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ABSTRACT

The Willow Canyon Formation of the Lower Cretaceous 
Bisbee Group is the oldest and most severely deformed rock 
unit exposed in the Hot Springs Canyon area. Less deformed 
Upper Cretaceous strata include two formations new to the 
stratigraphy of southeastern Arizona: the Muleshoe Volcanics 
and the overlying Cascabel Formation. The Upper Oligocene 
Galiuro Volcanics rest unconformably upon the Cretaceous 
strata. Younger rocks include the Miocene San Manuel 
Formation and the Upper Miocene to Pliocene Quiburis 
Formation. The Hot Springs Canyon thrust fault of Laramide 
age everywhere places Bisbee Group strata structurally 
above strata of the Cascabel Formation. The mid-Tertiary 
Soza Mesa low-angle normal fault places Galiuro Volcanics 
structurally above older rock units. The structural 
complexity observed along the western edge of the Galiuro 
Mountains is fundamentally related to extensional faulting 
that formed the Rincon-Catalina core complex and the San 
Pedro River valley.

x



INTRODUCTION

Purpose of Investigation
The region surrounding Hot Springs Canyon within the 

southern Galiuro Mountains of southeastern Arizona has never 
been formally mapped. The purpose of this study was 
threefold: (1) to describe exposed rock units and
stratigraphic relationships, (2) to analyze structural 
complexities, and (3) to establish regional implications for 
the geology of southeastern Arizona.

Location and Accessibility
This report discusses the geology north of Hot

Springs Canyon in Cochise County, Arizona. The study area
2

covers about 45 km in the southern Galiuro Mountains about 
60 km east of Tucson and 50 km north of Benson (Fig. 1). 
Hot Springs Canyon can be reached from Tucson by travelling 
east along Interstate 10 to Benson, and then about 44 km 
north towards the locality of Cascabel along the San Pedro 
River road, the oldest federal road in the state. Major 
tributary drainages trending east-west serve as jeep trails 
that allow access into the field area. Four-wheel drive 
transportation is absolutely necessary for field work.

Most of the study area is owned by the Nature 
Conservancy of Arizona, and operated out of the Muleshoe

1
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Ranch to the east of the field area. Permission to gain 
access into the field area was granted by Dan Campbell, 
state director of the Nature Conservancy.

Geography
The physiographic ' character of the Galiuro 

Mountains, a northwest-trending mountain range, is typical 
of the southern Arizona Basin and Range province. The 
gently east-dipping Galiuro Volcanics of Upper Oligocene age 
dominate much of the range and bound the field area to the 
north and to the east. The area of investigation 
surrounding Hot Springs Canyon exposes stratified rocks 
ranging in age from Cretaceous to Pliocene. Hot Springs 
Canyon affords the best exposures of rocks within the field 
area.

The local topography is highly varied. Most major 
east-west drainages within the map area are highly dissected 
and deeply incised. Drainage from Hot Springs Canyon is 
westward into the northwest-flowing San Pedro River. To the 
north, cliffs of Galiuro Volcanics rise to elevations 
approaching 1600 m? low-lying ground is at elevations as low 
as 1000 m. A conspicuous topographic feature bounding the 
map area on the west is Soza Mesa, which is composed of 
pediment gravels of the Quiburis Formation and stands at an 
elevation of about 1230 m.
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Field Work

A total of 53 days was spent in the field during the 
fall of 1984. Mapping was done on the Soza Mesa and Cherry 
Spring Peak 7.5-minute quadrangles and on the western 
portion of the Winchester 15-minute quadrangle. Field work 
was performed in conjunction with Thomas C. Goodlin, who 
mapped the region south of Hot Springs Canyon (Goodlin, 
1985). , The map (Fig. 2, in pocket) is a compilation of our 
combined work. Grover's (1982) map of Teran Basin, as 
modified by Goodlin (1985), serves as the southern boundary 
of the map area.

Previous Work
Prior to the study by this author and Goodlin 

(1985), the area of investigation was formally unmapped. In 
1983, W. R. Dickinson made a cursory reconnaissance map of 
the study area. To the south, J. A. Grover (1982) mapped 
the area surrounding Teran Basin. The volcanics of the 
northern Galiuro Mountains have been studied by geologists 
of the U. S. Geological Survey (Creasey and Krieger, 1978; 
Creasey and others, 1981).



ROCK UNITS

Note: Discussions of the Willow Canyon Formation
and Muleshoe Volcanics are abbreviated descriptions. Refer 
to Goodlin (1985) for more complete details.

Cretaceous Willow Canyon Formation 
The oldest formation exposed within the map area is 

the Lower Cretaceous Willow Canyon Formation of the Bisbee 
Group. Strata of the Bisbee Group were first described by 
Ransome (1904). The Willow Canyon Formation was first named 
by Tyrrell (1957) for exposures in the Whetstone Mountains. 
Subsequently, this formation has been correlated with the 
Morita Formation of the type Bisbee Group (Schafroth, 1965; 
Finnell, 1970; Archibald, 1982;).

The Willow Canyon Formation is exposed predominantly 
in the western portion of the map area, both north and south 
of Hot Springs Canyon (Fig. 2, in pocket). Outstanding 
exposures occur within Hot Springs Canyon. East-west 
trending major drainages north of Soza Mesa - Poor Canyon, 
Eureka Canyon and cherry Spring Canyon - also afford 
excellent exposures of strata of the Willow Canyon 
Formation. Cherry Spring Canyon exposes the northernmost 
outcrops of Willow Canyon Formation in the map area, and

5



6

these are the northernmost identified exposures of Willow 
Canyon Formation in southeastern Arizona to date.

The heterogeneous Willow Canyon Formation, at least 
300 to 500 m thick, is composed of interbedded olive-gray to 
brown-red sandstone, pebbly sandstone, conglomerate and 
siltstone interbedded with red and green mudstone and 
shale; one bed of limestone, 3 m thick, was also observed 
locally. Resistant ridges of conglomerate appear to 
intertongue with strata of the underlying Glance 
conglomerate.

The sandstone is composed of fine- to medium
grained, subrounded, moderately sorted, calcite-cemented 
quartzite. Red to olive-green mudstone is very clay-rich. 
Light- to medium-gray, spherical to lobate carbonate 
nodules, averaging 4 cm across, occur within the mudstone 
and are indicative of paleosol development (Vedder, 1984). 
Angular to subrounded, clast-supported, pebble to cobble 
conglomerate similar to the lithology of the Glance 
conglomerate is composed of limestone, quartzite and chert 
clasts in a 5:4:3 ratio (Goodlin, 1985).

Bedding within the sandstones and mudstones is 
typically 0.5 m to several meters thick. Massive, blocky 
beds are common. Horizontal, planar laminations and trough 
and tabular cross-stratification are also observed within 
some sandstone sequences. Thin interbedded siltstone is a 
minor constituent, but is present throughout the formation.
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Conglomerate beds are often thick and massive, with scoured 
bases, and locally show normal grading. no fossils were 
found in the formation.

Bedding-parallel foliation, indicative of severe 
strain, is present in many areas. Structural lenses of 
sandstone, best seen in Hot Springs Canyon, approach 3-4 m 
in diameter, whereas comparable lenses of mudstone average 
10 cm across. Primary structures within the mudstone have 
commonly been obliterated by intense shearing (Figs. 3 and 
4).

The upper and lower contacts of the Willow Canyon 

Formation are not exposed. The younger Cretaceous Muleshoe 
Volcanics most probably lie above an unconformable contact, 
although the contact is nowhere exposed. To the north, the 
Galiuro Volcanics, as well as the Pliocene Quiburis 
Formation, rest unconformably on strata of the Willow Canyon 
Formation. All other contacts are structural.

Total thickness of the Willow Canyon Formation was 
difficult to determine due to the highly folded and faulted 
nature of the formation. Documented thicknesses vary from 
20 m (Archibald, 1982) to 670 m (Drewes, 1971). The 
thickness of the Willow Canyon Formation in and around Hot 
Springs Canyon probably approaches the thickness measured by 
Drewes (1971), ie., 670 m.

The age of the Willow Canyon Formation is uncertain. 
An Early Cretaceous age is assumed based upon correlations
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Figure 3. Highly sheared and foliated mudstone 
in the Willow Canyon Formation.
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with other Bisbee strata, but this age assignment remains 
uncertain (W. R. Dickinson and others, in press).

The depositional environment of the Willow Canyon 
Formation is interpreted as the distal facies of an alluvial 
fan system (Bilodeau, 1979) in association with classic 
fluvial fining-upward, channel-lag, floodplain and crevasse- 
splay deposits found on distal portions of alluvial fan 
complexes.

Cretaceous Intrusions
Exposed within the western part of Hot Springs 

Canyon is a dark blue-green to brown, medium-grained diabase 
dike intruded into the Willow Canyon Formation. The outcrop 
is extremely weathered and extensively deformed with 
significant chlorite and epidote alteration. The dike 
contains muscovite, biotite, plagioclase, hornblende and 
pyroxene. Rb/Sr whole rock analysis indicates the rock to 
be approximately Cretaceous in age (M. Shafiqullah, personal 
communication, 1985).

North of Soza Mesa, exposed within Eureka Canyon, 
are several medium-grained porphyritic andesite dikes 
containing phenocrysts of plagioclase, hornblende and 
biotite. These intrusions are typically small and average 
10 to 20 m across. Recognition of these dikes as Cretaceous 
intrusives is based upon the striking lithologic similarity 
between these intrusions and the Late Cretaceous Muleshoe
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Volcanics; both were probably derived from the same magma 
sources.

Cretaceous Muleshoe Volcanics
The Muleshoe Volcanics are herein proposed as a new 

formation in the stratigraphy of southeastern Arizona. The 
Muleshoe Volcanics comprise a heterogenous group of abundant 
andesite to rhyolite breccia and less abundant tuff, lahar 
deposits, lava, mudstone, sandstone and conglomerate.

The Muleshoe Volcanics, best seen in Hot Springs 
Canyon, were named after the Muleshoe Ranch on the eastern 
border of the map area. The volcanics crop out mainly in 
the eastern part of the study area, both north and south of 
Hot Springs Canyon (Fig. 2, in pocket). Minor exposures 
appear northwest of Soza Mesa within a complex shear zone. 
To the south, undifferentiated Cretaceous rocks mapped by 
Grover (1982) have been identified by Goodlin (1985) as part 
of the Muleshoe Volcanics and Cascabel Formation (Fig. 2, in 
pocket).

The Muleshoe Volcanics are composed predominantly of 
purple andesitic breccia with abundant hornblende, biotite 
and feldspar phenocrysts which impart to it a salt and 
pepper appearance. The matrix is fine- to coarse-grained 
andesitic debris that typically includes abundant angular to 
subangular andesite clasts (Fig. 5). Less abundant 
intermediate to silicic clasts occur as well. Bedding 
within the andesitic breccia is commonly massive and
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typically devoid of layering. Bed thickness is estimated to 
range between 2 m and 15 m.

Next to the andesitic breccia, heterogeneous lahar 
deposits constitute the second most abundant lithologic type 
within the Muleshoe Volcanics. They are typically pink to 
white-gray or gray-blue and are composed chiefly of andesite 
clasts, together with less abundant vitrophyric rhyolite and 
porphyritic dacite clasts, set within a medium- to coarse
grained sandstone matrix (Fig. 6). Mud and/or ash may also 
be present within the matrix. Beds are commonly planar and 
tend to be about 2 to 5 m thick. Clasts are typically 
angular to subrounded and range from 2 mm to 2 m in 
diameter.

Lava flows comprise a relatively small part of the 
formation. They are similar in composition to the 
hornblende-biotite andesitic breccia. The andesite lavas 
are typically medium- to coarse-grained and commonly contain 
phenocrysts set in a pilotaxitic or locally trachytic 
groundmass.

Volcaniclastic strata including medium- to coarse
grained lithic sandstone, laminated mudstone and clast- 
supported pebble to boulder conglomerate, occur in varying 
amounts throughout the formation. Beds are commonly planar 
and thicknesses range between 2 and 5 m. Cross
stratification and channelling are observed locally. 
Andesite to rhyolite and quartzite clasts predominate within
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Figure 5. Typical exposure of andesite breccia 
of the Muleshoe Volcanics. —  Note andesitic and 
rhyolitic volcanic clasts.

Figure 6. Pink lahar deposit of the Muleshoe 
Volcanics. —  Note small felsic clasts.
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the conglomeratic sequences. Clasts are typically 
subangular to subrounded and range in size from 2 cm to 
1.5 m in diameter.

Moderately welded, medium-grained felsic ash-flow 
tuffs, mostly white rhyolite and rhyodacite, occur locally 
within the Muleshoe Volcanics. Dacitic and andesitic tuffs 
also occur in minor amounts. Mineral grains in tuffs
include quartz, potassium feldspar, plagioclase. biotite,
and hornblende. Exposures are typically 10 +5 m thick and
can be traced for several kilometers, as seen in the
westernmost exposures of the Muleshoe Volcanics in and
around Hot Springs Canyon (Fig. 2, in pocket).

The basal contact of the Muleshoe Volcanics is not 
exposed, but the unit is presumed to rest unconformably on 
the Cretaceous Willow Canyon Formation. The formation is 
conformably overlain by the Cretaceous Cascabel Formation 
within Hot Springs Canyon. To the east and south of the map 
area, exposures of Galiuro Volcanics, as well as minor 
exposures of the Quiburis Formation to the north, rest 
unconformably on the Muleshoe Volcanics. All other contacts 
are structural.

In general, most lithologies within the Muleshoe 
Volcanics are devoid of layering, so that attitudes are 
difficult to measure. As a result, the total thickness of 
the Muleshoe Volcanics is difficult to estimate. Cross- 
section B— B' (Fig. 7, in pocket) yields an approximate
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average thickness of 550 m; however, the true thickness may 
be significantly greater.

Two K-Ar dates on biotite were determined for the
Muleshoe Volcanics: 73.7 +1.8 m.y.B.P. and 76.5 +1.8m.y.B.P.
(Shafiqullah and others, 1980? M. Shafiqullah, personal
communication, 1985). Dated samples were collected at
localities shown on the map (Fig. 2, in pocket; lat.

o o o
32 20102" long. 110 16'01" and lat. 32 21'31" long, 

o
110 17'24", respectively). The latter date was taken within 
15 m of the top of the formation near the Muleshoe/Cascabel 
contact. The difference between the two dates is not 
statistically significant (M. Shafiqullah, personal
communication 1985). Thus, the age of the formation is 
about 75 m.y.B.P., or near the Campanian/Maastrichtian time 
boundary.

The Muleshoe Volcanics are lithologically similar 
and/or temporally equivalent to the following Laramide 
volcanic piles, which were most probably produced from 
similar magma sources associated with stratovolcanoes: (a)
the Williamson Canyon Volcanics, about 100 km to the north 
within the Galiuro Mountains (Simons, 1964) - 78.1
+2.3 m.y.B.P. (Keith, 1977) and 77.5 +1.4 m.y.B.P. 
(Christman, 1978); (b) the Dove Canyon Volcanics and the
Meadow Valley trachyandesite, both found south of the 
Canelo Hills - 73.8 +4.0 m.y.B.P. (Simons, 1972) and
73.9 +3.0 m.y.B.P. (Creasey and Kistler, 1962 and Simons,
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1972); (c) the Salero Formation of the Santa Rita
Mountains - 72.5 +3.3 m.y.B.P. (McKee and Koski, 1981); and 
(d) the Glory Hole Volcanics about 60 km to the north in 
the Galiuro Mountains - 64.4 +1.3 m.y.B.P. (Damon and
Mauger, 1966). Although younger than the Muleshoe 
Volcanics, the Glory Hole Volcanics are lithologically very 
similar.

Cretaceous Cascabel Formation 
Conformably overlying the Muleshoe Volcanics is a 

sequence of pebble to boulder conglomerate, sandstone, 
siltstone and mudstone, as much as 950 m thick, herein 
assigned to the Upper Cretaceous Cascabel Formation, a newly 
named stratigraphic unit in southeastern Arizona. The 
Cascabel Formation was named for its proximity to the 
locality of Cascabel, about 3 km southwest from the nearest 
exposures of Cascabel strata within Hot Springs Canyon. 
During a reconnaisance field trip through Hot Springs Canyon 
in 1982, W. R. Dickinson recognized strata of the Cascabel 
Formation as possibly equivalent to the Fort Crittenden 
Formation. Grover (1982) mapped strata of the Cascabel 
Formation and Muleshoe Volcanics in Teran Basin as 
undifferentiated Cretaceous sedimentary and volcanic rocks. 
Radiometric dates and stratigraphic relationships now afford 
evidence that Cascabel and Fort Crittenden strata are 
separate and distinct formations of different age.



16
The type locality of the Cascabel Formation is 

designated as the section exposed along Hot Springs Canyon, 
where the formation includes three informal members: (a) a 
lower coarse-grained sandstone and pebble to boulder 
conglomerate member, (b) a middle mudstone to medium-grained 
sandstone and small-pebble conglomerate member, and (c) an 
upper coarse-grained sandstone and pebble to boulder 
conglomerate member. All strata are well indurated. 
Figure 8 illustrates representative sections within each of 
the members. In general, the members are not mappable 
outside Hot Springs Canyon. In addition, lateral continuity 
among facies representing different environments of 
deposition is problematical. Consequently, the facies 
within the Cascabel Formation were not mapped separately.

The lower member, approximately 400 m thick, is 
primarily red-brown to red-gray pebble to boulder 
conglomerate and interbedded lithic sandstone. The middle 
member, approximately 150 m thick, is salmon-colored muddy 
sandstone with interbedded pebble conglomerate, and 
intertongues with both the lower and upper members. The 
upper member, approximately 400 m thick, is light red to 
red-brown, pebble to boulder conglomerate and interbedded 
coarse-grained sandstone similar to the lower member. 
Overlying the upper member near the top of the stratigraphic 
sequence, but presently in local fault contact with it, is a 
moderately welded, coarse-grained rhyolite tuff. Grover
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(1982) mapped a similar interbedded felsic ignimbrite to the 
south in Teran Basin. Also exposed stratigraphically above 
the tuff in Grover's field area is a brown-gray, fine
grained, slightly vesicular andesite lava, 10 m thick. It 
is observed intertonguing with strata of the Cascabel 
Formation, pinching out to the south, and grading into a 
conglomerate composed of andesite clasts.

In the northwestern part of the field area, an 
unusual facies of Cascabel strata is exposed. The rocks
appear volcaniclastic in part, as well as somewhat 
brecciated locally, and include slabs or blocks of Bisbee 
strata that impart distinctive Bisbee coloration to the 
sequence. Although these beds locally resemble Bisbee 
strata, the abundance of volcanic rock fragments indicate 
that they are part of the Cascabel Formation.

Pebble counts on 4005 clasts were made within
conglomerates in all facies of Cascabel strata.. In general,
the following percentages of clasts and types of clasts are
typical for all the conglomerates examined:
sandstone-61%
volcanics-29%
limestone-4%
siltstone/mudstone-4%
chert-1%
granite-<l%
conglomerate-<l%

The sandstone clasts were apparently derived from 
the Bisbee Group, and the volcanic clasts were almost all 

derived from the Muleshoe Volcanics. The granite clasts are
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2-mica types most probably derived from either the Stockton 
Pass granite or Treasure Park granite found in the Pinalefio 
Mountains (Thorman, 1981).

Age and Correlation
No fossils were found in the Cascabel Formation. 

However, biotite from the welded rhyolite tuff in Hot 
Springs Canyon yielded a K-Ar age of 68.6 +1.6 m.y.B.P.
(M. Shafiqullah, personal communication, 1985). A similar 
ignimbrite unequivocally interbedded with Cascabel strata in 
Teran Basin (see above) was dated at 64.4 +1.4 m.y.B.P.
(Grover, 1982). The difference between these two ages is 
not statistically significant (M. Shafiqullah, personal 
communication, 1985). Thus, the apparent age of the top of 
the Cascabel Formation is about 66.5 m.y.B.P., near the 
Cretaceous/Tertiary time boundary. As discussed above, 
radiometric dates for the underlying Muleshoe Volcanics 
provide a maximum age for Cascabel deposition at 
approximately 75 m.y.B.P. near the Cammpanian/Maastrichtian 
time boundary. The Fort Crittenden Formation, a
lithologically similar sequence of pebble to boulder
conglomerate as much as 1600 m thick (Drewes, 1971), has 
yielded dinosaur remains of latest Cretaceous age, Santonian 
or younger (Inman, 1982). Fort Crittenden strata are 
overlain conformably by the salero Volcanics, dated at 
approximately 75 m.y.B.P. near the Campanian/Maastrichtian 
time boundary (see above). The Campanian and possibly
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Santonian age of the Fort Crittenden Formation (75 to 80 or 
85 m.y.B.P.; Dickinson and others, in press) and its 
conformable relationship with the overlying Salero 
Volcanics, coupled with radiometric control for the wholly 
Maastrichtian age (75 to 66.5 m.y.B.P.) of the Cascabel 
Formation and its conformable relationship with the 
underlying Muleshoe Volcanics, thus afford the evidence 
necessary to establish the Cascabel Formation as a new 
stratigraphic unit in southeastern Arizona.

Contacts
The basal contact of the Cascabel Formation, most 

clearly seen within Hot Springs Canyon, is gradational with 
the underlying Muleshoe Volcanics. The contact between the 
lower member and the Muleshoe Volcanics was placed where 
sedimentary clasts become predominant and volcanic clasts 
become a minor constituent. Outside of Hot Springs Canyon, 
the contact with the Muleshoe Volcanics is commonly a sharp 
boundary suggesting a disconformable relationship. South of 
Hot Springs Canyon, however, some beds within the Cascabel 
Formation contain predominantly andesite clasts from the 
Muleshoe Volcanics and apparently record locally 
intertonguing relationships.

The Galiuro Volcanics rest unconformably on Cascabel 
strata in the northern and eastern parts of the map area. 
To the southeast, the Mineta Formation lies unconformably on 
rocks of the Cascabel Formation. In addition, the Pliocene
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Quiburis Formation, the youngest formation within the field 
area, caps the Cascabel Formation unconformably.

Thickness
Folding and faulting within the Cascabel Formation 

makes it difficult to estimate its total thickness. Within 
Hot Springs Canyon, the strata reach an approximate maximum 
thickness of 950 meters, determined by measurement on cross- 
section B— B 1 (Fig. 7, in pocket). A minimum thickness, 
allowing for 40% extension due to Basin and Range faulting 
(Coney and Harms, 1984), would be approximately 570 m; 
however, 950 m is probably a better estimate of the overall 
thickness.

Lithology (refer to Fig. 8, in pocket)
Lower member (conglomerate and coarse-grained 

sandstone). Red-brown, matrix-supported and clast-supported 
pebble to boulder conglomerate dominates the lower part of 
the Cascabel Formation. Interbedded gray to dark red, 
medium- to coarse- grained sandstone and mudstone occur in
minor amounts. However, fine- to coarse-grained lithic
sandstone predominates in the upper portion of the lower
member (Fig. 8, in pocket), with pebbles being a minor
constituent. The conglomerate matrix is composed of medium- 
to coarse-grained lithic sandstone, siltstone/mudstone and 
rare calcite cement.
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Bedding style is commonly massive. Beds vary in 

thickness from 1 to 14 m and average 2 m (Fig. 9). 
Tabular crossbeds and horizontal laminations are the most 
common sedimentary structures within the sandstone beds. 
Tabular cross-stratification indicates current-generated 
structures formed within the lower flow regime. 
Horizontal, parallel laminations distinguished by closely 
spaced, aligned clasts impart a stratigraphic layering to 
the beds, with partings between laminations measuring 10 
to 30 cm. These laminated beds probably represent plane-bed 
conditions of the upper flow regime. Upper and lower 
contacts of individual beds are primarily sharp with 
slightly irregular surfaces. Irregular surfaces with 
relief of as much as 50 cm are more common in the upper part 
of the lower member. Scoured bases, channeling and 
intertonguing of sandstone and conglomerate are also 
observed in this part of the facies.

Clast size in conglomerates averages 3-6 cm, but 
clasts are locally as large as 1 m in diameter. Shapes of 
clasts are typically rounded to subrounded and commonly 
equant, but lobate pebbles and cobbles also occur. Clasts 
are commonly moderately to well sorted. Clast packing 
typically ranges from 20% to 60%, and averages approximately 
40%. Imbrication of clasts is observed within the lower 
member, although it is not abundant. Grading of clasts 
within beds is rare.



Figure 9. Typical bedded clast-supported 
conglomerate of the lower member of the Cascabel 
Formation.
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Middle member (mudstone and fine- to medium-grained 
sandstone and conglomerate). Salmon to red-gray, fine- to 
medium-grained lithic sandstone and mudstone with less 
abundant pebble to boulder conglomerate make up the middle 
member. Interbedded matrix-supported small-pebble 
conglomerate and minor clast-supported cobble conglomerate 
occur near the top of the member. The sandstone matrix is 
composed predominantly of fine sandstone and mudstone. 
Intercalated mudstone occurs within both the sandstone and 
conglomerate beds (Figs. 10 and 11).

Sandstone beds average approximately 1-2 m in 
thickness but beds as thin as 30 cm occur. Conglomerate 
beds also average 1-2 m in thickness. Both tabular and 
trough cross-stratification are observed within sandstone 
beds. Horizontal, parallel laminations defined by aligned 
sand grains and lithic fragments are the common sedimentary 
bedform within the facies. These planar beds range from 4 
cm to 30 cm thick and were probably formed under upper flow 
regime conditions. Bounding surfaces are both planar and 
irregular, with as much as 20 cm of relief. Channeling and 
intertonguing between sandstones and conglomerates is 
common. Lenses of sandstone and conglomerate are observed, 
as well.

Clast size in the conglomerate ranges from 2 mm 
to 65 cm and averages 1 cm. Shapes of clasts are typically 
subangular or subrounded to rounded, as well as equant.
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Figure 10. General outcrop appearance of the 
middle member of the Cascabel Formation.

Figure 11. Exposure of salmon colored, fine
grained sandstone and mudstone of the middle member of 
the Cascabel Formation.
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Both sandstone and conglomerate are poorly to moderately 
sorted. Clast packing in the conglomerate typically ranges 
from 20% to 50%. Clasts within the conglomerates are 
imbricated, although imbrication is not always obvious. 
Grading is uncommon but does occur.

Upper member (conglomerate and coarse-grained 
sandstone). Red to dark red, clast- and matrix-supported 
pebble to boulder conglomerate and red-gray to dark red, 
medium- to coarse-grained lithic sandstone with minor 
intercalated mudstone dominate the upper Cascabel member 
(Figs. 12 and 13).

Beds are typically massive with thicknesses ranging 
from 0.3 m to 11 m. Tabular crossbeds occur near the top of 
the member. Within thick beds, planar horizontal 
laminations defined by aligned small pebbles impart a 
layering to the beds, with partings between laminations 
ranging between 0.5 m and 3 m. Bedding surfaces are 
commonly planar, but irregular scoured bases are also 
present. Channeling and intertonguing between sandstones 
and conglomerates are common. Clast size within the 
conglomerate ranges from 1 cm to 1 m and averages 
approximately 3-5 cm in diameter. Shapes of clasts are 
typically rounded to subrounded and commonly equant, but 
lobate pebbles and cobbles are also observed. Clasts are 
commonly poorly to moderately sorted. Clast packing 
typically ranges from 20% to 70%, and averages 40%.
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Figure 13. Fine-grained matrix-supported 
debris-flow deposit above a clast-supported 
sheetflood/braided stream deposit in the upper member 
of the Cascabel Formation. —  Close up of Figure 12.
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Imbrication is observed throughout the member, although it 
is often cryptic. Grading is rare and also difficult to 
distinguish.

Sandstone Petrography
Eleven sandstone samples from the Cascabel Formation 

were collected for petrographic analysis. Due to strong 
alteration by calcite in some samples, only seven slides 
were point counted.

Point counts for seven samples, plotted on the QFL 
ternary diagram of sandstone classification of Folk and 
others (1970), reveal that four fall within the litharenite 
field and three fall within the feldspathic litharenite 
field (Fig. 14). Volcanic and sedimentary rock fragments 
are the predominant grains observed. Mineral grains 
include quartz, potassium and plagioclase feldspar, chert 
and various accessory minerals. All samples are strongly 
indurated due to compaction, and contain rare calcite 
cement. In general, most sand grains are subangular to 
subrounded, moderately sorted, and equant. Refer to Table 1 
regarding the following discussion on percentages of grain 
types.

Volcanic and sedimentary rock fragments are the 
predominant grain types, volcanic lithic grains vary from 
28% to 37% of the framework. Felsitic and microlitic 
textures are the most common types and include randomly 
oriented subhedral laths of plagioclase. Propylitic
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3:1
• = Samples within the Cascabel Formation 
Q = Mono- and poly-crystalline quartz
F = Feldspars

L = Lithics, including chert

Figure 14. QFL plot of sandstone compositions
of the Cascabel Formation. —  Fields refer to
classification of Folk and others (1970).
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Table 1. Percentages of grain types for seven samples 
within the Cascabel Formation.

Sample Vrf. Srf. Qtz. Flag. Kspar. Cht. Maf. Lin •
51d 35 30 15 4 1 9 4 2
39 37 25 18 5 3 5 3 4
251 28 15 17 30 2 3 4 1
493-b 37 12 36 1< 2 7 4 1
493-a 32 11 41 4 1 5 2 3
51-b 37 15 19 9 13 3 1 2
51-a 35 10 22 8 17 4 1< 1

Ave. - 34 17 24 9 6 5 3 2
S.D. - +3 +7 +9 ±9 +6 ±2 ±1 +1
(n=7)

Vrf. - Volcanic rock fragment. 
Srf. - Sedimentary rock fragment. 
Qtz. - Quartz.
Flag.- Plagioclase feldspar.
Kspar. - Potassium feldspar.
Cht. - Chert.
Maf. - Mafic minerals.
Lm. - Limestone
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alteration is common within groundmasses. sedimentary rock 
fragments comprise 10% to 30% of the detritus. Sedimentary 
grains include sandstone, siltstone and limestone.

Quartz ranges from 15% to 41% of the framework, and 
averages 24%. Grains are typically monocrystalline and 
subangular. They typically exhibit both xenomorphic and 
bipyramidal shapes. Polycrystalline quartz is rare. 
Subrounded quartz grains with quartz overgrowths are 
abundant, and were probably derived from reworked older 
sandstones, probably of the Bisbee Group. Extinction is 
straight to slightly undulose. Embayments are common on the 
bipyramidal grains, which were probably derived from 
volcanic rocks. Most grains are free of inclusions, 
although some grains contain vacuoles and crystallites.

Detrital chert grains, composed chiefly of 
microcrystalline quartz, make up 3% to 9% of the framework 
grains. The chert present may have been reworked from 
older, chert-bearing conglomerates of the Bisbee group.

Plagioclase is, in general, more common than 
potassium feldspar. The content of plagioclase feldspar 
ranges from 1% to 30% and averages 9%, whereas the content 
of potassium feldspar ranges from 1% to 17% and averages 
5%, of the detritus. Most feldspar grains are subangular to 
subrounded. Alteration includes partial to complete 
replacement by calcite. Where calcite replacement is 
complete, ghost crystals of plagioclase can be seen
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revealing relict polysynthetic twinning. The relative 
abundance of plagioclase to potassium feldspar probably 
indicates a domnantly volcanic source of the feldspar.

Depositional Environment
The Cascabel Formation records deposition within a 

subaerial alluvial-fan environment. As exposed in Hot 
Springs Canyon, the lower, middle and upper stratigraphic 
members, in ascending order, represent a fining-upward cycle 
followed by a coarsening-upward cycle (Fig. 8, in pocket). 
The depositional environments inferred for the sequence in 
Hot Springs Canyon are: 1) an initial basin-fill deposit, 
overlain by 2) a medial to distal alluvial-fan sequence, 
overlain by 3) a proximal alluvial-fan sequence.

Proximal and medial alluvial-fan deposits are 
recognized by the predominance of coarse pebble to boulder 
conglomerate. Distal fan facies are recognized by finer 
grained deposits. Typical exposures in all parts of the 
alluval-fan succession exhibit both clast-supported, water- 
laid, sheetflood and braided stream deposits, as well as 
matrix-supported debris-flow deposits.

Sharply bounded, massive, muddy beds, commonly 
lacking internal stratification and imbrication, are 
interpreted as debris-flow deposits. Conspicuous 
stratification within amalgamated beds represent stacked 
debris flows. Layering of successive debris-flows can be 
observed by vertical inhomogeneities (Shultz, 1984), such as
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horizontal laminations or sheets of pebbles stacked on the 
order of millimeters to meters. Imbrication, although not 
common to debris flows, is observed in several exposures. 
The sizes of large boulders in matrix-supported debris-flow 
deposits are commonly of the same order of magnitude as flow 
thicknesses (Shultz, 1984).

Clast-supported, horizontally bedded and imbricated 
conglomerates are interpreted as water-laid, upper flow 
regime sheetflood and braided-stream deposits. Clast- 
supported beds are more common in the proximal channel 
deposits. The largest boulder observed is a clast-supported 
3-4 m diameter boulder deposited under very high energy 
fluid flow.

Imbrication measurements at 67 localities within the 
formation record varying paleocurrent trends from east- 
southeast to west-southwest with a dominant paleocurrent 
flow to the south (Fig. 15). Imbrication measurements were 
rotated twice to compensate for folding, (see STRUCTURE 
folds). Although lateral relationships cannot be
distinguished outside of Hot Springs Canyon, imbrication 
directions probably indicate several laterally migrating 
alluvial-fan sequences.

Volcanism occurred late in Cascabel deposition, as 
evidenced by tuffs and lavas high in the stratigraphic 
section.
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Vector mean = 170 (S 80 E)
Length of vector mean = 17%
Dashes = one fourth true length 
Rose petal interval of 15 degrees

Figure 15. Paleocurrent rose diagram for the 
Cascabel Formation.
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Statistically, the average rate of deposition for 
the Cascabel Formation, assuming a thickness of 950 m over 9 
m.y. is approximately 105 m/m.y. or 0.1 mm/yr. There were 
probably significantly more rapid depositional pulses, as 
evidenced by the massive nature of some exposures.

Provenance Relations
Figure 16 shows the detrital modes for seven samples 

within the Cascabel Formation, and Figure 17 shows reported 
distributions of different sandstone suites of known 
provenance for comparison. In general, all four ternary 
diagrams show statistically grouped data. The exception is 
the QmPK diagram, in which feldspar mineral grains show the 
greatest variation! The plots reveal a dominant volcanic 
lithic component, and less abundant monocrystalline quartz. 
Plagioclase predominates over potassium feldspar in varying 
degrees. When compared to compositional fields for 
sandstone provenances, the samples fall within the recycled 
orogenic and magmatic arc erogenic provenances.

Mid-Tertiary Galiuro Volcanics 
A thick sequence of Galiuro Volcanics unconformably 

overlies the Willow Canyon Formation, Muleshoe Volcanics, 
and Cascabel Formation within the study area. Extensive 
exposures bound the study area to the north and to the east. 
Local exposures of Galiuro Volcanics within Hot Springs
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Classification and symbols of grain types
A. Quartzose Grains (Q = Qm + Qp)

Q = total quartzose grains 
Qm = monocrystalline quartz
Qp = polycrystalline quartz

B. Feldspar Grains
F = total feldspar grains 
P = plagioclase grains 
K = Kspar grains

C. Unstable Lithic Fragments (L = Lv + Ls)
L = total unstable lithic fragments 
Lv = volcanic/metavolcanic lithic fragments
Ls = sedimentary/ metasedimentary lithic

fragments
D. Total Lithic Fragments (Lt = L + Qp)

Lc = extrabasinal detrital limeclasts (not 
included in L or Lt)

Figure 16. Detrital modes of sandstone suites 
for seven samples within the Cascabel Formation.
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Figure 17. Actual reported distribution of 
mean detrital modes for sandstone suites derived from 
different types of provenances plotted on standard 
triangular diagrams. —  From Dickinson (1985).
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Canyon, as well as to the northwest and southwest, have 
been displaced along the Soza Mesa low-angle normal fault.

The Galiuro Volcanics are composed of orange, 
purple, white, red and gray lavas, ash-flow tuffs, and 
conglomerates. Andesite (including "turkey-track" 
andesite), dacite, latite, and rhyolite comprise the flows, 
whereas welded tuffs are composed of rhyolite and latite.

Tuffs are typically fine- to medium-grained, densely 
to moderately welded, and composed of both crystals and 
devitrified glass. Lavas are typically scoriaceous and 
amygdaloidal; most are porphyritic. Phenocrysts range in 
size from fine- to coarse-grained, and include quartz, 
feldspar, biotite and hornblende. The "turkey track" 
andesite is glomeroporphyritic with distinctive, large, 
tabular plagioclase laths.

Comprehensive age dating has established the 
eruption of the Galiuro Volcanics between 23 m.y to 29 m.y., 
within the mid-Teriary volcanic and plutonic event of 
Arizona (Creasey and Krieger, 1978).

Detailed mapping was not attempted within the 
Galiuro Volcanics. For additional information on the 
Galiuro Volcanics, the reader is referred to Creasey and 
Krieger (1978) and Creasey and others (1981).

Tertiary Intrusions
Several porphyritic andesite to rhyolite dike swarms 

occur throughout the field area both north and south of Hot
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Springs canyon. Exposures occur north of Soza Mesa in 
Eureka and Poor canyons and Soza Wash, to the east within 
Hot Springs Canyon, and to the south of Hot Springs Canyon 1 
to 3 km east of Sierra Blanca. Grover (1982) also mapped 
several Tertiary intrusions in the Teran Basin area farther 
south.

Pink to white rhyolite and dacite dikes intrude the 
Cretaceous formations in the study area. Some dikes may be 
Cretaceous in age; however, they are probably mostly of 
Tertiary age. In the eastern portion of Hot Springs Canyon, 
a swarm of rhyolite and rhyodacite dikes, typically 2 m to 
10 m thick, intrudes the Muleshoe Volcanics, and similar 
dikes intrude the Cascabel Formation. They typically 
contain abundant quartz and feldspar with minor biotite, 
muscovite and hornblende. To the north in Soza Wash, a 
dacitic dike intrudes the Willow Canyon Formation. The dike 
intruded along foliation, and is observed to be locally 
deformed.

Andesitic to rhyolitic dikes also intrude Tertiary 
units within the study area. Grover (1982) mapped several 
dikes of this type intruding the Tertiary Mineta Formation 
to the south. These intrusions include porphyritic "turkey 
track" andesite, basaltic andesite, and rhyolite. In the 
southeast, a single dike of "turkey track" andesite, 2 to 3 
km long, intrudes the Muleshoe and Galiuro Volcanics. The 
striking similarity of most andesite and rhyolite dikes to
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the lavas of the Galiuro Volcanics indicates a probable mid- 
Tertiary age for these intrusions.

Mid-Tertiary San Manuel Formation
The mid-Tertiary San Manuel Formation is faulted 

against the Galiuro Volcanics in Hot Springs Canyon and 
against the Willow Canyon Formation and Tertiary Mineta 
Formation in the southwest part of the study area.

The San Manuel Formation is white to light gray, 
medium- to coarse-grained sandstone and pebble conglomerate. 
In general, the formation is poorly sorted and not' well 
consolidated. Bedding is typically 0.2 m to 2 m thick. 
Caliche commonly forms between bedding planes. Tabular 
cross-stratification is common, and indicates deposition 
under lower flow regime conditions. Pebbles are well 
imbricated; however, no imbrication measurements were 
taken. Large weathered-out vugs or caves are common, and 
typically measure 1 m to 1.5 m across and 1 m deep.

Sandstones are composed predominantly of quartz and
feldspar, with less abundant biotite and hornblende.
Pebble counts on 614 clasts in conglomerates yielded the
following percentages of dominant clast types:
granite-66%
limestone-17%
sandstone-15%
volcanics-1%
chert-1%

The abundant granitic clasts within the formation 
were most probably derived from the Precambrian Johnny Lyons
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pluton, exposed nearby to the south of the field area 
(Scarborough and Wilt, 1979; Grover, 1982).

The San Manuel Formation was laid down in a basin 
that predates the basin in which the younger Quiburis 
Formation was deposited (Krieger and others, 1973a). The 
exact age of the San Manuel Formation is not known; however, 
sparse K-Ar mineral dates suggest an Early (?) Miocene age 
(Krieger and others 1973a).

Upper Cenozoic Quiburis Formation
The Quiburis Formation is the youngest formation 

exposed within the study area. The pediment gravels and 
valley fill of the Quiburis Formation bound the map area to 
the west, and rest unconformably on all stratigraphically 
older formations.

The Quiburis Formation is red to brown-gray to light 
gray, poorly consolidated conglomerate and fine-grained 
mudstone with minor gypsum. Clasts within the conglomerate 
were derived predominantly from the Galiuro Volcanics, with 
fewer clasts derived from other underlying formations.

The Quiburis Formation is considered an undeformed 
sedimentary facies of Late Miocene(?) to mid-Pliocene age, 
deposited in a closed basin now occupied by the San Pedro 
Valley (Krieger and others, 1973a). The oldest dated 
portion of the Quiburis Formation was dated by Scarborough 
(1975) at 5.2 + 0.5 m.y.B.P., near the Miocene/Pliocene time
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boundary. A mid-Pliocene age is also recognized on the 
basis of vertebrate fossils of Hemphillian age (Krieger, 
1974).



STRUCTURE

Secondary structures observed within the study area 
include folds, thrust faults, low-angle and high-angle 
normal faults, reverse faults, foliations, lineations, and 
fractures.

In general, the Willow Canyon Formation, the oldest 
exposed formation in the map area, exhibits the greatest 
amount of structural deformation. The overlying Muleshoe 
Volcanics and Cascabel Formation reveal a structurally less 
complex history. Formations that are mid-Tertiary and 
younger have undergone the least amount of structural 
deformation, and are only slightly deformed to undeformed.

Folds

Willow Canyon Formation
Strata of the Willow Canyon Formation, ideally 

exposed in Hot Springs Canyon, are the most complexly folded 
and deformed stratigraphic sequence in the map area. South 
of Hot Springs Canyon in Sierra Blanca and Pool Canyons, the 
rocks are more intricately folded and deformed than they are 
to the north in Eureka, Poor, and Cherry Spring Canyons.

Many types of folds are exposed within the strata of 
the Willow Canyon Formation. They include horizontal and 
plunging normal, inclined, reclined and recumbent

42
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anticlines, synclines and overturned folds (after 
classification of Turner and Weiss, 1963). Asymmetric, 
disharmonic and polyclinal folds are the most common types 
in the region of study; they vary between open and tight and 
are sometimes locally isoclinal. Isoclinal folds within the 
map area are observed largely within Hot Springs 
Canyon. Poles to bedding represented in Figures 18 and 19 
reveal the highly folded nature of the formation; data plot 
to all points of the compass. In general, however, Figures 
18 and 19 do show a general northerly strike and 
westerly dip of bedding.

Contained within many large, open to tight, 
polyclinal and disharmonic folds are numerous smaller open 
to tight folds which frequently display fold axes oriented 
in all directions. Shapes of both large and small folds 
range from elliptical to chevron (Fig. 20). Wavelengths of 
small folds are typically 2 cm to 3 m, and their amplitudes 
normally vary from 3 cm to 5 m. Most limbs of disharmonic 
and polyclinal folds are undulatory and curviplanar. Limbs 
2 cm to 3 m long are common, and layers typically thin into 
hinge zones; however, limb thicknesses are also maintained 
in many folds. Folded strata that have accomodated bedding- 
plane slip with thicknesses of limbs preserved are 
classified as flexural slip folds and are categorized as 
Class IB form, after Ramsay (1967). Deformed strata that 
possess ductility contrasts between highly competent (stiff)
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Figure 18. Lower-hemisphere equal area 
projection of poles to bedding in the Willow canyon 
Formation. —  "+" represent overturned beds.
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Figure 19. Density contour diagram of poles to
bedding within the Willow Canyon Formation. —  Contour
lines represent 2%-4%-6%, per 1% area.
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sandstone and surrounding incompetent (soft) mudstone, and 
exhibit thinned and thickened limbs, are termed flexural 
flow folds after Donath and Parker (1964). The folds that 
accommodate differential thickening and thinning display 
Class 1A, 1C, and Class 2 forms (Ramsay, 1967). Both
flexural slip and flexural flow folds are distinctively 
exposed in Hot Springs Canyon, to the north in Poor and 
Eureka Canyons, and to the south in Pool and Sierra Blanca 
Canyons.

Stereoplots for fold axes and axial planes of
disharmonic and polyclinal folds are represented in Figures

o o
21 and 22. Fold axes on average, plunge 14 to N.50 W.;

o o
axial surfaces strike N . 67 W. and dip 38 NE. According to 
the classification scheme of Fleuty (1964), these folds can 
be described as gently plunging to sub-horizontal, and 
gently inclined.

Excellent examples of isoclinal folds are exposed 
within strata of the Willow Canyon Formation in Hot Springs 
Canyon. One particularly large isoclinal fold (Fig. 23) 
reveals limbs approximately 10 to 20 m long and exhibits 
fold limbs thickening and thinning into the hinge zone. 
This implies flexural flow folding and probably displays 
Class 1A and Class 1C forms (after Ramsay, 1967). Typical 
isoclinal fold hinges plunge gently to sub-horizontal, with 
axial surfaces dipping gently inclined to recumbent. The 
fold axis of the large isoclinal fold in Hot Springs Canyon
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Figure 21. Density contour diagram of fold
axes within the Willow Canyon Formation. —  Contour
lines represent 3%-5%-8%, per 1% area.
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Figure 22. Density contour diagram of poles to
axial planes for folds within the Willow Canyon
Formation. —  Contour lines represent 3%-5%-8%, per 1%
area.
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plunges 20, S. 38 W.; the axial surface strikes N. 45 E.
and dips steeply. Large and small isoclinal folds are
typically overturned and doubtless account for the large
overturned sections observed in Hot Springs Canyon.

Muleshoe Volcanics and Cascabel Formation
Strata of the Muleshoe Volcanics and the Cascabel

formation are deformed by open to tight anticlines and
synclines that are sub-horizontal to gently plunging and
upright to steeply inclined. Figures 24 and 25 are poles-
to-bedding-density contour stereonet plots for the two
formations. The folds within the Muleshoe Volcanics

o o
plunge, on the average, 10 to N.42 W; axial surfaces 

o o
strike N.44 W. and dip 87 SW. The modal orientation for

o o
the Cascabel fold axes plunge 9 to S.50 E; axial surfaces 

o o
strike N. 50 W. and dip 82 SW. The strata are typically 
deformed into near cylindrical folds. Wavelengths and 
amplitudes of folds are too large to be directly measured on 
the outcrop. Although not well exposed, the strata of the 
Muleshoe Volcanics and the Cascabel Formation are deformed 
by bedding-plane slip into flexural slip folds. Both 
formations show a general northwest strike of axial planes 
strikingly similar to the folds within the Willow Canyon 
Formation. However, a northwest-trending axial surface is 
not ubiquitous throughout the field area for these 
formations. Less common northeast and east-west trends are 
also observed (Fig. 2, in pocket).
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Figure 24. Density contour diagram of poles to
bedding in the Muleshoe Volcanics. —  Contour lines
represent 3%-5%-8%, per 1% area.
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Figure 25. Density contour diagram of poles to 
bedding in the Cascabel Formation. —  Contour lines 
represent 2%-5%-8%, per 1% area.
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As described earlier, imbrications for the Cascabel

Formation were rotated twice in order to compensate for
folding. Fold axes were determined from general bedding
orientations in regions of dense imbrication measurements.
Rotations noticeably improved the consistency of
paleocurrent directions. Imbrications in Hot Springs

o o
canyon were rotated about a 20 , S. 15 W. fold axis? all

o o
other imbrications were rotated about a 11 , S. 40 E. fold 
axis.

Tertiary Formations
Upright and close folds, with sub-horizontal axes 

trending northeast and interpreted as reverse drag
associated with the Teran Wash Fault, were originally 
observed to the south within the mid-Tertiary San Manuel 
Formation (Paige Gravels of Grover, 1982). The only other 
exposed strata of the San Manuel Formation in the field area 
occur along the western edge of Hot Springs Canyon. In this 
locality, bedding attitudes define an upright, sub
horizontal, northeast- trending anticline most probably 
associated with the Teran Wash Fault.

Faults

Thrust Faults

Thrust faults in the map area are confined to rocks 
of pre-Tertiary age. Exposed primarily in the western and 
central portions of the study area is a highly sinuous
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fault, displaying apparent thrust displacement, termed the
Hot Springs Canyon fault in this report (Fig. 2, in pocket).
The best exposures of the Hot Springs canyon fault are
observed within Hot Springs Canyon (Fig. 26). Outside of
the canyon, outcrops of the thrust fault are poorly exposed.
The Hot Springs Canyon thrust places Lower Cretaceous strata
of the Willow Canyon Formation structurally above Upper
Cretaceous strata of the Cascabel Formation. In the
southeastern portion of the map area, rocks of the Willow
Canyon Formation are thrust above strata of the Muleshoe
Volcanics; however, the possibility that this fault is a
different reverse fault cannot be excluded.

Spectacular exposures of the Hot Springs Canyon
fault in Hot Springs Canyon dip south-southwest. The fault
exhibits a thin zone of cleavage and minor brecciation
fluctuating between 0.2 m and 0.5 m in thickness. Within
this zone, lenticular phacoids of sandstone are bounded by
shear discontinuities or are surrounded by shear planes.
The strata of the Willow Canyon Formation above the fault
contact in Hot Springs Canyon are strongly deformed
internally, whereas strata of the Cascabel Formation
below the contact exhibit virtually no internal deformation.
Directly above the fault contact, sigmoid-shaped sandstone
lenses are exposed with limbs oriented approximately

o o
N.23 W., 35 NE (Fig. 27). These features may possibly be
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Figure 26. Exposure of Hot Springs Canyon 
Fault in Hot Springs Canyon. —  Willow Canyon Formation 
lies above the contact; Cascabel Formation lies below 
the contact. View towards the southeast.
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Figure 27. Sigmoid shaped phacoids of 
sandstone in Hot Springs Canyon. —  Phacoids lie 
directly above Hot Springs Canyon fault contact.
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duplex structures indicating thrust vergence downdip to the 
west-southwest.

The Hot Springs Canyon fault plane typically strikes
north to northwest, though sometimes northeast, and dips
west to southwest and sometimes southeast. The average dip

o
of the fault surface is 25 SW.; three point solutions

o o
reveal dips on the fault ranging from 0 to 40 as seen on 
the map and the cross-sections (Figs. 2 and 7, in pocket). 
Immediately adjacent to the exposed Hot Springs Canyon 
fault, foliation/bedding planes within the Willow Canyon 
Formation commonly have the same attitude as the fault. 
This coincidence suggests that the fault surface may be 
folded (Figs. 2 and 7, in pocket).

In Hot Springs Canyon, the Hot Springs Canyon fault 
climbs upsection to the west in relation to the underlying 
Cascabel Formation. However, farther south, the Hot Springs 
Canyon fault dips downsection to the west through the 
Cascabel Formation (Figs. 2 and 7, in pocket). Thus, the 
Cascabel Formation must have been folded prior to movement 
along the fault.

The Hot Springs Canyon fault is cut by many high- 
angle normal faults trending north-northwest. The Hot 
Springs Canyon fault is never seen cutting other faults, and 
thus must be one of the oldest faults in the study area. 
Some normal and reverse faults associated with the initial
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folding of the Cretaceous formations may possibly be older
than the Hot Springs Canyon fault.

North of Soza Mesa, the Hot Springs Canyon fault is
repeated four times by normal fault displacements. Two of
these thrust segments located at approximately lat.o o  o
32 22'42" long. 110 19"54" and lat. 32 23'12" long, 

o
110 17'24", are poorly exposed and questioned; however, the
strata are assumed to be in thrust contact by virtue of the
Willow Canyon Formation/Cascabel Formation contact seen
everywhere else in the map area. The longest exposed thrust

o o
to the north (between lats.32 22'06" and 32 23'03" long, 

o
110 18'33") reveals the thrust predominantly cutting 
upsection to the west; however, the Cascabel Formation is 
more than likely folded below the thrust (Fig. 7 A-A', in
pocket).

Low-Angle Normal Faults
Exposed largely in the western portion of the map 

area is a long, sinuous low-angle normal fault, termed the 
Soza Mesa fault (Fig. 2, in pocket) in this report. To the 
north, the fault can be traced extending out of the field 
area; to the south, it continues until it is ultimately 
concealed by pediment gravels of the Quiburis Formation 
(Fig. 2, in pocket). Everywhere the fault is exposed, it 
places rocks of the Galiuro Volcanics over strata of older 

formations, except in the northwest where rocks of the 
Galiuro Volcanics are exposed on both sides of the fault.
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The Soza Mesa fault is ideally exposed within Hot

Springs Canyon (Fig. 28). There, the exposure exhibits a
zone of fault gouge varying between 20 cm and 1 m, and
averaging 50 cm., in thickness. Generally, the fault

o
surface trends N. 30 W.? three-point solutions yield dips 

o o
between 10 and 17 to the southwest (Fig. 2 and 7, in
pocket). Striations directly above and below the fault

o o
plane trend roughly 15 , S. 30 W. Striations on slip 
surfaces within strata of the Willow Canyon Formation, 
immediately adjacent to the Soza Mesa fault in Hot Springs 
Canyon, indicate movement in the same direction as 
displacement along the Soza Mesa low-angle normal fault.

Allochthonous strata of the Galiuro volcanics within 
the upper plate of the Soza Mesa fault have been moderately 
rotated to steeper than normal dips and diverging strikes 
(Fig. 2, in pocket). Estimated displacement along the Soza 
Mesa fault is calculated to be between 2 and 4 km, with 
movement down to the southwest. The relative displacement 
was determined by identifying and matching, as accurately as 
possible, outcrops of Galiuro Volcanics in Hot Springs 
Canyon with autochthonous equivalents to the northeast. The 
uncertainty in the offset estimate is based upon the varying 
strike and dip of the fault plane.

The Soza Mesa fault is cut by only two faults in the 
study area - the Teran Wash Fault, the westernmost exposed



61

Figure 28. Exposure of Soza Mesa low-angle 
normal fault in Hot Springs Canyon. —  T. Goodlin 
standing on lower plate. View looking northwest.
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fault in the field area, and a southeast-dipping normal 
fault to the northwest.

Exposed within the westernmost portion of Hot
Springs Canyon and the region to the south of Hot Springs
Canyon, is the Teran Wash fault. The fault strikes

o
northwest and dips about 36 SW. The hanging wall exposes
strata of the Miocene San Manuel Formation (Fig. 2, in

o o
pocket). Striations trending S.76 W. and S. 84 W.
(Grover, 1982) also indicate normal-slip movement to the 
southwest. Reverse drag folds in the San Manuel Formation 
imply deposition syntectonic with the Teran Wash fault 
(Grover, 1982). Net slip on the order of several hundred 
meters is inferred due to the lack of San Manuel strata east 
of the fault (see Grover, 1982 for additional information).

Several east-west striking low-angle normal faults 
are exposed in the southern portion of the map (Fig. 2, in 
pocket). Grover (1982) originally interpreted the
southernmost east-west striking fault - the Teran Basin 
fault - as a normal fault. Goodlin (1985) considers this 
fault as part of an east-west trending zone of low-angle 
normal faults. The faults normally place younger on older 
rocks, however, an anomalous structural relationship places 
older on younger rocks (Fig. 2, in pocket). This uncommon 
relationship is possible if there was an initial thrusting 
event and then relatively smaller normal movement dropping 
the older rocks structurally over the younger rocks. For
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more information on the low-angle faults in the southern 
portion of the map, the reader is referred to Goodlin 
(1985).

Normal Faults
Moderately to steeply dipping high-angle normal 

faults and less abundant listric normal faults cut all 
formations within the study area (Fig. 2, in pocket). 
Normal faults primarily strike north to northwest. Less 
common northeast-striking normal faults usually offset 
strata older than the Galiuro Volcanics. Those normal 
faults which terminate at the base of the Galiuro Volcanics 
can be described as pre-Galiuro in age, and those which cut 
through the Galiuro Volcanics can be described as post- 
Galiuro in age. Slickenside striae on fault surfaces in all 
formations typically reveal normal dip-slip displacement to 
the east and west with minor oblique movement to the north 
and south. Hanging-wall strata are always younger or the 
same age as strata in the footwall. Almost all high-angle 
normal faults in the map area display linear traces cutting 
directly across topography. Many faults represented in 
Figure 2 (in pocket) were interpreted from aerial 
photographs.

In and around Hot Springs Canyon, north- to 
northwest- trending normal faults repeatedly offset the Hot 
Springs Canyon fault. Within Hot Springs Canyon and the 
region north of Soza Mesa, striations on normal faults that
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offset the Hot Springs Canyon thrust reveal slip directions 
exclusively down to the east and the northeast.

Normal faults frequently displace strata of the 
Cascabel Formation, particularly within Hot Springs Canyon. 
These faults are typically spaced between 1 m and 20 m apart 
with offsets usually ranging from 1 m to 25 m. These faults 
are often so densely developed and with such small offsets, 
that they could not be represented on the map.

Within the northernmost portion of the study area 
many post-Galiuro faults display complex cross-cutting 
relationships, revealing no surface expression for fault 
offset (Fig. 7, A-A', in pocket). Estimated net slip on
normal faults affecting the Galiuro Volcanics to the north, 
ranges from several meters to at least 800 m on the largest 
fault.

Exposed in the far eastern portion of the study area
near the Muleshoe Ranch, is one of the youngest faults in
the region (Fig. 2, in pocket). Here, a high-angle north-

o
to northwest- trending fault dipping approximately 75 E.
clearly offsets the Miocene-Pliocene Quiburis Formation.

In the northwestern portion of the map in Cherry
Spring Canyon, excellent exposures of a normal fault

o
trending N. 15 W. with northeast dip-slip displacement
clearly offsets the Soza Mesa low-angle normal fault (Fig.
2, in pocket); this evidence indicates that this high-angle

o
normal fault dipping 68 NE is among the youngest in the
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study area. Tracing the fault south, it becomes lost within 
a complex shear zone (Fig. 2, in pocket? see Foliations - 
Willow Canyon Formation).

Reverse Faults
Only four reverse faults were observed within the

study area. A reverse fault exposed north of Hot Springs
Canyon in the eastern portion of the map area (lat. 

o o
32 21'27" long.110 15'36"), offsets the Cretaceous Muleshoe 
Volcanics and the Cascabel Formation, and is in turn cut by 
normal faults. To the southeast, Goodlin (1985) mapped 
three reverse faults which are also cut by more recent 
normal faults. These exposures reveal no systematic fault
orientations. It is presumed that many more Laramide
reverse faults occur throughout the Cretaceous strata.

Foliations
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Willow Canyon Formation
Strata of the Willow Canyon Formation exhibit planar 

to curviplanar, parallel discontinuities penetrative at the 
outcrop scale. These foliations are sub-parallel to bedding 
and take the form of bedding-parallel cleavage, as well as 
less abundant axial-plane cleavage and spaced cleavage. In 
general, the strata of the Willow Canyon Formation are 
weakly to strongly deformed into foliated layers 
characterized by high ductility contrasts (Donath and 
Parker, 1964).
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Bedding-parallel foliation is nearly ubiquitous in 

exposures of mudstone and siltstone within the Willow Canyon 
Formation. Where severe deformation has occurred, as best 
displayed within Hot Springs Canyon and the canyons to the 
south, lenses of relatively undeformed sandstone are wrapped 
within anastomosing domains of highly sheared mudstone and 
siltstone imparting a melange-like phacoidal or boudinage 
structure to the rocks. North of Soza Mesa in Eureka Canyon 
and Soza Wash, foliation is weakly to moderately developed, 
and affects only the less competent mudstone and siltstone 
layers, whereas the stronger sandstone and conglomerate 
layers rarely exhibit any foliation.

Spaced cleavages defined by planar to curviplanar, 
parallel to anastomosing fracture-like partings were 
observed locally within strongly deformed strata of the 
Willow canyon Formation. Cleavage domains typically range 
from 0.5 cm to 5 cm with parting thicknesses no greater than 
1 mm. The cleavage is typically sub-parallel to bedding in 
areas where isoclinal folding is observed. Spaced cleavage 
is often associated with tightly folded strata (Davis, 
1984), and forms as an axial-plane cleavage with respect to 
isoclinal folding.

Shear zones truncate the cleavage at low angles 
except where cleavage is locally folded and consequently cut 
at high angles. The shear zones are typically undulating, 
anastomosing, curviplanar, bedding-plane foliations. The
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o o

foliation averages N.20 E. in strike and dips 20 NW (Fig. 
29), strikingly similar to bedding within the Willow Canyon 
Formation (Figs. 18 and 19). The shear zones are sometimes 
striated and are locally discordant to bedding planes, 
although this is probably due to isoclinal folding. In the 
northwest portion of the map (Fig. 2, in pocket), a complex 
shear zone exhibits several complicated relationships. 
This zone is composed of anastomosing faults which cut and 
slice the Cretaceous willow Canyon Formation, Muleshoe 
Volcanics and Cascabel Formation into wide zones and thin 
slivers. Pods or islands of strata of the Willow Canyon 
Formation appear to be floating in strata of the Muleshoe 
Volcanics. The deformation in this zone produced strong 
cleavage, folding and faulting. In one exposure, a flat- 
lying fault contact separates strata of the Muleshoe 
Volcanics from the Willow Canyon Formation. Here, the rocks 
of the Willow Canyon Formation exhibit a discordant 
foliation cutting the fault plane, and one intriguing 
exposure reveals a stretched limestone clast within the 
Muleshoe Volcanics.

Muleshoe Volcanics and Cascabel Formation
In general, the Muleshoe Volcanics and the Cascabel 

Formation do not reveal a penetrative foliation as exhibited 
within strata of the Willow Canyon Formation. Locally, 
sheared surfaces within both formations give rise to a weak 
to moderate foliation. To the northwest (Fig. 2, in pocket)
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Figure 29. Density contour diagram of poles to 
foliations in the Willow Canyon Formation. —  Contour 
lines represent 2%-3.5%-5%, per 1% area.
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within the complex shear zone, the Muleshoe Volcanics are 
moderately foliated by shearing along fault planes. Spaced 
cleavage is also weakly developed locally within the 
Cascabel Formation.

All other formations exhibit no foliation.

Lineations

Willow Canyon Formation
Lineations are ubiquitous within deformed strata

of the Willow Canyon Formation. Lineations or striations
are commonly associated with foliation planes and lie in
those surfaces. striations on shear planes for regions
north of Soza Mesa, within Hot Springs Canyon, and south of
Hot Springs Canyon are illustrated on lower hemisphere equal
area projection stereonets on Figure 2 (in pocket). In
general, striations within the Willow Canyon Formation trend 

o o o o
N. 20 E. to N. 60 E. and plunge between 10 and 45 . An

o
average modal orientation for these striations is 25 , 

o
S. 40 W.

Pencil structures are associated with folded and
cleaved mudstones within the Willow Canyon Formation. The

o o
average pencil cleavage orientation is 20 , S. 30 W. (Fig. 
30). The attitude of the pencils lies sub-parallel to the 
isoclinal fold axes but they do not correlate with the 
disharmonic and polyclinal fold axes.
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Figure 30. Lower-hemisphere equal area 
projection of pencil structures in the Willow Canyon 
Formation.
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Stretched conglomerate clasts and carbonate nodules 

occur locally within strata of the Willow Canyon Formation 
(Fig. 31). Measurements on 78 deformed and undeformed 
clasts yields an average elongation of 115% and a maximum 
elongation of 450% (assuming that all clasts were initially 
spherical). Aspect ratios (long axis:short axis) for 
deformed clasts average 4.7:1, and the maximum ratio is 
30:1.

As described within folds (see above), phacoids or 
boudins of sandstone are common in the Willow Canyon 
Formation. Stiff layers of sandstone are enveloped by soft 
layers of mudstone and siltstone. Most boudins are lensoid, 
indicating moderate strength differences between the stiff 
and the soft layers.

Muleshoe Volcanics and Cascabel Formation
Lineations associated with foliations are rare 

within the Muleshoe Volcanics and Cascabel Formation. 
Within these formations, striations are associated 
predominantly with bedding planes and fault planes.

Pencil structures are observed locally in exposures 
of the Cascabel Formation. Although few measurements were 
taken, they reveal a north-northwest/south-southeast trend 
with a gentle plunge, similar to the pencils within the 
Willow Canyon Formation.
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Figure 31. Stretched carbonate nodules in the 
Willow Canyon Formation. —  Spherical nodules in 
foreground, stretched nodules in background.
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Fractures

Three sets of en echelon, sinusoidal gash fractures
or tension fractures occur locally within sandstones of the
Willow Canyon Formation. The fractures are commonly, but
not always, filled with calcite. The lengths of fractures
vary from 10 cm to 3 m, with separations typically ranging
from 1 mm to 2 cm. Measurements on three sets of fractures

o o
indicate trends ranging from N. 40 W. to N. 77 E. to 

o
N. 77 W., the latter two trending almost east-west. All 
three sets dip steeply to sub-vertically.



TECTONIC EVOLUTION

The structural framework of the Hot Springs Canyon 
area has been shaped by multiple, contrasting superimposed 
deformations (Davis, 1981). In general, four deformational 
events formed the structural styles recorded in rocks found 
in the Hot Springs Canyon area of the southern Galiuro 
Mountains: (1) Early Cretaceous rifting (Bilodeau, 1982), 
(2) Late Cretaceous to early Tertiary Laramide compression, 
approximately 90 to 50 m.y.B.P. (Davis, 1979; Dickinson,
1981) , (3) Mid-Tertiary extension, approximately Late 
Oligocene to early Miocene (Coney, 1978, 1980; Lingrey,
1982) , and (4) late Tertiary Basin and Range faulting, about 
12 to 5 m.y.B.P. (Davis, 1979; Shafiqullah and others, 
1980).

Early Cretaceous Rifting
During the Early Cretaceous, southeastern Arizona 

was located behind a continental-margin magmatic arc that 
existed along the west coast of North America (Coney and 
Reynolds, 1977). The structural setting in southeastern 
Arizona at this time was one of northeast-southwest regional 
extension characterized by differential vertical movements 
along northwest- and west-trending normal faults (Bilodeau, 

1978, 1982; Bilodeau and Lindberg, 1983). During late Early

74
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Cretaceous (Aptian-Albian) time, a shallow epicontinental 
sea deposited marine sediments in southeastern Arizona. 
These sediments of the Bisbee Group were deposited in a 
northwest extension of the Chihuahua Trough, a late Mesozoic 
arm of the Gulf of Mexico depression (Dickinson and others, 
in press).

The Glance Conglomerate, the basal unit of the 
Bisbee Group, represents syntectonic sub-aerial alluvial- 
fan deposits associated with vertical displacements in an 
Early Cretaceous back-arc extensional regime (Bilodeau, 
1978; Dickinson and others, in press). The Willow Canyon 
Formation, stratigraphically above the Glance Conglomerate, 
intertongues with the Glance and represents distal 
alluvial-fan and/or braided floodplain deposit deposition 
(Dickinson and others, in press). Within the study area, in 
Cherry Spring Canyon (Fig. 2, in pocket) are, to date, the 
northernmost identified exposures of the Willow Canyon 
Formation in southeastern Arizona. Subsequent deformation 
of the Willow Canyon Formation records the earliest episodes 
of Laramide deformation in the Hot Springs Canyon area.

Laramide Deformation
At least four Laramide deformational events occurred 

in the Hot Springs Canyon area: (1) severe deformation - 
folding and faulting- within the Willow Canyon Formation, 
(2) deposition and deformation of the Muleshoe Volcanics and 
the Cascabel Formation, (3) movement and emplacement of the
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Hot Springs Canyon thrust fault, and finally (4) folding of
the Hot Springs Canyon thrust fault.

\

Willow Canyon Formation
Severe effects of Laramide compression are recorded 

in the rocks of the Willow Canyon Formation. As exposed in 
the Hot Springs Canyon area, the formation reveals some of 
the most intensely deformed, yet unmetamorphosed, Bisbee 
strata in southeastern Arizona. Extremely folded and 
sheared strata characterize the style of deformation within 
the formation, and essentially all strata of the Willow 
Canyon Formation are deformed into bedding-parallel 
foliation indicative of severe strain. Where axial-plane 
cleavage occurs, it is associated with isoclinal folding. 
Anastomosing shear surfaces are often observed cutting 
foliation planes. Mudstones are frequently highly sheared 
and bedding planes completely obliterated. All styles of 
folds are exhibited within the more competent layers, and 
are deformed primarily into flexural-slip and flexural-flow 
folds.

At least two deformational pulses affected the 
Willow Canyon Formation. Foliations observed within the Hot 
Springs Canyon area are typically sub-parallel to bedding 
and frequently truncated by shear surfaces indicating an 
initial penetrative cleavage event followed by a later 
deformational pulse. Generally, two styles of folding occur 

within the Willow Canyon Formation - polyclinal/disharmonic
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folds and isoclinal folds. Isoclinal folding is responsible
for the large overturned sections of Willow Canyon Formation
observed within Hot Springs Canyon. Interestingly, pencil

o o o o
structure measurements (5 -20 , N25 E - S25 W) are typically

o o
sub-parallel to the isoclinal fold axes (20 , S38 W) but not

o o
to the polyclinal/disharmonic fold axes (14 , N50 W)
implying at least two local folding events. However, it is
possible that some of the isoclinal folds are related to the 
later thrusting event.

Muleshoe Volcanics
During Late Cretaceous to early Tertiary time, 

southeastern Arizona was the site of regional volcanism as 
arc magmatism shifted progressively eastward (Coney, 1978; 
Dickinson, 1981). Within the Hot Springs Canyon area, this 
event was manifested in the Muleshoe Volcanics, which are 
similar temporally and lithologically to several nearby 
Laramide volcanic piles.

The Muleshoe Volcanics record one of the earliest 
peaks of Laramide volcanism in the region. The volcanic 
piles of the Williamson Canyon, Dove Canyon and Salero 
Formations are alkalic-calcic in composition, and thus 
typical of volcanics erupted prior to 71 m.y.B.P. (Keith, 
1978). Interestingly, the Muleshoe Volcanics are calc- 
alkalic to calcic (refer to Goodlin, 1985), unusual for 
volcanic piles older than 71 m.y.B.P.; however, they are 
similar in chemical^composition to the younger Glory Hole
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Volcanics, which reflect a shallowing subducted slab off 
the western margin of North America (Coney and Reynolds, 
1977; Keith, 1978).

Strata of the Muleshoe Volcanics, typically andesite 
breccia, lava and lahar deposits, reflect a ' stratovolcano 
source. Several volcanic assemblages including the Glory 
Hole Volcanics and the Salero Formation are interpreted as 
silicic volcanic piles characterized by voluminous ash-flow 
eruptions and "exotic-block" breccias in a tuff matrix; they 
are associated with large caldera collapses that have been 
dismembered by Basin-Range structures and obscured by 
erosion (Lipman and Sawyer, written communication, 1985). 
Within the Muleshoe Volcanics, the occurrence of voluminous 
andesite breccia and local ash-flow tuffs are characteristic 
of Late Cretaceous composite volcanic fields in southeastern 
Arizona, but they were evidently not related to local 
caldera collapse.

Cascabel Formation
Nonmarine Upper cretaceous strata of the cascabel 

Formation rest on the Muleshoe Volcanics in the Hot Springs 
Canyon area, and were deposited roughly 75 to 66 m.y.B.P. 
Rocks of the Cascabel Formation are lithologically similar 
to strata of the Fort Crittenden Formation (roughly 75 to 80 
or 85 m.y.B.P.; Dickinson and others, in press), but are 
significantly younger.
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Sedimentary clasts commonly observed throughout the 

Cascabel Formation were reworked principally from the Bisbee 
Group (Willow Canyon Formation) and partly from Paleozoic 
limestone. Volcanic fragments were reworked chiefly from 
the immediately underlying Muleshoe Volcanics. Granite 
clasts represent less than 1% of the clasts counted in the 
Cascabel Formation but occur throughout the formation. 
Their presence suggests.successive erosion and deposition 
from nearby sources now covered by the Galiuro Volcanics and 
the Quiburis Formation.

The intermontane basins in which the Cascabel and 
Fort Crittenden Formations accumulated are inferred to have 
been formed by Laramide deformation (Dickinson and others, 
in press). Source areas for the detritus in the cascabel 
Formation must have lain in nearby uplifted areas. 
Deposition of the Cascabel Formation in a subaerial 
alluvial-fan environment implies strong local relief, and 
southerly paleocurrents (Fig. 15) imply generally northerly 
sources locally. Minor volcanism late in the deposition of 
the Cascabel Formation is recorded by local tuffs and lavas 
erupted at about the Late Cretaceous/early Paleocene time 
boundary.

After deposition of the Cascabel Formation, 
Cretaceous units were faulted and folded into upright, open 
to tight anticlines and synclines. Both severe deformation 
of the Willow Canyon Formation and folding of the
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Muleshoe/Cascabel Formations occurred before their 
juxtposition along the Hot Springs Canyon thrust fault.

Hot Springs Canyon Fault
After some deformation of all three Cretaceous 

formations exposed in the Hot Springs Canyon area, movement 
occurred along a thrust surface (less than 66 m.y.B.P.) 
placing strata of the Willow Canyon Formation structurally 
above rocks of the Cascabel Formation. On Figure 2 (in 
pocket), the apparent thrust, referred to as the Hot Springs 
Canyon fault, is observed cutting upsection to the west 
through the Cascabel Formation within Hot Springs Canyon; 
however, to the south, it clearly cuts downsection to the 
west, therefore implying that the Cascabel Formation was 
folded prior to movement along the fault zone. The Hot 
Springs Canyon fault is probably the thrust surface along 
which the Willow Canyon Formation was juxtaposed above the 
Cascabel Formation. However, it is geometrically 
conceivable that the Hot Springs Canyon fault, as now 
exposed, is a younger low-angle normal fault that ' simply 
repeats the original thrust stacking. Arguments for and 
against thrusting along the Hot Springs Canyon fault are 
summarized in the following sections. In sum, the thrust 
interpretation is strongly preferred.

Arguments for thrusting. (1) The family of low- 
angle normal faults in the Hot Springs Canyon area typically 
cut the mid-Tertiary Galiuro volcanics. This is not unique
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to the region of study. To the east, between the Santa 
Teresa Mountains and the Pinaleno Mountains, the mid-Miocene 
Eagle Pass detachment contains rocks of the Galiuro 
Volcanics (Davis and Hardy, 1981). Likewise, to the north 
near Mammoth, Arizona, the Cloudburst detachment contains 
rocks of the Cloudburst Volcanics which are temporally 
equivalent to rocks of the Galiuro Volcanics (Weibel, 1981). 
The Hot Springs Canyon fault, particularly as observed in 
the northern part of the field area, never cuts through the 
Galiuro Volcanics but terminates beneath them. Although the 
Hot Springs Canyon fault is cut by many high-angle normal 
faults and possibly sliced by low-angle normal faults, no 
low-angle normal faults are known to be older than Galiuro 
Volcanics age in southeastern Arizona, thus suggesting that 
the deformation associated with the Hot Springs Canyon fault 
was achieved by thrusting during Laramide compression.

(2) Wherever the Hot Springs Canyon fault is 
exposed, it places the Willow Canyon Formation structurally 
above the Cascabel Formation; that is, it places older rocks 
on younger rocks.

(3) The exposed fault contact exhibits a foliated 
fault zone with minor brecciation, typical of Laramide 
thrust zones (Reynolds, personal communication).

(4) The Hot Springs Canyon fault on the average dips 
o

25 SW, indicating vergence to the northeast if it is a 
thrust fault. To the south in Teran Basin, Grover (1982)
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o

mapped an analogous thrust fault that strikes N 5 w, dips 
o

35 SWf and places Pinal Schist above strata of the Bisbee 
Group.

Immediately south of Teran Basin in the northwestern 
tip of the Johnny Lyon Hills, a narrow band of east-dipping 
thrust faults places Precambrian basement above Paleozoic 
and Mesozoic strata (Dickinson, 1984). This zone of faults 
would indicate vergence to the west, opposite to the faults 
described above. The relationship of the apparently 
northeast-vergent thrusts in the Hot Springs Canyon area and 
the west-vergent thrusts in the Johnny Lyon Hills is 
problematic.

Arguments against thrusting. (l)Sigmoidal sandstone
phacoids within the Willow Canyon Formation directly above
the Hot Springs Canyon fault within Hot Springs Canyon, have

o o
limbs of sigmoids oriented N 23 W, 35 NE, and indicate 
top limb over bottom limb to the west or normal movement 
(vergence) down the dip of the Hot Springs Canyon fault 
plane. However, immediately adjacent to these sigmoidal 
structures are similar sigmoids suggesting northeast 
vergence. Thus, the true significance of the sigmoidal 
structures is uncertain.

(2) Striations on the Hot Springs Canyon fault and 
striations along the Soza Mesa low-angle normal fault have 
the same orientation. Therefore, any possible mid-Tertiary
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extensional overprinting along the fault plane cannot be 
distinguished clearly from the Laramide compressional event.

Folding of Hot Springs Canyon Fault
After movement and emplacement of the Hot Springs

Canyon fault, the region was subjected to another
compressional pulse or continued compression that folded
the Hot Springs Canyon fault. Evidence for folding is based
upon two observations: (1) the thrust surface changes dip

o
within the map area from nearly flat-lying to 40 SW, and 
(2) immediately adjacent to the exposed Hot Springs Canyon 
fault, foliation/bedding planes within the Willow Canyon 
Formation commonly strike in the same orientation as the 
trace of the thrust (Fig. 2, in pocket), indicating that the 
orientation of the fault is related geometrically to folds.

Kinematic Interpretation of Laramide Structures
Strata of the Willow Canyon Formation, Muleshoe

Volcanics and Cascabel Formation observed in the Hot Springs
Canyon area were unequivocally affected by Laramide
compressional tectonics; they have been shortened by
folding, flattening and faulting. Table 2 represents fold
and fault data for the three cretaceous formations as
measured in the field and after the effects of tilt of the
mid-Tertiary Galiuro Volcanics are removed. An average

o o
bedding orientation of N 20 W, 20 NE in the Galiuro 
Volcanics served to define the pole of rotation.
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Table 2. Orientations of Cretaceous structures before and 
after the tilt of the Galiuro Volcanics are removed.

Structure Before Rotation After Rotation
Kb-Fold Axes

o o
14, N 50 W

o o
24, N 45 W

Kb-Axial Plane
o o

N67 W, 38 NE
o o

N 86 E, 28 NW
Kb-Striations-1

o o
25, N 40 E w
o
<3*z

o
CO

Kb-Striations-2
0 0 

25, S 40 W
o o

42, S 35 W
Kb-Foliations

o
N-S, 20 W

o o
N 10 W, 40 SW

Km-Fold Axes
0 0 

10, N 42 W
0 0 

18, N38 W
Km-Axial Planes

o o
N 44 W, 87 SW

o o
N 46 W, 75 NE

Kc-Fold Axes
o o

9, S 50 E
O 0

1, S 52 E
Kc-Axial Planes

o o
N 50 W, 82 SW

O 0
N 51 W, 81 NE

Thrust Plane
t o o
N 35 W, 25 SW

o o
N 29 W, 44 SW

Kb = Willow Canyon Formation 
Km = Muleshoe Volcanics 
Kc = Cascabel Formation
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For the most part, restored structural trends vary

only slightly and plunges vary slightly to moderately.
After rotation, fold axes and axial planes generally plunge
more gently than before rotation. After rotation, average
axial planes within the Muleshoe volcanics and the Cascabel
Formation reveal nearly upright folds, whereas the average
axial plane orientation in the Willow Canyon Formation dips

o
nearly horizontal, about 70 shallower than the two Upper-
Cretaceous formations. This indicates that at least two
deformational events distinct in space and/or time formed
the folds observed within the Cretaceous units of the Hot
Springs Canyon area. The rotated Hot Springs Canyon fault
plane strikes roughly the same, but steepens in dip from 

o o
25 SW to 44 SW. Interestingly, the Hot Springs Canyon fault 

o o
plane - N 29 W, 44 SW - and the average foliation plane in

o o
the Willow Canyon Formation - N 10 W, 40 SW - are
strikingly similar in orientation. The significance of
the apparent kinematic relationship between these two
features remains uncertain.

Slip-line direction for Laramide folding and
faulting can be interpreted from the orientation of folds
and striations in the Cretaceous strata. The average modal
strike orientation for fold axes, axial planes and the

o
thrust surface is approximately N 40 W after rotation.

o
Striations trend N 40 E (after rotation) or approximately

o
normal to the modal strike orientation - N 40 W. The
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results, after averaging all data, imply a maximum

o
compressional direction about N48 E and maximum elongation 

o
about N 42 W. When compared to the superposed regional
strain model for Laramide structures in southeastern Arizona 
proposed by Davis (1981), the results from the Hot Springs 
Canyon area conform reasonably well. Table 3 compares the 
results from Davis (1981) and this study:

Table 3. Comparison of regional strain for Laramide 
structures, Davis (1981) and this study.
____________ maximum elongation__________maximum compression

o o
Davis (1981) N 46 W

o
this study N 42 W

N 44 E 
o

N 48 E

Thus, the structures observed in Cretaceous strata 
in the Hot Springs Canyon area unquestionably record 
northeast-southwest compressional deformation. The inferred 
northeast orientation for c; is consistent with slip vectors 
describing plate-motion geometry during the Laramide (Davis, 
1981). During the Laramide, the western edge of the North 
American continental margin converged southwest with oceanic 
plate(s) (Coney, 1976, 1978; Davis, 1981).

Mid-Tertiary Extension
After exposure to prolonged erosion during Eocene 

time, the rocks in the Hot Springs Canyon area experienced 
the mid-Tertiary ignimbrite "flareup" (Coney 1978, 1980). 
Voluminous eruptions of ash-flow sheets from caldera
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complexes covered the landscape (Coney, 1978). The Upper 
Oligocene Galiuro Volcanics, forming the general 
physiographic character of the Galiuro Mountains, were 
produced locally by the mid-Tertiary eruptions.

The Galiuro Mountains represent unextended ground 
(Davis and Hardy, 1981) in terms of mid-Tertiary tectonics 
for southeastern Arizona. However, to the east and west of 
the Galiuro range, the Pinaleno core complex and the Rincon- 
Catalina core complex, respectively, reflect tectonic 
denudation along low-angle mid-Tertiary normal faults. 
Interestingly, metamorphic core complexes seem to have 
evolved during and after the ignimbrite outburst (Coney, 
1974, 1978, 1980). In a cartoon from Davis and Hardy (1981; 
Fig. 32), the Rincon-Catalina core complex displays 
southwest-directed tectonic denudation and the Pinaleno core 
complex displays northeast-directed tectonic denudation, 
separated by the unextended ground of the Galiuro Mountains. 
The Rincon-Catalina core complex is part of a region that 
underwent large-scale mid-Tertiary crustal distension, which 
is temporally and spatially associated with the western 
front of the Galiuro range as observed in Hot Springs Canyon 
and Teran Basin to the south (Grover, 1982).

Within the western portion of Hot Springs Canyon 
(Fig. 2, in pocket), a large, low-angle normal fault - the 
Soza Mesa fault - (displacement calculated to be between 2 
and 4 km to the southwest) places rocks of the Galiuro
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Figure 32. Cartoon depicting geometric and 
kinematic relationships of the Rincon, Galiuro, and 
Pinalerio Mountains. —  From Davis and Hardy (1981).
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Volcanics structurally above Mesozoic strata and sometimes
rocks of the same age. In general, the trace of the Soza

o
Mesa fault strikes N 25 W and striations on the fault plane 

o
average S 35 W. Assuming that a line normal to the strike
of the fault trace and the direction of striations jointly
reveal the net slip-line direction, average orientations 

o o
yield a N 50 E - S 50 W direction of extension, similar to

o o
the regional strain value (N 60 E + 10 ) for mid-Tertiary 
structures reported by Davis (1981). The Soza Mesa fault is 
presumably a listric normal fault, in that bedding planes 
within the allochthonous plate of the Galiuro Volcanics in 
the western portion of Hot Springs Canyon display 
successively steeper tilts in the direction of downthrow 
(Wernicke and Burchfiel, 1982).

To the southeast (Fig. 2, in pocket), the Teran 
Basin fault and the east-west trending low-angle normal 
faults are all fundamentally related to the Rincon-Catalina 
detachment fault. The Teran Basin fault is interpreted as 
part of the breakaway fault complex along the western flank 
of the Galiuro Mountains, and apparently soles into the 
detachment surface underlying the San Pedro River valley 
(Grover, 1982). East of the Teran Basin fault, the Galiuro 
Volcanics dip consistently and gently to the northeast 
within the unextended ground of the Galiuro Mountains.

The structural complexity observed along the western 
flank of the Galiuro Mountains within the Hot Springs Canyon
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area thus appears to have been fundamentally related to 
extensional faulting that formed the San Pedro River valley, 
and was associated with development of the Rincon-Catalina 
metamorphic core complex to the west. Spencer (1984) 
geometrically relates the features associated with 
detachment faulting observed between the Galiuro Mountains 
and the Tucson Basin into four distinct structural domains: 
(1) an unextended area of surficial rocks (Galiuro
Mountains); (2) a detached synformal allochthon distended by 
multiple listric and/or domino-style low-angle normal faults 
soling into the detachment surface (San Pedro River valley); 
(3) an antiformal upwarp (core complex) of deep-seated rocks 
flanked by outward dipping low-angle detachment faults 
(Rincon Mountains); and (4) a detached wedge-shaped
allochthon lying above a rooted low-angle normal detachment 
fault (Tucson Basin)

Basin and Range Deformation 
The youngest faults in the Hot Springs Canyon area 

are high-angle Basin and Range normal faults that trend 
generally north-south to north-northwest. A pronounced 
angular unconformity between the Quiburis Formation and the 
mid-Tertiary strata indicates an erosional hiatus between 
the period of listric normal faulting and the block-fault 
geometry associated with these later structures. The 
Quiburis Formation is offset by minor faults, but generally 
preserves depositional dips throughout the field area.
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Dark grey ss.: flne-to med.-gr.; few pebble clasts-1cm. to 6cm. 
Red-grey ss.: med.-gr.; horlz. laminations.
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PEBBLE CGL. 
COARSE SS.

Ss.: med.-gr.; pebble clasts; tabular cross-beds at top.

Cgl.: pebble to boulder; fine ss. and mud matrix; horlz. laminations. 
Cgl.: pebble; clast-supported at base; matrix-supported at top.

Cgl.: pebble to cobble; clast size-lcm. to 25cm; 
matrix-supported.

Ss.: flne-to med.-gr.; massive; planar beds; 
mud at bottom.

Ss. and mud: fine-gr.; massive; small pebbles.

ujpPER-LOWER CASCABEL
12-f

Cgl.: pebble; massive; mud matrix; no grading.

Ss.: fine-to med.-gr.; minortabular cross- beds; 
few pebble clasts.

10-

Ss.: med.-gr.; tabular cross-beds.

Red-grey ss.: med.-to coarse-gr.; planar beds-4cm. 
to 30cm.; poorly sorted; trough cross-beds at top.

Ss. and mud: fine-gr.y channeled pebble cgl. 
horiz. laminations; scour base.

Ss.: coarse-gr. with pebble clasts, 
planar beds20cm. to 30cm. apart.
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Ss.: med.-gr.; planar beds; pebbles near top.
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Ss.: med.-gr.; horlz. laminations and pebbles near top.

Ss.: fine-gr.; horiz. laminations.

CgU pebble to cobble; clast size-lcm. to 25cm.; massive; 
matrlx-and clast-supported; no grading.

Cgl.: pebble to cobble; planar beds," imbrication; no grading.

Cgl.: pebble to cobble; planar beds-20cm. apart;
, matrix-supported; scour base.

CgU pebble to boulder; massive; matrlx-supported-ss. and 
mudst.; no grading.
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LOWER-LOWER CASCABEL
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Cgl.: pebble to boulder, massive; clast slze-4cm. to 70cm^ 
matrix- and clast-aupported; no grading.

CgU cobble; massive; weB sorted; matrix-supported.

CgU cobble with some boulders; matrlx-and c las t-au p p o rted ; no grading.

Cgl.: pebble to cobble,* massive, matrix-supported, horlz. laminations; 
no grading.

CgU pebble to cobble; massive; sight normal grading; 
matrix-supported; channeled med.-gr. ss.

Grey as- med.-gr^ miner tabular cross-beds; mud at bottom.

Ss. and much fine-gr., channeled pebble cgL

Dark red as- flne-to med.-gr- tabular cross-beds.

CgU pebble to boulder* clast-supported; clast alze-Scm. to 60cm.; 
rounded to subrounded; no grading.
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Figure 8, Mark, M. S. Thesis, Geosciences, 1985





GEOLOGIC CROSS SECTIONS THROUGH 
THE HOT SPRINGS CANYON AREA
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COCHISE COUNTY, ARIZONA

SCALE 1:24000 

No vert ical exaggeration
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See explanation on Figure 2 for section locations and rock descriptions.
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Figure 7, Mark, M. S. Thesis, Geosciences, 1985
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