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"Geologists, in their all but closed conversa
tion, inhabit scenes that no one ever saw, scenes 
of global sweep, gone and gone again, including 
seas, mountains, rivers, forests, and archipelagos 
of aching beauty rising in volcanic violence to 
settle down quietly and forever disappear - -
almost disappear. If some fragment has remained 
in the crust somewhere and something has lifted 
the fragment to view, the geologist in his tweed 
cap goes out with his hammer and his sandwich, 
his magnifying glass and his imagination, and 
rebuilds the archipelago." 

iii 

John McPhee, 1981 
Basin and Range 
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ABSTRACT 

The Jurassic rocks in the northern Canelo Hills can be grouped 

into four stratigraphic units (in chronological order): 1) red mud-

stones, 2) a sandstone and conglomerate unit, 3) a sequence of welded 

ash flow tuffs, and 4) a coarse conglomerate unit. The clastic units 

contain large exotic blocks of Paleozoic rocks. These rocks have been 

referred to as the "lower" Canelo Hills volcanics, but map !'elationships 

indicate that they were deposited on top of the "upper" Canelo Hills 

volcanics. Therefore the old nomenclature should be abandoned and the 

"lower" Canelo Hills volcanics is herein renamed the Mount Hughes forma-

tion. 

The Rb-Sr isotopic age for welded tuffs within the Mount Hughes 

formation determined for this study is l50.5~ 2.5 m.y. This age is 

concordant with published dates (K-Ar, Rb-Sr) from correlative rocks 

elsewhere in the Canelo Hills. 

Paleomagnetic data suggest that two reversals are present in the 

sequence with a pole position of lambdap = 62.2oN, phip = l30.30 E, with 

o 0 dp = 4.1 and dm = 7.4. This pole suggests an episode of rapid 

apparent polar wander for North America during the Middle to Late 

Jurassic. 

The northern Canelo Hills are comprised of a structurally-high, 

fault-bounded, central-block of Paleozoic and Jurassic rocks that are 

folded into a faulted, northwest-trending anticline. Structurally lower 

blocks of deformed Cretaceous rocks bound the high central-block on the 

xi 
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southwest and northeast across reverse faults. The large structures in 

the northern Canelo Hills reflect southwest-northeast Laramide 

shortening. A few northeast-striking faults are Jurassic in age. 

The revision of the stratigraphy within the northern Canelo Hills 

requires revision of the mid-Mesozoic stratigraphic framework for south

eastern Arizona. The new framework has two lithotectonic units: a 

lower, volcanic sequence and an upper, coarse clastic unit. 

The present work suggests the following tectonic history of south

eastern Arizona. A Triassic(?) to late Jurassic continental volcanic 

arc was deposited on Paleozoic marine shelf rocks. A coarse clastic 

sequence that reflects continental rifting was deposited in the Late 

Jurassic to Early Cretaceous over the arc terrane. Shallow seas trans

gressed the area in Late Early Cretaceous. Laramide compression 

affected the area in Late Cretaceous. 



INTRODUCTION 

Location 

The northern Canelo Hills are located in west-central Santa 

Cruz County, Arizona. The area being investigated in this study 

extends from Sonoita Creek on the northwest to near Canelo Pass on the 

southeast (Fig. 1). It is approximately 8 kilometers (5 miles) wide 

and 24 kilometers (15 miles) long in a NW-SE direction. The northern 

Canelo Hills are a range of low ridges trending approximately N.400 jW. 

There is moderate physiographic relief in the southern part of the 

study area. The ridges stand approximately 1770 meters (5800') above 

sea level and the surrounding Babocomari and San Rafael valleys about 

1550 meters (5100'). At the northern end, the ridges remain at an 

elevation of approximately 1770 meters (5800;); but the Sonoita Creek 

drainage system, at an elevation of approximately 1370 meters (4500'), 

has eroded more deeply into the Tertiary rocks, creating higher relief. 

The Canelo Hills extend to the southeast of the study area into 

southeastern Cochise County where its southeastern extension borders 

the Huachuca Mountains to the east. The Santa Rita Mountains are to 

the northwest of the study area, across Sonoita Creek. The Babocomari 

Valley (also referred to as the Cienaga Creek Valley) bounds the study 

area on the north and the San Rafael Valley bounds it on the south. 

1 
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Statement of the Problem 

The problem to be addressed in this study is the determination 

of geologic relationships in the northern Canelo Hills especially those 

relationships that reflect the Mesozoic geologic history of the area. 

The local relationships are then to be used to interpret the Mesozoic 

tectonic history of the area. 

The geology of the northern Canelo Hills is known only in the 

most general way. There is no published, detailed geologic map of the 

area. The general character of the rock units have been described 

(Feth, 1947; Hayes and others, 1965; Simons and others, 1966; Denney, 

1968, 1971; Hayes, 1970), but no detailed description of the lithology 

or stratigraphy within the entire northern Canelo Hills has ever been 

published. The age of the Mesozoic rocks in the northern Cane10 Hills 

has not been established (see Hayes, 1970). 

The tectonic setting of southeastern Arizona during the mid

Mesozoic (approximately 220-130 m.y. ago) has been the subject of sev

eral interpretations. Coney (1978) suggested that the region was the 

site of a continental volcanic arc, Moulton (1978) interpreted the 

region to be part of an intracratonic rift and Silver and Anderson 

(1974) have proposed the presence of a continental transform fault sys

tem approximately 100 km to the south, in northern Mexico that may have 

also affected southeastern Arizona. Understanding the local relation

ships in the northern Canelo Hills will contribute to the understanding 

of the regional tectonic setting(s) of southeastern Arizona during the 

Mesozoic. 

3 



Finally, Jurassic paleopole positions for North America are 

known only from imprecisely dated, continental, sedimentary sequences 

(Steiner, 1978). If structural, stratigraphic and age relationships 

can be established for the rocks in the northern Cane10 Hills, it is 

possible that the magnetostratigraphy and precise paleopole position 

for North America could be determined for the time period represented 

by those rocks. 

Purpose 

The purpose of this study is to determine the Mesozoic geologic 

history of the northern Canelo Hills, with the intent of providing data 

on the Mesozoic tectonics of the region. 

Method of Study 

The geology of the northern Canelo Hills was mapped at a scale 

of 1:24000 (Fig. 2, 3). The area mapped included approximately 200 

square kilometers from Canelo Pass to Sonoita Creek. This mapping re

quired the analysis of stratigraphic and structural relationships. The 

stratigraphic part of this study involved measuring ten stratigraphic 

sections and mapping facies relationships in the mid-Mesozoic rocks. 

The intent of the stratigraphic work was to determine the geometrical 

development of the depositional system and its relationship to the tec

tonic setting. The structural part of this study demanded identifying 

types, trends and dimensions of the structures present to determine the 

sequence and cause of the structural events in the northern Canelo 

Hills. The intent of the structural work is to determine the geometric 

and kinematic aspects of the structural systems that characterize the 

4 



northern Canelo Hills, and to use these data along with the strati

graphic data to interpret the origin of the systems. 

Once the stratigraphic and structural relationships were estab

lished, samples for isotopic age dating by Rb-Sr and K-Ar methods were 

collected with the intent of determining the age of the mid-Mesozoic 

rocks in the northern Canelo Hills. Oriented cores of fresh, unaltered 

volcanic rocks were collected for analysis of the magnetostratigraphy 

and determination of a paleopole position. 

Previous Work 

Feth's (1947, 1948) work was the first detailed investigation 

of the northern Canelo Hills. He studied the northwestern third of the 

area mapped here and described the rock units in the area, including 

Mesozoic sedimentary rocks, which he called the Cane10 Redbeds, and the 

Paleozoic rocks. He recognized two sets of high angle faults in the 

area, one striking generally east-west and a second striking north

south. He also recognized the general anticlinal form of the rocks in 

the northwestern part of the northern Cane10 Hills. 

Feth (1947) interpreted the Paleozoic rocks to have been thrust 

over the Canelo Redbeds, which he considered to be Cretaceous in age. 

He considered the volcanic rocks in the area to be of Tertiary age. 

In the middle 1960's, several U. S. Geological Survey geol

ogists began mapping the region between the copper mines in the 

Sierrita Mountains and the mine at Bisbee, Arizona. Several maps and 

written publications resulting from this work are important to under

standing the geology of the Canelo Hills. 

5 



The name Canelo Hills volcanics for the Mesozoic rocks exposed 

in the Canelo Hills was proposed by Hayes and others (1965). The type 

section was no more specific than the Canelo Hills area and they pub

lished no measured sections. Although this unit ha3 been referred to 

as a formal stratigraphic name by many workers (eg. Hayes and Drewes, 

1968, 1978), the formation name was not proposed according to guide

lines established by the Code of Stratigraphic Nomenclature. Thus, it 

is considered here to be an informal designation. 

The Canelo Hills volcanics were originally divided into three 

members: a basal unit of conglomerates and interbedded volcanics up to 

1200 meters (2000') thick; a middle rhyolite flow member more than 

approximately 600 meters (1000'); and an upper, massive welded tuff 

6 

unit as thick as approximately 3850 meters (6400') (Hayes and others 

1965). They named these members the "lower", "middle" and "upper" 

Canelo Hills volcanics, respectively. A striking feature of the "lower" 

unit is the presence of exotic blocks of Paleozoic carbonates which 

Hayes and others (1965) considered to be ancient gravity slide blocks. 

Hayes and others (1965) interpreted the rocks exposed in the 

Canelo Hills to be early-to mid-Mesozoic age, based on a 173 ~ 7 m.y. 

potassium-argon age determination on biotite, from the massive "upper" 

tuffs. The recognition that the Canelo Hills volcanics were mid

Mesozoic age was significant because no other pre-Cretaceous, post

Paleozoic rocks had been positively identified in the region. The 

closest exposures of similar age rocks known at that time were several 

hundred kilometers to the northwest, in California. 



7 

Hayes and others (1965) also recognized that the coarse clastics 

and volcanics of the Canelo Hills volcanics represented a profound 

change in geological environment from the marine shelf rocks deposited 

during Paleozoic time. 

The general features of the exotic Paleozoic rocks and the en

casing sandstones and conglomerates in the Canelo Hills volcanics were 

described by Simons and others (1966). They reported blocks up to 2400 

meters (4000') long and 90 meters (ISO') thick. Their recognition that 

large blocks of Paleozoic rocks were deposited as clasts in the 

Mesozoic rocks shed some doubt on the interpretation that the 

Paleozoic-on-Mesozoic relationships represented a thrust faulted ter

rane. Their interpretation also suggested that high relief troughs or 

basins were a part of the Mesozoic depositional system, in contrast to 

the low-relief Paleozoic shelf system. 

Cetinay (1967) mapped four square miles in the southern part of 

the northern Cane10 Hills, approximately three kilometers north of 

Canelo Pass. His report deals mostly with the stratigraphy and struc

ture in the Paleozoic rocks. 

Denney (1968, 1971) studied the area immediately south of 

Cetinay (1967), near Canelo Pass and west of the Canelo Pass road. 

Included in Denney's study area is the area cited by Simons and others 

(1966) as containing an example of exotic blocks in the lower Canelo 

Hills volcanics. 

Vidal (1971) investigated an area approximately 6.5 kilometers 

(4 miles) by 1.6 kilometers (1 mile) immediately west of the area 



studied by Cetinay (1967) and Denney (1968, 1971). He studied the 

Paleozoic stratigraphy and history of the area. 

Davis and others (1976) and Davis and others (1979) examined 

blocks of Paleozoic rocks encased in the clastic unit of the Canelo 

Hills volcanics near the northeastern end of the northern Canelo Hills. 

They reviewed and documented the criteria by which the blocks could be 

interpreted as exotic blocks. They concluded, based on sedimentolo

gical and structural data, that the blocks were transported southwest

ward from scarps along the Sawmill Canyon Fault Zone into their present 

position. 

In the latter part of the 1960's, R. B. Raup of the U. S. Geol

ogical Survey, mapped the Elgin Quadrangle, which includes the Canelo 

Hills. The quadrangle mapping was never completed. Raup (personal 

communication) has kindly provided rough drafts of the map for private 

use by workers conducting research in the area. 

Hayes and Raup (1968) mapped and briefly described Canelo Hills 

volcanics in the Huachuca Mountains and probably equivalent rocks, the 

volcanic and sedimentary rocks of the Mustang Mountains, in the area to 

the north. 

The Mesozoic sedimentary and volcanic rocks in southeastern 

Arizona were briefly described by Hayes and Drewes (1968, 1978). Hayes 

and Drewes (1968, 1978) suggested how these rocks may be correlated 

within the region. They divided the rocks which they had assigned Tri

assic and Jurassic ages into three major regional units. The lower 

unit is largely silicic volcanics and is as thick as 10,000 feet (3040 

meters). Their middle unit is largely red shales, arkoses, and silicic 

8 



volcanics and includes the lower part of the Canelo Hills volcanics, 

the subject of part of this present study. The upper regional unit of 

Hayes and Drewes (1968) is the upper silicic volcanic units (middle 

rhyolite flows and upper rhyolyte tuff) of the Canelo Hills volcanics. 

Their interpretation of the regional stratigraphic relationships has 

been the background for interpretation of regional tectonic relation

ships up to the present time. 
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The report on the Mesozoic stratigraphy of the Mule and Huachuca 

Mountains by Hayes (1970) contains the most comprehensive description 

of the Canelo Hills volcanics to date. He reported that the lower 

member is largely volcanic sedimentary rocks and interbedded silicic 

volcanic rocks up to 600 m (1900 ft.) thick, the middle member is made 

of of rhyolite flows at least 300 m (1000 ft.) thick, and the upper 

member is welded tuff more than 150 m (500 ft.) thick. He noted the 

rapid thickness changes which characterize these members. 

Drewes (1971a, 1971b) mapped and described part (presumably) of 

the lower member of the Cane10 Hills volcanics in a small area of poor 

exposure in the Santa Rita Mountains. In his work in the Santa Rita 

Mountains, Drewes (1968, 1971a, 1971b, 1971c) also mapped and described 

two formations which underlie the Canelo Hills volcanics, the Mt. 

Wrightson Formation and the Gardner Canyon Formation. 

A gravity study by Bittson (1976) in the Cienega Creek 

(Babocomari Valley) region includes portions of the Canelo Hills. He 

suggested continuations of fault zones such as the Sawmill Canyon Zone 

in the basins where they are covered by alluvium. 
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Age dates for volcanic rocks over a large area of southeastern 

Arizona and southwestern New Mexico were summarized by Marvin and 

others (1978). Based on more accurate decay constants, they recal

culated ages from the Canelo Hills volcanics which had been reported by 

Marvin and others (1973) and other mid-Mesozoic ages reported by Marvin 

and Cole (1978). 
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STRATIGRAPHY 

The focus of this study is the Jurassic rocks of the northern 

Canelo Hills. However, for completeness, rocks of other ages occurring 

in the study area, and shown on the geologic map (Figs. 2, 3) are also 

briefly described here. No sections of rocks of ages other than Jur

assic were measured or described. Sections of the Paleozoics in the 

northern Canelo Hills are available elsewhere (Feth, 1947, 1948; 

Cetinay, 1967; Denney, 1967, 1968; Vidal, 1971; see also Bryant, 1955, 

for a discussion of the sections described by Feth). Detailed descrip

tions of the Cretaceous rocks from nearby areas are also readily avail

able (Drewes, 1971b, 1972; Hayes, 1970a, 1970b). The most comprehen

sive description of the Tertiary rocks in the area near the northern 

Canelo Hills is that of Menges (M.S. thesis, University of Arizona, in 

preparation). The descriptions begins with the oldest rocks that occur 

in the area and proceeds to the youngest. 

Paleozoic Rocks 

Abrigo Formation 

The Abrigo Formation of Cambrian age is the oldest rock unit 

that occurs in the northern Canelo Hills. 

The Abrigo Formation underlies an area of low, subdued top

ography southwest of the Canelo Pass road near the Black Oak Cemetary 

(sec. 6, T.22S., R.18E., Figs. 2, 3). In that area, the formation is 
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composed of interbedded grey to blush grey limestone and dolomitic lime

stone, red to yellow to grey to green silty sandstone and siltstones. 

Mottled bedding and flat pebble conglomerates, common within the Abrigo 

elsewhere (Bryant, 1968) are also common in the northern Canelo Hills. 

The Abrigo Formation in the northern Canelo Hills is generally 

thin to medium bedded. No fossils were noted. 

A distinctive, dark grey limestone unit with abundant small 

(approximately 2 mm) yellow-orange oolites (?) make identification and 

correlation of the Abrigo Formation much easier within its exposure in 

the northern Canelo Hills. The coloring of the oolites (?) apparently 

depends on the extent of weathering, fresh examples being more yellow. 

Martin Formation 

The late Devonian Martin Formation in the northern Cane10 Hills 

is generally a fine-grained limestone or dolomitic limestone. In gen

eral, the Martin Formation is thickly bedded and grey to yellow brown 

in color. It contains common thin to medium thickness interbeds of 

fine sandstone. The Martin Formation crops out in the same area as the 

Abrigo Formation, on the southwest side of the Canelo Pass road in the 

vicinity of the Black Oak Cemetary. The disconformable contact with 

the underlying Abrigo Formation is difficult to locate precisely in 

some places on the partially soil covered slopes southwest of the 

Canelo Pass road. No fossils were noted of Martin Formation in the 

northern Canelo Hills. 
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Escabrosa Limestone 

The Escabrosa Limestone of Early Mississippian age in the north

ern Canelo Hills is composed of grey to dark grey, fine to coarsely 

crystalline limestone. The Escabrosa Limestone is generally thickly 

bedded and very fossiliferous, containing abundant crinoid fragments. 

It crops out in the southern part of the Canelo Hills, and underlies 

the highest parts of the hills southwest of the Canelo Pass road (NW, 

sec. 1, T.22S., R.17E., Figs. 2, 3). 

Horquilla Limestone 

The Horquilla Limestone of Pennsylvanian age in the northern 

Canelo Hills is generally a medium grey, fine to coarsely crystalline 

limestone. In some areas it displays a faint pinkish color. It resem

bles the underlying Escabrosa Limestone so closely that the disconform

able contact with it, is often difficult to locate. The Horquilla Limes

tone contains abundant crinoida1 debris and also zones of large 

fusi1inids, especially along the southwest side of the low hills to the 

southwest of the Canelo Pass road. Abundant large specimen of the coral 

Chaetetes occurs in zones within the Horquilla Limestone in its exposure 

in Post Canyon (NW~, sec. 2, T.22S., R.17E., Figs. 2, 3). In that 

area, zones of abundant solitary horn corals up to 20 cm long form 

useful marker beds. 

There are thin, fine sand and mudstone interbeds in the 

Horquil1a Limestone that appear, in some areas, to increase in fre

quency upsection. The upper part of the formation is omitted by fault

ing in the exposures in the southern Canelo Hills, but this 

relationship cannot be conclusively documented. 
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Earp Formation 

The Earp Formation of Pennsylvanian and lower Permian age is 

exposed over a wide area in the southern Canelo Hills (sec. 1, T.22S., 

R.17E.; sec. 35, T.2lS., R.17E., Figs. 2, 3). The lithology of the 

Earp Formation in the Canelo Hills consists of highly variable, inter

bedded light grey to brown limestones, and red to yellow to brown sand

stones, mudstones and shales. The limestone units are generally thin 

to medium bedded and are sandy and silty. The clastic units are gener

ally calcareous. A distinctive chert pebble conglomerate ("jelly-bean" 

conglomerate), approximately two meters thick occurs near the middle or 

just above the middle of the Earp Formation. This unit is indispensible 

in mapping structure in the Earp Formation. This distinctive conglomer

ate is shown as a marker unit on the geologic map (Figs. 2, 3). Occas

ional beds of large fusilinidn are present in the lower part of the 

formation. 

Colina Limestone and Epitaph Formation 

The Colina Limestone and Epitaph Formation of Early Permian age 

are exposed over a wide area of the northern Canelo Hills (Figs. 2, 3). 

In all exposures in that area, these two units are dark grey, fine

grained to very fine grained limestone, dolomitic limestone, limey dolo

mite, and dolomite. As originally defined by Gilluly and others (1954) 

the two units are very similar except that the Colina Limestone is lime

stone and the overlying Epitaph Formation is dolomite. The Epitaph 

Formation contains white sphericular growths of quartz and calcite and 

the Colina Limestone contains abundant gastropods, including the large 

Omphalotrochus. Patch (1969) demonstrated that beds can be traced from 
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Colina Limestone to Epitaph Formation and suggested that the complimen

tary variation in these two formations is due to the extent of dolomiti

zation downward in the section. 

In the northern Canelo Hills, some rocks immediately below the 

Scherrer Formation appeared in the field to be limestones, some are 

dolomitic limestones and limey dolomites. In places, rocks containing 

the white quartz and calcite blebs, diagnostic of the Epitaph Formation, 

were limestones. Areas of dolomite appeared to be surrounded by areas 

of limestone. To further complicate the distinction between the Colina 

Limestone and Epitaph Formation, both units are often highly faulted 

and fractured and poorly exposed. Both lithologies have a fetid odor 

from fresh surfaces. 

All of these characteristics make the field distinction between 

the Colina Limestone and Epitaph Dolomite in the northern Canelo Hills 

extremely difficult. Since the focus of this study is the Mesozoic 

rocks of the northern Canelo Hills, and in light of the difficulty in 

making a sharp distinction between the Colina Limestone and Epitaph 

Formation in the field, they are mapped as a single unit. 

Scherrer Formation 

The Permian Scherrer Formation is widely exposed in the north

ern Canelo Hills (Figs. 2, 3). It is composed of three informal members: 

a lower, red to orange, medium-grained, clean, cross-bedded sandstone; 

a middle unit of light grey, medium bedded dolomitic limestone and limey 

dolomite; and an upper sandstone unit that resembles closely the lower 

sandstones but is only approximately one half as thick (lower sandstone

approximately 15-20 m thick). The middle carbonate contains 
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gypsiferous units and contains white quartz sphericles. Baseball-bat 

shaped echinoid spines (Archaeocidaris sp.) are common and are a valuable 

aid in identifying the middle unit in areas where it is structually 

separated from the sandstone members. Small (approximately 1 cm dia

meter) concretionary nodules are common in the sandstone units. These 

nodules are not necessarily diagnostic of the Scherrer Formation because 

they also occur in many of the Mesozoic sandstone units in the middle 

part of the Jurassic section (see below). The Scherrer does not contain 

the red siltstones in the northern Canelo Hills that are present in its 

basal part farther to the east in the region. 

Concha Limestone 

The Concha Limestone of Permian age is the youngest Paleozoic 

formation unquestionably identified in the northern Canelo Hills. Like 

the other upper Paleozoic formations, the Concha crops out over a wide 

area (Figure 2, 3). 

The Concha in the northern Canelo Hills is a light grey, very 

fine-grained to medium-grained limestone. It is generally thickly 

bedded and contains abundant chert. One zone, approximately 20 meters 

thick and 30-40 meters from the base, is composed mostly of chert. In 

most cases the chert throughout the Concha Limestone forms lenticular 

or irregular nodules that are usually close to the plane of bedding in 

the limestone. Large produced brachiopods (IIDictyoclostus" sp.), often 

silicified and well preserved, are common. The brachiopods aid in the 

identification of the Concha exotic blocks within the Jurassic conglom

erates. The sponge Actinocoelia sp. is also common, easily recogniz

able, and helpful in identifying the Concha Limeston~ in isolated 



exposures. The Concha Limestone contains a rich fauna of other inver

tebrates that are interesting and well preserved but generally less 

helpful in identifying the unit. 

Rainvalley Formation 
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The Concha Limestone grades upward into the Rainvalley Formation, 

also of Permian age, over a large area in southeastern Arizona. The 

two formations are very similar in appearance, except that the Rain

valley Formation contains less chert, is thinner bedded, and more vari

able in color than the underlying Concha Limestone (Bryant, 1968). In 

one area on the southwest side of the northern Canelo Hills (NE~, sec. 

32, SW~, sec 33, T.22S., R.17E.; Figs. 2, 3), rocks that fit that 

description and may be in the lower part of the Rainvalley are exposed 

beneath the overlying Jurassic rocks. 

Mesozoic Rocks 

Jurassic Rocks 

The mid-Mesozoic rocks described by Hayes and others (1965), 

Simons and others (1966) and Hayes (1970) as the "lower" Canelo Hills 

volcanics are exposed over large areas of the northern Canelo Hills, 

and were the principal rocks studied in the stratigraphic part of the 

present work. Measured sections are located in Appendix A. All of the 

units are not present everywhere and a composite reference section, 

synthesized from the measured sections is shown in Figure 4. 

Based on the measured sections (Appendix A) and field mapping 

(Figs. 2, 3) the rocks referred to as the "lower Canelo Hills volcanics" 

are divided into four units. In ascending order these units are: 
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1) Red to purple sandstone, mudstones and pebble conglomerates. 

This unit is highly deformed and poorly exposed, thus its 

thickness is difficult to determine. These rocks were 

referred to as the "Canelo Redbeds" by Feth 0947, 1948) 

who considered the rocks to be of Cretaceous age. He 

acknowledged the difficulty of measuring an accurate thick

ness. The "Cane10 Redbeds" usage was abandoned by Hayes 

and others (1965) and by later workers. 

These rocks appear to have been deposited in an intermit

tent (?) fluvial system which deposited sandstones, con

glomerates and overbank mudstones. Some of the sandstone 

lenses may represent eolian deposits. 

This lower unit is exposed in the northwestern part of the 

study area and is apparently thickest there (perhaps 150 m 

or more). 

Several large exotic blocks of Paleozoic rocks (Hayes and 

others, 1965; Simons and others, 1966; Davis and others 

1976, 1979) occur within the fine grained clastics of this 

lower unit. Davis and others (1976, 1979) suggested that 

the large blocks detached from fault scarps north of the 

present-day exposures and slid into the depositional system 

in which the clastics of this lowest unit were accumulating. 
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The fine-grained rocks thin rapidly southward and are not 

present in the southern part of the study area, where sand

stones of unit 2 (see below) were deposited on the underly

ing Paleozoic rocks. In some places (southeastern corner 

and east central part of sec. 11, T.2lS., R.l6E.) the con

tact with the Paleozoic rocks is highly discordant and 

interpreted to be a fault. This suggests that the thickest 

parts of this lowest unit is preserved on down thrown blocks 

and some of the rapid thinning may be due to erosion from 

structurally high fault blocks. 

Based on lithology, the red clastic rocks in this unit 

were correlated to the upper part of the Gardner Canyon 

Formation by Drewes (197lb). Age relationships (discussed 

in the Age section) make this correlation uncertain. This 

correlation problem with the Gardner Canyon Formation is 

discussed in more detail in the Regional Correlation sec-

tion. 

2) Orange to red crossbedded sandstones and conglomerates (0-

85 meters thick). These rocks appear to represent eolian 

deposits with intermittent (?) fluvial sandstones and con

glomerates. The conglomerate units are distinctive and 

allow correlation from one area to another (see discussion 

of Mount Hughes measured section in Appendix A). 
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Sediments in this unit were deposited on the mudstones and 

sandstones of unit 1 (see above), but in other places it 

was deposited directly on upper Paleozoic rocks. On both 

the northeast and southwest sides of Canelo Ridge, south

east of Mount Hughes, sandstones of unit 2 depositjonally 

overlie the Permian Concha Limestone and perhaps the 

Perreian Rainvalley Formation. Charles Stockton (personal 

communication, 1980) reports a similar relationship in 

water wells north of the study area where the sandstones 

are aquifers providing water for the residential develop

ment south of Sonoita, Arizona. 

Exotic blocks of upper-Paleozoic rocks and Jurassic (?) 

silicic welded ash flow tuffs are incorporated into thin 

unit. The slide blocks are smaller than those mapped by 

Davis and others (1976) and Davis and others (1979) in 

unit 1, gen~rally tens of meters long and rarely more than 

10-15 meters thick. They are abundant south of Canelo 

Ridge, but only two were found in the excellent exposures 

south of the ridge. This southward decreasing abundance 

supports the interpretation of Davis and others (1976) and 

Davis and others (1979) that the source of the blocks was 

to the north. 

3) Pink to purple welded ash flow tuffs (0-200 meters). These 

rocks apparently represent a sequence of silicic welded 
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ash flow cooling units. Individual cooling units within 

this sequence vary in thickness although structural disrup

tion and internal variation within the unit make it diffi

cult to determine the geometry of the variations. This 

unit is truncated southwestward by the Lampshire Canyon 

Fault Zone on the southern side of Canelo Ridge, and is 

probably not present in the southern part of the study 

area. 

An apparently eolian sandstone approximately 30 meters 

thick occurs in the middle of this unit and aids in strat

igraphic correlation from one area to another within the 

northern Canelo Hills. This unit probably represents a 

pause of unknown duration in the eruptive activity that 

led to the deposition of the welded tuffs. 

The welded tuff unit was deposited concordantly on top of 

the largely sandstone unit 2, suggesting that little block 

rotation occurred between the deposition of the two units. 

Several of the welded tuffs in this sequence contain spher

icles of varying sizes up to approximately .5 m (see 

measured sections, Appendix A, for further discussion). 

4) Red to brown conglomerates and sandstones (up to approx

imately 300 meters thick, top not preserved). These rocks 

may represent several conglomeratic units of variable 
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thickness and geometries. In general, these conglomerates 

contain angular clasts of Precambrian pluton rocks, Paleo

zoic sedimentary rocks or Jurassic (?) silicic volcanic 

and plutonic rocks, or a highly variable mixture, that 

vary widely in sizes. Large exotic blocks occur only in 

the southern part of the study area where they range up to 

over a kilometer long and several tens of meters thick. 

The clasts are generally floating in a red to brown conglom

eratic to fine sandstone matrix. Sandstone lenses, litho

logically similar to the matrix occur throughout the unit. 

An orange, cross-bedded sandstone dissimilar to matrix 

sandstones, occurs in the upper part of this unit on the 

southwestern side of Canelo Ridge (NE~, sec. 31, T.2lS., 

R.17E., Figs. 2, 3, Canelo Ridge section in Appendix A). 

The conglomerates and sandstones in this unit interfinger 

in some places (Center, sec. 32, T.2lS., R.17E., Figs. 2, 

3) with the welded ash flow tuffs of the underlying unit 

3. In other places (SE~, sec. 4, T.22S., R.17E., Figs. 2, 

3) the conglomerates overlie the tuffs on an angular uncon

formity. In the southern part of the study area (NE~, 

sec. 14, SW~, sec. 13, T.22S., R.l7E.) the conglomerates 

contain abundant ash flow ~uff interbeds. 

The clastic rocks in this unit are interpreted to have 

been deposited in alluvial fan systems. Their generally 
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coarse character suggests that they were deposited close 

to (within a kilometer) the source area. Over most of the 

exposures of this unit, pebble inbrications and cross bed

ding generally indicate southerly transport from a north

ern source area, although a few pebble imbrications indi

cate northerly transport. In the southern part of the 

area (NE~, sec. 14, SW~, sec. 13, T.22S., R.17E.), however, 

the contact with the underlying Paleozoic rocks can be 

seen to cut progressively down section to the southeast 

and pebble imbrications strongly indicate a southeasterly 

or northeasterly transport. The rocks in this area are 

interpreted to represent part of an alluvial fan system 

that filled a southeast-northwest (1) trending paleocanyon 

in the underlying Paleozoic rocks. The large exotic blocks 

just northwest of Canelo Pass (SE~, sec. 13, NE~, sec. 24, 

T.22S., R.17E.) are interpreted to have been derived from 

the walls of that paleocanyon and transported southeast

erly, down slope on the fan. This movement direction con

trasts with the southerly transported suggested for blocks 

in unit 1 (see above) by Davis and others (1976) and Davis 

and others (1979). It also contrasts with likely trans

port directions in similar conglomerates on the south

western side of Canelo Ridge as noted above. 

The variety of transport directions and the variability of 

the lower contract suggests that similar appearing rocks 
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within this unit probably represents more than one alluv

ial fan system. The precise age relationship between these 

fan systems is uncertain, but the interfingering of conglom

e~ates and tuffs of unit 3 along Canelo Ridge indicates 

that these rocks are Jurassic in age, and not Cretaceous, 

as interpreted by Drewes, 1980. The alluvial fan complex 

near Canelo Pass contains welded tuffs approximately 150 

m.y. old (see Age section), indicating a Jurassic age. 

Thus the conglomerates within this unit are interpreted as 

being nearly the same, upper Jurassic age. 

One of the most important relationships within the study area 

is exposed just northeast of Canelo Pass (Center sec. 19, T.22S., 

R.18E.). At that locality sandstones and interbedded tuffs of unit 4, 

or possibly the uppermost part of unit 3, dip westward above westward 

dipping massive welded ash flow tuffs of the "upper" Canelo Hills vol

canics (Fig. 5). 

The contact is never actually exposed to its knife edge. Never

theless, it can be traced with some confidence in the field for approx

imately three kilometers. In some places the massive tuffs of the 

"upper" member of the Canelo Hills volcanics and the basal sandstone of 

this measured section are exposed within a few centimeters of one 

another. Bedding in the sandstone, and foliation in the massive tuffs 

is not well defined, but there are several areas along the contact where 

orientation can be determined. In those areas the massive "upper" tuffs 

dip westerly, under the west dipping basal sandstones of this section 

of the "lower" Canelo Hills volcanics. All of the units in the lower 



Figure 5. Portion of Figure 2 showing geologic relationships near 
Canelo Pass. The m3p shows vest dipping C~nelo Pass Member 
of the Hount Hughes Formation depositionally overlying the 
"upper" welded tuffs of the C3nelo Hills volcanics Utu). 
Refer to Figure 2 for explanation of maps units. 
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part of the measured section, including the coarse conglomerates, con

tinue to dip westerly. Thus even if the argument is advanced that the 

basal sandstone is actually part of the "upper" member, the contact 

relationship does not change. Such an argument merely moves the actual 

contact upsection, to the west. The coarse conglomerates in the middle 

of this section are almost certainly not part of the "upper" tuffs, and 

their relationship is the same as that of the basal sandstone. Expos

ures are adequate to suggest that no major fault cuts the section, off

setting stratigraphic units. The recognition that the "lower" member 

of the Canelo Hills volcanics was deposited on the massive welded tuff 

of the "upper" member indicates that the original nomenclature and pub

lished stratigraphy (Hayes and others, 1965) is in error and requires 

revision (see below). 

Examination of the unpublished preliminary map of Raup (1978, 

written communication) and the work of Hayes and others (1965) indicates 

that earlier workers correlated the massive "upper" tuffs with the 

sequence of tuffs found in the Mount Hughes, Canelo Ridge, O'Leary Can

yon South and the top part of the O'Leary Canyon sections. Hayes and 

others (1965) note, however, that the tuffs near Mount Hughes were of a 

different character than those in the "upper" tuffs cropping out to the 

southwest. The interpretation here is that the tuffs are not correla

tive, based on their distinctly different character and their field 

relationships, especially the lower contact of the "lower" Canelo Hills 

volcanics near Cane10 Pass. 



The presence of the Rainvalley in that area would be interest

ing, however, because none has been reported to the southwest of the 

Sawmill Canyon Fault zone except in exotic blocks, as described below. 

Cretaceous Rocks 

Cintura Formation 
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The Cintura Formation, of Early Cretaceous age and the upper

most formation of the Bisbee Group, is exposed in the core of an anti

cline on the northeastern side of the southern end of the study area 

(Figs. 2, 3; sec. 29, 33, T.2lS., R.lSE.). The Cintura Formation in 

the northern Canelo Hills is composed of maroon to red to grey arkosic 

and subarkosic sandstones and siltstones. Bedding thickness and grain 

size in the sandstones varies and there are many good exposures of 

locally fining upward sequences. The exposures in the northern Canelo 

Hills are highly fractured and faulted and are cut by a fracture cleav

age that is generally parallei ~n the axial plane of the anticline. 

The cleavage refracts when passing from a mudstone unit into a sandstone 

unit. Based on descriptions of the lithology and thickness given by 

Hayes (1970), only the upper part of the Cintura Formation is exposed 

in the northern Canelo Hills. 

Fort Crittenden Formation 

The Fort Crittenden Formation of Late Cretaceous age crops out 

on the limbs and the northwestward-plunging nose of the same anticline 

that exposes the Cintura Formation in its core. The unit is well exposed 

along O'Donnell Canyon, north of the Nature Conservancy (sec. 32, T.2lS, 

R18E, Fig. 2, 3). The lower unit in the Fort Crittenden Formation in 
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that area is a pebble-cobble conglomerate composed of variably sized, 

rounded clasts in a reddish brown, coarse sand matrix. The clasts are 

mostly quartzite and generally smaller than those in the cobble conglom

erate upsection the Fort Crittenden Formation (see below). Interbedded 

green to brown fine sandstones and shales form a unit approximately 15 

to 20 meters thick that overlies the basal conglomerate. The sandstone 

and shale unit are overlain by a cobble conglomerate approximately 10 

to 15 meters thick. The rounded clasts, up to approximately 30 cm 

diameter, are almost entirely quartzite and are set in a light brown, 

coarse sand matrix. This unit is generally poorly exposed but is often 

traceable in the field because of the residual cobble gravel that cover 

the hillsides which it underlies. A unit of interbedded shales, mud

stones and sandstones overlie the cobble conglomerate. The color of 

the rocks in this unit varies widely, from browns to yellows, greens 

and greys. It contains interbedded light grey to white, very fine 

grained turfs. This unit is at least 40 meters thick, and may be much 

thicker. A red, arkosic sandstone unit apparently overlies the vari

colored sandstone-mudstone unit in Post Canyon, northeast of Houston 

Ranch (NW~, sec. 30, T.21S., R.17E., Figs. 2, 3). This unit is highly 

deformed, but appears to be a sequence of interbedded reddish brown, 

arkosic to subarkosic sandstones and mudstones. 

Another area in which rocks of the Fort Crittenden Formation 

may be exposed is on the northside of Corral Canyon, which is located 

on southwest side of the northern part of the study area (Figs. 2, 3, 

S~, sec. 15, NW~, sec. 22, SW~, sec. 23, T.21S., R.16E.). The rocks 

exposed there include a massive, boulder conglomerate with angular to 
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rounded granitic boulders up to approximately 2 meters (Fig. 6) in the 

lower part. Also included in the lower part are numerous lenses of 

cobble conglomerate composed of rounded clasts of granitic rocks and 

quartzite. The matrix for the conglomerate is a generally light brown 

to reddish brown coarse sandstone and pebble conglomerates. The con

glomerates grade upward (northward) into interbedded coarse sandstones, 

fine sandstones and mudstones that include numerous lenses of red to 

reddish brown pebble conglomerates. Feth (1947, measured section number 

14, p. 92) measured a section somewhere in this area and noted the prob

lem of determining accurate thicknesses because of faulting. 

The correlation of this conglomerate and sandstone unit with 

formations described in the region (Drewes, 1971b) is uncertain. The 

rounded clasts and generally fining upward nature suggest that it may 

be part of the Fort Crittenden Formation. The Fort Crittenden at the 

southern end of the study area looks similar to the upper part of the 

section at the northern end. There is no unit at the southern end that 

would correspond to the massive, boulder conglomerate at the northern 

end. That coarse conglomeratic unit resembles the Temporal and Bathtub 

Formations in the Santa Rita Mountains, but Drewes (197lb) does not 

report upper sandstone units in that area. The possibility exists that 

this unit correlates to some other Cretaceous or lower Tertiary unit 

besides Fort Crittenden Formation. 



Figure 6. The Cretaceous Fort Crittendon Formation (?) from Corral 
Canyon. Massive conglomerates (right) are interbedded with 
coarse to medium-grained sandstones (left). 
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Tertiary Rocks 

Cemented Tertiary Gravel 

Cemented gravels of middle (?) Tertiary (early Neogene (?» age 

crop out at several locations around the perimeter of the study area 

and as small isolated patches within it. These cemented deposits are 

generally sandstones, conglomeratic sandstones and conglomerates. (Fig. 

7). Clasts in the conglomerates are angular fragments of varying lith

ologies. Every rock type from the surrounding region, including the 

Precambrian, Paleozoic, and Mesozoic rocks are represented as clasts in 

these sediments. These Tertiary rocks are generally thin to medium 

bedded, and they commonly display scour and fill features. They are 

pink to light brown and usually well cemented by calcite. 

The isolated erosional remnants of these rocks within the north

ern Canelo Hills indicates that the cemented Tertiary gravels were once 

more extensive over area, but have been removed by erosion. These rocks 

generally have gentle dips which may be original, depositional dips, 

and almost always much less than the older rocks that they overlie 

unconformably (Fig. 7B). The cemented gravels are probably equivalent 

to the basin filling units of Menges (1981) and may be equivalent to 

Late Tertiary units in adjoining basins. No fossils were noted in the 

exposure of the cemented gravels in the northern Canelo Hills, but these 

rocks may be equivalent to rocks containing middle-Tertiary vertibrate 

fauna elsewhere in the region. 



Figure 7. A) Photo of Tg outcrop. 
B) Photo of Tg (upper left) unconformably on steeply 

dipping Fort Crittendon Formation. 
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Uncemented Tertiary Gravels 

Uncemented gravels of Late Tertiary and Quaternary (?) age are 

exposed widely in the northern Canelo Hills. These gravels are composed 

of angular fragments of all of the rock types that predate it including 

the cemented Tertiary gravels described above. The clast type fr~

quently reflects the rock type exposed in the immediate vicinity, but 

includes clasts of rock types not exposed nearby. This unit shows no 

layering. It is found capping flat topped, gently sloping surfaces 

that surround the Canelo Hills and on flat remnants of those surfaces 

with the area. Elevation of the surfaces capped by these uncemented 

gravels is approximately 5,200 feet (1585 meters) above sea level. The 

surface slopes gently into the surrounding basins. 

Tertiary Tufa (?) 

A unit of white, friable tuffaceous (?) rock crops out in one 

place, near the Canelo Hills Ranch (east-central part of sec. 8, T.22S., 

R.18E., Figs. 2, 3). This material is weakly bedded and gently dipping. 

It is highly calcareous very fine grained and weakly cemented. Quater

nary drainage cuts but the relationship with the uncemented gravel 

described above cannot be determined in the field. 

Quaternary Alluvium 

Uncemented alluvial material is present in all of the washes 

within and around the northern Canelo Hills. This material is unce

mented and ranges in size from very fine sand and silt to boulders sev

eral meters in diameter. 



AGE 

Determination of the age of the mid-Mesozoic rocks within the 

northern Canelo Hills by isotopic methods was made using both potassium

argon (K-Ar) and rubidium-strontium (Rb-Sr) methods. Three samples 

were collected from the Flower Tank measured section (see Appendix A). 

The apparently fresh samples were collected from welded ash flow tuffs, 

one near the bottom of that section, and two from the middle of the 

section. No samples were collected near the top of the section because 

those rocks appeared in the field to be silicified, thus the isotopic 

system judged too likely to have been altered after deposition. 

Three samples from the Flower Tank measured section were ana

lyzed for major and selected trace element chemistry (M. Shafiqullah, 

1980, personal communication) by the Analytical Laboratory of the 

University of Arizona. The results of this analysis are presented in 

Table 1. 

Oxide or Element 

80-44(middle) 

Si02 

Al203 

Fe203 

CaO 

** 

10.7 

0.19 

0.03 

TABLE I 

Percentage 

Sample* Number 

80-45 (lowest)80-46 (highest) 

79.2 78.6 

9.78 

1.91 

2.03 
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7.65 

0.91 

4.25 
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Table 1, Continued 

MgO 0.11 0.42 0.17 

Na20 0.14 3.20 1.32 

KZO 8.24 2.90 4.36 

Ti02 0.35 0.35 0.36 

MnO 0.008 0.06 0.07 

SrO 0.002 0.008 0.006 

P205 .01 0.02 0.01 

H2O 0.58 0.98 0.76 

CO2 0.15 0.87 1.16 

Total 101.8 99.8 

.EE 

Ba 1040 710 770 

Zn 110 98 320 

Cr 10 10 10 

Cu 77 79 120 

V 100 100 100 

Rb 420 100 170 

Li 22 31 13 

Co 25 25 25 

Ni 25 25 25 

*Samples leached in H3P04 

**Prob1ems were encountered analyzing for Si02 in 80-44 

K20 analyzed by Laboratory of Isotope Geochronology 



Table 1, Continued 

80-44 

2.48 

*Samples leached in HF. 

Sample* Number 

80-45 

3.67 

80-46 

8.38 
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Ages were determined by K-Ar (whole rock) and Rb-Sr (whole rock) 

methods by P. E. Damon and M. Shafiqullah. Apparent K-Ar ages for these 

samples were approximately (in descending stratigraphic order) 72.6 + 

1.5 m.y., 88.7 ~ 1.9 m.y. and 98.2 ~ 2.0 m.y. The five-point isochron 

Rb-Sr age for these samples is 150.5 ~ 2.4 m.y. (Figure 8) 

(M. Shafiqullah and P. E. Damon, 1981, written communication). 

The K-Ar ages are 30 percent younger than ages reported for the 

same unit elsewhere in the Canelo Hills (Hayes, 1970; Marvin and others, 

1978) and of the youngest mid-Mesozoic plutonic rocks in the region 

(Drewes, 1976b; Shafiqu1lah and others, 1980; Haxel and others, 1980). 

The youngest of the three K-Ar apparent ages overlaps the published 

ages of Laramide volcanics and intrusives (Shafiqul1ah and others, 1980; 

Marvin and others, 1978), but the other two are distinctly older and no 

igneous rocks of those ages have been reported elsewhere in the region. 

The K-Ar ages determined for the northern Canelo Hills, there

fore, are interpreted to be apparent ages and partially reset. The K

Ar apparent ages of the rocks conform to proper stratigraphic order. 

The rock with intermediate age and position had significantly higher 

potassium content than the other two (see Table 1). Therefore, no 

simple model of argon loss due to thermal resetting or metasomatic pro

cesses fully explains the chemical data (see Table 1), because in a 



0.825~-------------------------------80--_4-4~b 
CANELO HILLS VOLCANICS 
T=151±2m.y. 80-440~ 
[87 Sr / 86 Srl = 0.7092 ± 0.0009 /,./'" z 0.800 

~ 
en 
~ 0.775 

" ... U') 

S; 0.750 
~ 

0.725 

o 

I /' 

", 

,,'" 
80-46b,.," 

fo80- 460 
,.,'80-45 

10 

" " ,,/ 

./ 

" 
/' 

/' 

Flgure 8. Rb-Sr isochron for rocks within the Mount Hughes Formation. 

TABLE 2 

Samples Used (5) Rb Sr RB87/SR86+ EX SR87/SR86+ EY 

1 UAKA 80 44 365.0 23.55 45.27167 0.90543 0.80555 0.00022 

2 UAKA 80 44 420.0 26.88 47.06391 0.94128 0.81082 0.00015 

3 UAKA 80 45 100.0 71.1 4.07337 0.08147 0.71797 0.00017 

4 UAKA 80 46 170.0 60.74 8.11050 0.16221 0.72387 0.00016 

5 UAKA 80 46 205.0 84.05 7.06869 0.14137 0.72503 0.00030 

Samples not used (0) 
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simple model, the oldest rock should have the highest potassium content. 

The apparently anomolous ages may reflect either the difficulty in 

dating very fine grained welded tuffs or the effect of the devitrifi

cation process. Another potential cause for the anomolous ages may be 

the variable, but nearly ubiquitous partial alteration of feldspars to 

sericite. 

Rubidium and strontium concentrations were determined for all 

three samples. In addition, one aliquot each of sample 80-46 were 

leached with phosphoric acid. The isochron plot (Figure 8) indicates 

that the leaching process did not have an effect on the isotopic compo

sition, even though concentrations changed relative to the unleached 

samples (Table 2) (M. Shafiqullah, 1981, written communication). 

The Rb-Sr age of 150.5 ! 2.4 m.y. matches closeJy the 147 + 6 

m.y. (K-Ar, biotite) and 149 ! 11 m.y. (Rb-Sr, whole rock) ages 

reported for the Mount Hughes Formation ("lower Canelo Hills volcanics") 

near Lone Mountain, approximately 25 kilometers to the southwest of the 

Flower Tank Section (Marvin and others, 1978). These three concordant 

ages agree with stratigraphic and map relationships near Canelo Pass 

(see Flower Tank section, Appendix A), and with paleomagnetic data (see 

Paleomagnetism section). The age of the mid-Mesozoic rocks in the north

ern Canelo Hills is therefore interpreted to be approximately 150 m.y. 

This age supports the field interpretation that these rocks were depos

ited on, and are younger than, the massive welded tuffs of the "upper" 

Canelo Hills volcanics. 

The initial 87Sr/86Sr ratio, indicated by the Rb-Sr isochron is 

0.7092 + 0.009. This ratio indicates at least some crustal component 



in the source. It is similar to the initial ratio of 0.7085 + 0.00u6 

of the mid-Tertiary volcanics in a 104 km2 region surrounding Tucson 

(M. Shafiqullah, 1981, written communication). 
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PALEOMAGNETISM 

During the study of the geology of the Canelo Hills, it became 

apparent that the rocks within the area would lend themselves to study 

of the natural remnant magnetism (NRM). Two sections, the lower, vol

canic part of the Rail X section and the Flower Tank section in which 

there were interbedded volcanics, conglomerates and sandstone, were 

sampled. 

Seven to nine cores were collected from 17 sites using methods 

of Doell and Cox (1967). The cores were oriented using a Brunton com

pass and the orientation of foliation of each unit sampled was measured 

using eutaxitic texture in the tuffs. These orientations were further 

checked by determining strike and dip of interbedded sedimentary rocks. 

In all, samples were collected from 17 welded tuffs in the two 

sections. In addition seven cores from volcanic cobbles and small 

boulders were collected from a conglomerate in the Flower Tank section 

for a conglomerate test (Cox and Doell, 1960). 

Although the Jurassic rocks in the northern Canelo Hills were 

deposited on the stable North American craton, they are located in a 

region that has experienced at least two later major orogenic episodes. 

The area has been subjected to regional shortening during the Laramide 

Orogeny and extension during the Basin-Range Orogeny. Paleomagnetic 

poles from Laramide-age igneous rocks are similar to those of the same 

age rocks from the western interior of North America (Vugteveen and 

others, 1981). Basin-Range deformation resulted from crustal extension 
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of approximately 20 percent, and no rotations about a vertical axis are 

required to reconstruct southeastern Arizona to its pre-Basin and Range 

configuration. In addition, the paleomagnetic data presented here is 

consistent with published Jurassic paleopole positions when analyzed in 

a way that assumes no rotation other than that required to bring the 

dipping volcanic rocks back to original horizontality. Therefore, the 

polepositions presented here are interpreted to be those of "stable" 

North America at approximately 150 m.y. ago. 

Demagnetization 

The following summary of procedures and analysis is drawn 

largely from discussions with Dr. Robert F. Butler and Lucy E. Harding. 

The Natural Remanent Magnitization (NRM) was measured using a 

cryogenic magnetometer (SCT C-l02). Alternating field (AF) demagneti

zation was done with a single axis demagnetizer (Schonstedt GSD-l) and 

a mu metal shielded furnace was used to thermally demagnetize the samp

les. The NRM of the samples was initially measured and a 

representative sample from each site, along with 11 of the samples from 

the conglomerate site were subjected to progressive alternating field 

demagnetization at peak fields up to 400 oe (1 oe = 10-4 tesla). 

Samples that displayed little or no response to AF demagnetization were 

then thermally demagnetized. 

Most of the samples responded to AF demagnetization. Vector 

demagnetization diagrams were used to determine the peak field required 

for removal of the secondary field components. The secondary field 

components of NRM with a low coercity that were present were erased by 

AF demagnetization to peak field in the range of 100 oe to 600 oe. The 
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vector demagnetization diagrams for most of the samples form a linear 

trend toward the origin at peak fields greater or equal to 200 oe. 

Those samples responding to the AF demagnetization were subjected to 

thermal demagnetization and have blocking temperatures in a range below 

5~0oC •• rhp.r.p. W~g a significant increase in IRM in the samples from 

these five sites above 3000 oe and IRM continued to increase in 

magnetic fields up to 9000 oe. These AF, thermal demagnetization and 

IRM acquisition properties suggest that hematite is the dominant 

carrier of remnant magnetization in the rocks from these five sites. 

Conglomerate Test 

The seven samples collected from the conglomerate in the Flower 

Tank section were analyzed to determine if there are secondary magnetic 

components present in these rocks that did not respond to demagnetiza

tion procedures. Each of the samples from the conglomerate clasts was 

progressively demagnetized as described above. Four of the samples 

responded to the AF demagetization. Small, secondary, low coercivity 

components of the NRM were destroyed from these samples at peak fields 

of less than, or equal to 400 oe. Vector demagnetization diagrams were 

used to determine the peak AF demagnetization field strength for each 

sample. Demagnetization behavior for these samples was similar to 

those samples from the sites that did not respond to AF demagnetiz

ation. The remaining three samples were thermally demagnetized, but 

showed no sign of any secondary component of NRM. 

The directions of primary NRM for the conglomerate samples are 

shown in Figure 9. The mean direction for these samples was determined 

using the technique of Fisher (1953). The statistical parameters for 
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Figure 9. Mean pole directions of clasts from a conglomerate in the 
Flower Tank measured section. Random pattern suggests that 
no remagnetization has occurred since deposition of the con
glomerate. 
Solid circles: Lower hemisphere 
Open circles: Upper hemisphere 

the computed mean are N = 7, and R = 1.52. For a N of 7, R must exceed 

4.18 for clustering to be significant at the 95 percent confidence 

level (Watson, 1956). This failure of significant clustering indicates 

that no secondary components of the NRH arc present that resist 

demagnetization. The primary N~l of the clasts within the conglomerate 

was acquired prior to depos ition. This implies that the NRH is a 

thermoremnant magnetization acquired at the time of cooling of each 

unit represented by the clasts, and not superimposed on the rock by 

Some later event. 
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Results 

The magnetization from one of the Rail X sites was unusually 

weak (less than 10-16 gauss) compared to the other sites and the direc

tions of NRM widely scattered. Demagnetization procedures did not im

prove the clustering and this site was excluded. The samples from a 

site in the Flower Tank section contained very large secondary compon

ents of NRM. During demagnetization, samples from this site did not 

achieve stability and vector demagnetization diagrams did not produce a 

linear trend toward the origin before the NRM was below 10-6 gauss from 

initial intensities of 10-4 gauss. Samples from this site were also 

not considered any further. 

The results of the progressive demagnetization of the represen

tative sample from each site were used to estimate the demagnetization 

program to successfully remove secondary components from the rest of 

the samples from that site. For sites on which AF demagnetization was 

not effective, samples were thermally demagnetized at 6000 C. From the 

mean directions at each site, the treatment that produced the highest k 

value (smallest a1pha9S) was chosen as providing the best determined 

direction of primary NRM for the site. For the sites for which the AF 

demagnetization was not effective, the samples were thermally demagne

tized at 6000 C. As indicated by the progressive demagnetizations, no 

significant change of the site mean direction resulted from this treat

ment. Some increase in the k value (decreases in a1pha95) were observed, 

however. The site mean directions, demagnetization treatments and Fisher 

(1953) statistical parameters are listed in Table 3. 



TABLE 3 

SUMMARY OF FINAL SITE MEAN RESULTS 

Demagnetization I D J N R k alpha95 
Site 11 Treatment (0) (0) (~auss) (02 
10 H400 29.6 339.1 8.9Xl0-6 8 7.25 9.4 19.1 

11 H600 34.1 342.8 1.3XI0-5 8 7.95 130.8 4.9 

21 H400 -39.5 157.8 2.6XlO-5 8 7.99 487.5 2.5 

22 T600 -24,7 125.7 5.6XlO-5 8 7.95 131.3 4.9 

23 T600 -39.7 174.5 2.9Xl0-4 9 8.97 259.4 3.2 

26 H400 22.0 348.0 8.8XlO-6 9 8.84 48.7 7.4 

27 H300 8.8 3S2.2 1.1XlO-4 7 6.99 1136.3 1.8 

28 H300 32.7 331.6 2.9XI0-S 7 6.81 32.2 10.8 

29 H200 25.3 330.8 7.8XlO-S 8 7.96 l8S.6 4.1 

30 T600 -39.2 157.8 6.0XlO-4 7 6.99 436.0 2.9 

31 T600 -36.6 161.9 4.0Xl0-5 7 6.99 61S.3 2.4 

32 T600 17 .4 323.8 1.lXlO-4 7 6.98 396.4 3.0 

33 H400 29.8 324.9 5.4XlO-S 7 6.98 325.7 3.4 

34 H300 30.6 323.8 1.0XlO-S 8 7.89 62.4 7.1 

3S H400 29.2 331.4 4.0XlO-6 9 8.98 36S.2 2.7 

Demagnetization treatments labeled Hare AF demagnetizations where the number indicates the peak field in 
oe. Demagnetization treatments labeled T are thermal demagnetizations where the number indicates the 
temperature in 0C. I is inclination, D is declination, J is intensity of remanence. R, k, and alpha95 are 
standard statistical quantities (Fisher, 1953). ~ 

00 
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Representative samples for the two classes of results based on 

these projections are shown in Figure 10. Site CH027 (Figure 10) illus

trates sites with very tight within-site grouping of NRM directions. 

Site CH022 (Figure 10) is typical of the majority of sites. Only two 

sites have alpha95 greater than 100 • 

The site mean NRM directions are shown plotted in Figure 11. 

Ten units sampled have normal polarity and five have reversed polarity. 

The mean directions of the normal and reversed polarity groups are not 

statistically significant from antipodal. Secular variation probably 

produced the intersite scatter. The presence of both polarities and 

observed inter-site scatter of NRM directions, indicates that the for

mation mean direction is an accurate measure of the time-averaged geo

magnetic field in the Canelo Hills during the interval of time 

represented by the deposition of these rocks. 

A mean direction for the entire sequence was calculated by 

averaging the antipodes of the site means from the sites with reversed 

polarity with site means from sites with normal polarity. The resulting 

formation mean direction is 1m = 29.90 with alpha95 = 6.70 • A summary 

of the formation mean results and statistical parameters is shown in 

Table 4. The paleomagnetic pole calculated from this mean direction is 

at: lambda p = 62.20 N, phip - 130.30 E, with dp - 4.10 and dm = 7.40 

(Figure 11). 

Significance 

The significance of this pole position is that it is the first 

Late Jurassic pole position to be presented for North America for which 
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Figure 10. A) Tight within-site grouping of pole positions. 
B) Looser within-site grouping of pole positions more 

common in the data for this study. 
Solid points: Lower hemisphere 
Open points: Upper hemisphere 
Squares: Mean of plotted circles 
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a precise, isotopic age can also be determined. The pole position for 

this time suggested by Steiner (1978) was based on data from samples 

whose site mean directions were widely scattered and which did not 

respond well to attempts to remove secondary components from the NRM. 

These samples were from unfossiliferous, generally red sandstones of 

the Summerville and Curtis Formations in the San Rafael Swell area of 

central Utah, and their age is poorly controlled (Steiner, 1978). 

The tightest constraints on the age of the Summerville and 
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Curtis Formations, based only on rocks exposed in central Utah is between 

the Lower to Middle Collovian age Entrada Sandstone and the 

Kimmeridigian age of the Morrison Formation. 

Pipiringos and O'Sullivan (1978) have correlated the exposures 

of the Summerville and Curtis Formations in the San Rafael Swell region 

with the lower part of the Curtis Formation exposed to the north, in 

the Uinta Mountains. The lower Curtis in the Uinta Mountains is also 

unfossiliferous and, like the Summerville and Curtis on the San Rafael 

Swell, is bounded by unconformities. In the San Rafael Swell and in 

the Uintas, the Curtis is underlain by Entrada Sandstone which contains 

Lower to Middle Callovian fossils in the Uinta Mountains. In the Uinta 

Mountains, the upper part of the Curtis contains Lower to Middle 

Oxfordian fossels. It is overlain by Kimmeridigian age Morrison Forma

tion on the San Rafael Swell. Pipiringos and O'Sullivan (1978) suggest 

that the upper Curtis Formation and lower Curtis are separated by a 

previously unrecognized unconformity that correlates with the unconform

ity at the top of the Summerville Formation on the San Rafael Swell of 

central Utah (Fig. 12). Thus, the lower Curtis in the Uinta Mountains 



TABLE 4 

SUMMARY OF FORMATION MEAN RESULTS 

Site location: 31.50 N, 249.50E. 

1m = 29.90 

Dm = 334.90 

N = 15 

R = 14.58 

k = 33.4 

alpha95 = 6.70 

Pole location: 62.20N., 130.30E. 
dp = 4.10 dm = 7.40 
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N, R, k, and alpha95 are standard statistical parameters (Fisher, 1953), 

while dp and dm are the semiminor and semimajor axes of the error oval 

surrounding the pole position. 1m and Dm are mean inclination and mean 

declination. 

is of Middle to Late Callovian age, implying that the exposures on the 

San Rafael Swell studied by Steiner (1978) are too. 

The age of the units included in the paleomagnetism study in 

the Canelo Hills is approximately 150 m.y., as described above. This 

places the well defined pole position determined in this study within 

the Oxfordian middle late Jurassic (Fig. 13) according to the Jurassic 

time scale of Van Hinte (1976) which was used by Pipiringos and 

O'Sullivan in Utah. Using the Jurassic time scale proposed by 

Armstrong (1978) these data would represent a Tithonian pole position. 

Figure 14 shows the relationship of the pole position determined 

for the northern Cane10 Hills to the apparent polar wander (APW) path 



Figure 11. Site-mean positions for all sites sampled in the northern 
Canelo Hills. 
Solid squares: Lower hemisphere 
Open squares: Upper hemisphere 
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Figure 12. Stratigraphic age control of previous Jurassic pole 
posLtLon. Age is based on difficult to determine uncon
formities of questionable age. 
1. Unconformity recognized by Pipiringos and O'Sullivan 

(1973) 
2. Re~ionally recognized unconformities 
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Figure 14. Pole-position of the Mount Hughes Formation plotted within 
the apparent polar wander path. Numbers are ages or 
approximate age of the pole positions. 
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for North America during mid-Mesozoic time. It includes the poles deter

mined for the Morrision and Summerville Formations (Steiner, 1978), 200 

m.y. ago and 190 m.y. ago (Irving, 1979), and the Cretaceous average 

pole position (Mankinen, 1978). The Jurassic APW path does not include 

the present rotation axis (Steiner and HeIsey, 1975). 

The proximity of the Summerville pole position to those for 

Late Triassic and Early Jurassic times suggests that much of the APW 

between Triassic and Cretaceous times took place in the Late Jurassic 

(Steiner, 1978). The APW path (Fig. 14) suggests that approximately 

400 of APW on a latitudinal path took place during Late Jurassic time. 

Steiner (1978) suggested that rates of North American plate motion on 

the order of 15 cm/yr was required to explain the rapid Late Jurassic 

APW. This is nearly three times larger than any modern, calculated 

rate (Gordon and others, 1979), but it supports the suggestion that 

large, continental plates have had velocities in the geologic past equal 

to the present velocities of oceanic plates. The rapid APW of North 

America during the Late Jurassic probably reflects the rapid opening of 

the Atlantic Ocean which Steiner (1978) suggested was largely due to 

North America moving away from a stationary African plate. 



STRUCTURAL GEOLOGY 

The overall, generalized structure of the northern Canelo Hills 

is that of a northwest trending, complexly faulted upright anticlinal 

flexure. The anticlinal geometry is complicated in the southern part 

of the northern Canelo Hills by a southwest dipping reverse fault that 

has brought the southwest limb of the fold across the axial plane and 

over the northeast dipping limb. The anticlinal flexure in the northern 

part of the study area and the faulted anticline in the southern part 

are separated by a northeast trending fault zone, the Box Canyon Fault 

Zone. 

The limbs of this complex anticline have been cut by large scale, 

oppositely dipping reverse faults, the Lampshire Canyon Fault on the 

southwest and the Houston Ranch on the northeast. These faults dis

placed the core of the fold relatively upward. Paleozoic rocks and the 

Mount Hughes Formation are exposed in the relatively uplifted central 

block of the study area. Rocks exposed in the southwestern limb of the 

large fold are upper Cretaceous Fort Crittenden and Fort Crittenden (1) 

Formation and younger volcanic rocks that dip generally southwestward. 

A large triangular shaped block at the northern end of this zone includes 

Fort Crittenden (1) Formation rocks that dip moderately northeastward, 

into the steeply northeast dipping fault. This block is bounded on the 

southwest by a steeply dipping, complex fault zone, the Corral Canyon 

Fault Zone that separates it from gently southwest dipping volcanic 

rocks of Cretaceous age. 
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The Fort Crittenden Formation and the underlying lower Creta

ceous Cintura Formation are exposed on the northeast side of the large, 

central anticlinal block. These rocks are folded into a northwest 

trending tight to isoclinal, upright anticline. Rocks on the southwest 

limb of this fold dip into the complex fault zone that separates them 

from the central, uplifted block. 

These differences in rock units that are exposed and the geo

metry of the deformation (Figs. 15, 16) allow the division of the study 

area into four structural domains for aid in descriptions. The domains 

have different structural geometries from one another and they are sep

arated by large-scale faults. 

The Mount Hughes Formation and the Paleozoic rocks are exposed 

within the two largest structural domains. The Everhart Ranch domain 

includes the area characterized by the complex autic1ina1 flexure, 

extending from the extreme northwestern end of the study area to the 

Box Canyon Fault Zone (described below). The Post Canyon domain in

cludes the area from the Box Canyon Fault Zone to the southeastern end 

of the study area where the southwestern limb of the anticline has been 

faulted across the axial plane. 

Two smaller structural domains are underlain by the sedimentary 

rocks of Cretaceous age. The Corral Canyon domain forms the triangular 

shaped zone at the northern end of the study area that is separated on 

the northeast by the Lampshire Canyon Fault from the Everhart Ranch 

domain. It is separated on the south by the Corral Canyon Fault Zone 

from unmapped Cretaceous volcanic rocks. The O'Donnell Canyon domain 

is characterized by the upright, isoclinal fold in Cretaceous rocks and 
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is separated by the Houston Ranch Fault Zone from the Post Canyon domain 

to the south. The Cretaceous rocks that underlie this structural domain 

are overlain by Tertiary conglomerates to the north. 

Folds 

Small Scale Folds 

Almost all of the folds in the northern Canelo Hills trend north

west (N300 -50oW; Figs. 2, 3). Most of the folds in the Post Canyon 

structural domain occur in the interbedded sandstones and limestones of 

the pennsylvanian-Permian Earp Formation. The folds that occur in other, 

more massive Paleozoic carbonate units generally have longer wavelengths 

than those in the Earp (Figs. 2, 3). The folds in the carbonate units 

have wavelengths on the order of hundreds of meters compared to tens of 

meters in the interbedded clastics and carbonates of the Ea=p. (Compare 

the fold in the Horquilla Limestone in the west-central part of sec. 

36, T.2lS., R.17E., with those in the Earp Formation in west central 

part of sec. 35, T.2IS., R.17E.; Figs. 2, 3.) 

Almost all of the folds are upright, open folds so that, in map 

view, the crestal trace is equivalent to the axial trace. Many, espe

cially those in the Earp Formation, are slightly asymmetrical. No gen

eral rule seems to hold, however, governing the sense of asymmetry and 

it appears that just as many have steeper southwestern limbs as have 

steeper northeastern limbs. In general, the only overturned folds are 

a few small-scale folds closely associated with deformation within fault 

zones. These rare, highly asymmetric or overturned folds trend north

west, subparallel to the faults with which they are related. Folds in 



Paleozoic and Mesozoic rocks plunge both to the northwest and to the 

southeast. 
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Folds along the upper part (NE~, sec. 24, T.2IS., R.16E.; Figs. 

2, 3) of the Dark Canyon Fault Zone (described below) are generally 

open and upright like those farther to the southeast. These folds trend 

approximately parallel to the fault zone, but intersect faults within 

the zone at low, oblique angles. Further down Dark Canyon to the north

east (NE~, sec. 14, T.2lS., R.16E.; Figs. 2, 3) the axial trace of folds 

in the Concha Limestone bend slightly to the north and intersect the 

fault zone at a somewhat higher angle (approximately 200 compared with 

less than 100 farther up the canyon). Folding is not common where this 

fault zone, or any others in this O'Donnell Canyon domain, cuts through 

the Mesozoic rocks. 

None of the small folds in the Paleozoic or Jurassic rocks are 

associated with well developed cleavage or change in orthogonal bedding 

thickness across the axial surface. Dip-slip striations are common on 

bedding surfaces especially near the fold axial plane. Based on these 

characteristics, these folds are interpreted as concentric folds, formed 

largely by interbed slip mechanisms. 

Large Scale Folds - Paleozoic and Jurassic Rocks 

On a large scale, the entire O'Leary Canyon structural domain 

(Figure 16) can be considered a large fold structure. In general, rocks 

on the southwestern side of this domain dip to the southwest while those 

on the northeastern side dip to the northeast. This general anticlinal 

form is complicated, however, in that there are no areas of shallow dip 

across the axial trace of this large fold. Instead, blocks of opposing 
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moderate dips are faulted against one another with no intervening blocks 

of shallow dip. 

The "axial trace" of this brittle faulted "anticline" does not 

follow a single fault (Figs. 2, 3). Rather, it follows several faults 

from the southeast end to the northwest end of the Everhart Ranch domain. 

In some areas the "axial trace" is along faults in the Dark Canyon Fault 

zone (NW~, sec. 24, T.21S., R.16E.; W~, sec. 13, T.21S., R.16E., Figs. 

2, 3). 

Toward the southeast (W~, sec. 24, T.21S., R.16E., and sec. 19, 

T.21S., R.17E.; Figs. 2, 3) the faults that mark the axial trace of 

this large anticline shift eastward in a complex, en echelon pattern. 

In places within this en echelon zone, more than one axial trace fault 

is present and small fault blocks of northeast dip are surrounded by 

fault blocks with southwest dip (west-central sec. 24, T.21S., R.16E. 

and south-central sec. 20, T.21S., R.17E.; Figs. 2, 3). 

The axial trace of this fold appears to be deflected to a more 

east-west orientation near the Box Canyon Fault zone (described below), 

at the southeastern end of the Everhart Ranch structural domain. The 

structure there is apparently complex, and poorly exposed. The north

eastern limb of the fold appears to have been broken by faults that 

preserve a down-dropped block of highly deformed Mesozoic clastic and 

volcanic rocks between northeast dipping high blocks of Paleozoic rocks 

(S~, sec. 27 and sec. 28, T.2IS., R.17E.; Figs. 2, 3). 

At the northeastern end of the Everhart Ranch domain, the axial 

trace is transferred to the north in a complex, en echelon pattern (W~, 

sec. 2, E~, sec. 3, T.21S., R.16E.; Figs. 2, 3). In the extreme 
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northwestern part of the Everhart Ranch domain the axial trace occupies 

a relatively straight zone which includes the fault that truncates the 

base of the Rail X stratigraphic section. A well exposed anticlinal 

axial trace in Paleozoic rocks just north of this axial trace zone 

(north-central sec. 3, T.2IS., R.16E.j Figs. 2, 3) has been interpreted 

to be within a large exotic block (Davis and others, 1979). 

The northeastern part of this domain is underlain by rocks which 

dip to the southwest (NE~, sec. 8, E~, sec. 5, T.2IS., R.17E.j Figs. 2, 

3). The trace of the synclinal axis between these southwest-dipping 

rocks and the northeast dipping rocks described above, is e~posed only 

in one place (central sec. 8, T.2lS., R.17E.j Figs. 2, 3). It is the 

syncline that is noted at the top of the Red Meadow measured section 

and it is formed by gentle, opposing dips recorded over a distance of 

several meters. From that exposure and from map data elsewhere, this 

syncline can be demonstrated to trend northwest, subparallel to the 

axial trace of the large, faulted anticline. 

The Post Canyon structural domain may also be considered to be 

a faulted anticline, even though it is made up largely of southwestward 

dipping Paleozoic and Mesozoic rocks. In the southwestern 1/4 of sec

tion 25, and the northeastern 1/4 of section 36, T.2IS., R.17E., and in 

the southwestern 1/4 of section 1, T.22S., R.18E., Figs. 2, 3) the 

Collie Well fault, named for the area of its best exposure, has brought 

southwestward dipping Paleozoic rocks into contact with northeastward 

dipping conglomerates of the Canelo Pass member. Where exposed in the 

vicinity of Collie Well, the fault dips steeply to the southwest. The 

Collie Well fault is considered to be a "back-limb" reverse fault which 



brings the southwestern limb of a large northwest trending anticline 

across the axial surfaces and over the conglomerates in the northeast 

limb (Figure 17, (pocket) cross section C-C'). Elsewhere in the pre

Cretaceous rocks of the domain, the rocks generally dip to the west or 

southwest. 

Large Scale Folds - Cretaceous Rocks 
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Cretaceous rocks of the Cintura Formation of the Bisbee Group 

and Fort Crittenden Formation are exposed in a large fold in the 

O'Donnell Canyon structural domain (sees. 19, 28, 29, 30, N~, sees. 32, 

33, T.2lS., R.18E., in Figs. 2, 3). This fold is considered separately 

from those in other areas in the northern Canelo Hills because the area 

is underlain by younger rocks than most of the rest of the study area 

and because the structural style is distinct. 

The Cretaceous rocks are in contact with the older rocks of the 

Post Canyon domain across a complex fault zone that is approximately a 

kilometer wide in some areas. The individual faults within this zone 

are crushed rock or gouge zones up to tens of meters wide. These gouge 

zones cannot always be correlated from one wash to the next. This pat

tern suggests an anastamosing system of faults within the zone. The 

faults are exposed only in washes and few fresh surfaces remain with 

striations preserved. Thus only the vertical component of this zone 

can be estimated. The vertical structural separation may be as much as 

3 kilometers using estimates of the stratigraphic separation of units 

juxtaposed along the fault zone. In addition, Drewes (1980) has sug

gested left slip on unknown but possibly large magnitude along this zone. 
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The large, northwest trending fold that characterizes the Cre

taceous rocks in the O'Donnell Canyon domain exposes the Cintura Forma

tion in its core and Fort Crittenden Formation on both of its flanks 

and around its northwest plunging nose. Limb dips are generally steep 

and approach vertical in some places in the core of the fold. The off

set of the axial trace that is shown on the map (secs. 19, 33, T.21S., 

R.18E.; Figs. 2, 3) may be due to northeast trending faulting or some 

sort of en echelon alignment. Exposures are not adequate to permit a 

decision between the two possibilities. In at least one place (N~, 

sec. 33, T.21S., R.18E.; Figs. 2, 3) the axial trace is clearly appar

ently offset by northeast trending fault. 

The rocks of the Cintura Formation are highly deformed in the 

core of the fold. They are cut in many places by a penetrative, axial 

plane cleavage (Figure 18). Internal deformation (cleavage) of the 

Fort Crittenden Formation is largely confined to the finer-grained 

clastics rocks interbedded with sandstones. Exposures of the Fort 

Crittenden in the southeast 1/4 of section 30, T.2IS., R.I8E.; Figs. 2, 

3, include light colored tuff units whose age it may be possible to 

determine by is topic methods, thus providing an additional absolute age 

to the formation. 

The presence of the well developed steeply dipping cleavage and 

bedding orientations indicate that the Cretaceous rocks are folded into 

an upright fold. Unlike the folds in the older rocks (described above) 

the cleavage in the Cretaceous rocks suggests that some type of "flow" 

has occurred in these rocks and that vrthogonal bedding thickness may 

not be preserved across the fold. Therefore, this fold cannot be 
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Figure 18. Axial planar cleavage in Cintura Formation. 
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assumed to have concentric geometry. On the other hand, the steep dips 

and the relatively uncleaved condition of the coarser-grained units 

indicates that the folding mechanism is not entirely by brittle or duc

tile flow. That is, the fold was formed by a combination of concentric 

folding and a similar style folding. In ideal, concentric folds struc

turally higher rocks in the fold are detached from those structurally 

lower because the fold tightens downward (in anticlines) and the depth 

to this detachment can be calculated. The hybrid nature of the fold in 

the Cretaceous rocks of the O'Donnell Canyon domain makes this exercise 

very speculative. Probably, this detachment occurs lower in the Bisbee 

Group, or in the Jurassic rocks. 

In summary, both the large (km) and smaller (m or m X 10) scale 

folds in the northern Canelo Hills are broad, open folds that trend 

approximately N30-50W. All of the folds plunge gently (less than 250 ), 

although there does not appear to be a preferred direction of plunge. 

The large-scale anticlinal fold interpreted from the map pattern in the 

Everhart Ranch domain plunges to the northwest. Dip slip striations 

are common on bedding planes of rocks involved in the folding and ortho

gonal bedding thickness is preserved across the fold form. Therefore, 

the folds in the northern Canelo Hills are interpreted to be concentric 

folds formed by buckling and flexural slip mechanisms. 

An exception to these observations is the large fold in the 

Cretaceous rocks of the O'Donnell Canyon domain. The trend of this 

fold is approximately parallel to the other folds in the area, and it 

plunges gently to the northwest. The fold form is different, however, 

from others in the area in that this fold is tight to isoclinal instead 
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of open like the others. Bedding plane, dip-slip striae and constant 

orthogonal thickness are characteristics of the more competent units, 

but less competent units contain well developed axial planar cleavage 

and apparent variations in bedding thickness. Based on these data, the 

fold in the O'Donnell Canyon domain is interpreted to be a hybrid fold 

form with characteristics of both concentric and similar folds. It is 

interpreted to have formed by a combination of flexural slip and flex

ural flow mechanisms. 

Faults 

The most prominent faults in the northern Canelo Hills strike 

northwesterly, approximately parallel the strike of most of the rocks 

exposed in the area or northeasterly, approximately at right angles to 

the strike of the rocks. 

In general the faults in the area are poorly exposed because of 

Quaternary-Tertiary cover and vegetation. Where they can be seen in 

washes or cliff faces they are high-angle zones of variable thickness 

rather than a single fault plane. Rocks within the zones a=e usually 

crushed to rubble or fine powder. Generally, few movement indicators 

such as slickensides are preserved in the fault zones. Offset along 

these zones is therefore largely uncertain although stratigraphic separ

ation of units on each side of the fault gives a clue as to the magni

tude of the movement along it. It is not possible, in many cases, to 

determine the geometry and offset of the fault zone well enough to be 

certain whether it is a normal or reverse fault. Juxtaposition of 

stratigraphic units of different age and lithology allows location of 

the zones within a few meters. 
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Northwest Trending Faults 

The southwestern boundary of the study area is a fault of large 

magnitude. This northwest striking fault can be traced northwestward 

from Canelo Pass at the southeastern end of the study area to Corral 

Canyon on the northwestern end. It is herein named the Lampshire Canyon 

Fault for the canyon in which it is located along most of its trace in 

the northern Canelo Hills (Figs. 2, 3, 19). 

The Lampshire Canyon Fault is probably an extension of the Dove 

Canyon Fault mapped to the southeast by Hayes and Raup (1968) and Simons 

(1974). The spatial relationship between these two faults may be com

plex, however, as suggested by Simons (1974) mapping just south and 

southeast of Canelo Pass. It appears from his mapping and from mine 

(see Figs. 2, 3), that the two zones are linked by a complex fault pat

tern formed by the northwest trending faults and northeast-trending 

faults. The northeast-trending faults are described later. 

The Lampshire Canyon Fault is generally poorly exposed because 

of Tertiary alluvium. In washes and steep, nonalluviated hill sides, 

the fault zone is marked by a gouge or crushed rock zone up to 15 meters 

wide. Fine-grained sedimentary rocks within the zone are highly sheared 

and beds of sandstones are commonly vertical and occasionally overturned 

to steep northeast dip (Figure 20). Dip of the rocks in the Canelo 

Hill generally increases as this fault zone is approached. Based on 

these field data, the Lampshire Canyon Fault is interpreted to be a 

reverse fault dipping vertically or steeply northeast along the south

west side of the northern Canelo Hills. 
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Figure 19. Lampshire Canyon Fault Zone, looking WNW. 



Figure 20. Vertical bedding in Kfc (?) along the Lampshire Canyon 
Fault Zone. 

Figure 21. Corral Canyon Structural Domain, looking WNW. Santa Rita 
Mountains in the background. 
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The amount of movement along the fault cannot be determined 

accurately because the stratigraphic relationships between rock units 

which it brings into contact are uncertain. The vertical component may 

be well over a kilometer, even using conservative estimates of the thick

ness of the units which should stratigraphically separate the rocks 

that are brought together by the fault. In addition, Drewes (1980) has 

suggested that some left slip has taken place along the zone. 

The movement history along the Lampshire Canyon Fault may be 

complex. It parallels the Sawmill Canyon Zone which is located approx

imately 10 kilometers to the north and which has a documented, complex 

history (Drewes, 1972, Titley, 1976). The timing of part of the move

ment along the Lampshire Canyon Fault can be inferred because it trun

cates the Trachyandesite of Meadow Valley which has been reported to be 

72.1 ! 3 m.y. old (K-Ar, biotite) by Simons (1974). This suggests that 

at least some, and possibly a large part, of the movement along the 

Lampshire Canyon Fault may have taken place during the Laramide Orogeny, 

because no later regional, compressional deformation is documented in 

the region. Evidence is not present to document any younger movement 

on this fault. 

The Lampshire Canyon Fault is joined at a low, oblique angle by 

a fault with a more westerly strike in the vicinity of Corral Canyon. 

The two faults enclose a triangular shaped area of low topography herein 

called the Corral Canyon structural domain (the north central part of 

sec. 26, T.21S., R.16E.; Figs. 2, 3, 21). This second fault is part of 

a complex zone of subparallel and anastamosing faults, the major members 

of which are shown on the geologic map (Figs. 2, 3). This zone, herein 
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named the Corral Canyon fault zone, for sake of reference, brings into 

contact rocks which Raup (unpublished) considered to be Cretaceous ande

sitic volcanics (to the south of the zone), with Cretaceous (?) conglom

erates. 

The Corral Canyon Fault is well exposed in Corral Canyon. Within 

the canyon the fault is a zone of anastamosing shears which outline 

lenses of deformed rock. Slickensides are abundant along this zone and 

orientation data from them is displayed in Figure 22. The data imply 

that most movement has been dip slip on faults that are subparallel to 

the main, northwesterly strike. These observatons do not strongly sup

port strike slip along the northwest-trending zone. 

In most cases, the northwest striking faults, including the 

Lampshire Canyon Fault, are not well exposed and their presence is often 

determined only by juxtaposition of different stratigraphic units. An 

example of one of the poorly exposed faults which bring together differ

ent rock units is one in NW~ SW~, sec. 34, T.2lS., R.l7E. (Figs. 2, 3), 

just west of the broad northern end of Box Canyon. Along that fault, 

light grey, cherty Concha Limestone north of the fault is in contact 

with dark grey, dolomitic Epitaph or Colina Limestone south of it. The 

distinctive lithologies allow the fault trace to be determined very 

accurately at the scale of this mapping, probably within a meter or 

two, even though the fault plane is not clearly exposed over most of 

its trac~. In only one small (approximately I square meter) area is 

the fault actually exposed. At that locality, the fault dips 500 NW 

and is a zone of highly sheared limestone. The fault can be interpreted 

as a normal fault with approximately 300 meters of dip-slip displacement. 
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Figure 22. Slickenside data of Menges (1981) and this study for the 
Corral Canyon Fault Zone. 

While the amount of vertical offset along this fault could have been 
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estimated from the field relations, its nature could not have been deter-

mined had it not been for the small outcrop of the actual fault zone. 

This example is typical of many of the faults in the area, although 

diagnostic outcrops were not found in most cases and the true nature of 

most of the faults remains unknown. The outcrop trace of the faults, 

however, suggest that all are high angle faults. 

Denney (1968) estimated the offset along faults in the area 

near Canelo Pass on the basis of stratigraphic displacement. In general 

he interpreted the northwest-striking faults there to be normal faults. 

In many cases, like the one cited above, he was not able to determine 

the true nature of the faults because they are poorly exposed. 



The estimates of fault movements shown on the cross sections 

are approximate (Figure 17), but probably represent the vertical com

ponent of movement to an order of magnitude, or better. In only two 

cases, both too small to show at the scale of the geologic map (Figs. 

2, 3), could the horizontal component along northwest-trending faults 

be estimated. 
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The northwest-trending faults in the Everhart Ranch structural 

domain occur mostly in a zone near the axial trace of the faulted anti

cline as described above. This zone, here called the Dark Canyon Fault 

Zone, extends from the southeastern end of this domain at Box Canyon 

(sec. 33, T.12S., R.17E.; Figs. 2, 3) to the extreme northwestern end 

of the study area. The zone is complex and poorly defined in its south

eastern exposures. Over most of its length it cuts Paleozoic rocks and 

is characterized by anastamosing faults and fractures on various scales. 

This anastamosing pattern becomes more complicated where the zone enters 

the Mesozoic rocks at the northwestern end of the study area. The zone 

there is approximately 4 kilometers wide. The faults within the zone 

at the northwestern end of the area still display an anastamosing pat

tern, but the pattern is more complex, with more en echelon offsets 

than in the Paleozoic rocks. 

Some of the faults in the northwestern part of the zone appear 

to bring exotic blocks of Paleozoic rocks in contact with autochthonous 

Paleozoic rocks. At these locations, the red sandstone - mudstone of 

the Monkey Canyon Member and its large exotic clasts is in structural 

contact with the Concha Limestone. 
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An example of one such exotic block in Dark Canyon (north

central part of NE~, sec. 14, T.2lS., R.16E.; Figs. 2, 3) is shown here 

(Figure 23) and as Figure 16 of Feth (1947). The obvious relationship 

of Paleozoic rocks overlying red sandstones at that outcrop probably 

influenced Feth (1947) to interpret the entire area as being part of a 

thrust faulted terrane, although he did speculate on the possibility 

that the sandstone and mudstones might be of Paleozoic age. The inter

pretation favored here is that an exotic block of Paleozoic limestone 

with encasing Jurassic clastic rocks north of a high-angle fault have 

been brought down into contact with autochthonous Paleozoic rocks on 

the south side of the fault. Feth (1947) apparently did not recognize 

the fault or interpreted it to be upthrown on the north instead of on 

the south, thus exposing what he interpreted to be a thrust. Mapping 

along the fault as it extends from this locality supports the interpre

tation that its north side is down thrown. 

Feth (1947) found two other outcrops which he also interpreted 

to be windows through the Paleozoic rocks in the hanging wall of thrust 

faults. One of the localities is a few hundred meters upstream in Dark 

Canyon from that mentioned immediately above and is part of the same 

fault system as the one just described. There the Jurassic rocks are 

interpreted to be faulted down against Paleozic rocks. The second area 

is approximately 0.5 kilometers northeast of the first (north-central 

sec. 13, T.2lS., R.16E.; Figs. 2, 3, see cross section I-I, Figure 17). 

At that location, the basal red conglomeratic sandstone and red welded 

tuff dip in the same northeast direction and by approximately the same 

amount as the Concha Limestone to the southwest. Both units are oriented 



Figure 23. Contact between Paleozoic limestone exotic block (upper 
right) and enca&ing red mudstone (lower left) of upper 
Jurassic age. 
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differently than the complexly faulted Paleozic rocks to the northeast. 

The similarity of orientation between the Paleozoic and Mesozoic rocks 

and the fact that the Jurassic units are the basal part of the nearby 

measured section suggest that the contact to the southwest of the red 

sandstones is depositional. The sandstones and tuff are preserved in a 

northeastward titled fault block which is juxtaposed with another block 

of Paleozoic rocks to the northeast. 

An additional occurrence of red mudstones of the basal Monkey 

Canyon member is faulted down and into contact with surrounding blocks 

of Paleozoic rocks in north-central sec. 29, T.21S., R.17E. (Figs. 2, 

3). The structure in the area is complex and poorly exposed, but the 

bright red mudstones are interpreted to have been preserved in a 

northwest-trending graben within highly faulted Paleozoics. 

Faults within the broad, complex northwestern end of the Dark 

Canyon bound the exotic blocks studied by Davis and others (1976) and 

Davis and others (1979). In some areas, (west-central sec. 2, T.2lS., 

R.16E.; north-central sec. 3, T.2lS., R.16E.; Figs. 2, 3) dip of the 

Paleozoic rocks within the blocks is different (usually steeper) than 

the surrounding Jurassic rocks. The red sandstones and mudstones are 

highly sheared along the contacts. This suggests that the blocks in 

these areas are bounded by high-angle faults that may represent part of 

the Dark Canyon Fault Zone. It may also imply that movement planes 

along the edge of the thick blocks of Paleozoic limestones were reacti

vated and moved within the more ductile red sandstones and mudstones 

during deformation. This interpretation is supported by the fact that 

the sheared edges of the blocks in the northwestern end of the study 
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area resemble features described by Tyler (1975) on a much smaller scale 

for brittle clasts deformed in a ductile matrix. 

Northeast Trending Faults 

Faults with a general N. 300 E. trend are present in the north

ern Canelo Hills, as noted by several earlier workers (Cetinay, 1967; 

Denney, 1968, 1971; Vidal, 1971; Davis and others, 1979). Faults with 

this trend are especially important in the Post Canyon structural domain, 

but they are also present in the Everhart Ranch domain. 

A fault with this northeast trend that is important to the struc

tural interpretation of the area, is the Box Canyon Fault Zone. The 

stratigraphic separation across this fault zone is generally not so 

unusually large as to make it structurally distinctive. However, the 

Box Canyon Fault separates the generally homoclinal rocks of the Post 

Canyon domain and the anticlinal fold of the Everhart Ranch structural 

domain (NE~, sec. 4, T.22S., R.17E.; sec. 34, T.21S., R.17E.; Figs. 2, 

3). The separation of two distinct structural geometries by this zone 

is interpreted to be important. 

The Box Canyon Fault Zone is best exposed in the southwestern 

end of the Canyon. There, it is a zone of several variably exposed 

rubble and crush zones. One of the faults is a 5 meter wide rubble 

zone where it crosses the wash and has resulted in a southwest-facing 

fault line scarp that is the "box" for which the canyon is named. 

Another fault within the zone has been intruded by a dike that has sub

sequently eroded to produce a narrow, steep-walled canyon in the Paleo

zoic limestones at the southwestern end of the canyon. The dike rock 
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has been completely covered by alluvium in the flat bottom of the canyon 

and its exact nature is not know. 

Along the southwestern side of the northern Canelo Hills, the 

Box Canyon Fault Zone does not appear to cut the overlying Jurassic 

rocks. This would suggest that at least some of its movement, and all 

of it at the contact of the Paleozoic rocks and Mesozoic rocks, was 

pre-Mount Hughes Formation. On the other hand, the fact that it separ

ates areas of differing structure in which the Mount Hughes Formation 

is deformed requires that part of the movement along the zone is post

Mount Hughes Formation. 

The problem of interpreting this movement history can be recon

ciled if the Box Canyon Fault Zone, and parallel faults to the southeast 

(sec. 3, T.22S., R.17E.; Figs. 2, 3), is interpreted as a Laramide com

partmental fault zone formed by the reactivation of an earlier (post

Permian limestone but pre-Mount Hughes) fault. The concept of compart

mentalization has been described by Philcox (1964), Brown (1975) and 

Dubey (1980), and is illustrated in Figure 24. In theory, total 

shortening in domains on both sides of the compartmental fault is compar

able but the geometry of the shortening is different in blocks on either 

side of the fault. The direction and amount of displacement varies 

depending on location along the fault. In some places the displacement 

appears to have been horizontal, at others vertical, at still others 

oblique. In compartmental faulting, the folds on either side of the 

fault form at the same time (Brown, 1975) or closely associated in time 

(Dubey, 1980). Often, folds within the blocks on either side may have 

opposite asymmetry or there may be more folds on one side of the fault 
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Figure 24. Schematic block diagram of a compartmental fault. 

than on the other. Both of these geometries occur in Wyoming (W. G. 

Brown, 1977, personal communication). An approximate position on the 

schematic diagram for the exposure of the Box Canyon Fault Zone is 

marked 'BC' in Figure 24. In this interpretation of the Box Canyon and 

related faults, faults formed during an earlier deformational episode 

were reactivated in Laramide time. 

The zone of very complex structure between the Box Canyon fault 

zone and the parallel faults approximately 1 kilometer to the south 

(central sec. 3, T.22S., R.17E.; Figs. 2, 3) are within a large compart

mental fault zone. The Box Canyon fault zone truncates the anticlinal 

flexure to the northwest. The movement within the large compartmental 

zone is transferred in a complex, en echelon pattern to the parallel 

faults to the south (Figure 25, compare with geologic map, Figs. 2, 3). 
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. blocks in the \fuite Tank Structural Block between the principal members 

of the compartmental zone. The Box Canyon fault zone is truncated on 

its southwestern end by a northwest-trending fault that juxtaposes Jur-

assic rocks against Paleozoic rocks. The two parallel faults at the 

southeastern edge of the wide compartmental zone cut the Jurassic rocks, 

but are truncated on their northeastern end by a northwest-trending 

fault that juxtaposes Permian rocks of the Concha Limestone and Colina 

Limestone. The Box Canyon fault zone acts as the compartmental fault 

at lower stratigraphic horizons, and the parallel faults in Section 3 

serve the same function at higher stratigraphic horizons (Figs. 2, 3). 



The complex en echelon linkage of the two parts of the compartmental 

zone results in the complex structure (White Tank Structural Block, 

Cross Section D - D') between them (NW sec. 3, T.22S., R.17E.; SE sec. 

34, T.2lS., R.17E.; Figs. 2, 3). 
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The result of this compartmentalization of deformation is that 

the axial trace of the anticline in the Everhart Ranch structural domain 

is apparently located farther to the northeast in the Post Canyon struc

tural domain. The example in the northern Canelo Hills is complicated 

by the fact that the anticlinal axial trace in the Post Canyon struc

tural domain has been cut by the Collie Well Fault, a back limb thrust 

fault, on which the southwestern limb was transported northeastward, 

over the northeastern limb (Figs. 25, 26). According to this interpre

tation, the Collie Well Fault is probably truncated by the Box Canyon 

Fault Zone. The interpretation of the Box Canyon Fault Zone as a com

partmental fault explains the change in structural character between 

the two structural domains and the lack of offset of the contact between 

the Paleozoic and Mesozoic rocks. The occurrence of slivers of conglom

erates of the Canelo Pass member with the fault zone near New Well (SE~, 

sec. 34, T.21S., R.17E.; Figs. 2, 3) further suggests movement along 

the Box Canyon Fault Zone during or after deposition of the upper member 

of the Mount Hughes Formation. 

Another northeast-trending fault that is important to the struc

tural interpretation of the area is the one which is inferred to juxta

pose the Paleozoic rocks and welded tuffs of the Mount Hughes Formation 

(SE~, sec. 13, T.22S., R.17E., NW~, sec. 18, T.22S., R.18E.; Figs. 2,3). 
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Figure 26. Block diagram of the Northern Canelo Hills showing the Box 
Canyon Fault Zone interpreted to be a complex 
compartmental fault zone. 



This fault is not exposed, but is inferred from the map and strati

graphic relationships (see below). 
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In the area northeast of Canelo Pass welded tuffs and conglom

erates within the Canelo Pass Conglomerate dip westward above the "upper" 

tuffs of the Canelo Hills volcanics. The strike of bedding gradually 

becomes northwesterly in sec. 13, T.22S., R.I7E. This northwesterly 

strike and southwesterly dip is the same orientation as the underlying 

Paleozoic rocks in the Post Canyon domain. The contact between the 

Canelo Pass Conglomerates and the Paleozoic rocks is faulted along much 

of its length but is depositional in sec. 14, T.22S., R.17E. 

In the area approximately 3 kilometers to the northwest of Canelo 

Pass, "upper" welded tuffs of the Canelo Hills volcanics and the lower 

members of the Mount Hughes Formation are absent beneath the Canelo 

Pass Conglomerate member. This suggests that the Paleozoic rocks on 

which the Canelo Pass Conglomerate member was deposited, stood high 

enough that any "upper" tuffs and lower members of the Mount Hughes 

Formation that may have been present, were eroded before deposition of 

the conglomerates. This erosion or nondeposition must have resulted 

from uplift of the block prior to deposition of the Canelo Pass member. 

The position of the inferred northeast trending fault can be 

estimated from the field relatictlships. The southwest dipping CancIo 

Pass Conglomerate is depositionally on top of the Paleozoic rocks north

west of Canelo Pass (SW, sec. 11, T.22S., R.I7E.; Figs. 2, 3). At a 

lower topographic level, just north of Canelo Pass, the conglomerate 

member dips westerly and is depositionally on top of the Jurassic welded 

tuffs of the Canelo Hills volcanics (W, sec. 19, T.22S., R.IBE.; Figs. 



2, 3). The northeast-trending fault is inferred to lie between these 

two localities, underneath the area in which the orientation of rocks 

within the Canelo Pass Conglomerate changes from westerly to south

westerly dip direction (S~, sec. 13, T.22S., R.17E.; Figs. 2, 3). It 

is inferred to be just to the southeast of the outcrops of Paleozoic 

rocks. A subsidiary fault within this inferred fault zone is exposed 

in the eastern part of sec. 13, T.22S., R.17E.; Figs. 2, 3. 
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The amount of separation on this northeast-trending fault zone 

during one period in its history can be estimated from the dip and thick

ness of the overlying Canelo Pass Conglomerate. The tuffs and conglom

erates within the Canelo Pass Conglomerate that rest on welded tuffs of 

the Canelo Hills volcanics dip westward approximately 200 -300 • If the 

fault is in the position suggested above, then approximately 600 meters 

of Canelo Pass Conglomerate were deposited on top of the welded tuffs 

on the downthrown side of the fault. The total offset for all periods 

of its movement is difficult to estimate. Hayes (1970) pointed out 

that the "upper" tuff of the Canelo Hills volcanics changes strati

graphic thickness rapidly. Hayes and others (1965) report a thickness 

of over 2100 m approximately 6 km southeast of the map area. None of 

the "upper" tuffs or lower members of the Mount Hughes Formation pre

served on the Paleozoic rocks northwest of Canelo Pass. Based on thick

ness of the units nearby, there may have been approximately 2500 meters 

of stratigraphic separation on this fault zone prior to deposition of 

the Canelo Pass Conglomerate. 
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The geometry of the inferred northeast-trending fault is unknown. 

Since other faults with similar trends in the area are high-angle faults, 

this one may be also. 

The movement history on the inferred fault can be interpreted 

from the field relationships. The reasoning is circular, however, since 

the presence of the fault is inferred to explain the field relationships. 

Nevertheless, the stratigraphic evidence cited above suggests that thou

sands of meters of movement took place on this fault during the Jurassic. 

Offset prior to the deposition of the Mount Hughes Formation (but after 

eruption of the "upper" tuffs of the Canelo Hills volcanic) may have 

been thousands of meters to allow erosion of the "upper" tuffs from the 

Paleozoic rocks to the northwest. Such large movements on a high-angle 

fault, the down thrown side of which has thousands of meters of welded 

tuff, may suggest the presence of a caldera margin. Large exotic blocks, 

commonly associated with the margins of vents of welded ash flow tuffs 

(Ratte and Steven, 1967; Lipman, 1975) were not found in the westerly 

dipping massive "upper" tuffs near Canelo Pass, so there is no outcrop 

evidence to directly support this interpretation. 

Deposition of the Canelo Pass Member alluvial fan easterly from 

the high block of Paleozoic rocks onto the low block of welded tuffs 

suggests at least approximately 600 m of the movement along the fault 

took place during deposition of that unit. There is no stratigraphic 

evidence for any later movement. 

The reorientation of rocks northwest of Canelo Pass, however, 

does suggest movement on the fault after deposition of Canelo Pass Con

glomerate. Rocks to the northwest of the inferred fault comprise the 
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southwest limb of a large, faulted anticline. Presumably, the change 

in orientation of the bedding results from the formation of the anticline 

during the Laramide Orogeny. 

The inferred northeast-striking fault can be interpreted to 

have thousands of meters of stratigraphic offset during Jurassic time. 

It appears to have been reactivated in Laramide time as a rotational 

fault with its hinge on the southwest end, near the Lampshire Canyon 

Fault Zone. This later movement allowed the Paleozoic rocks to be 

rotated into southwesterly dip while the massive welded tuffs and over

lying Canelo Pass Conglomerates just north of Canelo Pass retained their 

original westerly dip. 

Similar poorly exposed faults apparently truncate blocks of 

Paleozoic rocks in the Everhart Ranch structural domain (western part 

of SW~, sec. 11 and east-central part sec. 11 and west-central part, 

sec. 12, T.21S., R.16E.; Figs. 2, 3). These faults abruptly truncate 

blocks of Concha Limestone and put them in contact with the basal, 

Monkey Canyon Member of the Mount Hughes Formation. Differential ero

sion has accented the fault line in both cases. The timing of movement 

along these inferred faults is uncertain. It could have been before 

deposition of the basal Mount Hughes in which case the sandstones and 

mudstones were originally thicker, and are today preserved from erosion 

only on the downthrown, northwest side of the faults. Alternatively, 

the faulting may be post-Monkey Canyon Member. Exposures are not ade

quate to reconcile this problem, but the Monkey Canyon Member is gener

ally thin or absent to the southeast of the faults. Analogy with the 

northeast-striking faults exposed or inferred elsewhere in the study 



area and the preservation pattern of the Monkey Canyon Member suggest 

that the later post-Monkey Canyon Member movement is more probable. 
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Other northeast-striking faults in both structural domains stand 

out on the geologic map. Judging by the offset of contacts or other 

marker units, however, they do not have large displacements. 

East-West Trending Faults 

A third set of faults, noted by Feth (1947), but also well 

developed in the Post Canyon structural block, trends approximately 

east-west. Faults of this trend are not as numerous as those i~ the 

other trends. They appear to curve into and join the faults of the 

other trends and their offset in terms of which side (north or south) 

is upthrown, is variable. Amount of separation along these east-west 

trending faults is generally small. 



INTERPRETATION 

Suggestion for Revision of the Nomenclature 

The field and age relations for the mid-Mesozoic rocks in the 

northern Canelo Hills requires that the "lower" member of the Canelo 

Hills volcanics were deposited on, and are younger than, the "upper" 

member. This recognition implies that the stratigraphy and nomenclature 

of Hayes and others (1965) is in error and should be revised (Fig. 27). 

I propose that the rocks comprising the "lower" member of the 

Canelo Hills volcanics be elevated to the rank of formation. The term 

"lower member of the Canelo Hills volcanics" contradicts its actual 

stratigraphic position and should be abandoned. I propose that the new 

formation be named the Mount Hughes Formation, for its type section in 

the vicinity of Mount Hughes in the northern Canelo Hills (see Mount 

Hughes Measured Section, Appendix A). This new formation name should 

be considered informal until it is approved as a formal name in accor

dance with procedures outlined in the Code of Stratigraphic Nomenclature 

(ACSN, 1970). 

The Mount Hughes formation as defined here consists of four 

members (Fig. 4). The lowest member, here named the Monkey Canyon member 

for exposures in the upper reaches of Monkey Canyon, is comprised of 

red mudstones, sandstones and conglomerates in the lower part of the 

Mount Hughes measured section (see Stratigraphy section, Fig. 4, Unit 

1). This member is exposed in several places in the northwestern part 
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Figure 27. Comparison of the published stratigraphy of the Canelo 
Hills volcanics and that proposed in this study. 
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of the northern Canelo Hills and was Canelo Redbeds of Feth (1947, 1948, 

measured section p. 82 of Feth, 1947). 

The next higher member, here named the Dark Canyon member for 

exposures in Dark Canyon, contains the arkosic sandstones and conglom-

erates in the lower part of the Mount Hughes measured section. This 

member is exposed in the basal part of the O'Leary Canyon, O'Leary Canyon 

South and Canelo Ridge sections and the lower part of the Mount Hughes 

section (see Stratigraphy section, Unit 2). This unit and the under-

lying Monkey Canyon member contain exotic blocks of Paleozoic Lime-

stone. 

The highest member, here named the Canelo Pass member for expos-

ures north of Canelo Pass, contains the coarse conglomerates, sandstones 

and tuffs exposed at the top of the Canelo Ridge section, in the Flower 



Tank, Canelo Bridge, Black Oak Cemetary, Ralph Tank and Red Meadow sec

tions. 

All of these members are characteristically heterogeneous and 

they vary laterally in thickness and lithology quite rapidly. Correla

tion of approximate stratigraphic position is possible over a few kilo

meters by the use of distinctive market units such as the sandstone 
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unit within the ash flow sequence of the Canelo Ridge member (see Fig. 

4, Unit 2). Unit for unit correlation, especially in the Canelo Pass 

member, is probably not possible. In fact rocks within the different 

sections of the Canelo Pass member may not be correlative at all. 

Rather, they may be distinct units in space and time having only common 

depositional processes (fluvial) and common stratigraphic position 

(above the welded ash flow tuff sequence). 

Local Extent 

The Monkey Canyon member is thickest to the northwest, and thins 

rapidly to the southeast (Fig. 3, 28). It is absent in the O'Leary 

Canyon and O'Leary Canyon South sections and the Canelo Ridge section. 

It is present, however, just south of Wood Ranch (Sec. 26, T2IS, RI7E) 

at a location that is just east of those sections named above. The 

exposures near Wood Ranch are highly deformed and true thickness of the 

Monkey Canyon me~ber cannot be determined there. Their presence sug

gests, however, that the Monkey Canyon member is thin, but present, in 

a southeast trending, linear trough extending into the Wood Ranch area 

from thicker exposures to the northwest. It is not present in the 

vicinity of O'Leary Canyon. The Monkey Canyon member, may have been 

present over the entire area, but is preserved only in low areas during 



erosion that took place prior to deposition of the Dark Canyon member. 

Alternatively, the present geometry of the Monkey Canyon member may 

reflect its originally depositional geometry. Abrupt thinning against 

a buttress of Paleozoic rocks in Dark Canyon (see Mount Hughes measured 

section, Fig. 28, Figs. 2, 3, SE~, sec. 10, T.2lS., R.16E.) suggests 

that the mudstones are preserved on down thrown fault blocks. 

The Dark Canyon member also thins to the southeast. It is 

present in the Mount Hughes, Canelo Ridge and the O'Leary Canyon sec

tions (Fig. 28). Truncation and overlap by the conglomerates of the 

Canelo Pass member along the south side of Canelo Ridge suggest that 

the Dark Canyon member was at one time more extensive. 

Like the Dark Canyon member, the tuffs of the Canelo Ridge mem

ber are present to the northwest (Rail-X, Mount Hughes, Canelo Ridge, 

O'Leary Canyon and O'Leary Canyon South sections, Fig. 28) but not to 
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the southeast. This fact may indicate that the source of the tuffs 

within this member was to the northwest, perhaps in the Santa Rita Mount

ains. Alternatively, it may merely reflect deeper erosional levels to 

the southeast prior to deposition of the Canelo Pass member. 

The lateral extent of the Canelo Pass member has already been 

discussed. It is present only in the southeastern part of the northern 

Canelo Hills where it rests on Paleozoic rocks and "upper" Canelo Hills 

volcanics. This relationship implies that the southeastern end of the 

northern Canelo Hills was stripped of the underlying members before 

deposition of the coarse clastics of the Canelo Pass member. In other 

words, following deposition of the Dark Canyon and Canelo Ridge members, 

the southeastern part of the study area was uplifted and those two 



units were stripped away. The southeastern end of the map area was 

then lowered relative to the northwestern end and the alluvial fanes} 

of the Canelo Pass member formed first in the southeast and then (prob

ably) over the entire area. This relative raising and lowering of var

ious parts of the area appears to have taken place along northeast

trending faults active during the deposition of the Mount Hughes forma

tion. 

Cane10 Hills Group 

The elevation of the "lower" Cane10 Hills volcanics to forma

tional rank implies that the "middle" and "upper" members may also be 

raised to formational rank. I propose that they be considered informal 

formational units until such time as they can be studied in detail and 

their status re-eva1uated. The "Cane10 Hills volcanics" should then be 

considered the Cane10 Hills group (informal designation). The Mount 

Hughes formation may be considered the upper most formation of this new 

group until geologic relationships suggest other formations may also be 

considered (see Regional Synthesis below). 

Extent of Mid-Mesozoic Rocks in the Cane10 Hills 

The Mid-Mesozoic rocks of the lower Cane10 Hills volcanics have 

been described elsewhere in the Canelo Hills and in the surrounding 

area. 

The Canelo Hills volcanics crop out in the Huachuca Mountains 

and probably equivalent rocks, the volcanic and sedimentary rocks of 

the Mustang Mountains, occur in the area to the north (Hayes and Raup, 

1968). In addition, Hayes and Raup (1968) mapped a rhyolitic porphyry 
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which intrudes the Canelo Hills volcanics near Parker Canyon. This is 

an important relationship for interpreting a minimum age of the country 

rocks, if an age can be determined on the intrusive. They note, how

ever, that since many of the contacts are tectonic, the age relation

ships among some units cannot be determined from the geologic relation

ships. 
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Drewes (197la, 1971b) mapped and described part of the lower 

member of the Canelo Hills volcanics (?) in a small area of poor exposure 

in the Santa Rita Mountains. At that locality, the rocks are mildly 

metamorphosed red to brown arkosic sandstones, tuffaceous sandstones, 

conglomerates and rhyolitic tuff in apparent depositional contact with 

the underlying Gardner Canyon Formation. This interpretation indicates 

that the Gardner Canyon Formation is older than the Canelo Hills vol

canics. He assigned these rocks to the Canelo Hills volcanics because 

the tuffs in the sequence are rhyolitic rather than dacitic as occur in 

the Gardner Canyon Formation, but he gave no chemical data in support 

of that distinction. 

Hayes' (1970) report on the Mesozoic stratigraphy of the Mule 

and Huachuca Mountains contains the most comprehensive description of 

the Canelo Hills volcanics to date. He reports that volcanic sedimen

tary rocks make up at least two thirds of the lower unit in the vicinity 

of Lone Mountain. The section there consists of about 500 meters of 

red to pink intercalated massive conglomerates, welded tuffs and sand

stones. Hayes (1970) reported that the lower unit in the Lone Mountain 

area is virtually identical to rock exposed in the southeastern end of 



the northern Cane10 Hills. The Lone Mountain rocks do not contain 

exotic blocks of Paleozoic rocks found farther northwest. 

The middle, rhyolite flow member of the Canelo Hills volcanics 

is a well foliated, fine grained rhyolite which also contains a few 

tuff layers in the vicinity of Lone Mountain (Hayes, 1970). In other 

exposures in that area, this unit contains layers of sandstone and con

glomerate like those in the lower member. The rhyolite flows contain 

prominent, contorted flow layering and spherulites up to a few centi

meters and lithophysae up to 30 cm in diameter. These lavas also con

tain lense shaped exotic blocks of Paleozoic rocks, emplaced by 

transportation on or with the lava flows. 
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The upper, rhyolite tuff member is generally red to grey and so 

densely welded and massive that bedding is almost unrecognizable (Hayes, 

1970). Orientation, in some cases, is suggested by eutaxitic texture 

and flattened pumice fragments. The basal tuffs in this unit either 

contain blocks of the underlying rhyolite flow unit or are interbedded 

with it. 

The Canelo Hills volcanics are absent in the central and north

ern parts of the Huachuca Mountains and in the Lone Mountain area where 

the unit is apparently thickest, parts of the section have been removed 

by faulting (Hayes, 1970). At Lone Mountain, the basal member is at 

least 600 meters thick but is bounded on the top and bottom by faults. 

The middle, rhyolite flow member is at least 300 meters thick but is 

fault bounded at its base. The welded tuff member is at least 150 meters 

and Hayes (1970) suggest that it could be much thicker. Approximately 

12 kilometers southeast of Lone Mountain, at Montezuma Canyon, the lower 
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sedimentary unit is missing, the rhyolite lava member is approximately 

150 meters, and the upper rhyolite tuff member is approximately 75 meters 

thick. At Peterson Peak, approximately 8.5 kilometers north of Lone 

Mountain, Hayes (1970) reports that the Canelo Hills volcanics are 450 

meters thick although he does not give the thickness of each of the 

individual members. He reported that the whole unit wedges out in about 

I kilometer, presumably both to the north and to the south. 

Stratigraphic relations between the upper two members of the 

Canelo Hills volcanics were established by Hayes (1970) in the Huachuca 

Mountains. He further suggested that the middle member rests deposition

ally on the Paleozoic rocks in at least one location. The exposure of 

the lower member are fault bounded and he inferred stratigraphic rela

tion of this unit to the upper two members by correlating the upper 

tuffs with a sequence of tuffs that overlies the sedimentary rocks in 

the northern Canelo Hills. He reported that the middle lava flow member 

is absent in the northern Canelo Hills. 

Hayes (1970) reported a radiometric age determination of 144 + 

4 m.y. (K-Ar on biotite) for an incipiently welded tuff from the lower 

member (sec. 35, T.23S., R.19E.). Hayes and others (1965) had cited an 

age of 173 + 7 m.y. (K-Ar on biotite) from the upper welded tuff member 

from near Lone Mountain. To solve this obvious dilemma, Hayes (1970) 

interpreted the biotite from the lower member to be altered and to have 

lost argon. He suggested that, since both ages are probably minimum 

ages due to possible argon loss and since he had inferred the sedimen

tary member to be older than the welded tuffs based on correlations in 

the vicinity of Canelo Pass, the older age probably more accurate. 



The younger age for the older member, he concluded, was not accurate 

and he interpreted that its true age is greater than 173 ! 7 m.y. 

Finally, Hayes (1970) concluded that the Canelo Hills volcanics 

were deposited in a continental environment of high topographic relief 

as suggested by the presence of the exotic blocks of Paleozoic rocks. 

He suggested that many of the conglomerates in the lower member repre

sent alluvial channel deposits. His interpretation of the geology was 

that a volcanic vent area was present in the vicinity of the present 
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day Canelo Hills. He based this on the great thickness and rapid thick

ness variations within the upper tuff unit here. 

Grey to pink tuffaceous sandstones and tuffs of the Canelo Hills 

volcanics were mapped by Finnell (1970) in depositional contact with 

the underlying red and purple siltstones of the Gardner Canyon Formation 

in the Empire Mountains. The Gardner Canyon Formation, in turn, was 

depositionally on the Paleozoic rocks on Finnell's (1970) map. 

Correlative (1) Rocks 

The regional extent of rocks that are correlative with the Mount 

Hughes Formation is difficult to determine but is important to the under

standing the regional mid-Mesozoic stratigraphy. Outcrops of rocks 

that are lithologically similar and which occupy approximately the same 

stratigraphic position, are widely scattered throughout the region. A 

compilation of the literature is helpful. Previous work, done before 

the Hayes and others (1965) paper is difficult to evaluate though, 

because most of the earlier workers (c.f. Feth 1947, 1948) considered 

the mid-Mesozoic sedimentary rocks to be of Cretaceous age. Correlation 

from one area to others in the region was generally not attempted until 
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after the Hayes and others (1965) work. The following table is a review 

of literature published prior to 1965, which describes rocks in the 

region that are lithologically similar and may be stratigraphically 

equivalent to the Mount Hughes Formation. The purpose of this review 

is to attempt to understand the regional extent of upper Jurassic coarse 

clastic rocks. A second purpose is to attempt to establish a regional 

stratigraphic framework with which to infer mid-Mesozoic tectonic 

events. 

Darton 
(1925) 

Fowler 
(1928) 

Brown 
(1939 ) 

Alexis 
(1949) 

Weber 
(1950) 

Anthony 
(1951) 

Area 

Sierrita, 
Santa Rita, 
Empire Mtns. 

west of 
Nogales, Az. 

Tucson Mtns. 

Empire Mtns. 

Huachuca 
Mtns. 

Southwestern 
Santa Rita 
Mtns. 

TABLE 5 

Rock Type 

red ss, congl. 

red congl. 

red ss, congl., 
volc. 

red ss, sh., 
congl. 

red ss, congl., 

red ss, congl., 
volc. 

Age Assignment 

pre-Iower-Cretaceous 
(Fig. 89, 95) 

none, he suggested 
correlation with 
rocks west of the 
Boboquivari Mtns. to 
the Santa Rita Mtns. 

Cretaceous, he 
suggested correla-
tion with similar rocks 
in the Huachuca Mtns. 

Cretaceous, he 
recognized that the 
conglomerates reflected 
post-Paleozoic, pre
Laramide tectonic activ
ity in southern Az. 

Lower Cretaceous 
volc. 

Cretaceous 



Bryant 
(1951) 

Gilluly 
(1956) 

Mustang Mtns. 

Central 
Conchise Co. 

red ss, she 

volc. 

Cretaceous, he sug
gested correlation with 
similar rocks in Huach
uca Empire, and Santa 
Rita Mtns. 

Cretaceous, he sug
gested correlation 
with similar rocks 
mapped by Cooper 
(pers. commun. to 
Gilluly) near Walnut 
Gap. Cooper inter
preted the rocks at 
Walnut Gap to be of 
Triassic or Jurassic 
age 

Gilully (1956) described a "horse" of Paleozoic limestone encased in 
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these volcanics and conglomerates, but noted that although stratigraphic 

separation is apparently large, the actual exposures of faults causing 

the separation are surprisingly poor and can be traced laterally for 

less than 100 meters. It may be possible that these relationships, 

which puzzled Gi11u1y, are due to the presence of exotic blocks in the 

pre-Cretaceous rocks similar to those described by Hayes and others 

(1965), Simons and others (1966) and this study in the Canelo Hills. 

Sulik southwestern red ss, she , None 
(1957) Santa Rita vole. 

Mtns. 

Courtwright southeastern congl. Cretaceous 
(1958) Arizona 

Kinnison Tucson Mtns. ss, she , congl. Cretaceous (pre-
(1958) Amole Arleose) 

Lutton Santa Rita, red ss, she , None 
(1958) Sierrita congl. 

Mtns. 



Bryner 
(1959) 

Donald 
(1959) 

Taylor 
(1959-
1960) 

Cooper 
(1960) 

Baker 
(1962) 

Wilson 
(1962) 

Drewes & 
Cooper 
(1963) 

Cooper & 
Silver 
(1964) 

Fair 
(1965) 

southern 
Comobabi Mtns 

Baboquivari 
Mtns. 

SE Arizona 

Dos Cabezas 
Mtns. 

Patagonia 
Mtns. 

Patagonia, 
Santa Rita, 
Tucson Mtns. 

west side of 
Sierrita 

Mtns. 

Cochise Co. 

Baboquivari 
Mtns. 

red ss, sh., 
breccia, congl. 
vole. 

red ss, congl. 

vole. 

red tuffs 

red sh., congl. 
vole. 

vole., ss, 
congl. 

vole. (lower 
part) ss, 
congl. , (upper 
part) 

red ss, tuffs 

red ss, congl., 
vole. 

Cretaceous, deposi
tionally on top of 
silicic volcanics 

None 

he correlated vol
canic rocks in the 
region based on 
stratigraphy, 
chemistry, structure 
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he interpreted these 
rocks to be mid
Mesozoic and described 
their depositional con
tact with the underlying 
Paleozoic rocks. 

pre-lower Creta.ceous 

early Cretaceous 

younger than quartz 
monzonite pluton 
dated at 145 + 5 
m.y. (K-Ar, bIotite) 

post-Paleozoic, 
pre-lower 
Cretaceous. They sug
gested that the volcan
ics may have been a 
source shed northward, 
into the Chinle or Mor
rison Formations. 

lower part-Jurassic 
upper part-Cretaceous 



Heindl 
0965a, 
1965b) 
Heindl 
& Fair 

Looten 
0965, 
1966) 

Baboquivari 
Mtns. 
Papago 
Reservation 

Sierrita 
Mtns. 

ss, cong!., 
vole. 

ss, cong!., 
vole. 

Jurassic and Cre
taceous, 
Heindle 0965b) 
reported upper 
Jurassic-lower Creta
ceous fossils in rocks 
in the Comobabi and 
Roskruge Mtns. 

pre-Cretaceous based 
on lithology, Ox 
Frame Formation, 
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clastics increase upward. 

After the work of Hayes and others (1965), the existence of 

pre-Cretaceous sedimentary rocks was established. This fact was incor-

porated into the stratigraphic framework of later workers. The post-

1965 papers are cited in more detail because their authors included 

mid-Mesozoic rocks as part of their working base, thus they are more 

easily interpreted in terms of regional stratigraphic framework. These 

papers are summarized in Table 6 and summarized in detail in Appendix 

B. 

Hayes 
& Raup 
(968) 

Hayes 
(1970) 

Area 

Huachuca 
Mtns. 

Huachuca 
Mtns. 

TABLE 6 

Rock Type 

volc. ss., sh., 
congl. 

vole, minor sed. 

Age Assignment 
Discussion 
equivalent to Canelo 
Hills Volcanics 

"Siliceous volcanic 
rocks of the Huachuca 
Mtns.", older than Hua
chuca Quartz Monzonite 
(164 + 6 m.y., K-Ar on 
biotite) 



Drewes 
1968 
1971a, 
1971b) 

Cooper 
(1971) 

Simons 
(1972, 
1974) 

Banks & 
Doktor 
(1976) 
Berquist & 
others 
(1978) 
Blacet & 
others 
(1978) 

Santa Rita 
Mtns. 

Sierrita 
Mtns. 

Patagonia 
Mtns. 

Papago 
Reservation 

vole. sh, ss. 

vole, ss., 
congl. 

vole. red ss, 
congl. 

vole., ss, sh, 
congl. 

Mount Wrightson 
Formation (220 + 30 
m.y., Pb-alpha on 
zircon) and Gardner 
Canyon Formation (192 + 
20 m.y., Pb-alpha on -
zircon). 
He suggested several 
regional correla
tions. 

Ox Frame Formation, 
(younger than) 196 + 
20 m.y. (Pb-alpha on 
zircon); 140 + 14 m.y. 
(Rb-Sr,W.R.);-130 + 6 
m.y. (Rb-Sr, isochron 
from W.R., potassium 
feldspar, and plagio
clase) correlated to 
Mount Wrightson Forma
tion, 
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Tascue1a Redbeds (over
lies Ox Frame Formation) 
Stevens Mtn. Ryholite 
(overlies Tascuela Red
beds). Rodolfo Forma
tion equivalent to the 
Tascuela Redbeds, pluton 
190 + 20 m.y. (Pb
alpha on zircon) in
trudes it. 

correlated with 
Mount Wrightson 
Formation, Gardner Can
yon Formation, and 
Cane10 Hills volcanic. 

some volcanics 147 
m.y. (Haxel and 
others, 1980, U-Pb 
no details reported) 
some volcanics 190+ 
10 m.y. (U-Pb on 
zircon, Wright and 
others 1981) 
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Briskey & Others 
(1978) 

Haxel & Others 
(1978) 

Rytuba & Others 
(1978) 

Haxel & Others 
(1980) 

Papago 
Reservation 

vole., ss, sh, 
congl. 

some volcanics 147 
m.y. (Haxel and 
others, 1980, U-Pb 
no details reported 
some volcanics 190+ 
10 m.y. (U-Pb on -
zircon, Wright and 
others 1981). 

Haxel & Others 
(1980) 

It is almost certainly incorrect to assume that all of the 

Mesozoic clastic rocks reported in the foregoing review (Table 6, 

Appendix B) are correlative, or that they are temporal equivalents. 

Considering the conglomeratic character of many of those rock units and 

their depositional environments, expecting any unit to be regionally 

continuous is almost surely wrong. Furthermore, reported isotopic ages 

are vary greatly. As noted above, rocks that are lithologically 

similar, often have conflicting ages. The synthesis of reports on 

rocks that probably occupy a similar, mid-Mesozoic stratigraphic 

position, however, does suggest a pattern is present in the region, 

that reflects the tectonic settings. This pattern fits with the 

suggested change in the stratigraphy of the Cane10 Hills volcanics. 

Regional Stratigraphic Framework 

The first attempt to construct a regional stratigraphic frame-

work, after the existance of mid-Mesozoic rocks was established in 

southeastern Arizona was that of Hayes and Drewes (1968). In 1978, 

Hayes and Drewes updated their earlier, regional synthesis (Hayes and 

Drewes, 1968) of Mesozoic stratigraphy (Figure 29A). Their basic cor-

relations remained unchanged, but they incorporated w~rk done since 

their earlier paper, which is described above. This new information 
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allowed them to add new formations in several mountain ranges to their 

existing stratigraphic framework. 

Marvin and others (1978) summarized age dates for volcanic 

rocks over a large area of southeastern Arizona and southwestern New 

Mexico. In their compilation, they restated ages from the Canelo Hills 

volcanics which had been reported by Marvin and others (1973) and other 

mid-Mesozoic ages reported by Marvin and Cole (1978). They reported a 

Rb-Sr (whole rock) age of 149 .:!:. 11 m.y. for the "lower" Canelo Hills 

volcanics (Mount Hughes Formation). 

The recognition that the "lower" Canelo Hills volcanics (Mount 

Hughes Formation) was deposited on the "upper" Canelo Hills volcanics 

requires changes in the regional stratigraphic framework suggested by 

Hayes and Drewes (1968, 1978, Figure 29A). Their three part divisions 

were lower thick volcanics, middle clastics, upper thick volcanics. 

The only exposures of the upper thick volcanic unit was reported (Hayes 

and Drewes, 1968, 1978) to be the "middle" and "upper" Canelo Hills 

volcanics. The present work requires that these volcanic rocks be 

below the clastic rocks of the Mount Hughes Formation ("lower" Canelo 

Hills volcanics). So the three-part regional framework is reduced to 

two: a lower volcanic unit that includes the "upper" Cane10 Hills 

volcanics and the Mount Wrightson Formation, and an "upper" clastic 

unit that includes the Mount Hughes Formation ("lower" Canelo Hills 

volcanics, Figure 29B). The possible stratigraphic equivalence of the 

clastic units outlined above should be considered in the context of 

this two part regional framework. It is uncertain, however, how far 

this new framework can be extended. From the reports outlined in 
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Appendix B (Table 6, c.f. Haxel and others 1980), it appears that the 

stratigraphic framework in the Papago country to the west, may be more 

complex. 

Within the two part regional stratigraphic framework that seems 

to hold for southeastern Arizona, isotopic ages of rocks within the 

upper, clastic unit might help in determining rocks that are actually 

correlative, and not just in the same general stratigraphic position. 

Unfortunately, there are not many age dates and the ones that have been 

determined are of variable quality and they are often conflicting. 

An example of this problem is important to the interpretation 

of this study (Fig. 30). The problem of the age of the Mount Hughes 

Formation has been outlined in the Age section of this chapter. It was 

concluded there that the new interpretation of the stratigraphy is sup

ported by the published ages. The "upper" Canelo Hills volcanics has a 

published age of 177 ~ 8 m.y. (K-Ar, biotite) and the Mount Hughes For

mation an age of approximately 150 m.y. (concordant K-Ar, biotite and 

two Rb-Sr, whole rock). Paleomagnetic data (see Paleomagnetism chapter) 

supports an age of approximately 145-150 m.y. for the Mount Hughes 

Formation. 

Drewes (1971b) correlated the upper part of the Gardner Canyon 

Formation in the Santa Rita Mountains with the lower part of the "lower" 

Canelo Hills volcanics (Canelo Redbeds of Feth, 1947; Monkey Canyon 

Member of the Mount Hughes Formation of this report). Drewes (1968) 

had previously reported an age of 192 + 20 m.y. (Pb-alpha on zircon) 

for the Gardner Canyon Formation. The lithologic correlation from the 

Santa Rita Mountains to the Canelo Hills, approximately 20 kilometers, 
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B) The Monkey Canyon Member and the Gardner Canyon are 
different ages but represent continuous (7) disposition 
of a unit that encloses (stratigraphically) the "upper" 
member of the Canelo Hills volcanics. 

C) The Monkey Canyon and the Gardner Canyon are the same 
age, and correlatable. The age of these units is 
approximately 192 m.y., the published age of the 
Gardner Canyon. The Monkey Canyon is much older than 
the rest of the Mount Hughes Formation. 
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Figure 30., Continued 

D) 1. The youngest possible age of the Gardner Canyon is 
assumed to be correct. The Gardner Canyon and 
Monkey Canyon represent continuous (?) deposition 
later than the eruption of the "upper" Canelo Hills 
volcanics. 

2. The published age of the Gardner Canyon (Pb- ) is 
assumed incorrect, and its real age is the same as 
that of the Monkey Canyon. 

M.C.: Monkey Canyon Member, "U." C.H.: upper member of 
the Canelo Hills volcanics, G.C.F.: Gardner Canyon Forma
tion, D. C.: Dark Canyon Member, M.W.F.: Mount Wrightson 
Formation. 

and the reported age dates are in conflict. Several alternatives can 

be considered to solve the dilema (Figure 30). The alternative prefer-

red here is shown in D of Figure 30. In D-l neither the geologic nor 

the isotopic age relationships are violated. The interpretation shown 

in D-2 (that is, the 190 m.y. date on the Gardner Canyon Formation by 

the Pb-alpha method is not significant) is supported by the correlation 

of the Mount Wrightson Formation to lithologically similar rocks on the 

Papago Reservation (Haxe1 and others, 1981; Bilodeau and Keith, 1979). 

The age of those rocks on the Papago Reservation is 190 m.y. (Haxel and 

others, 1981). Therefore, the age of the Gardner Canyon Formation, 

which is younger than the Mount Wrightson Formation, is probably less 

than 190 m.y. 

The resolution of the apparent conflict between age dates and 

geologic data allows further correlation of these units because the two 

dates discussed above are presently the only two from the upper clastic 

unit within the proposed regional stratigraphic framework. The correla-

tions made by Hayes and Drewes (1968, 1978), based on lithologic simi-

larities, are considered here to be correct. They suggested that 
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the "lower" Canelo Hills volcanics (Mount Hughes formation) and Gardner 

Canyon Formation were correlative with the Recreation Redbeds (Brown, 

1939; Kinnison, 1958) in the Tucson Mountains; the Rodolfo Formation 

(Cooper 1971) in the Sierrita Mountains; unnamed rocks in the Patagonia 

Mountains (Simons, 1972); in the Empire Mountains; siliceous rocks (Hayes 

and Raup, 1968; Hayes 1970) in the Whetsone and Mustang Mountains; and 

the Walnut Gap volcanics (Gilluly, 1956; Cooper and Silver, 1964) in 

the Dragoon Mountains. In addition, rocks described by Fowler (1938) 

near Nogales, Arizona, by Alexis (1949) in the Empire Mountains, by 

Anthony (1951) and Sulik (1957) in the Santa Rita Mountains; by Bryant 

(1951) in the Mustang Mountains; by Bryner (1959) near Sells, Arizona; 

by Cooper (1960) near Dos Cabezas, Arizona, by Baker (1959) and Simons 

(1972) in the Patagonia Mountains, by Lootens (1965, 1966) in the Sier

rita Mountains may also be stratigraphically equivalent to the Mount 

Hughes Formation and related rocks. Further west, rocks described by 

Fair (1965), Heindl (1965a, 1965b), and Heindl and Fair 1965 in the 

Babaquivari and Vekol Mountains, by Heindl (1965b) in the Comobabi and 

Roskruge Mountains may also be equivalent to the Mount Hughes Formation. 

Probably, some part of the rocks mapped and described by Banks and Doktor 

(1976), Berquist and others (1978), Blacet and others (1978), Briskey 

and others (1978), Haxel and others (1978), Rytuba and others (1978) 

and Haxel and others (1980) on the Papago Indian Reservation, are also 

equivalents to the Mount Hughes Formation. Much more detailed strati

graphic, and isotopic work is needed before the exact relationship be

tween all of these rocks can be determined. 
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The major change in the present regional stratigraphic inter

pretation from that of Hayes and Drewes (1968, 1978) and Drewes (1981, 

plate 1) is that these clastic rocks are interpreted now to be younger 

and stratigraphically above the "middle" and "upper" members of the 

Canelo Hills volcanics (Figure 21). The age of the stratigraphically 

equivalent clastic rocks is interpreted here to be probably less than 

approximately 172 m.y. and, more likely, close to approximately 150 

m.y. The whole correlative group of clastic rocks listed above is, 

therefore, considered here to be probably upper Jurassic in age. In 

addition, based on ages of rocks on the Papago Reservation (Wright and 

others, 1981) there is a good possibility that the lower part of the 

regional volcanic unit is younger than previously interpreted by Hayes 

and Drewes (1968, 1978) and Drewes (1981). 

Interpretation of the Structural Geology 

Interpretation of the pre-Laramide structures in the northern 

Canelo Hills is based largely on the sedimentary record. With the excep

tion of a few of the northeast trending faults no structure was found 

whose development is not at least partially due to deformation after 

deposition of the Mount Hughes Formation. 

The exceptions to this general observation are small grabens 

beneath the basal Mount Hughes Formation. It appears that the northern 

Canelo Hills was broken by northeast and northwest-striking faults some 

time after deposition of the Permian-age Concha Limestone and before 

deposition of the lowest units of the Dark Canyon Member. This late 

Paleozoic or early Mesozoic deformational episode may be the same one 

that is recognized elsewhere in the region (Simons, 1974; Alexis, 1949). 
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At least some of this early faulting was along northeasterly trends and 

some probably occurred along northwesterly trends (Titley, 1976). 

A second, apparently much larger, faulting episode along the 

same northeast and northwest trends is reflected in the coarse nature 

and rapid thickness changes of the clastic sediments in the Mount Hughes 

Formation. There are few structures developed exclusively during this 

time. Where structures of this age are exposed, relationships that 

indicate timing are generally inconclusive. The early phase of faulting 

suggested above may be an early part of this apparently larger episode. 

No clear cut separation based on present data is possible. 

The rocks within the Mount Hughes Formation suggest that there 

were large scale movements along faults nearby, and within the northern 

Canelo Hills during their deposition. Large-scale movement along 

northwest-striking faults during deposition of the Monkey Canyon Member 

has been suggested by Davis and others (1976) and Davis and others 

(1979). They infer that large-scale movements on the Sawmill Canyon 

Fault Zone or a related structure provided the relief necessary for the 

large exotic blocks of Paleozoic rocks embedded within the Monkey Canyon 

Member at the northwest end of the map area. They suggest that the 

blocks were detached from a southwest-facing scarp and emplaced by grav

ity during deposition of the red sandstones and mudstones of the Monkey 

Canyon Member. 

The truncation and juxtaposition of the Monkey Canyon Member 

and Paleozoic rocks along northeast-trending faults, and the subsequent 

deposition of the Dark Canyon Member directly on the Paleozoics in some 

places, indicate that large-scale faulting continued through deposition 
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of the Monkey Canyon Member. The evidence also indicates that northeast

striking faults were active and had high structural relief during this 

time. The exotic blocks of Paleozoic rocks, common to the Dark Canyon 

Member (see O'Leary Canyon and O'Leary Canyon South measures sections; 

Hayes and others, 1965; Simons and others, 1966) are evidence that high 

relief persisted through the deposition of that unit. Hayes and others 

(1965) suggested that these blocks too were derived from a southwest 

facing scarp along the Sawmill Canyon Fault Zone, but mUltiple source 

scarps cannot be discounted. 

The rate of deformation apparently increased just before and 

during deposition of rocks in the Canelo Pass Member. Clastic rocks 

within this unit are generally coarser than in underlying units. Clasts 

up to boulder size are common in some parts of the Canelo Pass Member. 

Thousands of meters of movement along at least one inferred northeast

striking zone is indicated from relationships in the vicinity of Canelo 

Pass. Large exotic blocks of Paleozoic rocks are present in the coarse 

conglomerates in that area. Paleocurrent indicators suggest that the 

rocks in the Canelo Pass Member near Canelo Pass were shed to the east 

or southeast, across a scarp that resulted from movement on the 

northeast-striking faults. 

Elsewhere in the Canelo Pass Member, paleocurrent indicators in 

the coarse conglomerates suggest common southerly transport and rare 

northerly transport. This evidence indicates that the northwest-strik

ing faults were still active and continuing to produce high topographic 

relief. 
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The present data on the deformation of southeastern Arizona 

during Late Jurassic time are insufficient to allow putting movements 

along NE and NW striking faults in the northern Canelo Hills into a 

regional perspective for the time of deposition of the Mount Hughes 

formation. However, the large-scale movements along the northwesterly 

trending faults and apparently smaller movements along the northeasterly 

trending faults are generally compatible with the large left-dip sug

gested for the Sawmill Canyon Fault Zone (Lutton, 1958; Titley, 1976, 

unpublished data; Drewes, 1972) that forms the northern structural 

boundary of the Canelo Hills. Large structural relief between blocks 

such as is reflected by the Mount Hughes formation (Hayes and others, 

1965, Davis and others, 1976; Davis and others, 1979; this study) is a 

common feature of large-scale strike slip zones. In such a model, the 

northeast-striking block faults would be subsidiary faults caused by 

tensional stresses within the larger northwest trending zone. 

Alternatively the pattern of NW and NE trending faults could be 

related to SW-NE regional extension. The high structural relief on the 

northwest trending faults would be the major result of such a strain 

pattern. The northeast-striking faults would then be subsidiary faults 

resulting from adjustments within major blocks. If this alternative is 

correct, the bounding faults could not have had listric geometries at 

shallow depths because there is no evidence of rotation of blocks into 

the fault planes, although the present regional data may be insuffi

cient to evaluate that hypothesis. 

After the deposition of the Mount Hughes formation, the area 

was subjected to deformation that produced the brittle buckling in the 
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northwestern part of the study area and, probably, most of the struc

tures shown on the geologic map (Figs. 2, 3). The precise age of this 

deformation is uncertain. The structures related to this post-Mount 

Hughes deformation are oriented in a strong northwest trend. Faults 

with this same northwest trend separate the deformed Mount Hughes forma

tion and Paleozoic rocks from variably deformed younger rocks. The 

Lampshire Canyon Fault juxtaposes Mount Hughes formation with the trac

hyandesite of Meadow Valley whose age is given by Simons (1974, K-Ar, 

biotite) as 72.1 ! 3 m.y. The Houston Ranch Fault Zone separates rocks 

of the Mount Hughes Formation with highly deformed Cretaceous rocks, 

including the Upper Cretaceous Fort Crittenden Formation. Orientation 

of structures within the Cretaceous rocks parallels the Houston Ranch 

Fault Zone and structures with the Mount Hughes formation and older 

Paleozoic rocks. Based on this evidence the post-Mount Hughes Formation, 

deformation is interpreted to have occurred during the Laramide Orogeny, 

sometime after approximately 72 m.y. ago. 

The Laramide deformation resulted in the structures that are 

the most conspicuous on the geologic map. The large-scale buckling and 

faulting in the northern Canelo Hills is interpreted to be a Laramide 

feature that overprinted the complex structural and stratigraphic pat

tern inherited from earlier times. Most of the large scale structural 

features, if they were present before the Laramide deformation, can be 

inferred to have been reactivated later. By the same reasoning, at 

least some of the Laramide structures are inferred to have reactivated 

pre-existing faults. 
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The large-scale folding, the back limb thrusting, and the pres

ence of reverse faults of large magnitude all suggest that the Laramide 

deformation was caused by compressive stresses. No other late-Mesozoic 

or Tertiary event has been documented to have produced large scale com

pression (fold and reverse-fault) related structures. The orientation 

of ~hese compression related features suggests that the principal com

pressive stress was oriented NE-SW. This interpretation is in agreement 

with inferred Laramide stress orientations elsewhere in the region 

(Davis, 1979). 

The large-scale upright, highly faulted fold (Figs. 2, 3) in 

the northern Canelo Hills is interpreted to be a brittle feature and 

may have formed at shallow depths below the surface (low confining pres

sure) or rapidly (high strain rate), or both. Either or both of these 

conditions, in addition to others, can result in brittle deformation 

(Griggs and Handin, 1960; Jaeger and Cook, 1976). Most of the faulting 

is interpreted to be genetically related to the development of the large 

scale fold and of Laramide age. 

The anastamosing pattern of high-angle faults and the low angle 

oblique truncation of fold traces by faults is similar to patterns 

mapped along parts of the San Andreas Fault system in California 

(Dickinson, 1966; Crowell, 1952). Drewes (1980) has suggested a com

ponent of strike slip on the Sawmill Canyon and Lampshire Canyon fault 

zones during Laramide deformation. The influence of strike slip move

ment on the deformation within the northern Canelo Hills cannot be dis

counted. However, no widespread evidence for strike-slip movement was 

found in outcrops of the Lampshire Canyon Fault or within the fault 
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zones that cut Mount Hughes and Paleozoic rocks in the northern Canelo 

Hills. Low-plunging striations are common on strands of the high angle 

Corral Canyon Fault Zone and are rare, within the northern Canelo Hills. 

The exposure of the faults within the northern Canelo Hills is generally 

poor, and indicators of strike slip motion may not be preserved. The 

stratigraphic separation across the faults can be explained as well or 

better by dip slip as by strike slip. Thus evaluation of the role of 

strike slip during the Laramide deformation is not possible in the 

northern Canelo Hills. 

A second large-scale northwest trending fold is exposed in the 

Cretaceous rocks in the northern part of the southeastern end of the 

map area. This fold can be interpreted as reflecting the same NE-SW 

compressional stress field as the large-scale fold in the Mount Hughes 

and Paleozoic rocks. This fold is exposed at a higher structural level. 

Apparently the Cretaceous clastic rocks were less competent than the 

Paleozoic carbonates or the Jurassic welded tuffs. The fold structure 

appears to have been less brittle than that in the older rocks. It is 

also apparently detached from the underlying rocks. 

Related Structures 

In order to interpret the northern Canelo Hills within a 

regional tectonic framework it is helpful to examine structures that 

are possible related to those in the map area. 

Several workers have studied large-scale, northwest-striking 

fault zones in southeastern Arizona (Lutton, 1958; Lootens 1965, 1966; 

Drewes, 1972, Titley, 1976; Bittson, 1976, Drewes, 1981). Lutton (1958) 
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and Drewes (1972) and Titley (1976) have suggested complex histories 

along the Sawmill Canyon Fault Zone, based on structural and strati

graphic evidence. On the basis his structural and stratigraphic work 

in the Santa Rita Mountains, Drewes (197la, 1981b, 1971c, 1972) sug

gested a complex post Paleozoic, pre-Laramide deformation history for 

the region including large vertical movements and deep, northwest trend

ing steep walled depositional troughs. Titley (1976) interpreted the 

Lone Mountain Fault Zone, exposed in the Huachuca Mountains to be the 

southwestward extension of the Sawmill Canyon Fault Zone in the Santa 

Rita Mountains. 

The relationship of the structures in the Canelo Hills to struc

tures in the region that are of similar age and style but that are not 

on strike, is less certain. High-angle faults that may include a com

ponent of strike slip have been mapped by Baker (1962) and Simons (1972, 

1974) in the Patagonia Mountains to the south of the northern Canelo 

Hills. Rocks that are apparently correlative with the Mount Hughes 

Formation are exposed there, but the structural and stratigraphic 

relationships are uncertain. Hayes and Raup (1968) mapped folds and 

faults, including southwest-verging thrust faults in the Huachuca Mount

ains to the east of the northern Canelo Hills. The deformation is Lar

amide in age, thus is contemporaneous with reverse fault movement of 

the Lampshire Canyon Fault and folding within the northern Canelo Hills. 

The structures in the Huachuca Mountains (Hayes and Raup, 1968) are 

approximately parallel those mapped in this study in the northern Canelo 

Hills. This evidence suggests that the Laramide structures in the 

northern Canelo Hills and the Huachuca Mountains may be related. 
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Based on evidence within the northern Canelo Hills and on pub

lished reports of related features, it appears likely that mid-Mesozoic 

structures were exclusively high angle faults. No folding associated 

with these faults or low-angle faults that are unequivocally of this 

age were found in this study and none are reported in the literature. 

In fact, while the age of some folds and low-angle faults is difficult 

to determine on the basis of present exposures, all of those stuctures 

in the region fit much better with models of Laramide tectonics. 

Regionally, there is a set of mid-Mesozoic high-angle faults 

that strike northwest. A large vertical component on many of these 

faults is inferred from the presence of large exotic blocks and coarse 

clastics in the mid-Mesozoic rocks (this study, Hayes and others, 1965; 

Simons and others, 1966; Hayes, 1970; Drewes, 1972; Davis and others, 

1979; Drewes, 1981). Horizontal components are often difficult to 

determine with certainty, but Titley (unpublished data) has suggested 

that the horizontal displacement on the Sawmill Canyon Zone (Lutton, 

1958; Drewes, 1972) may be as much as 120 km in a left shear sense. 

A second major high-angle fault trend that developed throughout 

the region during the mid-Mesozoic, trends northeast. This second set 

appears in some cases to be approximately orthogonal to the northwest

striking faults. In other cases, the northeast trend appears to be 

oriented slightly more easterly than an exact orthogonal to the north

west faults. Precision in this observation is difficult because the 

northwest-striking faults are either not exposed in the same area as 

the northeast trending faults or they have been reactivated later and 

suffered possible reorientation. 
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In some cases, the northeast-striking high-angle faults had a 

large component of vertical movement and uncertain, if any, horizontal 

component. The vertical component, however, was usually small in com

parison to the kilometers of structural relief suggested for the north

west trending faults (Drewes, 1972). There is no field data in the 

northern Canelo Hills or in related areas to suggest that the horizontal 

component of movement on these northeast striking faults was very large. 

The exact temporal relationship between the northwest and 

northeast-trending fault sets is not well established. Both sets were 

active contemporaneously in the mid-Mesozoic, but exposures are not 

adequate to determine their exact timing. The northwest-striking faults 

have a long history of Mesozoic movement (Drewes, 1972). The mid

Mesozoic movement may represent reactivation of faults first formed in 

the late-Paleozoic, or earlier (Ross 1978, 1979; Kluth and Coney, 1980, 

1981). 

The northeast trending faults may be tensional faults related 

to left shear on the northwest zones. This idea was first suggested by 

Lutton (1958) and the data of this study are permissive, if not suppor

tive of such a model. The northeast trending faults fragment the basins 

or steep walled depositional troughs formed by the vertical component 

of movement on the northwest-striking faults. Coarse clastics were 

deposited in the steep walled, northwest-striking depositional basins 

(Drewes 1971b) and were deformed by the northeast trending faults. The 

inferred strike slip and vertical movement on the northwest-striking 

Sawmill Canyon zone and the associated northeast-striking faulting began 

during deposition of the Mount Wrightson Formation (Drewes, 1971b, 1972), 
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and continued through the deposition of the Mount Hughes Formation. 

The age of the Mount Wrightson Formation is reported by Drewes (1971b) 

as approximately 212 m.y. but may be as young as 190 m.y. (Wright and 

others, 1981). The age of the Mount Hughes formation is approximately 

150 m.y. (Marvin and others, 1978; this study). 

Movements appear to have increased along these faults (especially 

the northeast-striking faults) through time because their effects are 

more prominent in the Mount Hughes Formation than in the Mount Wrightson 

Formation. 

The structural history of the northern Canelo Hills between the 

time that the Canelo Pass Member of the Mount Hughes Formation was de

posited and the Laramide orogeny is not certain because no structures 

or rocks unequivocally of that intervening time span are known in the 

area. Presumably, the area was covered at least by lower-Cretaceous 

Bisbee Group rocks and upper Cretaceous Fort Crittenden Formation, since 

these rocks are found deformed in the Corral Canyon and O'Donnell Canyon 

structure domains (see descriptions above). 

The Laramide compressional deformation that affected the region 

is well recorded in the northern Canelo Hills. The direction of prin

cipal compression was southwest-northeast and gave rise to the north

west trending folds, large faults and associated northeast-striking 

faults. The Laramide faulting may represent reactivation of mid

Mesozoic or earlier fault planes. The horizontal component of Laramide 

fault movements is difficult to establish but Laramide strike-slip move

ments have been suggested for northwest-striking faults in the northern 

Canelo Hills and in the region (Drewes, 1980). Field evidence in the 



northern Canelo Hills is permissive but not especially supportive of 

such a hypothesis. 

124 

The Laramide deformation affects a terrane already cut by north

west trending high-angle faults of large magnitude. These faults repre

sent profound and ancient flaws in the upper crust (Davis, 1981; Drewes, 

1981). They have associated with them, northeast-striking faults, some 

of which also have large displacement. It seems unlikely that the 

regional thrusting of thin plates suggested by Drewes (1978, 1981) is 

possible considering such pre-existing structure. This conclusion 

agrees with that of Keith and Barrett (1976) and Davis (1979, 1981). 

The thrusting that exists in southeastern Arizona, if the area around 

the northern Canelo Hills is a guide, is more likely of local exent and 

probably involves the Precambrian basement (Hayes and Raup, 1968; Davis, 

1979). 

The relationship of the folds and faults in the northern Canelo 

Hills and the thrusts and folds in the Huachuca Mountains is uncertain. 

In the southern Canelo Hills (Hayes and Raup, 1968), the relationship 

may be interpreted as an intermediate structural block between the Pre

cambrian rocks in the hanging wall of thrusts in the Huachuca Mountains 

to the northeast and the San Rafael Basin to the southwest. In the 

northern Canelo Hills, however, the relationship is more complex. 

Deformed Cretaceous rocks in the Huachuca Mountains and in the O'Donnell 

Canyon structural domain occupy the intervening space between the 

northern Canelo Hills and the Huachuca Mountains. The presence of this 

deformed, structurally-low block indicates that the northern Canelo 

Hills can not be a simple intermediate structural block between the 
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Huachuca Mountains and structures to the southwest. Instead, the 

northern Canelo Hills represents a structurally high block that is 

bounded on the southwest and probably the northeast, by high-angle re-

verse faults. Unfortunately, critical relationships for understanding 

the exact relationship of the northern Canelo Hills to the surrounding 

Laramide structure, are not exposed. 

Mesozoic Tectonics of the Northern Canelo Hills 
and the Surrounding Region 

It is possible to incorporate the stratigraphic and structural 

data of this study with published studies of other Mesozoic rocks in 

the region, with the purpose of synthesizing a model of the Mesozoic 

tectonic events. The following interpretation draws heavily from the 

interpretation of rocks studied for this report, but also includes data 

from published reports on correlative rocks and on rocks that are not 

exposed in the northern Canelo Hills, but which are critical to under-

standing the Mesozoic tectonics of southeastern Arizona. 

The Triassic and early Jurassic volcanic rocks of southeastern 

Arizona represent a change from Paleozoic cratonic shelf depositional 

patterns (Figure 31) and reflect a profound change in the tectonic set-

ting (Hayes and others, 1965) (Figure 32). The thick sections of 

volcanic rocks and associated plutons probably represent a continental 

volcanic arc terrane (Coney, 1978) (Figure 33). The volcanic arc 

activity started in southeastern Arizona approximately 212 m.y. (Drewes, 

1968, 1971b) or 190 m.y. ago (Wright and others, 1981) with the erup-

tion of the Mount Wrightson Formation and correlative rocks (Hayes and 

Drewes, 1978, Bilodeau and Keith 1979). Older Mesozoic volcanic rocks 
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Figure 31. Permian paleogeography of southeastern Arizona. 

have not been identified in the region. It appears that if early to 

middle-Triassic were ever present, they were removed by erosion prior 

to late Triassic. This period of erosion may have "included initiation 

of block faulting that controlled preservation of the Permian Rainvalley 

Formation (Titley, 1976). 

The volcanic arc activity resulted largely in silicic flows and 

tuffs that contained intercalated quartz sandstones (Bilodeau and Keith, 

1979). It continued with the eruption of the "upper" Canelo Hills vol-

canics and other rocks (silicic volcanics in the Patagonia Mountains, 

Baker, 1962; Simons, 1972; and Ox Frame volcanics in the Sierrita Mount-

ains, Cooper, 1971) that are approximate, stratigraphic equivalents 

(Figure 2lB). In some areas, the thickness of these silicic volcanic 
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Figure 33. Early Mesozoic paleogeography of southeastern Arizona and 
the surrounding region. 

sequences is several kilometers (Hayes, 1970; Drewes 1971b; Cooper, 

1971). 
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The presence of the volcanic arc suggest that plate convergence 

and subduction were taking place along the western margin of the North 

American plate (Coney, 1978). This convergence, subduction and volcanic 

arc activity may be a response along the western margin of the North 

American plate to the initial phases of separation along the eastern 

margin of North America from South America-Africa (Coney 1978a, 1978b). 

It is difficult to establish the exact location of the western plate 

margin exactly during the development of the early-Mesozoic volcanic 

arc. It is also difficult to interpret the exact relationship between 

the arc in southeastern Arizona and contemporaneous arc volcanics and 

plutons in the Sierra Nevada, to the northeast (Hayes and others, 1965). 
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Geologic relationships in the Canelo Hills (Simons and others 1966; 

Hayes 1970; this study) require that the arc terrane in southeastern 

Arizona was deposited on the North American craton. The Mount Hughes 

Formation and silicic lavas of the "middle" member of the Canelo Hills 

volcanics were deposited on Paleozoic shelf carbonates that have a 

regional continuity with those on the Colorado Plateau. Unless all of 

these shelf carbonates are allocthonous, the volcanic arc rocks cannot 

be part of any allocthonous terrane derived elsewhere and accreted to 

the craton, as in other areas of the Cordillera (Coney and others, 1980). 

The late-Jurassic coarse clastics such as the Mount Hughes For-

mation probably signal a dramatic slowing of volcanic activity in the 

early-Mesozoic arc terrane in southeastern Arizona (Figure 34). The 

relationship of coarse clastics overlying the thick volcanic sequences 

is found throughout the region (Figure 35) pocket. Tuffs and flows 

that are intercalated with the coarse clastics suggest that volcanic 

activity did not end abuptly. The reduced thicknesses of the volcanics 

intercalated with the clastics (hundreds of meters) compared to the 
.. 

greater thickness of the early volcanic sequences (kilometers, Hayes 

and others, 1965; Hayes, 1979; Drewes, 1971b) suggest, however, a 

greatly reduced rate of volcanic activity. Likewise, the rapid appear-

ance of thick sections of coarse clastic rocks (kilometers) compared 

with the relatively minor clastic lenses intercalated with the earlier 

volcanics (Drewes, 1971b) indicate an abrupt slowing of arc activity 

and increase in structural relief. 
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the surrounding region. 

Although probably active during the time of formation of the 

volcanic arc (Drewes, 1971b, 1972), high-angle faulting increased in 
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intensity as the volcanic activity waned. Source areas for the coarse 

clastics with their large exotic blocks probably had large topographic 

relief (Hayes and others, 1965; Simons and others, 1966; Hayes, 1970; 

Drewes, 1971b, 1972; Davis and others, 1976; Davis and others, 1979; 

this study). The largest high-angle faults trended northwest (Drewes, 

1972, 1981; Titley, 1976). Their movement had a large vertical compon-

ent and may have had a large left-slip horizontal component (Drewes, 

1972; Titley, unpublished data). A northeast-striking set of high-

angle faults also developed during this time. Although displacement 

along these faults was generally smaller than on the northwest trending 
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faults, large vertical offsets are indicated on some of these northeast 

trending faults. There is no indication of a large strike-slip compon

ent along the northeast trending faults. 

The faulting, deposition of coarse clastics, and decrease in 

volcanic rocks could be the result of the local shifting of the loci of 

volcanic activity. The conglomerates could then be intepreted as marg

inal to the volcanic arc and interbedded with distil portions of the 

laterally shifting arc terrane. Alternatively, the coarse clastics 

could be intra arc clastics like those reported from the Andes in south 

America (Schwab and Lippolt, 1974; Rwano and Mpodozis, 1974; Elliot, 

1974). 

No local shift in the loci of the volcanic arc activity in 

southern Arizona is evident from the field data or from the literature. 

The clastics do not appear to be intra-arc clastics, because the vol

canic and plutonic activity appears to end throughout the region at 

about the same time that the coarse clastics were beginning to be 

deposited, approximately 150 m.y. ago (Figure 36). The continuation of 

volcanic activity intercalated with the clastics implies that some 

younger plutons must be present, but the main igneous event appears to 

have ended when the clastics began to be deposited. Thus the clastics 

are not considered to be intra arc clastics because arc activity was 

abruptly reduced and may have been rapidly ending. The intercalated 

volcanics, and the plutons that they imply, may better be considered 

vestiges of magma already emplaced into the crust before the arc activity 

ended. The arc in southeastern Arizona appears not to have shut off 

instantly, but activity was greatly reduced in a short period 
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of time in late Jurassic and continued at a much lower level for some 

time afterward. This abrupt slowing of arc activity and initiation of 

deposition of thick sections of coarse clastics at approximately 150 

m.y. ago is intepreted to be another major change in the tectonic set-

ting of southeastern Arizona. 

This change in tectonic setting from continental arc volcanism 

to large scale, high-angle faulting may be related to movement along a 

left slip continental transform system located approximately 100 km to 

the south of the northern Canelo Hills (Figure 37). This transform, 

the Mojave-Sonora Megashear, has been proposed by Silver and Anderson 

(1974) and Anderson and Silver (1979) based on the offset of isotopic 

age and stratigraphic trends. Approximately 800 kilometers of left 
, 

slip has been suggested along this zone (Silver and Anderson, 1974, 

Anderson and Silver, 1979), but the timing of movements is poorly con-

strained. Dickinson and Coney (1980) and Dickinson (1981) have related 

movement along this transform system to the opening of the Gulf of Mexico 

probably between mid-Early to mid-Late Jurassic time (Dickinson, 1981; 

Salvadore 1980). 

The megashear is overlapped by marine rocks of Oxfordian age in 

northern Mexico (Imlay, 1943), thus movement along it must have ceased 

by that time. The problem of disagreement between Jurassic time scales 

has been discussed in the Paleomagnetism chapter. In the Van Hinte 

(1976) scale, the Oxfordian begins at 150 m.y. ago and ends at 143 m.y. 

ago, while in the Armstrong (1978) scale the Oxfordian begins at 162 

m.y. ago and ends at 157 m.y. ago. Depending on which time scale is 

used, the change in tectonic setting seen in southeastern Arizona may 
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be interpreted to relate to the late stages of transform movement, or 
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it clearly post-dates the end of transform movement along the megashear. 

The thick sequence of volcanic rocks that preceded the change 

in tectonic setting, however, undoubtedly were being erupted while move-

ment on the megashear was taking place. Dickinson (1981) has suggested 

a trench-trench-transform triple junction along the western margin of 

North America in which the megashear is the transform. He interprets 

the contemporaneous eruption of arc volcanics and movement along the 

transform to be analogous to present day Central America, where subduc-

tion is occurring on either side of the Cayman transform. 

The continental volcanic arc activity appears to have jumped 

rapidly westward, toward the margin of the North American plate at 
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approximately 150 m.y. ago. (Coney and Reynolds, 1977; Damon and others, 

1981) It appears, therefore, that subduction did not cease along the 

western plate margin but must have changed in its geometry to produce 

volcanic rocks closer to the subduction zone. The date of the rapid 

decrease in arc volcanism in southeastern Arizona and the initiation of 

the deposition of thick sections of coarse clastic rocks is the same as 

the date of this presumed reorganization of the subduction system to 

the west. It is also the approximate youngest date that movement could 

have occurred on the transform fault in northern Mexico. 

If movement along the megashear is related to opening of the 

Gulf of Mexico (Dickinson and Coney, 1980; Dickinson 1981), then perhaps 

this cessation of movement on this transform as reflected in the change 

in the tectonic setting of southeastern Arizona signals that the Gulf 

of Mexico was open and that further movement was not needed. 

The Jurassic movement on northwest trending faults in Arizona, 

such as the Sawmill Canyon Fault Zone, including that during deposition 

of the Mount Hughes Formation, records a response of the North American 

craton to the movement on the transform. The left slip that has been 

proposed for the Sawmill Canyon Zone could then be viewed as part of a 

larger, left-slip strain picture dominated by the megashear. The move

ment on the Sawmill Canyon zone during deposition of the Mount Hughes 

may then represent the latest stages of the transform system as the arc 

activity was moving westward and (presumably) plate geometries were 

reorganizing. The change in tectonic setting in southeastern Arizona 

at approximately 150 m.y. ago may be reflecting the reorganization of 

the plate boundaries that led to the cessation of movement along the 
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megashear. In any case, the change in the tectonic setting of south

eastern Arizona, the change in the position of the volcanic arc, and 

the cessation of movement along the transform system in northern Mexico 

seem too close in space and in time to be completely unrelated. Much 

more data is needed before that relationship can be fully understood. 

Lower Cretaceous rocks that are lithologically similar to the 

Mount Hughes Formation occur elsewhere in southeastern Arizona (Figure 

38). These rocks are the coarse clastics and interbedded volcanics of 

the Bathtub and Temporal Formations (Drewes, 1971b) and the Glance Con

glomerate Formation of the Bisbee Group (Ransom, 1904; Bilodeau, 1978). 

The Bathtub and Temporal Formations crop out in the Santa Rita Mountains 

(Drewes, 1971b) but the Glance Conglomerate crops out in several areas 

of southeastern Arizona, including the Santa Ritas (Drewes, 1971b) the 

Huachuca Mountain area (Hayes 1970a, 1970b) and in the type area, near 

Bisbee, Arizona (Bilodeau, 1978). 

Bilodeau (1978) notes that, although the Glance conglomerate 

has been included as part of the Bisbee Group, it represents a dramat

ically different tectonic and depositional environment from that of the 

shallow marine transgression suggested by the overlying formations in 

that group. It was deposited as alluvial fans along steep walled, high 

relief scarps formed by northwest trending high angle faults (Bilodeau, 

1978). Exposures are good enough in the Mule Mountains to indicate 

that exposed faults were active during deposition of the Glance 

(Bilodeau, 1978). In some areas, the northwest trending scarps that 

resulted in the depositon of the Glance Conglomerate fans faced to the 
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northeast, and in other places the scarps faced to the southwest 

(Bilodeau, 1978). 

The age of the Glance Conglomerate and underlying Temporal and 

Bathtub Formations is not firmly established. The Temporal and Bathtub 

are regarded as lower Cretaceous because they overlie a Jurassic pluton 

and are overlain by the Glance Conglomerate (Drewes, 1971b; Hayes, 197Gb). 

The Glance Conglomerate is regarded as lower Cretaceous because it 

interfingers with the overlying basal trangressive sandstone unit in 

the Bisbee Group, the Morita Formation and its equivalents (Hayes, 197Gb; 

Bilodeau, 1978). The Morita Formation is generally unfossiliferous 

where it interfingers with the Glance, but it contains fossils of early 

Cretaceous (Aptian-Albian) age (Hayes, 1970b) higher in the section. 

Hayes (1970b) leaves open the possibility that the lowest rocks 
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in the Morita Formation may be Neocomian in age, but no evidence sup

ports this at present. Thus, the Glance Conglomerate must at least be 

older than late Aptian age. 

The age of the Aptian-Albion boundary varies between published 

geologic time scales. Armstrong (1978) shows that the boundary occurs 

approximately 117 m.y. ago. Van Hinte (1976), on the other hand, sug

gests that the boundary is somewhat younger, approximately 108 m.y. 

ago. Based on these differences, lower estimates of the age of the 

Glance Conglomerate could range from approximately 110 m.y. ago to 119 

m.y. ago. 

The recognition that the Mount Hughes formation and related 

rocks are approximately 150 m.y. old, and that they are stratigraphic

ally higher, rather than lower, than the silicic tuffs of the upper 

member of the Canelo Hills volcanics, means that they are no longer 

separated either temporally or stratigraphically from the lower Cretac

eous rocks with similar lithologies. I interpret all of these conglom

eratic rocks: the Mount Hughes, Temporal and Bathtub Formations and 

the Glance Conglomerate to be a single lithotectonic unit that reflects 

a similar tectonic setting. This age of this lithotectonic unit is 

bracketed by the initiation of deposition of the Mount Hughes formation 

approximately 150 m.y. ago, and ended with the upward interfingering of 

the Glance Conglomerate with marine rocks approximately 115 m.y. ago. 

Just what the tectonic setting was that is reflected in the 

Late Jurassic-Early Cretaceous conglomeratic rocks is not completely 

understood. Bilodeau (1978) has interpreted the Glance Conglomerate to 

represent a continental rifting event during the early Cretaceous. The 
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rifting resulted in the high-angle normal faults with large displace

ment, which in turn resulted in the deposition of the conglomerates. 

This interpretation is compatible with the one advanced earlier (Hayes 

and others, i965; Simons and others, 1966; Davis and others, 1976; Davis 

and others, 1979; this study) for the tectonic and depositional setting 

of the Mount Hughes Formation. Bilodeau's (1978) model implies that 

strike-slip was not a major factor in the development of the faults in 

southern Arizona that were associated with the rifting. There is strong 

evidence that deposition of the Glance Conglomerate clearly post-dated 

movement along the Mojave-Sonora Megashear, which is logically linked 

to the proposed strike-slip motions on faults in southeastern Arizona. 

As discussed above, Late Jurassic deposition of the Mount Hughes could 

have accompanied strike-slip motion on the late stages of transform 

movement. The picture of southeastern Arizona tectonics is tidier if 

activity associated with the transform was over before any continental 

rifting began, but the present knowledge of ages of rocks and structures 

leaves room for overlap and gradual transition between the two tectonic 

systems during deposition of the Mount Hughes Formation, and that inter

pretation is the one favored here. 

If the interpretation of the lower Cretaceous rocks is correct, 

then the termination of deposition of the conglomerates probably re

flects the termination of mid-Mesozoic, large scale, high-angle faulting 

in southeastern Arizona. The termination of high angle faulting in 

southeastern Arizona, by the same reasoning as above, reflects the term

ination of the large scale continental rifting in the region. If cor

rect, then the age of the end of lower Cretaceous conglomerate deposi-
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tion is the age of the end of the rifting. As discussed above, conglom

erate deposition in the Glance Conglomerate ended prior to the Aptian

Albian boundary approximately 110 to 119 m.y. ago (depending on whose 

time scale is used). 

The shallow marine transgression-regression sequence (Figure 

39) represented by the upper formations of the Bisbee Group reflect a 

very different tectonic setting than do the underlying upper Jurassic 

and lower Cretaceous conglomerates. This change from conglomerates to 

shallow marine rocks reflects yet another major change in the tectonic 

setting of southestern Arizona. The age of this change is approximately 

the upper age limit of the Glance Conglomerate, approximately 115 m.y. 

ago. 

Exposures of the Bisbee Group are incomplete and highly deformed 

in the northern Canelo Hills. The only part of the Bisbee Group that 

is exposed is the Cintura Formation in folds within the O'Donnell Canyon 

structural domain. From exposures elsewhere in the region, the Bisbee 

Group is interpreted as a transgressive-regressive marine sequence de

posited in a broad trough that deepened to the southeast (Hayes, 1970a, 

1970b). The marine rocks apparently pinch out to the northwest and are 

correlative with marginal marine rocks in the Santa Rita Mountains 

(Drewes, 1971b). The tectonic setting of southeastern Arizona during 

this period of time can be characterized as one of slow, gentle subsi

dence beginning approximately in Aptian-Albian time. 

The amount of subsidence is difficult to determine precisely. 

Exact ages, thus sedimentation rates and subsidence rates, are difficult 

to determine in most of the rocks in the Bisbee Group. The underlying 
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Figure 39. Early-Cretaceous paleogeography of southeastern Arizona and 
the surrounding region. 

conglomerates were deposited entirely in a continental setting. The 

volcanic arc terrane that underlies the conglomerates is also entirely 

continental in southeastern Arizona. The presence of the early to mid-

Mesozoic arc volcanics suggests that the region had an above average 

heat flow and may therefore have been topographically high during that 

time. The late-Jurassic and early Cretaceous conglomerates contain 

intercalated volcanics, suggesting that heat flow and elevation may 

have still been high during that time period also. There is, however, 

no evidence to indicate how high an elevation. 

On the other hand, the Aptian-Albian was a time of world-wide 

marine transgression (Vail and others, 1977), with the sea cover1ng 

areas that had been emergent during earlier times. This fact may sug-

gest that the shallow marine trough in which the Bisbee Group was 
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deposited need not have subsided greatly to change conditions from conti

nental to marine, especially if the lower Cretaceous Glance Conglomerate 

was deposited at elevations not greatly above the sea level of the time. 

It is possible to envision the region slowly subsiding throughout Late 

Jurassic and Early Cretaceous time as the high heat flow associated 

with the early to mid-Jurassic arc dissipated after the arc activity 

was reduced. After deformation of the craton slowly ended, subsidence 

continued and, coupled with a world-wide marine transgression, allowed 

the sea to encroach upon previously continental areas in southeastern 

Arizona. 

Continental conditions apparently returned to southeastern 

Arizona with the regression of the Bisbee sea. The rocks in the trans

gressive part of the sequence, the Cintura Formation and correlative 

rocks, are difficult to date precisely. Hayes (1970b) suggests that 

they are Albian in age, but leaves open the possibility that they may 

be somewhat younger. The post-Bisbee continental tectonic setting was 

apparently a relatively quiet one, because no conglomerates, or any 

other rocks of that age for that matter, are recognized in southeastern 

Arizona (Hayes 1970b). Coney (1978) has suggested that southeastern 

Arizona occupied a rear-arc setting during this time. 

The conglomerates and volcanics in upper part of the upper Cre

taceous Fort Crittenden Formation are considered by Drewes (197lb) to 

be the first reflection of the Laramide Orogeny in southeastern Arizona 

(Figure 40). Rangin (1978) relates similar rocks to deformation associ

ated wtih the collision of volcanic arcs with the craton in western 

Mexico. 
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Figure 40. Late-Cretaceous paleogeography of southeastern Arizona and 
the surrounding region. 

The Fort Crittenden is highly deformed in the northern Canelo 

Hills and elsewhere in the region by structures of Laramide age, so it 

must have been deposited before, or early in, the Laramide Orogeny. 

Laramide structures in the northern Canelo Hills and throughout the 

region indicate northeast-southwest compressive stress was responsible 

for the Laramide deformation, although the regional deformational pic-

ture is a matter of some question (compare Drewes, 1978; and Davis, 

1979). Local thrustin8 (Hayes, 1970a), basement cored foreland uplifts 

(Davis, 1979) and perhaps regional thrusting (Drewes, 1973, 1981) are 

all suggested to have taken place. The Laramide compressive stresses 

may have been transmitted inboard from the plate margin to the west by 

the coupling of a shallow subducted slab (Coney and Reynolds, 1977) 

with the base of the continent.:!l lithosphere (Dickinson and Snyder, 
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1978). The resulting deformation was accompanied by igneous activity 

and metamorphism at many localities in southeastern Arizona. Laramide 

compressional deformation probably continued into early Tertiary time 

in southeastern Arizona (Figure 43). Post-Laramide Tertiary tectonics 

have been discussed by Coney (1979) and Eberly and Stanley (1978) as 

well as many others. Emphasis of the present study was focused on the 

Mesozoic geology and it contributes nothing new to the understanding of 

Tertiary tectonics, so the reader is referred to those other papers. 



SUMMARY OF CONCLUSIONS 

The following are the main conclusions of this study, based on 

new work presented here and on the literature concerning the Mesozoic 

rocks in the region. 

1. The Jurassic rocks in the northern Canel0 Hills can be 

divided into four lithologic units. In ascending order: 

a. red mudstone, sandstone, and conglomeratic sandstone 

unit exposed largely in the northwestern third of the mapped 

area. 

b. red-orange sandstone and conglomerate exposed in the 

northwestern two thirds of the mapped area. 

c. a sequence of welded ash flow tuffs that includes a 

sandstone unit near the middle. This unit is exposed largely 

in the northern two thirds of the mapped area. 

d. conglomerates, conglomeratic sandstones and interca

lated welded tuffs, exposed largely in the southeastern third 

and along the southwestern edge of the mapped area. Subunits 

within this unit appear to be of somewhat different ages but 

are included together because of general lithologic similar-

ities. 

All of the units except the welded tuff sequence (Unit 3) con

tain large exotic blocks of Paleozoic sedimentary rocks. The upper 

sandstone unit (Unit 2) and the upper most conglomerate unit (Unit 4) 

also contain exotic blocks of Mesozoic volcanic rocks. The presence of 
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the exotic blocks and the conglomeratic nature of the clastic rocks 

suggest that these rocks were deposited in an environment that included 

high topographic relief nearby. 

The lowest unit (Unit 1) is finer grained and is interpreted as 

being deposited in the distal portions of an alluvial fan and, in a 

fluvial system. The upper sandstone unit (Unit 2) is interpreted to 

have been deposited in a fluvial system in which aeolian sandstones 

were also being deposited. 

The tuff sequence is interpreted as a series of welded ash flows 

erupted from nearby vents although the vent areas were not identified. 

The sequence was erupted over a time period that included a long enough 

interruption for an eolian sandstone to be deposited near its middle. 

The upper conglomerate unit (Unit 4) represents mid and proximal 

parts of alluvial fan complexes and fluvial systems. In the southeast

ern part of the mapped area an alluvial fan fills a southeastward deep

ening paleocanyon. Map relations and paleocurrent indicators all indi

cate that this alluvial fan was spread eastward across a fault that 

separated a high block of Paleozoic rocks to the west and Mesozoic 

welded tuffs to the east. Current indicators elsewhere in this conglom

eratic unit generally indicate north to south transport. This observa

tion supports the hypothesis that fans of different ages are included 

in this unit. 

The contact between the easterly transported fan complex and 

the underlying welded tuffs is of critical importance to regional strat

igraphic relationships. Previously Hayes and others (1965) had identi

fied the welded tuffs as the "upper" Canelo Hills volcanics and the 



147 

conglomerates and intercalated tuffs of the fan complex as the "lower" 

Cane10 Hills volcanics. Data presented here indicate that the relation

ship is just the opposite, that the "lower" unit is, in fact, deposited 

on the "upper" unit. Correlation of welded tuffs on which the original 

nomenclature was based is also interpreted to be incorrect. 

The reinterpretation of the stratigraphic relationships makes 

continued use of the original terms "upper" and "lower" confusing. New 

nomenclature is proposed in which the rocks studied here are elevated 

to formation rank and named the Mount Hughes formation. The lithologic 

units already described are the members of the Mount Hughes formation 

and are named for exposures in the northern Cane10 Hills. The lower 

mudstone-sandstone unit (Unit 1) is named the Monkey Canyon member. 

The upper sandstone unit (Unit 2) is called the Dark Canyon member. 

The welded tuffs sequence (Unit 3) is named the Canelo Ridge member. 

The upper conglomerate unit (Unit 4) is named the Cane10 Pass member. 

The elevation of what was formerly the "lower" member of the 

Cane10 Hills volcanics to formational rank imples that the "middle" and 

"upper" members might also be elevated to formational rank. This was 

not proposed in this work because the "middle" and "upper" units of the 

Cane10 Hills volcanics were not studied here. It is suggested that the 

old unit designated as the Canelo Hills volcanics be retained and this 

be considered an informal designation until further work is done on the 

"middle" and "upper" Cane10 Hills volcanics. The terms "middle" and 

"upper" represent the correct stratigraphic order and should be retained 

for now. 
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2. The age of the Mount Hughes formation is approximately 150 

m.y. old based on concordant Rb-Sr (WR) age determined for this study 

and K-Ar (biotite) and Rb-Sr (WR) published in the literature (Hayes, 

1970; Marvin and others, 1978). 

Hayes (1970) correlated the rocks that were dated to those in 

the Mount Hughes formation, but considered the age to be incorrect. He 

interpreted those rocks to be stratigraphically lower than the massive 

upper Canelo Hills volcanics which are dated at approximately 177 m.y. 

(Hayes, 1970). These stratigraphic relationships were found to be 

reversed in the northern Canelo Hills and the published ages are con

sidered here to be compatible with stratigraphic relationships. That 

is, the 150 m.y. clastic rocks are considered to overlie the 177 m.y. 

old tuffs. 

3. Late Jurassic structures, in some cases, can be seen in the 

field or interpreted from the upper Jurassic rocks. High-angle faulting 

along northwest trends accompanied the deposition of conglomerates, 

sandstones and large exotic blocks of the Mount Hughes formation. These 

faults had large vertical displacements (a few kilometers). Northeast

striking faults formed approximately contemporaneously with the north

west-striking faults and disrupted the northwest trending depositional 

systems. These faults have large vertical displacement (perhaps a kilo

meter) but uncertain horizontal displacement. The northeast-striking 

faults may be subsidiary faults formed by left shear on the northwest 

trending faults. 

Coarse clastic sediments were deposited in this complex deposi

tional system as alluvial fans and fluvial deposits. The large exotic 
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blocks were emplaced into the conglomerates by gravity sliding from 

nearby fault scarps. Welded ash flow tuffs that are intercalated in 

the clastic rocks were apparently derived from nearby, but unidentified, 

vents. Volcanic activity undoubtedly accompanied deposition and earth

quakes that may have accompanied the eruptions, may have also helped 

dislodge and transport the exotic blocks (Davis and others, 1979). 

4. Laramide deformation was compressional, with the principal 

compression oriented NE-SW. The compression resulted in most of the 

folding and faulting presently exposed in the northern Canelo Hills. 

The structure in the northern Canelo Hills varies, depending on 

location and underlying rock. The structure in the center part of the 

study area, underlain by Paleozoic and Jurassic rocks, can be viewed as 

a large open, upright anticline. The large anticline is highly faulted 

and a shallow dipping crestal portion may not be present. Instead, 

high-angle faults along the axial trace juxtapose blocks of approxi

mately the same strike, but opposite dip directions. Toward the south

east in this central part the structure changes across a complex compart

mental fault, the Box Canyon Fault Zone. The structure to the southeast 

can also be interpreted as an anticline, but one in which the southwest

dipping limb has been faulted over the axial trace and part way across 

the northwest dipping limb. The fault along which this juxtaposition 

occurs, the Collie Well Fault, is a large scale example of a back-limb 

thrust. 

The areas underlain by Cretaceous rocks, one on the south side 

of the northwestern part of the mapped area, and on the north side of 

the southeast part, are also highly deformed. The area on the 
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northwest end is cut by many high-angle faults, some of which drag bed

ding to near vertical. At the southeast end of the study area the Cre

taceous rocks are folded into a large tight to isoclinal upright fold 

that plunges to the northwest. Lower Cretaceous rocks in the core of 

the fold are cut by an axial plane cleavage. This fold structure is 

also cut by abundant high-angle faults. 

Vertical movement along the large northwest trending faults 

during the Laramide is probably on the order of kilometers. Horizontal 

movement is uncertain. Although the field evidence is permissive of 

horizontal movement, it does not support it. 

5. Paleomagnetic data from the Canelo Ridge and Canelo Pass 

Members of the Mount Hughes formation yield a Late Jurassic pole posi

tion of approximately 620 N1300 E. This pole falls on the apparent polar 

wander path at a position estimated for the Late Jurassic pole position 

and supports the radiometric age of approximately 150 m.y. Thus, it 

represents the first, well dated Late Jurassic pole determination from 

volcanic rocks in western North America. 

6. The data from the northern Canelo Hills and from published 

reports on other Mesozoic rocks in the region allow the formulation of 

a tectonic history of southeastern Arizona. A profound change in the 

tectonic setting, from cratonic marine shelf to a volcanic arc has been 

suggested from studies of the Paleozoic sedimentary and the Triassic 

and early to mid-Jurassic volcanic rocks (Hayes and others, 1965). This 

volanic arc resulted from convergence and subduction along the western 

plate margin (Coney, 1978). 
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The Mount Hughes formation and correlative rocks record the 

abrupt slowing of arc activity probably related to a reorganization of 

plate geometries along the western margin of North America that included 

the termination of a transform system in northern Sonora, the Mojave

Sonora Megashear (Silver and Anderson, 1974; Anderson and Silver, 1979). 

The age of the Mount Hughes formation, approximately 150 m.y., and the 

end of widespread plutonism, at the same time, approximately date the 

end of transform movement by dating the end of arc activity and the 

beginning of high angle faulting in the craton of southeastern Arizona. 

Lower Cretaceous rocks including the Glance Conglomerate of the Bisbee 

Group record the continuation of high-angle faulting in southeastern 

Arizona that has been interpreted as part of a continental rift system. 

The age of the termination of high-angle faulting in southeast

ern Arizona, and probably of the rift system in Mexico is recorded by 

the marine transgressive-regressive rocks of the upper part of the Bis

bee Group. This change from high angle fault dominated tectonics to a 

broad marine basin setting represents another profound change in the 

history of southeastern Arizona. This change occurred before the Aptian 

age marine rocks of the Bisbee Group were deposited. 

The Laramide Orogeny included NE-SW compression in southeastern 

Arizona. Deformation that resulted includes northwest trending folds 

and high angle faults and local thrust faults (Hayes, 1970). It also 

included vulcanism that may be responsible for the partial resetting in 

older rocks of the isotopic systems used in age determinations. The 

Laramide deformation probably continued into the Tertiary. 
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APPENDIX A 

MEASURED SECTIONS 

The following measured sections and discussions are arranged 

geographically from northwest to southeast within the map area. 

meters 

Rail-X Ranch Section (Figure 28) 

Lower contact: A high angle fault truncates the base of the 

section and puts it in contact with welded tuffs whose 

exact correlation is difficult. The measured section 

dips southwestward and the tuffs across the fault dip in 

the opposite direction. 

0-12 Unit 1: welded tuff; light pinkish grey when fresh, grey to 

light brown when weathered; very fine grained; completely 

recrystalized ground mass with enhedral and broken clear 

quartz, white feldspars (some large enough to idenfify 

albite twinning) xenocrysts up to approximately 4 mm and 

pink, very fine ground volcanic rock fragments up to 

approximately 6 cm; cut by abundant sericite microveins; 

contains locally well developed eutaxitic texture, large 

lithic fragments locally comprise up to approximately 10 

percent of the rock. This unit was sampled for study of 

paleomagnetism at 4 meters (Figure 41). 
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Figure 41. A) Photomicrograph of resistant welded ash flow tuff. 
B) Photomicrograph of nonresistant welded ash flow tuff. 
Nothing in the texture or mineralogy suggests a reason for 
the difference in physiographic characteristics. Texture 
is typical of the welded tuffs in the northern Canelo 
Hills. 



12-20 

20-38 

38-76 

76-105 

Unit 2: welded tuff; purplish grey; similar to Unit 1 but 

with much fewer lithic fragments and better developed 

eutaxic texture, may be the upper portion of Unit 1. 

167 

Unit 3: welded tuff; grey when fresh, light pinkish grey when 

weathered; very fine grained containing enhedral and 

broken clear quartz and white microcline feldspar xeno

crysts up to approximately 3 mm, appears to be bedded, 

with alternating resistant and nonresistant layers rang

ing up to 1 meter, with no apparent difference in min

eralogy between the resistant and nonresistant layers, 

but the resistant layers locally contain a faint eutax

itic texture, in thin section, both rocks appear to have 

been moderately welded (Figure 42); layers thicken and 

thin laterally. 

Unit 4: welded tuff; light purplish grey when fresh, light 

grey when weathered; very fine grained; completely devit

rified group ground mass, with enhedral and broken clear 

quartz, pink feldspar and biotite xenocrysts up to approx

imately 3 mm, and angular to subangular fine grained 

volcanic rock xenoliths up to 5 cm; unit has a variable 

eutaxitic texture which generally is better developed 

upward in the section; possible small fault cuts this 

unit at 51. This unit was sampled for paleomagnetic 

study at 49. 

Unit 5: welded tuff; purplish pink when fresh and when 



168 

weathered, very fine grained; completely devitrified 

ground mass containing enhedral and broken clear quartz 

pink feldspar xenocrysts up to approximately 2 mm, and 

angular volcanic rock xenoliths up to approximately 2 

cm; lithic fragments are occasionally surrounded by light 

red alteration halos; unit contains a well developed 

eutaxitic texture; above 97 may be a separate cooling 

unit. This unit was sampled for study of its paleomag

netism at 82 meters. 

105-128 Unit 6: welded tuff; grey; very fine grained; completely 

devitrified ground mass containing enhedral and broken 

clear quartz and pink and white feldspar xenocrysts up 

to approximately 3 rom and abundant angular fine grained 

volcanic and quartzite xenoliths up to approximately 10 

cm; contains a well developed eutaxitic texture; lithic 

fragments are often surrounded by pink alteration halos. 

This unit was sampled for study of its paleomagnetism at 

111 meters. 

128-130 Unit 7: welded tuff; red; very fine grained; completely 

devitrified ground mass containing broken and enhedral 

sericitized white feldspar xenocripts up to approxi

mately 2 rom and flattened pumice fragments up to approxi

mately 5 cm in the longest dimension, very well developed 

eutaxitic texture; red tuff is apparently interbedded 

with orange-red, fine-grained, quartz arenite; grains in 

the sandstone are subangular to subrounded and well 
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sorted. This unit is too broken to accurately describe 

its bedding characteristics. 

130 High angle fault with undetermined offset. 

130-137 Unit 8: welded tuff; grey; very fine grained; completely 

devitrified ground mass, containing enhedral and broken, 

sericitized white feldspar xenocrysts up to approximately 

2 mm and volcanic rock xenoliths up to approximately 2 

mm and rare larger lithic fragments up to approximately 

15 cm; has a faint, poorly developed eutaxitic texture; 

shards appear to be well flattened in thin section, con

tains abundant, secondary carbonate filled concretions 

in its basal part. 

137-145 Unit 9: welded tuff; brownish red; very fine grained; 

completely devitrified ground mass, containing enhedra1 

and broken, rare clear quartz and white feldspar xeno

cryst up to approximately 1 mm and flattened pumice frag

ments up to 5 cm in the long direction; well developed 

eutaxitic texture and well foliated, cut by abundant 

irregular, hackly fractures. 

145-161 Unit 10: welded tuff; light grey, very fine grained; 

completely devitrified ground mass containing enhedral 

and broken white feldspar xenocrysts approximately .5 mm 

to I mm and abundant angular volcanic rock xenoliths up 

to approximately 5 cm; some of the lithic fragments are 

surrounded by pink alteration halos, occasional patches 



of secondary calcite; moderately developed eutaxitic 

texture and is well foliated. 
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161-164 Unit 11: welded tuff; dark reddish maroon; very fine grained 

with enhedral white feldspar and clear quartz; xenocrysts 

up to approximately 2 mm and angular volcanic lithic 

fragments up to approximately 3 cm, massive with no vis

ible eutaxitic texture; cut by abundant carbonate veins 

up to approximately 3 cm across. 

164-166 Unit 12: breccia; light brown; angular volcanic rock and fine 

grained sandstone clasts in a poorly sorted very tuffa

ceous calcareous matrix; contains abundant angular vol

canic rock fragments and occasional rounded to subrounded 

chert pebbles in the matrix; friable and appears to be 

cemented by calcite and clay. 

166-187 Unit 13: nonwe1ded tuff; light brown, poorly sorted; contains 

subrounded to angular volcanic rock fragments floating 

in a very tuffaceous matrix that includes subangu1ar 

quartz feldspar, iron oxides, and rounded triolite as 

minor constituents; well bedded from 30 cm to 1 m thick; 

bedding thins up-section; secondary calcite abundant in 

the matrix, very poorly sorted moderately friable and 

weathers to rounded outcrops. The orange sandstone of 

the Rail X quarry overlies this unit just to the west, 

but is not present in this section. It has probably 

been omitted due to faulting from the measured section. 

187 Upper contact: Section truncated by high angle fault that 
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puts the measured section in contact with a grey, welded 

tuff. 

The Rail-X Ranch section represents a sequence of silicic welded 

ash flows. Each unit in the measured section may be one or more complex 

cooling units. Distinction of units for the purpose of mapping and 

measuring was made on the basis of texture, color, xenocryst and xeno

lith content and physiography. This section was measured to identify 

units for sampling for study of the paleomagnetism. 

It is difficult to evaluate the source direction of the ash 

flows in the sequence. The area of the Santa Rita Mountains may have 

been a source (Drewes 1971b). 

The sandstone interbedded with welded tuff in Unit 7 indicates 

that enough time lapsed between the flows for the deposition of lenses 

of sandstone. The outcrop is too broken and poorly exposed to allow 

accurate determination of the environment of deposition of the sand

stone, but it is interpreted to be eolian. The sandstones at the top 

of the measured section probably represent epiclastic tuffs, conglom

erates, and tuffaceous sandstones. They may represent a pause or an 

end in the eruptive history of the sequence and fluvial deposition of 

clastics. Unfortunately, no well developed directional indicators were 

noted from the upper part of the section. 

Mount Hughes Section (Figure 28) 

Lower contact: base of measured section was picked 

arbitrarily. Below the point where measuring of the 

section was begun, there are complexity deformed, vari

ably exposed red mudstones and sandstones whose 
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relationships to the measured rocks is indeterminant in 

the field. 

0-82 Unit 1: sandstone, (arkosic litharenite), and mudstone; red; 

82-85 

coarse grained conglomeratic; poorly to very poorly ex

posed; contains volcanic and sedimentary rock fragments, 

chert, mica, and quartz grains cemented by slightly cal

careous hematite and clay matrix, pebble conglomerate 

layers (lens?) have a matrix of the same sandstone with 

angular to subangular volcanic and sedimentary rock frag

ments and subrounded chert pebbles as clasts; interbedded 

red to maroon mudstone units increase upward until upper 

part of unit (higher than approximately 20 meters) is 

predominently mudstone with sandstone and conglomerate 

interbeds, mudstone is locally bleached white to pink, 

possible fault at 34, black to brown vein of coarse 

grained calcite approximately 10 cm thick at 41 and 48. 

Break in section: section is projected eastward along strike 

approximately 150 m. It resumes at the top of a Concha 

Limestone block that may have been faulted into the Jur

assic section during deposition of the Mesozoic rocks. 

At lease one fault is crossed in the projection along 

strike. 

Unit 2: sandstone-subarkose; pink to buff; medium grained, 

containing subrounded quartz and feldspar grains; bimodal 

size distribution and is moderately bedded; moderately 
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cemented by silica, calcite, hematite and clay; textural 

relationships of some grains, indicate that calcite is 

replacing quartz, appears to be underlain to the west by 

red mudstones. Therefore, the section while probably 

not an accurate measure of stratigraphic thickness, prob

ably reflects the true stratigraphic relationship of the 

units. 

Unit 3: sandstone, (calcareous quartz arenite); red; fine 

grained; containing angular to subangular quartz and 

feldspar moderately cemented by silica and calcite; sec

ondary calcite makes up approximately 50 percent of the 

rock in some places; moderately to well bedded, possible 

fault cuts this unit at 91 and a well exposed fault cuts 

it at 96. 

Unit 4: conglomerate; bright orange to red (Figure 42). 

Clasts are well rounded pink and grey volcanic rock frag

ments up to 25 cm in diameter in a red fine grained mud

stone matrix; in part, clast supported and in part, mat

rix supported; matrix is commonly highly silicified and 

locally has a concoidal fracture, clasts show no apparent 

imbrication. This unit is distinctive enough to allow 

correlation from one area to another within the northern 

Canelo Hills. It is also exposed near Cottonwood Spring, 

at the extreme northwest part of the mapped area, and in 

Dark Canyon. 

100-116 Unit 5: sandstone and pebble conglomerate, similar to Unit 1 
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Figure 42. Conglomerate from Mount Hughes measured section. This 
unit is distinctive for its well rounded volcanic cobbles. 

Figure 43. Conglomerate from Mount Hughes measured section. This unit 
is distinctive for its clast shape, which looks as though 
the clasts can be fit back together. 
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but with no mudstone units. 

116-119 Unit 6: conglomerate; red (Figure 43). Clasts are monolitho

logic, very angular fine grained, grey volcanic rock 

fragments floating in a red sandstone matrix similar to 

Unit 3; clasts are very poorly sorted and commonly appear 

as if they could be fit together to reassemble larger 

clasts that were broken shortly before final deposition, 

clasts range in size from very small fragments (less 

than 1 em) to approximately .5 m in diameter (Figure 

43). 

119-135 Unit 7: sandstone; reddish brown; similar to Unit 3 but with 

horizontal laminations approximately 1 em thick. 

135-160 Unit 8: interbedded sandstone and conglomerate, sandstone is 

similar to Unit 3, conglomerates are similar to Unit 6, 

but with clasts up to only 5 em in diameter; scale of 

the interbeds appears to be variable up to appro/-imately 

2 m, generally poor exposures prohibit description of 

the finer details of the relationship between the two 

lithologies. 

160-168 Fault zone: apparently high angle fault. Poorly exposed zone 

of crushed and brecciated sedimentary and volcanic rocks 

(crushed zone is dominantly pink and grey volcanic rocks). 

168-211 Unit 9: welded tuff; grey when fresh, pinkish grey when 

weathered; very fine grained; completely devitrified 

ground mass, containing enhedral and broken, white feld

spar xenocrysts up to approximately 5 mm, and highly 
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altered xenoliths; original xenolithic material is inde

terminate because of alteration to iron oxides, zeolites 

(?) and epidote; unit is more massive in its upper and 

lower part, but contains a well developed eutaxitic tex

ture in its middle part; red color increases upward in 

this unit due to increasing hematite content until the 

upper part is red rather than grey. This unit is prob

ably least one complex cooling unit. 

211-214 Unit 10: welded tuff; grey to pinkish grey; very fine grained; 

completely devitrified ground mass, containing rare en

hedral and broken white feldspar and rounded quartz; 

xenocrysts up to approximately 2 mm and abundant angular 

lithic fragments up to approximately 5 cm, unit contains 

poorly developed eutaxitic texture; cut by widely space 

foliation, unit thickens to the west. 

214-221 Unit 11: welded tuff; light purple; very fine gr~~ned; 

completely devitrified ground mass; containing enhedral 

and broken white and rare pink feldspar, clear quartz 

and occasional biotite xenocrysts and abundant angular 

volcanic rock xenoliths up to 5 cm; lithic fragments 

commonly have pink alteration rinds surrounding them, 

moderately developed eutaxitic texture; sphericles up to 

approximately 3 cm in its upper part; it also contains 

large patches of quartz and feldspar recrystalized from 

the matrix. 
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221-230 Unit 12: welded tuff; light purple; very fine grained devitri

fied and recrystalized ground mass; containing enhedral 

and broken clear quartz, white and pink feldspars; bronzed 

biotite xenocrysts up to 3 mm and dark grey, fine grained, 

angular volcanic rock fragments up to approximately 5 

cm; lenticular voids may represent molds of eroded pumice 

fragments, occasional light orange alteration spots up 

to approximately 5 cm, and abundant flattened vesicules 

in its upper part. 

230-263 Unit 13: welded tuff; light pinkish grey when fresh and light 

tan when weathered; very fine grained; completely devit

rified ground mass, containing enhedral rounded and 

broken clear quartz, that is often embayed, and white 

and pink feldspars, xenocrysts up to approximately 5 mm 

and abundant angular volcanic rock xenolith up to approx

imately 2 cm; faint eutaxitic texture and abundant flat

tened vesicles, occasional round pits whose inside sur

face is coated with a black deposit, possibly manganese 

oxide. 

263-296 Unit 14: welded tuff; light purple, very fine grained; 

completely devitrified ground mass, containing enhedral 

and broken xenocrysts of abundant clear quartz, and 

occasional white and pink feldspars and bronzed biotite 

up to approximately 3 mm and rare; angular volcanic rock 

xenolith; poorly developed eutaxitic texture, more than 

one cooling unit. 
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296-313 Unit 15: welded tuff; light grey when fresh, light tan when 

weathered; very fine grained; completely devitrified 

ground mass, containing enhedra1 biotites xenocrysts up 

to approximately 1 mm, and angular volcanic rock xeno

liths up to approximately 1 cm, eutaxitic texture is 

well developed; including many grey zones approximately 

2 mm thick may be extremely flattened pumice shards. 

313-340 Unit 16: sandstone and welded tuff. Sandstones are light 

pink to pink, medium to fine grained, poorly sorted 

lithic subarkoses containing grains of quartz, feldspar 

and volcanic rock fragments; generally poorly bedded and 

cemented largely by silica and interstitial hematite, 

based on the texture the quartz grains appear to have 

reacted with the cherty cement, tuffs are red and grey, 

very fine grained tuff similar to Unit 15. Field mapping 

indicates that this unit contains a larger amount of 

sandstone to the east and a larger amount of welded tuff 

westward. 

340-359 Unit 17: welded tuff; grey, similar to Unit 14 but with 

occasional fractures filled by black manganese oxide 

(?). 

359-400 Unit 18: conglomerate or breccia, light tan to light pink, 

clasts dominantly subangular to subrounded volcanic rocks 

up to approximately 30 cm in diameter; red sandstone 

clasts up to approximately 20 cm, matrix is very fine 

grained, tuffaceous sandstone (arkosic sublitharenite 
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?), silicified to the degree that some clasts have sil

icic rhinds approximately 2 cm thick around them; compo

sition of the matrix in at least some areas is quartz, 

white and pink feldspars and volcanic rock f~agments, 

but in other areas is too fine grained to be determined 

accurately. 

Upper Contact: the top of the section is truncated by a fault 

(Lampshire Canyon Fault Zone), that juxtaposes the Juras

sic rocks with green and brown sandstones of the Fort 

Crittenden Formation (1) which stand nearly vertically 

just cross the fault. 

Mount Hughes Section 

The Mount Hughes represents the only section in the northern 

Canelo Hills where all of the subunits of the Mount Hughes Formation 

are represented. As described in the text (see Stratigraphy section), 

these units are 1) lower unit of red mudstone and sandstone, 2) red 

sandstone, 3) silicic welded ash flow tuffs, 4) an upper unit of coarse 

conglomerate. Even in this section, faulting suggests that the thick

ness cited is not a true thickness for all of the units. Based on the 

relationships within the measured section and mapped in other areas of 

the northern Cane10 Hills, the stratigraphic relationship of the sub

units is considered to be correct. 

The lower part of the section (Unit 1) represents the lowest 

Mesozoic unit exposed in the northern Canelo Hills. It is representa

tive of the Canelo Redbeds of Feth (1947, 1948). Feth (1947) ack

nowledged that the thicknesses quoted in some of his measured sections 
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of the "Canelo Redbeds" are approximate because of faulting. After 

examining the areas of his measured sections in the field, I have con

cluded that structural complications make it unlikely that a true thick

ness of this unit can be determined. 

In this section, and in subsequent descriptions, rocks more 

fine grained than fine sand are described as mudstones. In general, 

poor exposures made the distinction between mudstones, claystones and 

shales difficult with confidence in the field. The importance of these 

units in terms of this study was the fact that they were fine grained, 

and that they represent a different sedimentary setting than the coarse 

conglomerates found higher in this and other sections. A detailed de

scription of these rocks is beyond the scope of this study. Additional 

description of these fine grained sedimentary rocks is available in 

Feth (1947). 

The fine grained rocks in Unit I of the measured section prob

ably represent deposition in an alluvial system. Numerous channels, 

pebble conglomerate lenses, and fining upward sequences were noted in 

the measured section and in other exposures of this unit elsewhere in 

the northern Canelo Hills. 

The mudstones that are prominent in the lower part (Unit 1) of 

the section are different than the sandstones that occur higher in the 

section. Indeed, the only thick mudstone units found in the northern 

Canelo Hills appear to be part of this basal unit. Very fine sandstones 

and mudstones do appear as minor interbeds in some of the sandstones 

higher in the section. 
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The sandstones above the basal mudstones (all or parts of Units 

2, 3, 4, 6, 7, 8) are much more resistant, often crossbedded and gener

ally contain at least some feldspar. The sandstones may represent 

eolian deposits within an intermittent (?) fluvial system that deposited 

the conglomerates. Some of the sandstones may also represent fluvial 

sandstones deposited in an intermittently tectonically active alluvial 

system and, therefore, contain only occasional interbeds of conglomer

ates. 

Two units within the middle sandstone unit of this section are 

distinctive, and deserve special mention. The rounded volcanic cobbles 

and pebbles in Unit 4 (Figure 43) are the only examples of that clast 

type in Jurassic rocks anywhere in the mapped area. This unit is also 

exposed in the wash of Dark Canyon and near Cottonwood Spring, in the 

extreme northwestern part of the mapped area. In the measured section 

and in Dark Canyon, this unit dips southward; at Cottonwood Spring, it 

dips northward. The correlation of this single distinctive unit is the 

only one that can be done with confidence on both sides of the large 

anticlinal form of the northwestern part of the mapped area. Near 

Cottonwood Spring, this distinctive conglomerate is exposed near one of 

the large exotic blocks of Paleozoic rocks studied by Davis and others 

(1976) and Davis and others (1979). No exotic blocks occur to the south, 

in the Mount Hughes section. This observation may support the interpre

tation that the exotic blocks were derived from the north. 

The second unit worthy of special note is Unit 6 (Figure 44). 

The sandstone matrix is similar to those adjacent in the section. The 

clasts, however, appear to have broken apart during deposition without 
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large amounts of subsequent rotation. This unit may represent a sand 

flow that contained clasts that were broken as the unit came to rest. 

The welded tuffs in the middle and upper parts of the section represent 

a sequence of ash flow cooling units. A notable unit within this 

sequence is the sandstone in Unit 16 because it is the only sedimentary 

unit in the thick section of volcanic rocks. 

Conglomerate (Unit 8) forms the highest part of the section 

and represents a distinct change in rock types from the welded tuffs. 

The large clasts of sedimentary and volcanic rocks suggests a complex, 

local source terrane, probably of high relief shed the clasts. Inter

estingly, the conglomerates were deposited approximately concordantly 

on the underlying tuffs. This suggests that there was little rotation 

of the block receiving the coarse clastics during the deformation that 

produced the relief indicated by the conglomerates. 

Red Meadow Section (Figure 28) 

meters 

0-17 Unit 1: sandstone; lithic subarkose; red to pink; coarse 

grained; well bedded; contains quartz, feldspar and vol

canic rock fragments, contains interbedded reddish brown 

pebble conglomerates with angular volcanic clasts up to 

approximately 20 cm. Approximately 5 meters above the 

base is a red conglomeratic mudstone approximately 1 

meter thick, which contains volcanic clasts up to 20 em; 

cement within all of this unit is silica and calcareous, 
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47-115 
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hemititic clay; thin section examination suggests elon

gate grain in the sandstone have a microimbrication. 

Unit 2: sandstone, quartz arenite; reddish brown; medium 

grained; cross-bedded, moderately sorted; contains quartz, 

minor feldspars, rock fragments and rare mica flakes, 

cross-bedding sets several meters thick, this unit appears 

to inter tongue with Unit 1. 

Unit 3: conglomerate; red; poorly sorted, clasts are sub

angular fine grained volcanic and medium grained granitic 

rocks and rare Paleozoic limestone up to 25 cm in diam

eter; matrix is red coarse grained arkosic arenite which 

is poorly sorted and moderately well cemented by calcite, 

hemitite and clay; plagioclase and microcline grains 

usually highly sericitized, secondary calcite forms small 

patches in the matrix. 

Unit 4: welded tuff, white in its lower part grading to light 

red in its upper part; very fine grained; containing 

angular, xenocrysts of quartz, plagioclase and sandine 

in a highly recrystallized matrix; recrystalization is 

patchy, often causing enbaying and destruction of pre

cise grain boundaries in the quartz xenocrysts. 

Unit 5: conglomerate; reddish brown; poorly sorted; well 

bedded (Figure 44), clasts are subrounded pebble to cob

ble sized volcanic and granitic fragments floating in a 

coarse sand matrix, matrix is coarse grained angular to 

rounded quartz; feldspar and igneous rock fragments 



Figure 44. Fluvial conglomerates in the lower part of the Red Meadow 
measured section. 
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moderately well cemented by hematite, carbonate and clay; 

festoon cross bedding and pebble imbrication suggest 

southerly transport. 

115-122 Covered 

122-137 Unit 6: conglomerate, purplish brown; poorly sorted; well 

bedded. This unit is similar to Unit 5 except in color 

and in the absence of the large clasts and rock fragments 

in the matrix which are abundant in Unit 5; unit includes 

interbeds of massive mudstone approximately 25-30 cm 

thick, matrix mineralogy includes quartz, microc1ine, 

siricitized plageoclase, muscovite, biotite, hornblende 

and magnetite. 

137-142 Covered 

142-145 Unit 7: sandstone, lithic subarkose; reddish grey; fine to 

medium grained, poorly sorted; well laminated; containing 

angular subrounded quartz, feldspar, volcanic rock frag

ments and red chert fragments, hematite and clay are the 

cementing agent. 

145-155 Covered 

155-165 Unit 8: interbedded sandstone and mudstone; reddish brown; 

sandstones (sublitharenites) are fine to medium grained, 

and contain quartz volcanic rock fragments and minor 

feldspar. Sandstones fine upward into mudstones, small 

scale cross-bedding is present in the coarser grained 

rocks; bedding thickness of both the sandstone and mud

stones is variable up to approximately 50 cm, cement in 



both rock types appears to be hematite, carbonate, and 

clay. 

165-201 Covered 
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201-210 Unit 9: mudstone; reddish brown; poorly bedded; highly 

fractured nonresistant, exposed only in the washes; in

cludes white calcite vein1ets; hematitic and calcareous. 

210-226 Covered 

226-262 Unit 10: mudstone; same as Unit 9. 

262-271 Covered 

271-282 Unit 11: mudstone; same as Unit 8. 

282-306 Unit 12: sandstone; subarkose; dark brown; medium to coarse 

grained; well bedded; contains angular to subrounded 

quartz, feldspar, and minor volcanic and mudstone frag

ments; calamitic calcareous, siliceous cement; unit con

tains distinctive interbeds of conglomerate containing 

angular clasts of light pink volcanic rock fragments and 

feldspar fragments up to approximately 5 cm (Figure 45); 

granitic rock fragments and red sandstone fragments also 

occur as rare clasts, matrix for the conglomeratic inter

beds is the sandstone. 

306-Top of Section: dip reverses as the section crosses a syncline, no 

rocks higher in the section are exposed. 

Red Meadow Section 

The basal sandstone of the Red Meadow section rests discon

formably on grey welded ash flow tuff. To the east of the section, a 

fault makes it difficult to recognize the details of the contact. To 
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Figure 45. Distinctive angular clast conglomerate from the upper part 
of the Red Meadow measured section. The angular clasts 
are granitic fragments and very fine grained volcanic rocks 
in a fine grained sandstone matrix. 
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the west, however, the rocks higher in this section are laterally in 

contact with rocks higher in the ash flow tuff sequence. The contact 

in that vicinity is at a high angle to bedding and foliation in both 

rock types. This relationship is interpreted to be a steep-walled chan

nel, cut into the ash flow tuff sequence and filled with the rocks of 

the Red Meadow section. The channel appears to have been steep walled, 

at least on its west side, with at least one hundred meters of erosional 

relief. The original width cannot be accurately estimated, but must 

have been greater than the 200 meters of present outcrop width of these 

rocks. 

The basal sandstone (Unit 1) probably represents fluvial de

posits related to the stream system that cut the canyon described above 

into ash flow tuffs. Overlying this is a sandstone with large scale 

cross bedding (Unit 2). This eolian unit may reflect the fact that the 

stream system responsible for the erosion of the canyon and deposition 

of the basal unit was intermitent in character, or had meandered to 

another part of the canyon. In the first case, the eolian sands would 

represent a dry period when eolian conditions replace the fluvial system. 

In the second case, the eolian sandstones represent deposition of wind 

blown sands in the vicinity of a meandering flowing stream system, not 

unlike the situation in some areas of the present day American southwest. 

Exposures of these units along strike is not adequate to allow detailed 

reconstruction of the depositional relationships. 

Fluvial conglomerates (Units 3, 5, 6) (Figure 44), containing 

a thin welded ash flow tuff (Unit 4) overlay the eolian deposit. These 

rocks indicate a return of the fluvial conditions to the area. The 
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this time. 
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The sandstones in Unit 7 represent a change from the coarse 

underlying rocks. This fining upward relationship continues through 

the interbedded sandstones and mudstones in Unit 8 and up through Unit 

11. This large fining upward sequence is interpreted to represent a 

continuation of fluvial conditions. Tectonism had slowed, so that 

coarser material was not being produced and the local gradient of the 

fluvial system had been reduced. The sandstone units are interpreted 

to be channel deposits and the mudstones are interpreted to be related 

overbank deposits. The whole sequence may represent a regressing al

luvial fan system. More detailed work is needed to substantiate this 

hypothesis. 

The upper unit of this section (Unit 12) is sandstone and con

glomerates (Figure 45) that probably represent continued fluvial depo

sition. This unit reflects at least a local renewal of tectonism result

ing in renewed transgression of the alluvial fan system. The angular 

fragments in the conglomerates that their source was nearby and that 

the tectonic activity need not have been widespread. 

Exposures are not good enough to allow accurate determination 

of the direction of the proposed transgression and regression of the 

alluvial fan system. Based on pebble imbrications and cross bedding, 

it appears that the source for the clastic material was to the north of 

the present outcrop. 
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O'Leary Canyon Section (Figure 28) 

Lower Contact: rests depositionally on thickly bedded, cherty 

Concha Limestone of Permian age. The two units are con

formable across the unconformity. 

0-3 Unit 1: sandstone; quartz arenite; light tan when weathered, 

pink to white when fresh; medium fine grained; moder

ately sorted; well stratified; contains subrounded quartz 

grains, and opaques or heavy minerals concentrated along 

laminae which accents the cross bedding; cross bedding 

sets up to approximately 10 cm thick; well cemented by 

silicate overgrowths and clay. 

3-6 Unit 2: pebble conglomerate; brownish red; poorly sorted; 

6-38 

poorly bedded; clasts are subrounded chert and rare ang

ular volcanic rocks of fairly uniform 15 mm in diameter, 

rare clasts up to approximately 20 cm in diameter; matrix 

for this unit is a very fine grained, red, sublitharenite 

that is very well cemented by hematite and silicate ce

ment; found depositionally on the Paleozoic at some local-

ities. 

Unit 3: sandstone; quartz arenite; orange; fine grained; well 

bedded, locally cross bedded; contains rounded quartz 

and minor rock fragment poorly cemented by silicate and 

hematite, poorly exposed and may include mudstone inter

beds; contains resistant exotic blocks of grey, cherty 

limestone up to approximately 10 m thick and 30-40 meters 

long. 
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Unit 4: welded tuff; reddish brown when weathered, light grey 

when fresh; very fine grained contains light orange to 

pink enhedral feldspar, clear quartz and black mica, 

phenocrysts up to approximately 2 mm, well foliated and 

contains a very well developed eutaxitic texture; cream 

colored bleached zones up to approximately 15 cm in dia

meter occur toward the less foliated upper part of the 

unit. 

Unit 5: conglomerate; dark reddish brown; poorly sorted; 

poorly bedded; clasts in the conglomerate are entirely 

angular fragments of dark grey to dark reddish brown 

volcanic rock up approximately 15 cm, rare Paleozoic 

limestone clasts occur at the base but nowhere else in 

this unit. Interbedded sandstones and matrix of the 

conglomerates is dark reddish brown, friable, nonresis

tant coarse grained sublitharenite; sandstones are poorly 

cemented by iron oxides and are locally well laminated. 

Unit 6: sandstone, quartz arenite; light orange; medium to 

fine grained; poorly laminated; well bedded; well sorted. 

This unit contains rounded to subangular quartz grains; 

concentrations of opaques or heavy minerals along lami

nations and very small opaque grains of white feldspar 

(?), locally cross bedded with sets up to approximately 

1 m, occasional pebble conglomerate interbeds have a 

matrix of the same sandstone and rounded light grey vol

canic rock clasts. 
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Unit 7: welded tuff; light purplish grey; very fine grained 

containing light pink enhedral and bro~en feldspar pheno

crysts up to approximately 1 mm, and volcanic xenoliths 

up to approximately 10 mm, massive to poorly foliated 

and contains a poorly developed eutaxitic texture; spher

icles are present in the basal part of the unit up to 

approximately 2 cm in diameter, weathers to a dark pur

plish grey and often contains abundant light orange 

bleached zones along fractures. 

Upper contact: Top of section is eroded. Section ends on top 

of hill. 

O'Leary Canyon Section 

The contact between the Mesozoic and Paleozoic rocks is well 

exposed at the base of the O'Leary Canyon section. The contact is a 

disconformity at that location. 

The basal Mesozoic unit in the section is sandstone, similar 

to those in the middle part of the Mount Hughes section. None of the 

lower mudstone unit, apparently thick to the northwest is present. 

The chert pebble conglomerate (Unit 2) is common near the dis

conformity. In many places in the area near this measured section, it 

rests on the underlying Paleozoic rocks and the sandstone of Unit 1 is 

absent. This conglomerate probably represents an alluvial deposit of a 

small stream that flowed across a fairly gentle erosional surface. 

The welded tuff (Unit 4) is locally thick and prominent in 

many sections near the one measured. It represents a welded ash flow, 

perhaps deposited in the alluvial valley that was receiving the 



194 

sandstones and conglomerates. The uppermost welded tuff (Uuit 7) prob

ably represents the thick basal unit in the welded ash flow sequence 

found in other sections. 

meters 

O'Leary Canyon, South Section (Figure 28) 

Lower contact: The base of the section rests depositionally 

on grey, cherty limestone of the Permian Concha Limestone. 

The contact appears to be concordant across the uncon

formity. The contact, however, is irregular, with relief 

on the order of tens of meters. 

0-3 Unit 1: sandstone; quartz arenite; light orange when fresh, 

reddish orange when weathered; medium to fine grained; 

moderately sorted; contains rounded quartz grains, rare 

feldspar, opaque or heavy mineral grains or rock frag

ments; cement slightly calcareous hematite and silicate, 

generally poorly exposed. 

3-18 Unit 2: welded tuff; dark brownish red; very fine grained, 

18-44 

containing white, enhedral and broken feldspar xenocrysts 

and volcanic xenoliths up to approximately 2 mm; gener

ally well foliated but displays very poorly developed 

eutacitic texture, generally poorly exposed. 

Unit 3: conglomerate; dark reddish brown to dark purplish 

brown; poorly sorted; clasts subangular; fine grained 

volcanic rock fragments up to approximately 10 em, but 

most are under 2 em, the matrix is coarse, angular grained 

subarkose which also forms sandstone interbed. 
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Break in section: small fold and fault (?). Measured section 

resumes in rocks which dip in same direction as the lower 

part. 

Unit 4: sandstone; quartz arenite; similar to Unit 1, but 

with more cross bedding. 

Unit 5: welded tuff; light reddish purple; very fine grained, 

containing enhedral and broken clear quartz and pink 

feldspar phenocrysts up to approximately 1 mm and angu

lar, fine grained volcanic xenoliths up to approximately 

2 cm; locally foliated and well developed eutaxitic tex

ture; sphericles are not present in the measured section, 

but they occur up to 20 cm in diameter along strike in 

this unit. 

Unit 6: welded tuff; light purplish grey; very fine grained; 

containing enhedral and broken clear quartz and pink 

feldspar xenocrysts up to approximately 2 mm and angular 

volcanic xenoliths up to 1 cm; light orange to cream 

bleached splotches locally common; content of lithic 

fragments increases upsection and the rock becomes more 

pinkish purple; generally contains a poorly developed 

eutaxic texture. 

Unit 7: welded tuff; pinkish purple when fresh, brown with 

light orange bleached splotches when weathered; very 

fine grained; containing minor amounts of enhedral and 

broken clear quartz and pink feldspar and hematite re

placing magnetite up to approximately 1 rom, and angular 
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volcanic lithic fragments up to approximately 2 cm; well 

foliated; well developed eutaxitic texture; weathers to 

platey slopes, contains sperhicles up to approximately 

30 cm in diameter in its upper part (Figure 46), occa

sional discordant hematite veins approximately I mm wide 

cut the rock. This unit may be the upper part of a com

plex cooling unit that includes Unit 6. 

113-144 Unit 8: welded tuff; light grey when fresh, light tan when 

weathered; very fine grained; containing minor enhedra1 

and broken clear quartz, white feldspar and weathered 

biotite xenocrysts up to approximately 2 mm, and angular 

volcanic xenoliths up to approximately 2 cm; well foli

ated; contains a very well developed eutaxitic texture, 

generally swirly patterns of foliation, rather than the 

planar orientation usually found in welded tuffs, is 

distinctive to this unit. 

144-152 Unit 9: welded tuff; purplish grey when fresh, purplish brown 

with light tan bleached areas when weathered; very fine 

grained; containing enhedral and broken clear quartz, 

pink feldspars and biotite phenocrysts up to approxi

mately 4 mm and angular pumice or fine grained volcanic 

rock fragments up to approximately 2 cm; lithic fragments 

are variably altered to reddish brown iron oxides and 

clay, flattened pumice (1) shards and a poorly developed 

eutaxitic texture. 

152-161 Unit 10: sandstone; quartz arenite; reddish brown; very fine 
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Figure 46. Sphericles in outcrop. These features occur at the base of 
many ash flows in the northern Canelo Hills and aid in map 
correlations. They may be related to divitrification of 
of original glassy material. 



198 

grained; containing rounded to subangular quartz grains 

and rare feldspar or lithic fragments; poorly bedded; 

cemented by silicates and hematite. 

161-237 Unit 11: welded tuff; light grayish purple; very fine grained 

with broken and enhedral clear quartz, pink feldspar and 

biotite xenocrysts up to approximately 2 mm and angular 

volcanic rock fragments up to 3 cm; lithic fragments 

occur throughout this unit but tend to be concentrated 

and conspicuous in certain zones, unit appears brecciated 

in some areas and weathers to a rough, knobby surface, 

abundant bleached zones localized by fractures, black 

coating of manganese oxide (?) locally coats the fracture 

surfaces. Rock appears to be silicified toward the top 

part of this unit, almost certainly at least one complex 

cooling unit, but exposures are not adequate to subdivide 

it further. 

Upper contact: the section is truncated by a high angle fault 

that places it in contact with the hill on which the 

Everhardt Ranch section is exposed. 

O'Leary Canyon, South Section 

The O'Leary Canyon South section occupies a middle position 

between the O'Leary Canyon section to the north and the Canelo Ridge 

section to the south. The contact between the Paleozoic and Mesozoic 

rocks is well exposed at the base of the section. 

The contact at this location is a disconformity. Mapping along 

this surface reveals that it has tens of meters of relief. Conglerates 
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and sandstones, similar to the ones in the lower part of the section 

fill in the low spots on the surface. It is not clear in the field 

whether the relief on the contact is the result of erosion or faulting. 

The lower unit (Unit 1) in this measured section is a quartz 

arenite that probably represents eolian conditions. The red welded 

tuff (Unit 2) represents an ash flow, and is the same unit described in 

the lower part of the O'Leary Canyon section. The conglomerate and 

sandstone above the tuff probably reflect deposition in fluvial system 

that is in turn overlain by more aeolian sandstones. Fluvial units 

underly the basal sandstone of this section in lower places on the undu-

lating erosional surface. These clastic units in the lower parts of 

the O'Leary Canyon and O'Leary Canyon South sections are of interest 

because they contain large exotic blocks of Paleozoic limestones and 

red and purple volcanic ro~ks 10's of meters long and as much as 10 

meters thick. Recognition of these blocks within this unit was first 

made by Hayes and others (1965) and Simons and others (1966). Their 

work was done in the vicinity of the O'Leary Canyon and O'Leary Canyon 

South sections and led them to conclude that the large exotic blocks 

all occur within approximately 100 meters of the unconformity. 

The upper part of the O'Lary Canyon South section is a sequence 

of welded ash flow tuffs that represent several complex cooling unit. 

Of special interest within this sequence are the large sphe~icles devel

oped in the measured sections and in neaby areas, and the prominent 

swirly patterns in the foliation of Unit 8. 

The sphericles (Figure 46) are common to welded ash flow tuffs 

in many areas in the northern Canelo Hills. These spherical structures 
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show no sign of radiating or concentric internal structures. These 

spherical structures are referred to as varioles by Feth (1947, Figure 

14, Figure 15). Their origin is problematical, but they may represent 

some type of perlitic structures formed during the devitrification of 

the basal part of a welded ash flow tuff. 

Ratte and Steven (1967, Figure 9, p. 18) show a photograph of 

similar structures in a vitrophyric part of an ash flow sheet in the 

San Juan Mountains of Colorado. They suggest that the structures there 

are associated with "devitrification dikes" which are nowhere evident 

in the Canelo Hills. Their interpretation of these structures as the 

product of devitrification of part of an ash flow unit is essentially 

the same as that proposed above. The occurrence of these spherical 

structures in the basal part of this tuff unit is a diagnostic trait 

and aids in its correlation from one place to another in the northern 

Canelo Hills. Localities where these structures are particularly well 

developed are: along the wash in SW~, SE~, sec. 18, T.21.S., R.17E. 

(the photograph in Figure 46) is from this locality); in Alamo Canyon, 

SW~, SW~, sec. 36, T.20S., R.16E.; along the ridge and in the northeast 

trending wash in SW~, sec. 17, T.2lS., R.17E. The swirly foliation 

patterns are found only in this general area even though the grey well 

foliated tuff can be found over a much larger area in the northern Canelo 

Hills. The swirly foliation is interpreted to represent secondary 

flowage in an ash flow tuff that is still hot enough to be viscous. 

The conditions that allowed the secondary flow (topographic relief?) 

were apparently localized at a time when the unit was still hot enough 

for flow could take place, thus the flow and resulting formation of the 
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foliation was also localized. A second alternative is that the swirls 

in the foliation may record turbulence with the hot ash flow as it came 

to rest. This second proposal is interpreted to be less likely because 

post deposition flattening of the ash flow would probably also flatten 

the deformed foliation. Finally, the grey volcanic could be a lava 

flow and not an ash flow tuff. The swirly foliation would then repre

sent turbulent flow within the lava. Well developed eutaxitic texture 

indicates that at least the early history of the unit is one of hot ash 

flow. 

The sandstone unit (Unit 10) is also worthy of note because it 

represents the only sedimentary unit in the volcanic sequence. This 

unit probably represents eolian deposition during a pause in the erup

tive history of the ash flow sequence. 

Cane10 Ridge Section (Figure 28) 

Lower contact: depositional on Permian age limestones of the 

Rainval1ey (?) or Concha Limestone (Figure 47). The 

contact is slightly undulating (relief approximately 10 

cm) and may display a slight (less than 10 percent) 

angular discordance. 

0-5 Unit 1: sandstone (subarkose); reddish brown, fine to medium 

grained; quartz rich; contains variable but generally 

minor amounts of feldspar and lithic fragments; grains 

are subangular to subrounded and moderately to well 

sorted; basal few centimeters is conglomeratic with 

angular clasts of quartzite, limestone and welded tuff 

clasts up to approximately 2 cm; quartz overgrowths 
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Figure 47. Basal sandstone of the Mount Hughes formation in the Canelo 
Ridge measured section. Width of view is 1.8 Mm. 
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common, many encasing hematite dust rings that reflect 

the original subrounded grain shape (Figure 47). Charles 

Stockton (1980, personal communication) reports that the 

aquifer from which water is drawn for the Tunnel Springs 

Ranch development on the northern side of the northern 

Canelo Hills may be this same, basal sandstone. 

5-11 Unit 2: welded tuff, reddish purple; very fine grained; 

11-38 

contains approximately 15 percent enhedral and broken 

xenocrysts of feldspar up to approximately 1 cm and quartz 

up to approximately 1 mm; displays well developed 

eutaxtic texture; generally quite hard and dense, shards 

have recrystallized to axiolitic structures, overlies 

the Paleozoic rocks directly in some places; many of the 

large plagioclase xenocrysts are largely or completely 

replaced by calcite. 

Unit 3: sandstone lithic (subarkose); reddish brown, fine 

grained, quartz rich with sericitized feldspar, volcanic 

rock fragments and white pumice fragments; the relative 

amount of quartz increases upward in this unit, contains 

interbeds of reddish brown mudstone conglomerates that 

contains angular volcanic rock fragments up to approxi

mately 5 mm; both the sandstone and the conglomeratic 

interbeds are well bedded with beds up to approximately 

20 cm; minor cross bedding in the sandstone forms sets 

up to approximately 10 cm; crossbed sets may increase in 

size and become more common upward. Cement is largely 
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49-75 

75-90 

silica, interstitial (authigenic) sericite and minor 

hematite. 
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Unit 4: welded tuff; reddish purple; recrystalized and very 

fine grained; containing approximately 5 percent enhedral 

and broken feldspar xenocrysts but apparently no quartz; 

well foliated in its lower part and massive in its upper 

part; eutaxitic texture not well developed in hand spec

imen but very well developed in thin section, shards are 

only moderately flattened, but are generally recrysta

lized to axiolitic structures, zone of sphericles forms 

the upper meter. 

Unit 5: welded tuff; purple to grey; very fine grained, 

containing enhedral and broken xenocrysts of hornblende 

magnatite and hematite, and feldspar up to approximately 

.5 rom and xenoliths of volcanic rocks up to approximately 

1 rom and lenticular (flattened?) pumice shards; smaller 

shards not greatly flattened; basal 3 meters of this 

unit is a sphericle zone with sphericles up to approxi

mately 10 cm in diameter, but generally less than 5 cm; 

irregular light orange bleached zones cut the unit and 

many of the xenoliths have similar halos surrounding 

them. 

Unit 6: welded tuff; red to pink to light purple; very fine 

grained containing enhedral and broken xenocrysts of 

feldspar up to approximately 5 rom and very fine grained 

volcanic and red mudstone xenoliths up to approximately 
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3 cm; moderately developed eutaxitic texite and well 

developed axiolitic structure; contains lenticular vugs 

in the lower 3 meters but is massive above that. 

Unit 7: welded tuff; grey, grading to light purple upward; 

very fine grained; containing enhedral and broken xeno

crysts of feldspar up to approximately 1 mm, and xeno

liths of fine grained volcanics and quartz arenite up to 

approximately 3 cm; zones of well developed eutaxitic 

texture including abundant lenticular vugs and pumice 

shards, areas between eutaxitic zones show surprisingly 

little flattening of shards. 

125-146 Unit 8: sandstone (lithic arkose); reddish brown, very fine 

to medium grained; very poorly sorted; quartzose, but 

also contains grains of feldspar quartzite, white chert, 

volcanic rock fragments; well bedded, with bedding up to 

5 cm thick, some of the feldspars appear to still retain 

their crystal vases; hematitic matrix; silica and hema

tite cement; minor interbeds of clast supported pebble 

conglomerates whose matrix is like the encasing sand

stones, clasts in these conglomerates are quartzite, 

chert and volcanic pebbles whose imbrication suggests 

southerly transport. 

146-169 Unit 9: welded tuff; pink; very fine grained with rare 

euhedral and broken feldspar and altered biotite xeno

crysts and occasional volcanic xenoliths up to approxi

mately 1 cm; very porly welded; crumbly; does not 
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display well developed eutactic texture or foliation, 

contains abundant calcite and quartz filled lenticular 

vugs and large patches of secondary calcite in the matrix. 

169-220 Unit 10: welded tuff; light grey to light purple; very fine 

grained; containing enhedral and broken plagioclase feld

spar and quartz xenocrysts up to approximately 1 mm and 

xenoliths of red mudstone and fine grained volcanics up 

to approximately 15 cm; zones of well developed eutaxitic 

texture and foliation alternating with zones of poorly 

developed eulaxtic texture; patches of secondary calcite 

are common in the matrix; approximately 20 meters from 

the base of the unit, it includes a large xenolith of 

the underlying rock (see Unit 9) approximately 5 m in 

diameter; more purple and contains no large xenoliths 

above approximately 38 meters from its base. 

220-358 Unit 11: sandstone and conglomerate, reddish brown to dark 

brown; basal 2 meters are a breccia with large, angular 

fragments of the underlying grey volcanic (see Unit 9) 

floating in a very fine grained sandstone or mudstone 

matrix; clasts in the conglomerate are fine grained vol

canic up to approximately 1 meter in diameter and are 

very poorly sorted (Figure 48); only rare layers with 

clasts of Paleozoic rocks and no plutonic clasts; clasts 

float in a matrix of very fine sandstone or mudstone to 

coarse grained sandstone; poorly sorted and contain quartz; 

feldspar, magnetite, and lithic fragments (lithic 



Figure 48. Coarse, angular conglomerate from the upper part of the 
Canelo Ridge measured section. 
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subarkose); sandstones well cemented by quartz and mag

netite and minor carbonate; cut and fill channel struc

tures abundant; clast imbrications are ambiguous, some 

suggesting northerly transport, while others suggest 

southerly transport. 

358-480 Unit 12: sandstone (subarkose); orange; fine to medium grained 

moderately sorted; finely laminated, and well bedded. 

Subangular quartz is the dominant constituent with 

slightly sericitized feldspar or lithic grains, and the 

cement is silicate; cross bed sets range up to approxi

mately 10 em, pebble conglomerate interbeds have a matrix 

that is the same as the sandstone and contain angular to 

subangular volcanic rock fragments; cross bedding and 

pebble imbrication suggests southerly transport. 

480 meters 

(1575 ft) Fault truncates top of section and puts the Jurassic rocks 

against the Cretaceous Fort Crittenden Formation(?). 

Canelo Ridge Section 

The basal unit of this section is a sandstone (Unit 1) that 

was probably deposited under eolian conditions. The thick, red mud

stone unit, prominent to the northwest (lower part of Mount Hughes sec

tion; Canelo Redbeds of Feth, 1947, 1948), is absent below the eolian 

sandstone. 

The contact between the Paleozoic and Mesozoic rocks is a dis

conformity with only approximately 10 cm of undulating relief in the 

vicinity of the measured section. Mapping along the contact, however, 
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reveals 10's of meters of relief on the upper surface of the Paleozoic 

rocks. The relief appears to be abrupt and is interpreted to be the 

result of faulting oriented somewhat east of north. The low areas 

resulting on the down thrown side of the faults were filled with sand

stone, pebble conglomerates and at last one ash flow tuff before erosion 

leveled the top of all of the units. The basal sandstone of this sec

tion then was deposited on this complex surface. Charles Stockton (1980, 

personal communication) reports that this basal eolian sandstone is the 

aquifer that supplies water for the Tunnel Springs Ranch development on 

the northern side of the Cane10 Hills. 

The reddish brown welded ash flow tuff (Unit 2) is the same 

unit found in the lower parts of the O'Leary Canyon Ranch section. 

However, the fluvial conglomerates and sandstones found in those sec

tions are absent from the Canelo Ridge section, which is only a few 

kilometers to the south. Much less frequent in the Cane10 Ridge sec

tion are the exotic blocks of Paleozoic limestone and Mesozoic volcanics 

that are numerous to the north. Only two volcanic blocks and one lime

stone block was recognized in this area whereas to the north tens of 

blocks are present. 

The welded tuffs represent a sequence of welded ash flow sheets 

with a medial eolian sandstone unit similar to the sequence found to 

the north. Preserved at the top of this section is a thick unit of 

conglomerate (Unit 11) and another thick unit of sandstone (Unit 12). 

The conglomerates contain coarse, poorly sorted, angular frag

ments and probably reflect a nearby source area with high topographic 

relief. The relative homogeneity of clast type suggest a largely vo1-
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canic terrane was being eroded. The sandstone (Unit 12) at the top of 

this section probably represent a return to eolian conditions following 

deposition of the conglomerates. Bedding is not well developed in the 

conglomerates, but they appear to be approximately concordant with the 

underlying ash flow tuffs. As in the Mount Hughes section, this sug

gests that the low area that received the conglomeratic sedimentation, 

was not rotated appreciably prior to initiation of deposition. 

Ralph Tank Section (Figure 28) 

Lower contact: Base of section is a high angle fault that the 

juxtaposes measure section with paleozoic limestones of 

the Pennsylvanian Horquilla Limestone (?). 

0-5 Unit 1: sandstone (arkose); light reddish brown; medium to 

coarse grained; poorly sorted; well bedded; friable; 

grains are angular to subrounded and are dominantly par

tially-sericitized plagioclase and microcline fragments, 

quartz g~aine a minor constituent, cement largely slightly 

calcareous clay and hematite, interstitial, authigenic 

(?) red-brown biotite is common; contains conglomeratic 

interbeds that have angular to subrounded volcanic and 

grey Paleozoic limestone clasts up to 20 cm in diameter; 

clasts are supported by a matrix similar to the sandstone 

interbeds. 

5-7 Unit 2: conglomeratic mudstone; dark reddish brown; very 

poorly sorted; very poorly bedded; clasts encased in the 

massive mudstone matrix, are volcanic rock fragments, 

and angular fragments of quartz and feldspars and range 



211 

in size from 1 mm to 15 cm; matrix only slightly calcar

eous and weathers to low, rounded hills; fine grained 

matrix contains quartz, sericitized plagioclase and orth

oclase that are replaced by patches of calcite. Surpris

ingly, considering the lithology of the large clasts, 

thin sections of the matrix contains no rock fragments. 

7-18 Unit 3: interbedded conglomeratic sandstones (Unit 1) and 

18-20 

20-108 

conglomeratic mudstones (Unit 2) (Figure 49). 

Unit 4: tuff (7); light lime green; aphanitic; small (.5 mm) 

quartz and feldspar (7) phenocrysts in an aphanitic ma

trix, this rock may have been downfaulted into the sec

tion, or it may be a very fine grained intrusive, similar 

to the rock at meter 66 in the Black Oak Cemetary section 

(below); appears as clasts in the overlying conglomeratic 

sandstones in both sections; groundmass has been highly 

altered to sericite, calcite and indeterminate, fine 

grained material. 

Unit 5: same as Unit 3. Well displayed fining upward cycles, 

a 28 there is a completely aphanitic grey volcanic approx

imately 1 meter thick intruding the section; sandstones 

are well cross bedded; above 65 the conglomeratic mud

stones gradually make up much less of the rock, but they 

are present throughout the section, near the top of the 

unit it is composed of interbedded sandstones and conglom

erates. 

Upper contact: Top of section is covered by uncemented, 



Figure 49. Interbedded sandstones (resistant) and conglomeratic mud
stones in the Ralph Tank measured section. 
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tertiary gravels. The rocks of this section dip east 

and are separated by approximately 40 meters of covered 

area from the fault that truncates the west dipping Canelo 

Bridge measured section. 

Ralph Tank Section 

The base of the Ralph Tank section is not exposed. The lowest 

rocks that are exposed have been juxtaposed by faulting with Paleozoic 

limestones. The lowest unit (Unit 1) exposed is an arkosic fluvial 

sandstone, containing conglomeratic units containing Palezoic limestone 

clasts. 

The next higher unit (Unit 2) is a conglomeratic mudstone that 

contains clasts of volcanic rocks. These mudstone units probably 

represent mudflow deposits within the fluvial system that deposited the 

sandstones. This is supported by the fact that the rest of the section 

is made up of an interbedded sequence of these two rock types. In the 

upper part of the section, however, there are many fewer mudflow units 

and more, coarse conglomerate units. This section is interpreted to 

represent a prograding alluvial fan. Detailed work is needed to deter

mine the geometry of the fan system. 

Black Oak Cementary Section (Figure 28) 

Lower contact: Base of section is a high-angle fault that 

puts the measured section against lithologically similar, 

but highly deformed rocks. The rocks across the fault 

are too broken to be measured, or correlated with the 

. measured section. 
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meters 

0-2 Unit 1: conglomerate and sandstone; reddish brown; conglomer-

ate clasts are volcanic rock fragments up to 1 cm dia

meter, minor chert pebbles up to approximately 3 cm, and 

rare grey limestone cobbles up to approximately 10 cm; 

matrix for the conglomerate and the interbedded sand

stones are reddish brown arkosic litharenites containing 

quartz, feldspar; sedimentary and volcanic rock fragments 

cemented by hematite, clay and carbonate, occasional 

clean medium to fine grained sandstone interbeds are 

also poorly sorted, and cemented by hematite and calcite; 

thin section examination suggests that the calcite is in 

the process of replacing feldspar (?) grains, matrix 

also contains authegenic mica which has been variably 

altered to chlotite, bedding ranges from 1 to 20 cm. 

2-9 Unit 2: conglomerate; medium brown; poorly sorted; poorly 

bedded, conglomerate clasts include subrounded to sub

angular pebbles of quartz and angular feldspar up to 

approximately 2 cm, larger pebbles, up to 5 cm; domi

nantly fine grained, volcanics, but includes occasional 

plutonic rocks and rare Paleozoic limestone, matrix of 

the conglomerate is brown calcareous mudstone and fine 

grained sandstone; occasional larger clasts up to 60 cm 

randomly intermingled in this unit, mica variably altered 

to chlorite abundant in the matrix, the arkosic sandstone 
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sedimentary rock fragments are highly replaced by calcite 

as in Unit 1. 

9-11 Covered 

11-20 

20-27 

27-29 

29-84 

Unit 3: sandstone; arkosic litharenite; brown; coarse grained; 

poorly bedded, dominantly coarse sand of volcanic rocks 

but it contains grains of quartz and feldspars; matrix

cement largely clay and hematite that sometimes surrounds 

the grain, sometimes fills interstites; contains very 

little fine sand. 

Unit 4: conglomerate; reddish brown, similar to Unit 2; poorly 

sorted; poorly bedded; conglomeratic clasts are rounded 

volcanics, sandstones and plutonic rocks and angular 

Paleozoic limestones, clasts sizes range from approxi

mately 40 cm to 1 cm; matrix, which supports the clasts, 

composed of coarse grained angular to subrounded sand of 

the same lithologies as the clasts. 

Covered 

Unit 5: conglomerate; same as Unit 4, but with increasing 

limestone clast content upward, interbeds of conglom

erates in which angular limestone clasts are the dominant 

lithology, are interbedded with those of Unit 4, even in 

the volcanic clast conglomerates the limestone clast 

content increases steadily upsection; both lithologies 

have a high degree of alteration to calcite in matrix, 

light green, aphinitic volcanic intrudes the section at 

66. 



Top of section: Top of section is overlain by uncemented, 

Tertiary gravels. 

Black Oak Cemetary 
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The lowest unit exposed in the Black Oak Cemetary section is 

conglomerate and sandstone which were probably deposited in a fluvial 

system. Volcanic rocks are the dominant clast type, but chert and rare 

limestone clasts are present also. These interbedded fluvial conglom

erates and sandstones make up the rest of the section, suggesting that 

all of the rocks in this section were deposited under approximately the 

same conditions. 

The important point about this section is that the clast type 

in the conglomeratic units changes from almost entirely volcanic rocks 

in the lower part to dominantly Paleozoic limestone in the upper part. 

This change probably reflects the erosion of a volcanic cover and even

tual erosion into the Paleozoic rocks below the volcanics in the source 

area. The continuing presence of volcanic rock clasts in the upper 

part of the section suggests that a lithologically complex source area 

remained through the deposition of this entire section. The presence 

of rounded plutonic rock clasts indicates that at least part of the 

source area may have been some distance away, since no plutonic rocks 

are exposed in the northern Canelo Hills. The mixture of angular lime

stone clasts with rounded plutonic, sandstone and volcanic clasts may 

reflect a mixture of first cycle or locally derived limestone fragments 

and more distantly derived or recyled clasts of other rock types. 

This section is interpreted to be part of an alluvial fan 

system of as yet unknown geometry into which local tectonic activity 
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provided a nearby source for limestone fragments after the overlying 

volcanics were removed. 

0-12 

12-55 

55-63 

63-88 

88-100 

Lower 

Unit 

Cane10 Brid~e Section (Figure 28) 

contact: Base of section is overlain unconformably by 

cemented Tertiary gravels. The unconformity has an ang-

ular discordance of approximately 400 • 

1: conglomerate; light reddish brown; poorly sorted; 

poorly bedded; conglomerate clasts subangular to sub

rounded volcanics and rare Paleozoic limestone up to 

approximately 20 cm; matrix which supports the clasts is 

medium to coarse grained angular to subrounded grains of 

quartz, feldspar, volcanic and sedimentary (limestone) 

rock fragments; matrix cement is hematite, carbonate and 

clay. 

Unit 2: conglomerate; similar to Unit 1 but with approximately 

15 percent plutonic rock clasts and coarse sandstone 

interbeds, pebble imbrications suggest easterly transport. 

Unit 3: sandstone, arkosic litharentite; light reddish brown; 

coarse grained; poorly bedded; grains are dominantly 

quartz, feldspar and volcanic rock fragments well cemen

ted by carbonates, clay and hematite; contains occasional 

conglomeratic interbeds similar to Unit 1. 

Unit 4: conglomerate; same as Unit 1, but including occasional 

cobble conglomerate interbeds. 

Unit 5: conglomerate; similar to Unit 1 except that clasts 
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are generally larger than Unit 1 - up to 50 cm and grey, 

Paleozoic limestone comprises a larger percentage 

(approximately 40 percent) of the clasts. 

101-114 Unit 6: sandstone; same as Unit 3. 

114-125 Unit 7: conglomerate; similar to Unit 1 except clasts of 

granitic plutonic rocks and grey Paleozoic limestones 

are dominant, contains abundant sandstone interbeds sim

ilar to Unit 3. 

125-174 Unit 8: conglomerate; interbedded volcanic clast conglomerates 

and sedimentary clast conglomerates similar to Unit 1 

and Unit 5; pebble imbrication suggests easterly trans

port; small faults cut the unit in its upper part. 

Top of section: Section is truncated by a high angle fault 

that juxtaposes the measured section against similar 

appearing rocks. The measured section dips westerly and 

the rocks across the fault dip easterly and no unequivo

cal correlation could be made. 

Canelo Bridge Section 

The Canelo Bridge section, like the Black Oak Cemetary section, 

is comprised of interbedded fluvial sandstones and conglomerates. The 

gradual increase in clasts of Paleozoic limestones upward in the section 

suggests the gradual erosion of a volcanic and sandstone cover and ini

tiation of erosion of the underlying Paleozoic limestone. 

This section is approximately one kilometer south of the Black 

Oak Cemetary section and reflects the same alluvial fan environment 

envisioned in that area. The same complex source terrane that was 
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interpreted to the north provided sediments for this section. Exposures 

between the two closely spaced and similar sections are not adequate to 

allow unit for unit correlation between them. If the alluvial fan en

vironment interpreted for the deposition of these rocks is correct, no 

such correlation may exist between rocks in the two sections. 

meter 

Flower Tank Section (Figure 28) 

Lower contact: Depositional on massive red welded tuffs of 

the "upper" Canelo Hills volcanics. The contact appears 

to be a concordant, but there may be a slight angular 

discordance (100 ) (Figure 50). 

0-6 Unit 1: sandstone, light grey when fresh, pinkish brown when 

6-18 

weathered; fine grained; well to moderately well sorted; 

carbonate and silicate cemented; lower 2 meters are gen

erally poorly exposed; entire unit is highly fractured, 

contains chert fragments. 

Unit 2: volcanic breccia, pink when fresh, pink and light 

grey when weathered; very fine grained, massive tuffa

ceous matrix material is porphyritic, containing small 

(up to approximately .5 cm) white feldspar crystals and 

fragments and rare nonvolcanic lithic fragments (dark 

brown-black mudstone ?), lithic clasts in the breccia 

the same color as the matrix, but generally very well 

foliated, incipiently welded ash flow tuffs; generally 

very fine grained, angular, range in size from approxi

mately 1 cm up to approximately .5 m; very poorly sorted; 
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Figure 50. A) Basal contact of Flower Tank measured section. 
B) Basal contact of Flower Tank measured section. 
"Lower" unit is depositionally on the "upper" massive 
tuffs. In A) a sandstone is the basal "lower" (Mount 
Hughes Formation) unit. In B), the sandstone has pinched 
out southward and a flow breccia is the basal unit. All of 
the rocks dip westward. 



18-32 

32-55 

55-58 

58-71 

forms part of the slope to the east of the Canelo Pass 

road. 
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Unit 3: welded tuff; light purple; generally very fine 

grained; well developed eutaxitic texture; contains white 

feldspar fragments and crystals up to approximately 5 

mm; generally very lithic, very poorly sorted; may rep

resent a compound cooling unit. 

Unit 4: welded tuff; pink to very light pink; fine grained, 

moderately to well developed eutaxitic texture and abun

dant lenticular vesicles, contains white feldspar frag

ments and crystals up to approximately 5 mm and abundant 

lithic fragments; probably represents a compound cooling 

unit, upper part is exposed just north of Canelo Pass. 

Unit 5: sedimentary breccia; grey to very light brown, 

contains sandstone, limestone and volcanic clasts up to 

approximately 50 cm diameter; sandstone clasts are very 

light brown to white, fine grained and conspicuously 

cross bedded; limestone clasts are light grey, cherty 

and they are probably derived from nearby outcrops of 

Paleozoic limestones; volcanic clasts are grey, very 

fine grained and appear similar to volcanic units that 

underlie this breccia; cemented by silicate cement and 

interstitial quartz sandstone that appear similar to the 

larger sandstone clasts. 

Unit 6: quartz sandstone; white when fresh, laminated white-
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93-96 

96-99 
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pink-grey when weathered; fine grained; well sorted; 

poorly cemented; friable; well laminated; locally cross 

bedded with sets up to approximately 25 cm, contains 

intermixed limestone blocks up to more than one meter in 

length and the unit is brecciated at the top 2-3 meters; 

sandstone is similar to that in Unit 5 and contains small 

knobby concretionary growth up to approximately I cm 

that are very similar to those in the sandstones of the 

Permian Scherrer formation; forms low, rounded outcrops 

and underlies Flower Tank, just north of the Canelo Pass. 

Unit 7: welded tuff; dark pink; very fine grained but contains 

white crystals and fragments of feldspars up to approxi

mately .5 cm and smaller, and rare fragments of quartz 

crystals, also contains lithic fragments, generally of 

volcanic rocks; well developed eutaxitic texture. 

Unit 8: breccia; grey-brown-white; angular clasts of Paleozoic 

limestone, white, cross bedded sandstone and welded tuff 

and flow breccia up to several meters long apparently 

randomly intermixed and cemented by reddish brown to 

light brown sandstone; matrix appears to be very similar 

lithologically to the sandstone clasts. 

Unit 9: poorly welded tuff; mottled light pink to white; very 

fine grained containing enhedral and broken quartz and 

feldspar xenocrysts up to approximately 1 mm and volcanic 

and sedimentary lithic fragments up to approximately I 

cm; well foliated; but possesses poorly developed eutax-
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itic texture; friable and relatively nonresistant, form

ing a low saddle between units above and below it. 

Unit 10: conglomerate; reddish brown; matrix is poorly 

laminated mudstone, which contains occasional fine to 

medium sandstone lenses (Figure 51); clasts are angular 

fragments of Paleozoic limestone and welded tuffs up to 

approximately 10 mm; large limestone blocks up to approx

imately 1 meter also occur in this unit. 

112-115 Unit 11: welded tuff; light red; very fine grained with 

euhedral, broken xenocrysts of quartz and feldspar rare 

lithic fragments; very hard and dense but with no 

apparent eutaxitic texture; generally poorly exposed, 

suggesting that it may be highly fractured; this unit 

may be a breccia. 

Break in section at 115: Section is projected along strike 

approximately 35 meters. 

115-145 Unit 12: conglomerate and sancstone; generally reddish-brown 

but locally white; well bedded; conglomerate is composed 

of angular clasts of thin bedded pink quartzite and grey 

welded tuffs floating in the reddish-brown fine-grained 

sublitharnite matrix; the size of the clasts in the basal 

part of the unit, but they appear and beome common upsec

tion; relative clast composition varies widely from bed 

to bed, basal few meters of the unit generally less con

glomertic; basal sandstones and the sandstone interbeds 
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Figure 51. Typical Paleozoic-clast conglomerate from the Mount Hughes 
measured section. 



upward in the section similar to the matrix material, 

~ut without the larger clasts. 
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145-154 Unit 13: limestone block; light grey, very fine to medium 

grained; thickly to massively bedded; very cherty with 

irregular chert blebs and silicified Productid brachio

pods and crinoid stems common; generally high fractured, 

but fracures are healed; this block probably Concha Lime

stone and is of variable thickness along strike, pinching 

out to the north and, probably, to the south of the mea

sured section. 

Break in section: Section projected along strike approximately 

20 m. 

154-161 Covered. 

161-170 Unit 14: limestone block; same as Unit 13. 

Break in section: Section is projected along strike approxi

mately 50 m. 

170-184 Unit 15: conglomerate; light pink to light grey when fresh, 

reddish-brown when weathered; clasts are ang1llar grey 

welded tuff fragments and rare sandstone up to approxi

mately 10 cm, a bed containing rounded clasts of light 

grey limestone occurs at 178, but limestone clasts, 

especially rounded limestone clasts are rare elsewhere 

in this unit. 

184-197 Unit 16: limestone block; same as Unit 13. 

197-216 Unit 17: poorly welded tuff; red; very fine grained; contains 
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enhedral and broken quartz and feldspar xenocrysts and 

large, angular lithic fragments up to 50 cm in diameter; 

xenoliths light very fine grained massive welded tuffs 

with poorly developed eutaxitic texture, the tuff and 

the large lithic clasts highly fractured and form crumbly 

outcrops. 

216-233 Unit 18: conglomerate, same as Unit 15, but with grey 

limestone as greater percentage of the clasts. Includes 

a large block of grey cherty limestone several meters 

long at 223. 

233-236 Covered. 

236-242 Unit 19: conglomerate, reddish-brown, clasts are rounded grey 

limestone clasts up to approximately 10 cm, matrix is 

very fine sublitharenite and mudstone, which is well 

bedded, clasts are matrix supported. 

242-250 Unit 20: tuffaceous subarkose; light pink to light purple, 

fine grained, angular to subrounded grains; medium bedded 

tuffaceous; contains abundant feldspar grains and volcanic 

rock fragments. 

250-262 Unit 21: conglomerate, same as Unit 19. 

262-312 Unit 22: conglomerate and sandstone; reddish-brown. Conglom

erates contains subrounded grey limestone and pink and 

grey welded tuff clasts up to approximately 10 cm; sand

stones similar to Unit 20, but contain a larger percent

age of quartz, grain size varies more than in Unit 20, 

ranging from fine grained to coarse grained, grains 



within the beds generally well sorted but vary between 

beds. 
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312-335 Unit 23: welded tuff; purple to maroon when fresh, reddish

brown when weathered; very fine grained; massive with 

poorly developed eutaxitic texture; highly fractured; 

contains minor enhedral and broken xenocrysts of horn

blende, feldspar, and (rare) quartz, may be a flow rather 

than a tuff, coloration could be secondary, conspicuous 

because of its color even though this rock is generally 

nonresistant. 

335-381 Unit 24: conglomerate; reddish-brown; clasts are angular to 

subrounded, grey limestone, grey and brown chert, grey 

and pink welded tuff and light brown sandstone ranging 

up to 25 cm; matrix reddish-brown, poorly to well bedded 

mudstone that supports the clasts. There are occasional 

interbeds of fine grained, reddish-brown sublitharenite. 

381-435 Unit 25: welded tuff; light purplish brown; very fine grained; 

contains abundant enhedral and broken feldspar xenocrysts 

and lenticular (flattened ?) pumice fragments; well de

veloped eutaxitic texture, becomes more foliated and 

friable above 396; thickness of this unit and the change 

in character upward suggest that this unit may be a com

plex cooling unit. 

435-448 Unit 26: welded tuff; light grey, very fine grained; foliated, 

but eutaxitic texture is not prominent; contains enhedral 



and broken xenocrysts (?) of feldspar; may be a lava 

flow rather than a welded tuff. 
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448-514 Unit 27: conglomerate, same as Unit 24, flat pebbles lie in 

plane of bedding or are slightly imbricated, suggesting 

eastward transport. 

514-520 Unit 28: welded tuff; red; very fine grained; subtle eutaxitic 

texture throughout; appears massive in the basal part 

but becomes foliated upward; contains enhedral and broken 

feldspar and quartz xenocrysts but no lithic fragments. 

520-532 Unit 29: conglomerate and sandstone; reddish-brown to orange. 

532-543 Unit 

Break 

Conglomerates contain angular to subrounded clasts of 

welded tuffs and rare grey limestone clasts; sandstone 

makes up approximately 75 percent of this unit; matrix 

of the conglomerates and sandstones are sublitharenites, 

generally fine to medium grained; moderately sorted, 

with abundant pebble layers. 

30: sub Ii thareni te ; red to orange; medium to fine 

grained; moderately sorted; well laminated and bedded, 

includes occasional volcanic pebble layers. 

in section: Section is projected along strike approxi-

mately 100 m. 

543-661 Unit 31: welded tuff; light purple to pinkish grey when fresh, 

light pink when weathered; very fine grained with euhe

dra1 and broken xenocrysts of quartz and feldspar up to 

.5 em, basal part is massive but foliation is moderately 



developed above 580, poorly to moderately developed 

eutaxitic texture; may be a complex cooling unit. 
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661-710 Unit 32: welded tuff; light tan when fresh, light brown to 

light orange when weathered; very fine grained with 

euhedral and broken crystals of quartz and feldspar 

approximately 2 mm in diameter, very dense and hard due 

to being highly silicic, silicification may be a secondary 

effect. 

710-713 Unit 33: sandstone and conglomerate; light pink; conglomerate 

contains clasts of white, grey and black chert and minor 

grey and pink welded tuffs up to approximately 5 cm; 

matrix of the conglomerates and the sandstone interbeds 

is a subarkose to quartz sandstone that is medium grained, 

moderately to poorly sorted and medium to fine bedded. 

713 meters 

(2340 ft) Fault truncates top of section. Rock above the fault is 

similar to Unit 33, but is highly silicified. Nearby 

mining activity suggests that the silicification may be 

a secondary feature of these rocks. 

Flower Tank Section 

The lower contact of the Flower Tank Section (Figure 5) is 

very important to the understanding of the stratigraphy of the Canelo 

Hills volcanics as established by Hayes and others (1965) and Hayes 

(1970). (See discussion in Stratigraphy section.) 

The lowest unit of this section is an eolian (?) sandstone 
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(Unit 1). Exposures are poor and documentation of this interpretation 

is difficult. Thus the environment of deposition is questionable. 

A sequence of welded ash flow tuffs and breccias overlies the 

basal sandstone in this section. Mapping along strike reveals the tuffs 

and breccias are lenticular, interfingering units. The lower breccia 

in this sequence (Unit 2) is distinctive because of its well foliated 

clasts of densely welded ash flow tuffs. Several units (Units 5, 6, 8, 

10) of conglomerates or sedimentary breccias are interbedded with the 

tuffs. These conglomerates generally have a sandstone matrix and poorly 

sorted, large, angular fragments of Paleozoic limestone. In some of 

the units the large blocks seem to be mixed together with very little 

matrix. These sedimenatry units probably represent a sort of landslide 

deposit, laid down rapidly during brief (?) pauses in the eruptive 

history of the tuff sequence. It is easy to imagine the sedimentary 

breccias being dislodged and set into motion by earthquakes associated 

with the eruptive centers and tectonic activity that produced the tuffs. 

The source of the clasts in the sedimentary breccias is difficult to 

establish, but they indicate steep exposures of Paleozoic rocks, prob

ably close by. 

The conglomerates (Units 12, 15, 18, 19, 21, 22) above the ash 

flow tuff sequence represent fluvial units deposited in an alluvial fan 

during a lengthy pause in volcanic activity but during continued tectonic 

activity. These fluvial conglomerates contain the same general upward 

increase in Paleozoic limestone clasts as noted in the Black Oak Ceme

tary and Cane10 Bridge sections. The conglomerates in this section, 

however, also contain large exotic clasts of Paleozoic limestones 
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(Units 13, 14, 16) on the order of ten meters thick and over a hundred 

meters long. These large exotic blocks were noted by Hayes and others 

(1965), Simons and others (1966) and Denney (1967, 1971). Pebble 

imbrication indicates eastward transport of these conglomerates, and by 

inference of the exotic blocks (Figure 52). 

Coarse fluvial sandst':>nes are common throughout the conglom

erates. Welded ash flow tuffs increase in number and thickness upward 

in the section from Unit 23. This probably indicates increasing volcanic 

activity superimposed on the tectonic activity if the tuffs were 

deposited in the alluvial fan which resulted in the conglomerates. 

The geometry of this alluvial fan is evident from the contact 

relationships between the conglomerates and the Paleozoic limestones to 

the west. The contact is partly faulted, but in several places it is 

To the west (sec. 13, 14, T.22S., R.7E.; Figs. 2, 3) the conglomerates 

deposited on younger and younger Paleozoic rocks up to the Permian Concha 

Limestone in SE~, sec. 10, SW~, sec. 11, T.22S., R.17E. Figs. 2, 3). 

This relationship, and the pebble imbrication that suggests eastward 

transport indicate that this measured section is a vertical section 

through an alluvial fan whose proximal end was to the northwest and its 

distal end to the southeast. The fan apparently filled a northwest 

trending canyon cut in the Paleozoic rocks and spread out onto the mas

sive "upper" tuffs to the southwest. The distal portions of the fan 

are not preserved to determine the exact geometry of the alluvial fan 

system. The basal units of the alluvial fan and "upper" tuffs are con

cordant. Their present west dip is interested result from post deposi

tional tectonism. 



Figure 52. A) Pebble imbrication in Paleozoic-clast conglomerate. 
Inferred current direction is toward the pencil point, 
eastward. 
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Figure 52. Continued. 
B) Pole density diagram of poles to flat side of 
pebbles, unequivocally depositional. 
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The Black Oak Cemetary, Canelo Bridge and Ralph Tank sections probably 

represent distal portions of the fan and contain evidence of the same 

unroofing of volcanics froln the Paleozoic source area, as does the Flower 

Tank section. 

The contact between the Paleozoic rocks and the massive "upper" 

tuffs is now covered by the alluvial fan system. The "upper" unit 

thickens rapidly southwestward and may represent tuffs deposited within 

a caldera-like complex as suggested by Hayes (1970). The fan then may 

represent rocks deposited across the edge of the caldera during recur-

rent movement along its bounding faults. 

The exotic blocks of Paleozoic limestone in this measured sec-

tion were probably transported southwestward, down the sloping fan, 

from their source in the steep canyon walls of Paleozoic rocks. 



APPENDIX B 

Review of post-1965 literature concerning mid-Mesozoic rocks in south

eastern Arizona, exclusive of the northern Canelo Hills. 

In their mapping in the Huachuca and Mustang Mountains, Hayes 

and Raup (1968) recognized "the volcanic and sedimentary rock of the 

Mustang Mountains" which they considered equivalent to the Canelo Hills 

volcanics that they mapped in the Huachuca Mountains. In addition, 

they mapped a rhylotie porphyry which intrudes the Canelo Hills volcan

ics near Parker Canyon. Their mapping included the "siliceous rocks of 

the Huachuca Mountains" which they considered to probably overlie the 

Canelo Hills volcanics. They note, however, that age relationships 

among these units cannot be determined from the geologic relationships. 

Hayes and Drewes (1968) made the first real attempt at regional 

correlation of mid-Mesozoic rocks in the region. As previously noted, 

they divided the ~riassic and Jurassic rocks into three regional units. 

The lower unit is a thick sequence of largely silicic volcanics. The 

middle unit is the clastic rocks including the Mount Hughes Formation 

(formerly "lower" Canelo Hills volcanics) and stratigraphically equiva

lent rocks. The upper unit is the silicic volcanics of the "middle" 

and "upper" Canelo Hills volcanics. 

Hayes (1970) described a unit of red to purple latite to rhyo

dacite tuffs and minor interbedded sedimentary rocks possibly 1,200 

meters thick which occupy the same stratigraphic position as the Canelo 

234 
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Hills volcanics. He named this unit the "Siliceous volcanic rocks of 

the Huachuca Mountains" and reports that they depositionally overlie 

Paleozoic rocks and are overlain by lower Cretaceous Glance Conglom

erate. The "Siliceous volcanic rocks of the Huachuca Mountains" occur 

as thrust slices on the east side of the range, as a faulted roof pen

dant in the Huachuca Quartz Monzonite, and as a west dipping fault block 

on the west side of the range. Rocks in the western block could also 

be mapped, with question, as part of the Canelo Hills volcanics (Hayes, 

1970) • 

According to Hayes (1970) the tuffs in the "Si liceous volcanic 

rocks of the Huachuca Mountains" are less densely welded, contains less 

quartz, more lithic fragments, and generally contains more sodium feld

spar than potassium feldspar, than the upper tuff member of the Canelo 

Hills volcanics. In some places, Hayes (1970) reported, grey to red 

siliceous lava flows possessing crude layering and containing spheru

lites are intercalated with the tuffs. The sedimentary rocks are a 

minor constituent in the "Siliceous volcanic rocks of the Huachuca Moun

tains" except in the northern area of exposure where the unit overlies 

in the northern area of exposure where the unit overlies Paleozoic rocks. 

There the basal part is a red unit of limestone cobble conglomerate, 

volcanic pebble conglomerate, tuffaceous sandstone, siltstone and mud

stone. These rocks are similar to those in the "lower member" of the 

Canelo Hills volcanics (Mount Hughes formation of this study) (Hayes, 

1970). A distinctive feature of the "Siliceous volcanic rocks of the 

Huachuca Mountains" is the abundance of exotic blocks and megabreccias 



of Paleozoic rocks ranging in size to hundreds of meters long and over 

a hundred meters thick (Hayes, 1970). 

The "Siliceous volcanic rocks of the Huachuca Mountains" must 

be older than the Huachuca Quartz Monzonite in which they occur as a 

roof pendant. Hayes (1970) reported an age of l64! 6 m.y. (K-Ar, bio

tite) for Huachuca Quartz Monzonite (sec. 7, T.24S., R.2lE.). He sug

gested that the environment of deposition for the "Siliceous volcanic 

rocks of the Huachuca Mountains" is the same as that for the Canelo 

Hills volcanics. 
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Drewes (1968, 1971a, 1971b) described two formations that under

lie the Canelo Hills volcanics in the Santa Rita Mountains, the Mount 

Wrightson Formation and the Gardner Canyon Formation. The basal member 

of the Mount Wrightson Formation is mostly dacitic or andesitic volcan

ics and minor, more silicic volcanics and sedimentary rocks. The volcan

ics are lava flows and the sedimentary rocks are lenses of sandstone 

ranging to approximately one hundred meters thick and include at least 

two fanglomerates. This member is intruded at its lower contact and 

grades upward into the middle member (Drewes, 1968, 1971b). 

The middle member of the Mount Wrightson Formation is mostly 

red rhyolitic and latitic lava flows, breccias and rare sandstones or 

conglomerates (Drewes, 1968, 1971b). The flows are often conspicuously 

layered with the sedimentary rocks occurring as lenses. The sandstones 

characteristically contain large scale cross bedding. Drewes (197lb) 

suggested that the heavy mineral fraction and feldspars in the sand

stones indicate a Precambrian source for at least some of the clastics. 

The rhyolitic flows of the middle member of the Mount Wrightson 
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Formation intertongue with dacitic and adesitic flows of the upper member 

(Drewes, 1971b). 

The upper member of the Mount Wrightson is made up of approxi

mately half sandstones and half dacitic and andesitic lava flows that 

look very similar to the lower two members (Drewes, 1971b). The sand

stones occur as lenses with maximum thickness of over one hundred fifty 

meters thick with conspicuous large scale cross bedding. 

The age reported for a welded tuff from the middle part of the 

middle member is 220 ! 30 m.y. (Pb-alpha on zircon) Drewes (1968, 1971b) 

reported that plutons that intrude the Mount Wrightson Formation are as 

old as 184 + 20 m.y. (Pb-alpha on zircon). He also includes an age of 

60 ! 10 m.y. (probably Pb-alpha) for a rock from the middle member, but 

contends that the young age is probably due to lead loss during weather

ing. 

Drewes (197la, 1971b) also mapped the Mount Wrightson Formation 

in the northern end of the Patagonia Mountains and sugested that this 

formation correlative with the Oxframe Formation of Lootens (1965) in 

the Sierrita Mountains. Based on this correlation, and communications 

from fellow workers in nearby areas, he noted that the Mount Wrightson 

Formation outcrops are alligned along a northwest - southeast trend. 

Drewes (1971b) suggested that these rocks are the oldest rocks deposited 

after the regression of the Paleozoic sea and that they were deposited 

under subaerial conditions. He contended that the cross bedded sand

stones were probably eolian dune deposits. Finally, he suggested from 

the evidence that a strong northwest trending structural grain had 



already developed in southeastern Arizona by the time that the Mount 

Wrightson Formation was deposited. 

Overlying the Mount Wrightson Formation, Drewes (1968, 1971a, 

1971b, 1971c) mapped and described the Gardner Canyon Formation in sev

eral areas in the Santa Rita Mountains. The Gardner Canyon Formation 

is made up of a lower siltstone member and an upper mudstone member 

(Drewes, 1968, 1971b). 
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The lower mudstone member is composed of grey to red, poorly 

bedded mudstones, which rest depositionally on Paleozoic rock (Drewes, 

1971b). Drewes (1968, 1971b) noted two grey limestone marker units in 

this basal member. He placed the contact with the overlying mudstone 

member at the upper contact of the upper limestone unit (Drewes, 1971b). 

The lower part of the upper mudstone member of the Gardner Can

yon Formation is a red to brown poorly bedded mudstone (Drewes, 1971b). 

This mudstone includes layers of limey nodules which he interprets to 

have been ancient caliche zones. The upper unit also includes conglom

eratic and arkosic sandstones whose abundance inceases upward (Drewes, 

1971b). Drewes (l971b) noted the occurrence of two small (10's of 

meters) exotic blocks incorporated into the Gardner Canyon Formation 

which he suggests slid onto the red mud from an adjacent topographically 

high area. 

Lenses of purplish dacitic, prophyritic tuffs and flows in the 

upper part of the Gardner Formation (Drewes, 1971b). These volcanics 

are in general, altered, but Drewes (1971b) classified some of the rel

atively unaltered ones as rhyodacites, latites and dacites. He notes 

that quartz phenocrysts are generally absent from the Gardner Canyon 



tuffs while they are abundant in the tuffs from the overlying Canelo 

Hills volcanics. Drewes (1971b) placed the contact between the Gardner 

Canyon Formation and the overlying Canelo Hills volcanics at the top of 

a calcareous unit because limestones are not found in the Canelo Hills 

volcanics in the Cane10 Hills. 

Drewes (1968) had previously reported an age of 192 ! 20 m.y. 

(Pb-alpha on zircon) for volcanics interbedded with the mudstones of 
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the Gardner Canyon Formation. He (Drewes, 1971b) correlated the upper 

part of the Gardner Canyon Formation with the Cane10 Redbeds of Feth 

(1948) and the lower part of the Canelo Hills volcanics Hayes and other 

(1965) in the Cane10 Hills and with the Mesozoic clastic rocks in the 

Mustang Mountains (Hayes and Raup, 1968). He suggested that the Gardner 

Canyon Formation is equivalent to slightly metamo~phosed arkosic sand

stones, red mudstones conglomerates and rhyodacites mapped by Finnell 

(1970) in the Empire Mountains and to the red mudstones and volcanics 

of Rodo1fo Wash in the Sierrita Mountains (Cooper 1970, 1974). Drewes 

(1971b) further suggests that the Gardner Canyon Formation also may be 

equivalent to the Recreation Redbeds in the Tucson Mountains noted by 

Brown (1939) and Kinnison (1958). 

Drewes (1971b) interpreted the fine grained rocks to have been 

deposited in a broad basin which possessed internal drainage at least 

twice as seen in the calcareous layers that he noted. He also noted 

that volcanic activity gradually decreased during the deposition of the 

Gardner Canyon Formation. 

Cooper (1971) described in detail the Ox Frame Formation and 

other red sedimentary and volcanic rocks in the Sierrita Mountains. He 
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divided the Ox Frame Formation, which he interpreted as being deposi

tionally on top of the Paleozoic rocks, into three members. The lowest 

member is made up of grey to red rhyolite flows which are so massive 

that Lootens (1965, 1966) reported that they dipped southward, while 

Cooper (1971) contended that they actually dip northward. Minor amounts 

of tuff, tuff-breccia and tuffaceous sandstones are incorporated into 

this unit in places. The middle member of the Ox Frame is predominantly 

andesite flows but contains some flows of rhyolite and dacite and lenses 

of tuffs, tuff-breccia volcanic conglomerate and cross bedded lithic 

sandstone. The upper unit is comprised of grey rhyolite lava flows and 

tuffs and lenses of quartz sandstone up to over a hundred meters thick 

(Cooper, 1971). 

Cooper (1971) found different members at other locations in the 

Sierrita Mountains. In the western part of the range, studied by Thoms 

(1966), Cooper (1971) described a red to purple tuff breccia member, 

and grey to red, prophyritic andesite flow member, a coarse tuff member 

and an upper rhyolite member. All of these units contain lenses of 

lithic or quartz sandstones. 

Metamorphism and alteration of the Ox Frame Formation make it 

difficult to determine an age directly by isotopic dating methods, but 

Cooper (1971 P.D.13) reported ages of rocks which intrude it in several 

places. The ages that he reports from various sources are: 190 + 20 

m.y. (Pb-alpha on zircon); 140 ~ 14 m.y. (Rb-Sr whole rock) and 130 + 6 

m.y. (Rb-Sr isochron from whole rock, potassium feldspar and plagio

clase). Cooper (1971) considers these ages minimum ages, and correlates 



the Ox Frame Formation with the Mount Wrightson Formation in the Santa 

Rita Mountains. 
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The Tascuela Redbeds of Thoms (1966) overlie the Ox Frame Forma

tion in the western part of the Sierrita Mountains (Cooper, 1971). 

Cooper (1971) described the Tascuela Redbeds as comprised of a basal 

maroon to red conglomerate unit which locally contain boulders of gran

itic rocks. This unit grades upward into maroon to grey shales and 

then into the basal conglomerate of the Stevens Mountain Rhyolite (Thoms, 

1966, Cooper, 1971). No radiometric age determination has been made on 

the Tascuela Redbeds, but Cooper (1971) tentatively correlated them 

with the lower Canelo Hills volcanic in the Canelo Hills area, the Rec

reation Redbeds in the Tucson Mountains, the Gardner Canyon Formation 

in the Santa Rita Mountains, and the Rodolfo Formation in the eastern 

Sierrita Mountains (described below). 

Overlying the Tascuela Redbeds Ln the western Santa Rita Moun

tains is the Stevens Mountain Rhyolite of Thoms (1966) and Cooper (1971). 

Cooper (1971) reported that this unit consists of a basal grey to red 

volcanic conglomerate and overlying grey to pink rhyolitic tuffs and 

flows. The conglomerate unit contains layers of maroon shale and the 

rhyolitic member contains lenses of quartz sandstones. Based on his 

correlation of the subadjacent Tascuela Redbeds with the lower Canelo 

Hills volcanics, Cooper suggested that the Stevens Mountain Rhyolite is 

equivalent to the upper Canelo Hills volcanics. 

Cooper (1971) described the Rodolfo Formation in the north

eastern part of the Sierrita Mountains and divided it into three members. 

The basal conglomerate member is in depositional contact with Paleozoic 
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rocks and is comprised of poorly sorted cobbles and pebbles in an orange 

sandstone matrix. This unit grades upward into the middle grey to red 

siltstone member. Lenses of chert and rhyolite conglomerates decrease 

upward in this unit while lenses of andesite cobble conglomerate in

crease. This member also includes a lens of brown, silty limestone 

(Cooper, 1971). The upper volcanic member of the Rodolfo Formation 

consists of andesite breccia, red shales, laharic conglomerates, and 

andesite flows. Based on field relations and clast type in the con

glomerates, Cooper (1971) correlated the Rodolfo Formation with the 

Tascuela Redbeds in the western Sierrita Mountains, the Recreation Red

beds in the Tucson Mountains, the Gardner Canyon Formation in the Santa 

Rita Mountains, the Canelo Hills volcanics in the Canelo Hills and the 

Walnut Gap volcanics in the Little Dragoon Mountains. He (Cooper, 1971) 

reported an age of 190 ~ 20 m.y. (Pb-alpha, presumably on zircon) for 

the oldest intrusive rock that cuts the Rodolfo Formation. 

Simons (1972, 1974) described large fault blocks in the Pata

gonia Mountains comprised of red sedimentary and volcanic rocks. In 

the southwestern part of the range these rocks generally are grey to 

pink silicic tuffs, with some silicic flows. They include minor lenses 

of sandstones, siltstones and conglomerates (Simons, 1972, 1974). 

Simons (1972, 1974) reported that the southeastern block is underlain 

by light colored rhyolite flows commonly containing spherulites and 

minor tuffs and conglomerates. In the northeastern part of the range 

the rocks are dominantly lenticular volcanic conglomerates, red tuffa

ceous sandstone and siltstones, but also include some silicic to inter

mediate tuffs and lava flows. Overlying this dominantly clastic unit 
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is a unit of dominantly volcanic rocks that includes a basal part of 

grey to purple, flow layered intermediate to silicic lavas and an upper 

part of highly silicic lavas and tuffs that includes a few thin quartz 

sandstone and limestone conglomerate lenses (Simons, 1972, 1974) Simons 

(1972, 1974) interpreted a depositional contact between the Paleozoic 

rocks and the Mesozoic rocks in the center part of the range. The rocks 

above the contact there are silicic lavas and flow breccias with a large 

lens of limestone conglomerate. The volcanics in that area are similar 

to those in other areas in the Patagonia Mountains but the limestone 

conglomerates are much more abundant than elsewhere. Simons (1972, 

1974) also described altered and sheared volcanic rocks, qUdrtzities, 

and intrusive igneous rocks which he interprets to be of Mesozoic age. 

In the extreme northwestern part of the range Simons (1972, 1974) mapped 

sandstones and shale beds that include large exotic blocks of Paleozoic 

rocks. Upward in this sequence he found green silicified tuff, breccia, 

and conglomerate. Simons (1972, 1974) correlated rocks within the Pat

agonia Mountains with the Mount Wrightson and Gardner Canyon Formations 

of the Santa Rita Mountains and the Cane10 Hills volcanics of the Cane10 

Hills. 

Banks and Doktor (1976), Berquist and others (1978), B1acet and 

others (1978), Briskey and others (1978), Haxe1 and others (1978), and 

Rytuba and others (1978) mapped Mesozoic sedimentary and volcanic rocks 

on the Papago Indian Reservation. Haxe1 and others (1978) described 

these rocks in a general way. On the Papago Reservation, these rocks 

and their metamorphic equivalents are called the "Comobabi-type" se

quence by Haxe1 and others (1980) and are generally rhyolitic volcanics 
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interbedded with siltstones, sandstones, and conglomertes. The inferred 

oldest unit in this sequence, the Ali Molina Formation is interpreted 

to be correlative with the Ox Frame Formation in the Sierrita Mountains 

and the Mount Wrightson Formation in the Santa Rita Mountains. Haxel 

and others (1980) reported that the Ali Molina Formation yields discor

dant zircon ages which are lower Jurassic, but no data is given to sup

port that claim. They also reported that these rocks are intruded by 

rocks which gave an apparent uranium-lead age of 147 m.y. The rocks 

which overlie the Ali Molina Formation and its approximate temporal and 

metamorphic equivalents are assigned to the Chiuli Shaik Formation which 

contain clasts of the 147 m.y. old intrusive rock. 

Another sequence, inferred to be partly younger, and partly 

equivalent to the conformable sequence are metamorphic rocks called the 

"Artesia-type" sequence by Haxel and others (980). They suggested 

that this sequence which include greenstones, schists, metaconglom

erates, quartzites and other unmetamorphosed equivalents may be partly 

metamorphosed, dissected volcanic-polutonic complex. 

Correlation within and between these two sequences is difficult 

and, except for the Ali Molina - Ox Frame correlation noted above, Haxel 

and others make no attempt to relate the rocks on the Papago Reservation 

to those that are probably time equivalent in southeastern Arizona. 

Haxel and others (1981) reported an age of 190 ~ 10 m.y. (?) 

(U-Pb on zircon) for the Ali Molina Formation on the Papago Indian Res

ervation. They note again that the Ali Molina has the same lithologic 

association of aeolian sandstones and silicic volcanics as the Ox Frame 

Formation and suggested again that the two are correlative. In 
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addition, they noted that the Mount Wrightson Formation has that same 

lithologic association and has been correlated with the Ox Frame. They 

conclude that the Ali Molina Formation is correlative with the Mount 

Wrightson Formation and, along with the Ox Frame Formation was deposited 

approximately 190 m.y. ago. They interpret the previously published 

age of the Mount Wrightson (212 ! 30 m.y., Pb-alpha on zircon), to be 

incorrect. Note that the original age of approximately 212 m.y. for 

the Mount Wrightson is maintained on Figures 29A and 29B until the cor

relation can be confirmed and a more precise age can be determined for 

the rocks in the Santa Rita Mountains. 
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STRUCTURAL SECTIONS 
NORTHERN CANELO HILLS 
SANTA CRUZ COUNTY, ARIZONA 

SEE FIG. 2 
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