
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may also have provided a plane of weakness that ultimately 
controlled the position of the present day Empire Mountains, 
the northeasterly orientation of which is somewhat anomalous 
in present day southeastern Arizona.

Bisbee Group Correlation
The lack of age diagnostic fossils in the Willow 

Canyon Formation and most of the associated Bisbee Group 
rocks in the Empire, Santa Rita, and Whetstone Mountains 
makes the exact correlation of these rocks with the type 
section of the Bisbee Group in the Mule Mountains difficult. 
The only age control on the Bisbee Group rocks in the study 
area is in the Shellenberger Canyon Formation. According 
to Tyrrell (1957) the fossil assemblage in the lower Shell
enberger Canyon Formation in the Whetstone Mountains 
indicates an Early Cretaceous age, probably late Trinity 
or early Fredericksburg. Dinosaur bones from the lower 
part of the Shellenberger Canyon Formation in the Empire 
Mountains also indicate an Early Cretaceous age (Miller, 
1964). The age, according to Hayes (1970), of the Bisbee 
Group strata in the type section is shown in figure 22.

Based on the lithology of the Bisbee Group as a 
whole and on the age control in the Shellenberger Canyon 
Formation, previous workers (Tyrrell, 1957; Schafroth, 1968; 
Hayes, 1970; and Archibald, 1982) have all correlated the 
Willow Canyon Formation with the Morita Formation and at
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Mule Mountains Whetstone and
(type section) Empire Mountains

Turney Ranch 
Formation

Shellenberger
Canyon

Formation
Cintura
Formation

Mural
Limestone

Apache Canyon
Formation

Morita
Formation

Willow Canyon 
Formation

Glance Conglomerate

Figure 22. Age of the Type Section of Bisbee Group Strata and
Correlation with the Bisbee Group Strata of the Empire 
and Whetstone Mountains According to Hayes (1970).
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least the upper part of the Glance Conglomerate in the 
type area. Figure 22 shows the correlation of the entire 
Bisbee Group in the Empire and Whetstone Mountains with 
the type area according to Hayes (1970). Archibald (1982) 
also included the Apache Canyon Formation as a Morita For
mation correlative, thus correlating the Willow Canyon 
Formation with only the lower part of the Morita Formation 
and the Glance Conglomerate. All of the above correlations 
assign an Aptian age to the Willow Canyon Formation.

Even though the above correlations are based on 
studies of the entire Bisbee Group, they are still tenuous 
due to lack of age control. Any attempted correlation 
with the type section by the author would be based on the 
study of only a small part of the Bisbee group, and, 
without additional age control, could only be considered 
more tenuous than those already proposed. However, a 
volcanic rock from the bottom half of the formation in 
the Empire Mountains (number 80 of measured section one in 
the appendix) is currently being dated in the Laboratory 
of Isotope Geochemistry at the University of Arizona. If 
an accurate date can be obtained from this rock, the cor
relation of the Willow Canyon Formation with the type 
section of Bisbee Group strata in the Mule Mountains can 
then be made with some confidence.

»



APPENDIX

MEASURED SECTIONS OF THE WILLOW CANYON FORMATION

Three sections of the Willow Canyon Formation were measured 
with a Jacob staff and Brunton compass. Color was determined using 
a rock color chart (Goddard, 1948). The location of these sections is 
shown in figures 2 and 3. Descriptions begin at the section's base.

Measured Section 1
This section includes the Glance Conglomerate immediately below 

the Willow Canyon Formation. It was measured in Pump Canyon in locality 
A of the Empire Mountains. The base of the section begins in the lower 
center of sec. 3, T. 18 S., R. 17 E., in the Narrows quadrangle, and 
the section ends in the upper center of sec. 14, T. 18 S., R. 17 E., 
in the Spring Water Canyon quadrangle.

Glance Conglomerate Thickness 
(in feet)

1. Clast-supported cobble conglomerate; light gray (N7) to 
medium dark gray (N4), weathers varicolored; clasts are 
mostly limestone, dolomite(?), and sandstone up to 20 
cm in diameter, and averaging 8 cm; clast size decreases 
up section; clasts are subrounded to subangular, very 
poorly sorted; coarse sand matrix; massive; well exposed 
at bottom, poorly exposed to covered at t o p .......... 80.0

Willow Canyon Formation Thickness 
(in feet)

1. Calcareous sandstone; grayish red purple (5RP 4/2), 
weathers pale red (10R 6/2); very fine grained, very 
poorly sorted, subangular to subrounded; calcite cement; 
dense, tight; appears massive; poorly exposed ........ 15.0
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Thickness
(in feet)

2. Calcareous sandstone; light brownish gray (SYR 6/1) 
to light olive gray (5Y 6/1), weathers varicolored; 
very fine grained, poorly sorted, subrounded; calcite 
cement; dense, tight; massive; jointed parallel to
bedding; well exposed .......................  . . . . .  41.0

3. Limestone; pale brown (SYR 5/2), weathers varicolored; 
very fine grained; dense; massive; nonfossiliferous;
jointed parallel to bedding; well exposed .............. 6.0

4. Limestone; same as three, but laminated and contorted
in outcrop . . .......................................  9.0

5. Limestone; same as three.............................  5.0
6. Andesite sill; greenish black (5GY 2/1), weathers same; 

according to Moore (1960) 85% of this rock is made 
up of oligoclase; the rock is conspicuous in outcrop.
resistant, well exposed .............................  3.0

7. Calcareous sandstone; grayish red (5R 4/2), weathers 
same; fine-grained, subangular, poorly sorted; tight;
blocky in outcrop, well exposed.....................  4.0

8. Andesite sill; same as six . .......................... 1.0
9. Interbedded slightly calcareous sandstone and siltstone; 

grayish red (5R 4/2), weathers same; fining upward cycles 
8 to 10 feet thick at the bottom of this interval give way 
to interbedded sandstone and siltstone units 8 inches 
thick or less with sharp contacts in the middle and top
of the interval; a few coarser sandstones are also present;
mineralized vugs; cross-bedding, graded bedding, and
ripples; well exposed................................  284.0

10. Limestone; medium light gray (N6) on fresh, weathers 
grayish orange pink (SYR 7/2); fine-grained; nonfossili-
ferous; fissile along thin (less than 1/10 mm), wavy, clay
laminae; outcrop is contorted, wavy; well exposed . . . 14.0

11. Claystone;, grayish red (5R 4/2), weathers same; 
mineralized vugs; fairly resistant; outcrop is irregular
to slightly blocky, blocky sections are calcareous . . .  17.0

12. Interbedded sandstone and claystone similar to 11; sand
stone is light olive gray (5Y 5/2), weathers same; very
fine grained; calcareous; tight, dense; blocky ........ 15.0
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13. Interbedded calcareous siltstone and arkosic sandstone; 
both are grayish orange pink (SYR 7/2) to pale yellowish 
brown (10YR 6/2), weather same; sandstone is fine- to 
very fine grained, very poorly sorted, angular to sub- 
angular; tight; appears massive; very resistant and 
blocky in places, less resistant in other areas . . . .

14. Arkose; pale red (10R 6/2) to pale red (SR 6/2), weathers 
same; uniform medium to coarse-grained, mostly angular
to subangular, some subrounded, fair sorted, equant 
grains; slight porosity; mostly silica, some calcite 
cement; magnetite concentrated in bedding planes; hori
zontal laminations, trough cross-bedding, some graded 
bedding; some pebbly lenses and deformed, lenticular 
siltstone bodies also present; well exposed ............ 144.0

15. Interbedded arkosic sandstone and mudstone; pale red
(5R 6/2), weathers same and grayish red (5R 4/2); arkose 
is fine-grained, poorly sorted, angular to subangular; 
fair porosity; silica cement; some of the mudstone con
tains limestone concretions up to 9 cm in diameter . . . .  8.5

16. Arkosic, slightly calcareous sandstone; light olive gray 
(5Y 5/2), weathers same; fine-grained, fair sorted, sub
angular to subrounded; some clay matrix; silica cement;
tight, dense; appears massive.........................  6.5

17. Arkose; pale red (10R 6/2) to pale red (5R 6/2), weathers 
same; medium- to coarse-grained, poorly sorted, subangular, 
large clasts subrounded, mostly equant; fair porosity; 
silica cement; scattered red siltstone clasts up to 5 cm
in diameter; faint horizontal laminations .............. 26.0

18. Arkose; light olive gray (5Y 5/2), weathers same; medium- 
to coarse-grained, poorly sorted, mostly angular to sub
angular, some subrounded, equant; fair porosity; mostly
silica, some calcite cement; faint horizontal laminations . 2.5

19. Arkose; pale red (10R 6/2) to pale red (5R 6/2), weathers 
same; medium- to coarse-grained, poorly sorted, angular 
to subangular, equant; good porosity; silica cement;
some pebble sized granitic and volcanic(?) rock fragments; 
small scale cross-bedding and low angle wedge cross bedding 15.0

20. Poorly exposed and covered interval, appears same as 16 . . 23.0
21. Arkose, pebbly arkose, and arkosic conglomerate; pale red 

(10R 6/2), pale red (5R 6/2), and light olive gray (5Y 5/2), 
weathers same; ranges from fine-grained to cobble sized

Thickness
(in feet)

15.0
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material including red siltstone clasts, very poorly 
sorted, angular to subangular, larger clasts subrounded, 
equant; tight to fair porosity; mostly silica, some 
calcite cement; horizontal laminations, wedge cross
bedding up to 8 inches thick, trough cross-bedding, 
scour fill; well exposed.............................  60.0

Section shifted approximately 150 feet northeast along strike.
22. Sandstone; light olive gray (5Y 5/2), weathers light olive

(10Y 5/4); very fine grained, poorly sorted, angular, 
equant; fair porosity; mostly silica, some calcite cement; 
horizontal laminations .................................  10.0

23. Interbedded very fine grained sandstone, as in 22, and 
arkosic sandstone; pale red (10R 6/2) to pale red (5R 6/2), 
weathers same; fine- to medium-grained, fair sorted, 
angular to subangular, equant; slight porosity; silica 
cement; scattered quartzite clasts up to 7.5 an in
diameter; fair to poor exposure.........................  90.0

24. Interbedded arkose, pebbly arkose, and arkosic conglom
erate; pale red (10R 6/2), pale red (5R 6/2), and grayish 
red (5R 4/2), weathers same; texture and composition same
as 21; trough cross-bedding.............................  87.0

25. Arkose; grayish red (5R 4/2), weathers same; fine
grained, fair to well sorted, angular to subrounded, 
equant; tight; calcite cement; horizontal laminations
and planar wedge cross-bedding; blocky; well exposed . . .  46.0

26. Same as 25 at bottom, but becoming very fine grained at 
top, and is interbedded with siltstone and shale units 
up to 4 feet thick; siltstone and shale are grayish red 
(5R 4/2), weather same; well exposed at bottom, poorly

Thickness
(in feet)

exposed at t o p ........................................ 49.0
27. Covered interval, probably same as 26 .................  25.0
28. Arkose; varies between grayish red (5R 4/2), pale red 

(10R 6/2), and pale red (5R 6/2), weathers same; inter
bedded fine-,medium-, and coarse-grained, poorly sorted, 
angular to subangular, equant; tight to slight porosity; 
silica cement; horizontal laminations and planar wedge 
cross-bedding; blocky to rounded in outcrop; poorly to 
well exposed................................. .........  100.0

29. Covered interval 30.0
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30. Interbedded arkose as in 28, and very fine grained 
subarkose(?), siltstone, and claystone? grayish red 
(5R 4/2), weathers same; arkose is same as 28, very 
fine grained sandstone is fair sorted, angular to 
subangular; tight? calcite cement; magnetite concen
trated in bedding planes; horizontal laminations 
and planar wedge cross-bedding; well exposed, blocky, 
cliff former at bottom of section, poorly exposed

Thickness
(in feet)

at t o p ..............................................  65.0
31. Subarkose(?); light olive gray (5Y 5/2), weathers same; 

very fine grained, poorly sorted, subrounded(?); tight 
to slight porosity; silica cement; blocky in outcrop . . 7.0

32. Interbedded siltstone and arkosic sandstone; siltstone 
is light olive gray (5Y 5/2), weathers same; arkose is 
pale red (10R 6/2) and pale red (5R 6/2), weathers same; 
medium-grained, very poorly sorted, angular to subrounded, 
larger clasts rounded, equant? slight porosity; silica 
cement; contains some red siltstone clasts; horizontal 
laminations; well exposed at bottom, poorly exposed at top 67.0

33. Fine- , medium-, coarse-grained, and pebbly arkoses 
with conglomerate lenses; pale red (10R 6/2), weathers 
same to light brownish gray (SYR 6/1); conglomerate 
contains rounded clasts of reddish brown siltstone and 
fine-grained sandstone, also gray chert clasts up to 
12 cm in diameter; clasts aligned parallel to bedding; 
conglomerate scours sandstone, channel-like; sandstone 
is poorly sorted, angular to subangular, subequant; 
slight to fair porosity; silica cement; magnetite con
centrated in bedding planes; horizontal laminations and 
parallel planar cross-bedding; well exposed cliff
former at bottom, poorly exposed at t o p ................ 95.0

34. Arkose; pale olive (10Y 6/2), weathers same, grayish 
olive (10Y 4/2), and very light gray (N8); fine- to very 
fine grained, fair sorted, subrounded(?); mostly silica,
some calcite cement; poorly exposed ...................  41.5

35. Arkose; pale red (5R 6/2), weathers same, grayish red 
(5R 4/2), and very light gray (N8); fine- to very fine 
grained, poorly sorted, angular; tight; silica cement; 
abundant small scale cross-bedding; the bottom of this 
interval contains a grayish red (5R 4/2) siltstone unit
1.5 feet thick; outcrop is well exposed................ 35.0
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36. Medium-, coarse-grained, and pebbly arkose, with 
arkosic conglomerate lenses; pale red (10R 6/2), 
weathers same and pale red (5R 6/2); conglomerate is 
made up of subangular to subrounded siltstone, sand
stone, and quartzite(?) clasts; sandstone is medium-
and coarse-grained, poorly sorted, angular to subangular, 
subequant; fair porosity; silica cement; magnetite 
concentrated in bedding planes; horizontal laminations 
and some reverse graded bedding; well exposed ........ 35.0

37. Interbedded arkoses as in 36, and very fine grained 
sandstone and siltstone; pale red (10R 6/2), weathers 
same and pale red (5R 6/2); fair sorted, angular to sub
angular, subequant; slight porosity; silica and calcite 
cement; very fine grained sandstone and siltstone are 
light olive gray (5Y 5/2), weather same; tight; silica
cement; poorly exposed ...............................  51.0

38. Arkose; pale red (5R 6/2); weathers same and very light
gray (N8); fine- to medium-grained, fair sorted, angular 
to subrounded, subequant; slight porosity; silica cement; 
abundant horizontal laminations and small scale planar 
parallel cross-bedding ...............................  51.0

39. Fine-, medium-, and coarse-grained arkoses with arkosic 
pebble conglomerate lenses near top of interval; pale
red (5R 6/2), pale red (10R 6/2), and grayish red (5R 4/2), 
weathers same and very light gray (N8); conglomerate 
contains needle shaped red siltstone clasts, quartzite, 
granitic rock fragments, and arkosic sandstone clasts 
up to 10 cm in diameter; sandstone is poorly sorted, 
angular to subangular, some subrounded, subequant; 
slight porosity; silica cement; horizontal laminations, 
planar wedge cross-bedding, and a small amount of trough

Thickness
(in feet)

cross-bedding; mostly well exposed...................  94.0
40. Covered interval ...................................... 20.0
41. Interbedded fine- and very fine grained arkosic to sub- 

arkosic sandstone, and siltstone; grayish red (5R 4/2) 
and light olive gray (5Y 5/2), weathers same; poor to 
fair sorted, subangular, subequant; tight; silica and 
calcite cement; horizontal laminations and planar wedge
cross-bedding; mostly poorly exposed . . . ............  32.0

42. Same as 39 .........................................  22.0
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43. Interbedded arkosic to subarkosic sandstone, siltstone, 
claystone; medium light gray (N6), weathers very light 
gray (N8) and light olive gray (5Y 5/2); sandstone is 
fine-grained, poorly sorted, angular to subrounded, sub- 
equant; slight porosity; silica cement; faint horizontal 
laminations and small scale cross-bedding; sandstone is
more abundant than siltstone and shale.............. 26.0

44. Arkose and pebbly arkose; pale red (5R 6/2) and pale red 
(10R 6/2), weathers same; medium- to coarse-grained, 
poorly and very poorly sorted, mostly subangular to sub
rounded, some rounded, subequant; tight; silica cement; 
pebbles in sandstone consist of fine-grained sandstone, 
siltstone, granitic rock fragments, and quartzite; some 
discontinuous conglomerates of this same composition are 
also present; magnetite concentrated in bedding planes; 
horizontal laminations and planar wedge cross-bedding;
well exposed.......................................  53.0

45. Fine- to very fine grained arkoses interbedded with silt
stone and claystone; light olive gray (5Y 5/2), weathers 
same and olive gray (5Y 5/2); siltstone and claystone units 
average 0.5 to 1 foot in thickness; sandstone is fair 
sorted, subangular, subequant; tight; silica cement;
faint ripples(?) near the bottom of this interval . . . 39.0

46. Poorly exposed, but scattered outcrops indicate same sort
of intervals as already experienced; 39 type units alter
nating with 41 and 43 type units, but lacking very coarse 
material present in unit 39; unit 39 type more abundant 
at bottom of interval, 41 and 43 type more abundant at 
top and overall; magnetite concentrated in bedding planes; 
limonite pseudomorphs after pyrite; abundant horizontal 
laminations near bottom of this interval .............. 204.0

47. Fine- to very fine grained arkoses interbedded with less 
resistant claystone; light olive gray (5Y 5/2) to 
greenish gray (5GY 6/1), weathers dark yellowish brown
(10R 4/2) and light olive gray (5Y 5/2); claystone decreases 
in amount up section; sandstone appears fair sorted, sub
angular to subrounded, subequant; tight; calcite cement . 79.0

48. Interbedded arkoses and siltstone; siltstone is dark 
reddish brown (10R 3/4) and restricted to the bottom one 
quarter of the interval; sandstone is very light gray 
(N8), pale olive (10Y 6/2), and pale red (10R 6/2), 
weathers pale olive (10Y 6/2) and very light gray (N8); 
sandstone is fine-, medium-, and coarse-grained, poorly 
sorted, angular to subangular, subequant; tight to fair

Thickness
(in feet)
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Thickness 
(in feet)

porosity; mostly silica, some calcite cement; appears
mostly massive, but some horizontal laminations and small
scale cross-bedding are present; blocky, cliff former . . 147.0

49. Arkose; greenish gray (5GY 6/1) and pale yellowish
brown(10YR 6/2), weathers varicolored, but mostly light 
olive gray (5Y 6/1); medium- and coarse-grained, poorly 
sorted, angular medium grains, subrounded to rounded coarse
grains, subequant; silica and calcite cement; tight 
to fair porosity; mostly massive, some horizontal lami
nations and soft sediment deformation near top; blocky . . 79.0

50. Siltstone; medium light gray (N6), weathers same; dense,
tight; resistant, blocky .......................  . . . .  15.0

51. Sandstone; light olive gray (5GY 6/1), weathers greenish 
gray (5GY 6/1); very fine grained; fairly resistant;
poorly exposed......................... ...............  21.0

52. Covered interval.................................... . 15.0
53. Arkose; pale red (10R 6/2) and light olive gray (5Y 5/2),

weathers same; fine- to coarse-grained, very poorly sorted, 
angular to subrounded, subequant; tight to slight porosity; 
mostly silica, some calcite cement; limonite pseudomorphs 
after pyrite; abundant horizontal laminations and small 
scale cross-bedding,some larger scale cross-bedding up to 
8 inches thick also; resistant cliff former, blocky; well 
exposed; this interval is intruded by a phonolite(?) dyke 
several feet thick .....................................  89.0

54. Very fine grained arkose; grayish red purple (5RP 4/2), 
weathers very light gray (N8) and pale olive (10Y 6/2); 
fair sorted, angular to subangular, equant; tight; silica
cement; very resistant............................. . . 22.0

55. Claystone; dark reddish brown (10R 3/4); mostly non-
resistant, very poorly exposed.........................  41.0

56. Interbedded fine- to coarse-grained arkoses; dark yellow
ish brown (10YR 6/6), light gray (N7), and greenish gray 
(5GY 6/1), weathers same; poorly sorted, subangular to 
subrounded, subequant; slight to fair porosity; silica 
cement; some fining upward sequences in this interval; 
horizontal laminations and parallel planar (and wedge?) 
cross-bedding up to 1.5 feet thick; well exposed . . . . . 75.0

57. Claystone; same as unit 55; poorly exposed 20.0
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58. Arkose; greenish gray (5GY 6/1), weathers same; medium
grained, fair sorted, angular to subangular, equant to 
subequant; tight; mostly silica, some calcite cement; 
magnetite concentrated in bedding planes; appears mostly 
massive, but some horizontal laminations are present;
blocky; well exposed at bottom, poorly exposed at top . . 70.0

59. Mostly covered interval, but where exposed consists of 
arkose; light olive gray (5GY 5/2), weathers same; 
fine-grained, very poorly sorted, angular to subangular, 
subequant; tight; silica cement; limonite pseudomorphs
after pyrite........................................... 61.0

60. Arkose; light gray (N7), weathers same; fine- to medium
grained, fair sorted, subangular, subequant; tight; silica 
cement, some calcite cement near top of interval; hori
zontal laminations and small scale planar parallel 
cross-bedding; fair exposure ...........................  68.0

61. Interbedded fine- to medium-grained arkoses, siltstone, and 
claystone; varicolored, but mostly pale olive (10Y 6/2), 
weathers same; siltstone and claystone are"mostly non- 
resistant; sandstone is poor to fair sorted, angular to 
subangular, subequant; tight; silica cement in sandstone, 
silica and calcite cement in siltstone; limestone con
cretions up to 15 cm in diameter, limonite pseudomorphs
after pyrite; fair exposures of resistant sandstone . . . 115.0

62. Poorly exposed interval,two outcrops described.
A) Bottom of interval; arkose; grayish red purple (5RP 4/2), 
weathers same; fine-grained, poorly sorted, angular to 
subangular, subequant; tight; silica cement; appears 
massive..
B) 75 feet from base of interval; arkose; grayish purple 
(5P 4/2), weathers same; fine-grained, well sorted, sub
angular, equant to subequant; tight, mostly silica, some 
calcite cement; appears mostly massive, some faint
horizontal laminations .................................  155.0

63. Arkose to subarkose; pale olive (10Y 6/2), weathers same 
and light gray (N7); medium- and coarse-grained, fair 
sorted, angular to subrounded, equant to subequant; 
tight to slight porosity; silica cement; planar wedge, 
trough, and small scale cross-bedding; resistant, blocky;
fair to poorly exposed.................................  85.0

64. Interbedded claystone and siltstone; light, olive gray
(5Y 5/2), weather same; nonresistant; poorly exposed . . . 42.0

Thickness
(in feet)
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Thickness 
(in feet)

65. Arkose; pale olive (10Y 6/2), weathers same and light 
gray (N7); fine-grained, fair to well sorted, angular 
to subangular, subequant; tight to slight porosity; 
silica and calcite cement; limonite pseudomorphs after 
pyrite; horizontal laminations; jointed parallel and
normal to bedding...................................  56.0

66. Covered interval...................................  25.0
67. Poorly exposed section, appears to be mostly arkose 

interbedded with less resistant siltstone; pale olive 
(10Y 6/2), same and light gray (N7) on weathered; sand
stone is medium-grained, poorly sorted, subangular to 
subrounded, equant to subequant; slight porosity; mostly 
silica, some calcite cement; limonite pseudomorphs after 
pyrite; magnetite concentrated in bedding planes; hori
zontal laminations and small scale parallel planar
cross-bedding .............................  . . . . .  146.0

68. Covered interval ...................................  130.0
69. Subarkose(?); light olive gray (5Y 6/1), weathers same;

very fine grained, well sorted; tight; silica cement; 
horizontal laminations and very small scale cross-bedding 
(cresentric ripples?); blocky; fair exposure ........ 41.0

70. Arkose; medium light gray (N6), weathers light olive 
gray (5Y 5/2); fine-grained, fair sorted, angular to sub
angular, subequant; tight; silica and calcite cement; 
parallel planar cross-bedding up to 1.5 feet high; blocky;
fair exposure....................................... 28.0

71. Subarkose; yellowish gray (5Y 7/2), weathers same; fine
grained, fair sorted, subangular to subrounded, equant 
to subequant; tight; silica cement; faint laminations;
blocky............................................... 5.0

72. Covered interval .....................................  17.0
73. Arkose; light olive gray (5Y 6/1), weathers same and 

grayish olive (10Y 4/2); medium- to coarse-grained, 
fair sorted, subangular to subrounded, subequant; tight; 
silica cement; blocky; fair exposure becomes poor in
upper part of this interval.........................  28.0

74. Poorly exposed interval, three outcrops described.
A) Arkose; pale olive (10Y 6/2), weathers same; medium- 
to coarse-grained, fair sorted, subangular to subrounded,
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some rounded, subequant; tight; silica cement.
B) Arkose; pale olive (10Y 6/2), weathers same; medium
grained, poor to fair sorted, angular to subrounded, 
subequant; tight; silica cement.
C) Arkose; pale olive (10Y 6/2), weathers light olive 
gray (5Y 5/2); medium-grained, fair sorted, subangular
to subrounded, subequant; tight; silica cement ........ 50.0

75. Arkose; pale olive (10Y 6/2), weathers same; fine- to 
medium-grained, well sorted, subangular, subequant; 
tight; silica cement; faint horizontal laminations and 
small scale cross-bedding; blocky, cliff former; well

Thickness
(in feet)

exposed............................................... 30.0
76. Covered interval .....................................  62.0
77. Arkose; medium light gray (N6), weathers light brown

(SYR 6/4); fine-grained, well sorted, angular to sub
angular, some subrounded, sugequant; tight; mostly silica, 
some calcite cement; abundant horizontal laminations, 
some small scale parallel planar cross-bedding; resistant, 
b l o c k y ..............................................  20.0

78. Poorly exposed and covered interval, five outcrops described.
A) 55 feet into section; arkose; pale red (10R 6/2), 
weathers pale olive (10Y 6/2); fine- to medium-grained, 
fair to well sorted, subangular to subrounded, subequant; 
tight; silica and calcite cement; limonite pseudomorphs 
after pyrite.
B) 75 feet from base of interval; siltstone; pale olive 
(10Y 6/2), weathers same; nonresistant; approximately 
23 feet of poorly exposed outcrop.
C) 100 feet from base of interval; arkose; pale olive 
(10Y 6/2), weathers medium gray (N5); fine- to medium
grained, fair sorted, angular to subangular, subequant; 
tight; silica cement; magnetite concentrated in hori
zontal laminations.
D) 170 feet from base of interval; arkose; pale olive 
(10Y 6/2), weathers light brown (5R 6/4); medium-grained, 
fair sorted, angular to subrounded, subequant; tight; 
silica cement; limonite pseudomorphs after pyrite; 
horizontal laminations.
E) 245 feet from base of interval; arkose; pale olive
(10Y 6/2), weathers light brown(SYR 6/4); medium-grained, 
fair sorted, angular to subrounded, subequant; slight 
porosity; silica cement; small amount of clay matrix; 
magnetite concentrated in bedding planes; abundant 
horizontal laminations ......................... 255.0
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Thickness 
(in feet)

79. Arkose to subarkose; pale red (10R 6/2), weathers light 
gray (N7); medium-grained, poorly sorted, angular to 
subrounded, subequant; tight; silica cement? magnetite 
concentrated in bedding planes; small scale cross-bedding;
resistant cliff former; blocky; well exposed ............ 10.0

80. Volcanic rock; light gray (N7) to medium light gray (N6), 
weathers same; quartz phenocrysts up to 2 mm in a very 
fine grained matrix; resistant cliff former ............ 23.0

81. Mostly covered, three outcrops described.
A) base of interval; very fine grained sandstone; light 
olive gray (5Y 5/2), weathers same and grayish red 
(10R 4/2); tight; silica cement.
B) 55 feet above base of interval; abundant arkose float, 
no exposures; light olive gray (5Y 5/2), weathers pale 
red (10R 6/2); fine- to medium-grained, poorly sorted, 
angular to subangular, subequant; tight; silica cement; 
appears bimodal, quartz coarser than feldspar; magnetite 
concentrated in faint cross-bedding.
C) 120 feet above base of interval; arkose; light olive
gray (5Y 5/2), weathers pale red (10R 6/2); fine- to 
medium-grained, fair to well sorted, angular to subrounded, 
subequant? tight; silica cement .......................  160.0

82. Interbedded arkose and siltstone; medium gray (N5),
weathers same and grayish red (10R 4/2); sandstone is 
fine-grained, fair to well sorted, angular to subangular, 
subequant; tight; silica cement; siltstone contains carb
onate concretions; sandstone units up to 4 feet thick, 
siltstone units 0.5 to 1.5 feet thick; both appear massive? 
sandstone is blocky, more resistant than siltstone, forms 
step-like pattern in outcrop; well exposed .............. 40.0

83. Poorly exposed and covered interval, five outcrops described.
A) Base of interval; arkose; medium gray (N5), weathers 
same, grayish red (10R 4/2), and light red (5R 6/6); fine
grained, fair sorted, subangular to subrounded; tight; 
silica cement; faint horizontal laminations; blocky in 
places, poorly indurated in others.
B) 20 feet from base of interval; arkose as in unit A, 
interbedded with siltstone; siltstone is light olive 
(10Y 5/4), weathers same; nonresistant.
C) 60 feet into section; subarkose(?); light olive gray 
(5Y 5/2), weathers same; fine- to very fine grained, poor 
to fair sorted, angular to subangular, subequant;tight; 
silica cement.
D) 105 feet from base of interval; rlaystone; light 

olive green (10Y 5/4), weathers same; nonresistant;
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only a few feet are exposed, but this unit may account 
for a large part of the covered area between it and 
unit C.
E) 110 feet above base of interval; subarkose(?); light
olive gray (5Y 5/2), weathers same; fine-grained, fair
sorted, angular to subrounded, subequant; tight; calcite
and silica cement; appears massive...................  165.0

84. Mostly covered interval, four outcrops described.
A) Base of interval; subarkose(?); grayish olive (10Y 4/2), 
weathers same; fine-grained, fair sorted, subangular to 
subrounded, equant to subequant; tight; calcite and 
silica cement.
B) Subarkose(?); grayish olive (10Y 4/2), weathers same; 
fine-grained, fair sorted, angular to subangular, equant 
to subequant; tight; calcite and silica cement.
C) Arkose; medium light gray (N6), weathers light brown 
(SYR 6/4); fine- to medium-grained, poorly sorted, angular 
to subrounded, equant to subequant; tight; silica cement; 
magnetite concentrated in bedding planes; horizontal 
laminations.
D) Siltstone; grayish olive (10Y 4/2); may be inter-
bedded throughout this interval..................... . 160.0

85. Poorly exposed and covered interval, three outcrops described.
A) Base of interval; arkose; light gray (N7) to medium 
light gray (N6), weathers same; fine-grained, poorly 
sorted, angular to subangular; tight; silica cement; 
magnetite concentrated in bedding planes; horizontal lami
nations, small scale cross-bedding, parallel planar cross
bedding, planar wedge cross-bedding up to 1.0 feet thick, 
soft sediment deformation, burrows; blocky cliff former; 
well exposed at bottom, top covered.

Section shifted 500 feet northeast along strike.
B) 115 feet from base of interval; arkose; light olive
(10Y 5/4) and light gray (N7), weathers light olive (10Y 5/4); 
medium-grained, poor to fair sorted, subangular to rounded, 
subequant; tight; calcite and silica cement; very poorly 
exposed.
C) 170 feet from base of interval; arkose; pale olive
(10Y 6/2); medium-grained, fair sorted, angular to sub
angular, subequant; slight porosity; mostly silica, some 
calcite cement; very poorly exposed"...................  185.0

86. Gradational upward through claystone, siltstone, fine-grained 
sandstone, to a poorly exposed arkose at top ot interval;

Thickness
(in feet)
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claystone, siltstone, and fine-grained sandstone are
pale olive (10Y 6/2), weather same; claystone is
nonresistant; siltstone is fairly resistant; tight;
silica cemented; Arkose is light gray (N7), weathers
same; coarse-grained, angular to subangular, very poorly
sorted, subequant; tight; silica cement; magnetite
concentrated in horizontal laminations; poorly exposed . 85.0

87. Arkose; pale olive (10Y 6/2) to grayish olive (10Y 4/2), 
weathers same; medium-grained, poorly sorted, angular, 
subequant; tight; silica cement; small scale cross-bedding, 
cusp ripples, abundant soft sediment deformation; well
exposed............................................. 4.5

88. Arkose; pale olive (10Y 6/2) to grayish red (10R 4/2), 
weathers pale olive (10Y 6/2) to very light gray (N8); 
fine- to very fine grained, fair sorted(?); tight; silica 
and calcite cement; small scale cross-bedding, cusp 
ripples, soft sediment deformation;sandstone units 
averaging 4 feet in thickness are separated by siltstone
units 1 to 2 inches thick; cliff former; well exposed . 27.0

89. Poorly exposed and covered section consisting of claystone, 
mudstone, and subarkosic sandstone; claystone is pale olive 
(10Y 6/2) to grayish olive (10Y 4/2), weathers same; non- 
resistant; the sandstone is medium dark gray (N4), and 
weathers grayish olive llOY 4/2); fine-grained, poor to 
fair sorted, angular to subangular, equant to subequant;
tight; silica cement .................................  70.0

90. Poorly exposed and covered interval, 11 outcrops described.
A) Base of interval; arkose; light olive gray (5Y 5/2) to 
pale olive (10Y 6/2), weathers same; medium-grained, poorly 
sorted, angular to subangular, equant to subequant; tight; 
silica cement; appears mostly massive, but magnetite is 
concentrated in scattered horizontal laminations.
B) 25 feet from base of interval; arkose; olive gray 
(5Y 4/1), weathers same; coarse-grained, poorly sorted, 
subangular to subrounded, subequant; tight; silica cement; 
some granule sized material; some graded bedding.
C) 100 feet from base of interval; arkose; medium light 
gray (N6), weathers same and pale reddish brown (10R 5/4); 
fine-grained, fair sorted, angular to subangular, sub
equant; tight; silica cement; faint small scale cross
bedding or ripples; some interbedded dark yellowish brown 
(10YR 4/2) siltstone and shale; poorly exposed.

Thickness
(in feet)
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D) 135 feet from base of interval; arkose; pale red
(10R 6/2), weathers same; fine- to medium-grained, fair 
sorted, angular to subangular, equant to subequant; 
tight; silica cement; limonite pseudomorphs after pyrite; 
resembles float accumulated on most of hillside up to 
this point.
E) 220 feet into this interval; arkose; pale olive 
(10Y 6/2), weathers pale red (10R 6/2); coarse-grained, 
very poorly sorted, subangular, equant to subequant; 
fair porosity; silica cement.
F) 275 feet from base of interval; arkose; pale olive 
(10Y 6/2), weathers pale red (10R 6/2); medium- to 
coarse-grained, very poorly sorted, angular to subrounded, 
subequant;tight in some places, fair porosity in others; 
silica cement; appears massive.
G) 445 feet into this interval; arkose; light olive gray 
(5Y 5/2), weathers moderate reddish brown (10R 4/6) and 
medium light gray (N6); fine- to medium-grained, poorly 
sorted, angular to subangular, subequant; slight to fair 
porosity, silica cement.
H) 475 feet from base of interval; very fine-grained sand
stone; light olive gray (5Y 5/2), weathers same; non- 
resistant, forms low spot on hill; tight; silica and 
calcite cement.
I) 480 feet from base of interval; arkose; light olive gray 
(5Y 5/2), weathers moderate reddish brown (10R 4/6) and 
medium light gray (N6); medium-grained, fair sorted, angular 
to subrounded; equant to subequant; tight; silica and 
calcite cement; horizontal laminations and planar wedge 
cross-bedding.
J) 530 feet from base of interval; arkose; light olive 
gray (5Y 5/2), weathers moderate reddish brown (10R 4/6) 
and medium light gray (N6); medium-grained, fair sorted, 
angular to subangular, subequant; fair porosity; silica 
cement.
K) 575 feet from base of interval; arkose; light olive
gray (5Y 5/2) and light gray (N6), weathers moderate 
reddish brown (10R 4/6); fine-grained, fair sorted, sub
angular, subequant; tight in places, fair porosity in 
others; mostly silica, some calcite cement; limonite 
pseudomorphs after pyrite ...........................

91. Arkose; light olive gray (5Y 5/2), weathers pale olive 
(10Y 6/2) and blackish red (5R 2/2).; fine- to very 
fine grained, fair sorted, subangular; tight; silica 
cement; appears massive; resistant ...................

Thickness
(in feet)

575.0

7.0
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92. Siltstone to silty shale; light olive gray (5Y 5/2)
to pale olive (10Y 6/2), weathers same; nonfissile; 
nonresistant................... ....................... 15.0

93. Poorly exposed and covered interval, eight outcrops described.
A) 45 feet from base of interval; arkose; light olive 
gray (5Y 5/2), weathers medium light gray (N6) and 
moderate reddish brown (10R 4/6); medium-grained, well 
sorted, subangular, equant to subequant; tight; mostly 
silica, some calcite cement; limonite pseudomorphs 
after pyrite; faint small scale cross-bedding; poorly 
exposed.
B) 125 feet from base of interval; arkose; light olive 
gray (5Y 5/2), weathers medium light gray (N6) and 
moderate reddish brown (10R 4/6); fine- to medium
grained, poorly sorted, subangular, equant to subequant; 
tight; silica cement; small scale planar parallel 
cross-bedding; blocky; 4 feet exposed.
C) 198 feet from base of interval; arkose; light olive 
gray (5Y 5/2), weathers medium light gray (N6) and mod
erate reddish brown (10R 4/6); fine-grained, poor to 
fair sorted, subangular to subrounded, subequant; tight 
to slight porosity; mostly silica, some calcite cement; 
abundant limonite pseudomorphs after pyrite; faint 
horizontal laminations; 3 feet exposed.
D) 250 feet from base of interval; subarkose(?); medium 
light gray (N6), weathers light olive gray (5Y 5/2); 
fine-grained, fair sorted, subangular to subrounded, sub
equant; tight; silica and calcite cement; limonite pseudo
morphs after pyrite.
E) 310 feet from base of interval; subarkose(?); light 
olive gray (5Y 5/2), weathers moderate reddish brown
(10R 4/6); medium-grained, well sorted, subangular to sub
rounded, equant to subequant; slight porosity; silica 
cement; limonite pseudomorphs after pyrite; horizontal 
laminations and small scale cross-bedding; forms ridge.
F) 340 feet from base of interval; arkose; olive gray 
(5Y 4/1), weathers same; fine- to very fine grained, 
well sorted, subangular to subrounded(?), equant to sub
equant; tight; silica cement; poorly exposed in several 
places between units E and F.
G) 341 feet from base of interval; arkose; pale red
(5R 6/2) and very light gray (N8), weathers same; medium
grained, fair sorted, subangular to subrounded, equant 
to subequant; tight; silica cement; limonite pseudomorphs 
after pyrite.
H) 395 feet from base of interval; arkose; pale olive 
(10Y 6/2), weathers pale red (10R 6/2); fine-grained, 
fair sorted, subangular to rounded, equant to subequant;

Thickness
(in feet)
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Thickness 
(in feet)

tight; mostly silica, some calcite cement; abundant 
limonite pseudomorphs after pyrite; poorly exposed, 
resembles float covering hillside between this unit 
and unit G ........................................... 400.0

94. Subarkose(?); pale olive (10Y 6/2) to light olive gray 
(5Y 5/2), weathers same; very fine grained, well sorted, 
angular to subangular(?), subequant; tight; silica and 
calcite cement; small scale cross-bedding; poorly
exposed............................................. 39.0

95. Arkose; light olive gray (5Y 5/2), weathers pale red
(5R 6/2) to grayish red (5R 4/2); fine- to very fine 
grained, fair sorted, angular to subrounded, equant to 
subequant; tight; calcite and silica cement; abundant 
limonite pseudomorphs after pyrite; horizontal laminations, 
resistant............................................. 5.0

96. Covered to poorly exposed interval, six outcrops described.
A) 13 feet from base of interval; arkose; moderate pink 
(5R 7/4), weathers same and light gray (N7); fine- to 
medium-grained, poorly sorted, subangular to rounded, 
equant to subequant; slight porosity; silica cement; 
limonite pseudomorphs after pyrite; poorly exposed.
B) 15 feet from base of interval; arkose; light olive 
gray (5Y 5/2), weathers same; fine-grained, well sorted, 
subrounded to rounded, equant to subequant; tight; 
silica cement; limonite pseudomorphs after pyrite; 
appears massive; poorly exposed, but probably dominates 
the bottom 68 feet of this interval.
C) 68 feet from base of interval; calcareous silty shale; 
varicolored; slight fissility; calcite may be veinlets.
D) 105 feet from base of interval; subarkose(?); pale 
olive (10Y 6/2), weathers pale red (10R 6/2); medium
grained, subangular to subrounded, subequant, poor to 
fair sorted; tight; mostly silica, some calcite cement; 
appears massive; 7 feet exposed.
E) 119 feet from base of interval; limestone; grayish 
purple (5P 4/2), weathers light gray (N7); hard, dense: 
nonfossiliferous; 0.5 feet poorly exposed.
F) 126 feet from base of interval; limestone; light
gray (N7), weathers same; nonfossiliferous ............ 126.0

Total thickness of Willow Canyon Formation 6,277.5 

The Apache Canyon Formation conformably overlies this section.
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Measured Section 2
This section was measured in Fresno Canyon, locality C of the 

Empire Mountains, in the ME 1/4, SW 1/4, of sec. 7, T. 18 S., R. 18 E., 
in the Narrows quadrangle. It includes the top of the Willow Canyon 
Formation only, which is well exposed in this area.

Thickness 
(in feet)

1. Arkose; olive gray (5Y 4/1), weathers same and light 
brownish gray (SYR 6/1); fine-grained, well sorted, 
subangular, equant to subequant? tight; silica and 
calcite cement; cusp ripples, planar wedge cross-bedding
4 inches thick; resistant; blocky; well exposed ........ 16.0

2. Slightly calcareous siltstone; medium dark gray (N4), 
weathers same and grayish olive (10Y 4/2); nonresistant; 
poorly exposed .......................................  4.5

3. Calcareous arkose; olive gray (5Y 4/1), weathers same, 
light brownish gray (5 YR 6/1), and grayish red (SR 4/2); 
fine-grained, well sorted, subangular to subrounded, 
equant to subequant; silica and calcite cement; tight;
appears massive; blocky; well exposed .................  4.0

4. Mudstone; grayish olive (10Y 4/2), weathers pale 
olive (10Y 6/2); nonresistant; outcrop is poorly 
exposed....................... .............. . 4.0

5. Interbedded fine- and medium-grained arkoses; olive gray 
(5Y 4/1), weathers same, light brownish gray (SYR 6/1), 
grayish red (SR 4/2), and black (Nl); medium-grained arkose 
is fair sorted, with angular to subrounded, subequant 
clasts; tight; mostly silica, some calcite cement; 
fine-grained arkose is fair sorted, subangular, subequant; 
tight; mostly silica, some calcite cement; this interval 
also contains a 1.5 foot thick unit of coarse-grained 
pebbly arkose with siltstone rip-ups and feldspar clasts 
up to 8 mm; magnetite concentrated in bedding planes; 
horizontal and wavy horizontal laminations, planar wedge 
cross-bedding up to 1.0 feet thick; medium-grained sand
stones more resistant than fine-grained sandstones
resulting in step-like pattern in outcrop; well exposed . . 49.0

6. Volcanic(?) rock (or sill); grayish orange (10YR 7/4) to 
dark yellowish orange (10YR 6/6), weathers same; very 
resistant, cliff former; well exposed .................  9.5
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Thickness 
(in feet)

Section shifted 150 feet east along strike.
7. Calcareous subarkose(?) interbedded with a few thin

(0.5 feet or less) siltstones; grayish red purple 
(5RP 4/2); weathers same; very fine grained; tight; 
silica cement; planar parallel cross-bedding up to 
4 inches thick, and small scale cross-bedding (cusp 
ripples?); sandstone is blocky and resistant, siltstone 
nonresistant; well exposed ............................ 11.5

8. Interbedded arkosic sandstone, siltstone, and claystone; 
siltstone and shale dominant at bottom, sandstone 
dominant at top; siltstone and shale are pale olive 
(10Y 6/2), weather same, grayish red (10R 4/2), and 
light olive gray (5Y 5/2); sandstone is light olive gray 
(5Y 5/2) to grayish olive (10Y 4/2), weathers same and 
grayish red (10R 4/2); fine-grained, fair to well sorted, 
subangular to subrounded, subequant; tight; mostly 
silica, some calcite cement; limonite pseudomorphs after 
pyrite; sandstone contains horizontal laminations and 
faint small scale cross-bedding (cusp ripples?); clay- 
stone mostly nonresistant; sandstone is resistant;
blocky; well exposed.................................  20.0

9. Arkose; light olive gray (5Y 5/2) to grayish olive 
(10Y 4/2), weathers same and grayish red (10R 4/2); 
medium- to coarse-grained, poorly sorted, subangular to 
subrounded, subequant; slight porosity; silica cement; 
limonite pseudomorphs after pyrite; magnetite concen
trated in bedding planes; abundant calcite veins normal 
to bedding; wavy horizontal laminations, planar parallel 
and planar wedge cross-bedding up to 1.0 feet thick;
blocky cliff former; well exposed .....................  14.0

10. Interbedded arkosic and subarkosic sandstone, siltstone, and 
claystone; siltstone and claystone are pale olive (10Y 6/2), 
weather same and grayish olive (10Y 4/2); both are 
nonresistant; sandstone is light olive gray (5Y 5/2) to 
grayish olive (10Y 4/2), weathers same and pale brown
(5Y 5/2); fine- and very fine grained, fair and well 
sorted, angular to subangular, subequant; tight; mostly 
silica, some calcite cement; carbonate concretions and 
limonite pseudomorphs after pyrite; blocky; resistant;
An 8 foot thick sandstone unit near the bottom of this 
interval contains at least two approximately 3 foot thick 
cycles of horizontal laminations underlying cusp ripples 
which underlie a concentration of limonite pseudomorphs 
after pyrite, and this same cycle, although faint, appears
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to be repeated in the other sandstones in this interval; 
sandstone dominant in the lower one third of this inter
val, claystone dominant in the upper two thirds; grad
ational coarsening upward from claystone to siltstone to 
sandstone in places, sharp contact between sandstone and 
siltstone or claystone in others; sandstone units up to 
8 feet thick, but generally 3 feet thick or less, well 
exposed; claystone units up to 13 feet thick, but usually 
6 feet thick or less, poorly exposed .................  201.0

11. Subarkose to arkose; pale olive gray (10Y 6/2), weathers 
medium light gray (N6); medium-grained, fair sorted, sub- 
angular to subrounded, subequant; tight; mostly silica, 
some calcite cement; limonite pseudomorphs after pyrite; 
horizontal laminations, planar parallel and planar wedge 
cross-bedding up to 4 inches thick; cliff former; well
exposed............................................. 20.0

12. Interbedded subarkosic(?) sandstone and claystone; clay
stone is pale olive (10Y 6/2), weathers same and grayish 
olive (10Y 4/2); nonresistant; sandstone is light 
olive gray (5Y 5/2) to grayish olive (10Y 4/2), weathers 
same and pale brown (5Y 5/2); fine- to very fine grained, 
fair sorted, subangular to subrounded, subequant; tight; 
mostly silica, some calcite cement; limonite pseudomorphs 
after pyrite; horizontal laminations, small scale cross
bedding, and cusp ripples; resistant; blocky; maximum 
thickness of sandstone units is 3 feet, shale units up 
to 4 feet thick; interval is equally divided between 
sandstone and shale...................................  74.0

13. Slightly calcareous subarkose; greenish gray (5GY 6/1) to 
medium gray (N5), weathers medium gray (N5); fine-grained, 
well sorted, angular to subrounded, equant to subequant; 
tight; mostly silica, some calcite cement; limonite 
pseudomorphs after pyrite, shale rip-ups; faint horizontal 
laminations, cross-bedding, and cusp ripples; resistant
cliff former; well exposed...........................  14.0

14. Interbedded subarkosic to arkosic sandstone and claystone; 
claystone is pale olive (10Y 6/2), weathers same and 
grayish olive (10Y 4/2); nonresistant; sandstone
is greenish gray (5GY 6/1), weathers same, grayish olive 
(10Y 4/2), and pale olive (10Y 6/2); fine- to medium
grained, fair sorted, angular to subangular, equant to 
subequant; tight; silica cement; limonite pseudomorphs 
after pyrite; appears massive; resistant; blocky;

Thickness
(in feet)
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Thickness 
(in feet)

maximum unit thickness of sandstone is 1.5 feet, claystone 
up to 5.0 feet thick, but generally much thinner; fair 
exposure............................... .............  15.5

15. Claystone; pale olive (10Y 6/2), weathers same and pale
reddish brown (10R 5/4); nonresistant? fair exposure . . 10.5

Total 467.5
Immediately above this is a 20 foot thick limestone unit which 
forms the base of the Apache Canyon Formation.
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Measured Section 3
This section was measured in the Fish Canyon area, southern 

portion of locality C of the Santa Rita Mountains, in the center of 
the NW 1/4 of sec. 36, T. 19 S., R. 15 E. , in the Mt. Wrightson 

quadrangle. It includes most of the lower half of the Willow Canyon 
Formation" in this area, excluding approximately 200 feet of poorly 
exposed strata at the base of the formation.

Thickness 
(in feet)

1. Two cycles of very fine grained arkosic sandstone 
fining upward into siItstone; both are light olive gray 
(5Y 5/2), weather same to pale olive (10Y 6/2); sand
stone units are 0.5 feet thick, siltstone units are 1.0 
feet thick; siltstone contains ripples; fairly resistant;
fair exposure......................................... 3.0

2. Interbedded medium- to very coarse grained arkosic sand
stone, pebbly arkosic sandstone, and a few thin lenticular 
conglomerates; grayish olive (10Y 4/2) to light gray (N7), 
weathers greenish gray (5GY 6/1) and moderate yellowish 
brown (10YR 5/4); conglomerate contains clasts of sand
stone, granitic rock, chert, quartzite, and volcanic rock 
up to 20 mm in diameter; sandstone is poor to fair 
sorted, subangular to subrounded, equant to subequant; 
tight; mostly silica, some calcite cement; magnetite con
centrated in bedding planes; trough cross-bedding scours 
horizontal laminations or very low angle cross-bedding; 
resistant; well exposed ...............................  46.0

3. Some medium-grained, but mostly fine- to very fine 
grained arkosic sandstone interbedded with siltstone; 
sandstone is greenish gray (5GY 6/1) to dark greenish 
gray (5GY 4/1), weathers greenish gray (5GY 6/1) and 
moderate yellowish brown (10YR 5/4); siltstone same color 
as sandstone on fresh, weathers greenish gray (5GY 6/1); 
sandstone is poor to fair sorted, angular to subangular, 
equant to subequant; tight; mostly silica, some calcite 
cement; limonite pseudomorphs after pyrite; sandstone 
units up to 5 feet thick at the base of this interval, 
but become thinner and finer grained upward, while silt
stone units become thicker and more abundant upward within 
this interval; sandstone is blocky, resistant; siltstone
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Thickness 
(in feet)

is less resistant; well exposed at bottom, poorly
exposed at top of interval...........................  38.5

4. Interbedded fine- and medium-grained arkosic sandstone 
overlying a thin basal conglomerate; grayish green 
(10GY 5/2) and grayish olive green (5GY 3/2), weathers 
same and moderate yellowish brown (10YR 5/4); clasts 
in conglomerate up to 10 mm in diameter; sandstone is 
fair sorted, angular to subangular, equant; tight; silica 
cement; fine-grained sandstone above basal conglomerate 
is horizontally laminated with some shallow scour at top, 
medium-grained sandstone near the top of this interval 
contains trough cross-bedding up to 4 inches thick;
blocky to rounded in outcrop, fair to well exposed . . .  13.5

5. Mostly covered, but scattered poor exposures indicate 
fine- to very coarse grained arkosic sandstone with some 
interbedded siltstone; very coarse grained sandstone is 
very poorly sorted, angular to subrounded, mostly equant; 
tight to slight porosity; mostly silica, some calcite
cement............................................... 60.0

6. Very coarse grained arkosic sandstone at the base of this 
interval, fine- to medium-grained arkosic sandstone near 
the center of this interval, and coarse-grained sandstone 
again with an interbedded conglomerate near the interval 
top; grayish olive (10Y 4/2), weathers moderate yellowish 
brown (10YR 5/4); conglomerate consists of mainly quartz
ite clasts up to 40 mm in diameter; sandstone is fair 
sorted (coarse sandstones are poorly sorted), angular to 
subangular, equant to subequant; tight; mostly silica, 
some calcite cement; limonite pseudomorphs after pyrite; 
faint horizontal laminations, small scale cross-bedding,
and graded bedding; blocky; fair exposure ............ 36.5

7. Mostly fine- to very fine grained arkosic(?) sandstone
with some interbedded pebbly arkosic sandstone and a 
lenticular conglomerate; sandstone is mostly medium dark 
gray (N4), weathers moderate yellowish brown (10YR 5/4) 
and light olive (10Y 5/4); lenticular conglomerate is 
1.5 feet thick, and made up of rounded to subangular 
clasts of quartzite, fine-grained sandstone, and granitic 
rock fragments up to 40 mm in diameter; coarse sandstone 
is very poorly sorted, subangular, equant to subequant; 
tight; mostly silica, some calcite cement; fairly re
sistant; blocky; fair to poorly exposed ........... 22.0
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8. Interbedded medium- and coarse-grained arkosic sandstone, 
and a thin lenticular conglomerate; greenish gray
(5GY 6/1), weathers same and moderate yellowish brown 

. (10YR 5/4); conglomerate is 5 inches thick and approx
imately 5 feet wide, same composition as the conglomerate 
in unit 7; sandstone is fair sorted, subangular to sub
rounded, equant; tight; silica cement; tangential planar 
parallel cross-bedding(?) up to 5 inches thick, and 
horizontal laminations or very low angle cross-bedding; 
resistant; blocky; fair exposure ..................... . 20.5

9. Covered interval, probably mostly fine-grained sandstone . 12.5
10. Medium- and coarse-grained arkosic sandstone, pebbly 

sandstone at top of interval; pale red (5R 6/2), weathers 
same; fair sorted, subangular to subrounded, mostly 
equant; tight; mostly silica, some calcite cement;
resistant; blocky to rounded in outcrop; fair exposure . . 10.0

11. Fine- to very fine grained arkosic to subarkosic sand
stone; pale brown (SYR 5/2), weathers same and moderate 
yellowish brown (10YR 5/4); appears well sorted, rounded, 
equant; tight; silica cement; black carbonate concretions; 
fairly resistant; blocky; poorly exposed ................ 10.0

12. Interbedded coarse- and very coarse grained arkosic 
sandstone, and pebbly arkose to conglomerate; pale red 
(10R 6/2), weathers same and moderate yellowish brown 
(10YR 5/4); pebbly sandstone to conglomerate contains 
quartzite clasts up to 20 mm in diameter; sandstone is 
poorly sorted, angular to subangular, mostly equant; 
tight; silica cement; limonite pseudcmorphs after pyrite; 
appears massive; resistant; blocky to rounded in outcrop;

Thickness
(in feet)

well exposed at bottom, poorly exposed at t o p .......... 34.0
13. Very poorly exposed and covered interval, scattered

outcrops similar to unit 1 2 ............. . ..........  56.0
14. Very fine grained arkosic sandstone and pebbly sandstone 

interbedded with a few thin lenticular conglomerates; 
greenish gray (5GY 6/1) to dark greenish gray (5GY 4/1), 
weathers same and moderate yellowish brown (10YR 5/4); 
lenticular conglomerates are no more than 5 inches thick, 
and are made up of quartzite, fine-grained sandstone, and 
granitic rock fragments up to 30 mm in diameter; sandstone 
is fair sorted, angular to subangular, equant; tight to 
slight porosity; silica cement; appears massive; blocky to 
rounded in outcrop; well exposed ....................... 29.0
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15. Interbedded fine- to coarse-grained arkosic sandstones 
and siltstone; sandstone is dark greenish gray (5GY 4/1), 
weathers moderate yellowish brown (10YR 5/4), siltstone 
is dark greenish gray (5GY 4/1), weathers same; sandstone 
is poorly sorted, subangular, equant to subequant; tight; 
silica cement; appears massive; sandstone units range 
from 0.5 feet thick at the bottom of this interval to 
2.0 feet thick near the top, siltstone units range from 
0.5 feet thick at the bottom of this interval to 1.5
feet thick near the middle; sandstone is blocky, resistant; 
siltstone less resistant; well exposed .................  9.5

16. Interbedded coarse- and very coarse grained arkosic 
sandstones; grayish orange pink (SYR 7/2), weathers same

• and moderate yellowish brown (10YR 5/4); poorly sorted, 
angular to subangular; equant to subequant; tight; silica, 
calcite, and hematite cement; appears massive, but most 
of outcrop is covered with lichen; resistant; blocky to 
rounded in outcrop; well exposed .......................  8.0

17. Interbedded very fine to coarse-grained arkosic sandstone 
and siltstone; most of sandstone is grayish orange pink 
(SYR 7/2), weathers same and moderate yellowish brown 
(10YR 5/4); siltstone.and some fine-grained sandstone 
are light olive gray (10Y 5/4), weather, same; sandstone 
is poor to fair sorted, subangular, mostly equant; tight; 
silica cement; limonite pseudomorphs after pyrite; sand
stone units increase in thickness and abundance from 0.5 
feet thick near the bottom to 2.0 feet thick near the 
middle of this interval, and then become thinner and less 
abundant again towards the top; siltstone units, ranging 
from 0.5 to 4.0 feet in thickness, become less abundant 
and thinner towards the middle of this interval, and then 
become thicker again towards the top; sandstone is fairly 
resistant, blocky; siltstone is less resistant; fair 
exposure in middle of interval, poorly exposed to covered
at top and bottom of this interval.....................  69.0

18. Interbedded medium- to very coarse grained arkosic sand
stone with scattered pebble sized material; light gray 
(N7), weathers moderate yellowish brown (10YR 5/4) and 
moderate red (5R 5/4); coarse sandstone is poorly sorted, 
angular to subrounded, equant to subequant; slight porosity; 
mostly silica, some hematite cement-; appears massive, but 
heavy iron oxide staining; resistant; blocky to irregular
in outcrop; fair exposure.............................  61.0

Thickness
(in feet)
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19. Poorly exposed to covered section, but made up at
least partially of a fine-grained subarkosic(?) sand
stone; pale red (5R 6/2), weathers moderate yellowish 
brown (10YR 5/4); tight; silica and calcite cement; 
nonresistant ......................................... 18.0

20. Coarse- to very coarse grained arkosic sandstone with 
scattered pebbly layers; pale red (5R 6/2), weathers 
moderate yellowish brown (10R 5/4) and medium light gray 
(N6); fair to poorly sorted, subangular to subrounded, 
equant to subequant, some clasts up to 11 mm in diameter; 
tight; mostly silica, some calcite and hematite cement; 
magnetite concentrated in bedding planes; horizontal 
laminations overlying trough cross-bedding; resistant;
blocky; well exposed.................................  12.5

21. Interbedded very fine to medium-grained subarkosic to 
arkosic sandstone, and some siltstone; sandstone is 
light gray (N7), weathers moderate yellowish brown 
(10R 5/4); siltstone is light olive gray (5Y 5/2) 
weathers same; sandstone is fair sorted, subangular to 
subrounded, mostly equant; tight; mostly silica, some 
calcite cement; contains carbonate concretions and 
limonite pseudomorphs after pyrite; sandstone units up 
to 10 feet thick, but generally less than 2 feet thick, 
siltstone units up to 3 feet thick; coarser sandstone 
is blocky, more resistant than finer grained material;
poorly exposed in some areas, well exposed in others . . 47.5

22. Coarse- to very coarse grained arkosic sandstone with
some pebble sized clasts; pale red (10R 6/2), weathers 
same and moderate yellowish brown (10YR 5/4); poorly 
sorted, angular to subrounded, subequant; slight 
porosity; mostly silica, some calcite cement; pebble 
sized material consists of granitic rock fragments and 
quartzite(?); faint planar wedge and trough cross
bedding; resistant; blocky; fair exposure . . . . . . . 18.0

23. Interbedded fine- to very fine grained arkosic sandstone 
and siltstone; light brown (5R 6/4) to olive gray 
(5Y 3/2), weathers dark yellowish orange (10YR 6/6) and 
pale brown (SYR 5/2); fair to well sorted, subangular 
to angular, equant; tight; silica and calcite cement; 
sandstone and siltstone units are generally 2 feet 
thick or less; sandstone is fairly resistant, blocky; 
siltstone is nonresistant; very poorly exposed . . . .

Thickness
(in feet)

61.5
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24. Medium to very coarse grained arkosic sandstone with
some granule sized clasts; light gray (N7), weathers 
same and moderate yellowish brown (10YR 5/4); poorly 
sorted, subangular, mostly equant; tight; silica cement; 
limonite pseudomorphs after pyrite; faint sedimentary 
structures appear to be planar parallel cross-bedding 
up to 8 inches thick, and possibly some trough cross
bedding; very resistant; blocky; well exposed .......... 40.0

25. Fine- to very fine grained arkosic to subarkosic 
sandstone interbedded with siltstone and some shale; 
light olive gray (5Y 5/2), weathers moderate yellowish 
brown (10YR 5/4); sandstone is fair sorted, subangular 
to subrounded, equant; tight; silica cement; faint 
ripples in sandstone; sandstone is fairly resistant, 
blocky; siltstone and shale are nonresistant; poorly
exposed............................................. 9.0

26. Medium- to very coarse grained arkosic sandstone with 
some granule sized clasts; pale red (5R 6/2), weathers 
same and moderate yellowish brown (10YR 5/4); poor to 
fair sorted, subangular to rounded, equant to subequant; 
tight; silica and calcite cement; appears massive, but 
extensive lichen cover; very resistant; blocky; well
exposed............................................. 13.0

27. Interbedded fine-grained arkosic sandstone and siltstone; 
both are light olive gray (5Y 5/2), weather same and 
moderate yellowish brown (10YR 5/4); sandstone is fair 
sorted, angular to subangular, mostly equant; tight; 
mostly silica, some calcite cement; sandstone and silt
stone units up to 2 feet thick, but generally 1 foot 
thick or less; mainly sharp contacts between sandstone 
and siltstone units, but some gradational contacts also; 
sandstone is resistant, blocky; siltstone is nonresistant;
fair to poorly exposed............................  21.0

28. Very coarse grained arkosic sandstone at bottom becomes 
coarse-grained at the top of this interval; light gray 
(N7), weathers same and moderate yellowish brown
(10YR 5/4); very poorly sorted, subangular to subrounded, 
equant to subequant; tight; mostly silica, some calcite 
cement; most of outcrop appears massive, but some small

Thickness
(in feet)
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Thickness 
(in feet)

scale cross-bedding is present; resistant; blocky?
fair exposure.......................................  11.0

Total 790.5
Above this section the Willow Canyon Formation is poorly exposed 
in Fish Canyon.
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