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ABSTRACT

The Cloudburst Formation lies homoclinally exposed 
in the Black Hills near Mammoth, Arizona. Andesite and 
latite flows of the lower volcanic unit range in thick
ness from 0-600 m and interfinger with the upper fanglome- 
rate unit, which consists chiefly of muddy arkosic and 
volcaniclastic redbeds up to 1,400 m thick. Paleocurrent 
data suggest a provenance generally west of the study 
area. Lithologic composition, texture and potassium-argon 
mineral ages indicate that Cloudburst conglomerates were 

z- deposited as alluvial fans in an intra-arc basin that 
x developed during Late Oligocene time. The Cloudburst 
fanglomerate unit was subsequently overlapped concordantly 
yet disconformably during Early Miocene time by the San 
Manuel Formation.

Post-depositional faulting inclined almost all 
Cloudburst strata generally eastward from 30o-60° via 
low-angle listric normal faults thought to be buried in 
the subsurface to the east of the map area. The resultant 
homocline was offset 2.5 km southwest by low angle dip- 
slip movement along the San Manuel fault.

The Galiuro Volcanics and the Hackberry formation 
were chronologically correlated with the Cloudburst Forma
tion? all three are surmised to be associated with a Late

viii



Oligocene to Early Miocene, northwest-trending belt of 
plutons and uplifted blocks now exposed in the Rincon,
Santa Catalina, Tortolita, Picacho, and Tortilla Mountains 
to the west and south of the study area.
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INTRODUCTION

This paper discusses the sedimentary characteris
tics, stratigraphic relations, and geologic history of the 
Cloudburst Formation in the southern Black Hills of Pinal 
County (Figure 1). The area lies east of exposures of the 
basal lavas of the Cloudburst Formation, several kilometers 
west-southwest of Mammoth, Arizona, and southwest of the San 
Manuel fault in the vicinity of the San Manuel mine. The 
predominantly conglomeratic redbeds were deposited as allu
vial fans during the Late Oligocene in response to uplift 
generally, west of the study area. The Cloudburst Formation 
was deposited nonconformably on plutonic rocks of Older 
Precambrian and Laramide age, and is disconformably overlain 
by the San Manuel Formation of Heindl (1963).

Problem
Previous work involving this study area has led to 

varying interpretations of the stratigraphic, structural, 
and sedimentologic aspects of the Cloudburst Formation.
For example, the top of the Cloudburst Formation has been 
reported to be an angular unconformity in one place and a 
disconformity in another. Correct age assignment of the 
unit and demonstration of its provenance will have a major 
impact on regional stratigraphic correlation in the

1



Figure 1. Location map, Pinal County
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San Pedro Valley. Hence, the objective of this thesis is 
to present detailed information regarding the sedimentologic 
properties, contact relations, and age of the Cloudburst 
Formation.

Method of Treatment
2A geologic map covering 8 km (5 square miles) was 

prepared at a scale of 1:12,000 to establish structural 
style and important contact relationships (Figure 2, in 
pocket). Petrographic study of thin-sections helped clas
sify rock types and determine the argillaceous content of 
representative samples. The type section of the Cloudburst 
Formation was measured and described (see Appendix) in and 
adjacent to upper Cloudburst Wash.

The variation in provenance was determined by field 
sampling of lithic types composing the framework boulders 
and cobbles of rudaceous Cloudburst deposits. Two repre
sentative exposures of the San Manuel Formation were also 
sampled for comparison. Presentation of these data in 
histograms enabled the compositional variation to be 
analyzed. To complement compositional information, paleo- 
current directions were determined at locations where cross
bedding and pebble imbrication are exposed in the map area. 
The average direction was determined statistically to allow 
modeling of the paleoslope during deposition of the Cloud
burst Formation.
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The time during which the Cloudburst conglomerates 

were deposited was bracketed by K-Ar dating of volcanic 
material from a stratigraphic marker near the top of the 
Cloudburst Formation, supplementing the known age 
(Shafiqullah and others, 1978) of the Cloudburst volcanic 
flows conformably underlying the fanglomerate unit. In 
order to gain additional information regarding the strati
graphic placement of the Cloudburst Formation, basal basalt 
flows of the San Manuel Formation exposed about 20 km north
west of the study area qere also dated for this report.

Previous Work
The first published reference to the name "Cloud

burst" was made by Wilson (1957) while describing subsidence 
in the San Manuel mine a few mines east of the map area. He 
noted that the name was being used by San Manuel mining 
geologists, and two months later one of these geologists 
referred to the Cloudburst Formation in a summary of the 
mine's geology (Pelletier, 1957).

Heindl (1963) produced a general geologic map of a 
strip on either side of Mammoth, Arizona, that included the 
study area. He named the San Manuel Formation and revised 
Cenozoic stratigraphy in the area of his project. Creasey 
(1965, 1967) described the general geology of the Mammoth 
74-minute quadrangle and designated Cloudburst Wash as the 
type locality of the Cloudburst Formation. The work of



these two authors provided a useful geologic background 
that helped frame the problems of this study. Their work 
is summarized in more detail in Chapter 2.

Lowell (1968) studied the alteration zones sur
rounding the nearby porphyry-type orebody. He described 
the orebody1s bisection and normal offset by the San Manuel 
fault into the Kalamazoo orebody (hanging wall) and the San 
Manuel orebody (foot wall). The Kalamazoo deposit under
lies the southeast portion of the area mapped for this 
study (Figure 3) and was discovered as a result of Lowell's 
exploration.

Shafiqullah and others (1978) reported a K-Ar (pla- 
gioclase) age on basaltic andesite from the basal volcanic 
flows of the Cloudburst Formation just west of the study 
area. The age reported was 28.3 ± 0.7 million years. The 
isotopic date established that the Cloudburst volcanic unit 
is Late Oligocene in age; the entire formation had been 
considered Late Cretaceous or Early Tertiary by Creasey 
(1965, 1967) and probably Middle Tertiary by Heindl (1963).

Location
The area described lies in the southern Black Hills 

in Pinal County, a few kilometers west of the San Manuel 
underground mine and several kilometers west-southwest of 
Mammoth, Arizona (Figure 1). Access to the area is

5
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provided by the abandoned portion of State Highway 77 and 
by graded dirt roads well maintained by local stockmen.

Mapping covered all or parts of sections 28, 29, 
31, 32, and 33 in T8S, RISE, and sections 3, 4, 6,6, 8, 
and 9 in T9S, R16E (Figure 3).



GENERAL GEOLOGY OF THE BLACK HILLS

Stratigraphyy Lithology, and 
Field Relationships

Precambrian Rocks
Older Precambrian plutonic rock in the Black Hills 

area is classed as quartz monzonite and was named Oracle 
Granite by Peterson (1938). The Precambrian age was deter
mined by Gilleti and Damon (1961) to be about 1.45 billion 
years and confirmed by a 1.44 b.y. date reported by Shake1, 
Silver, and Damon (1977). Pink phenocrysts of K-feldspar 
and microperthite up to 7 cm in length set in a light gray 
medium-grained hypidiomorphic granular groundmass charac
terize this granitic rock. The groundmass is composed of 
quartz, biotite, plagioclase, and K-feldspar. The Oracle 
Granite weathers to a grus in typical surficial exposures 
and crops out extensively in the northern and southern 
parts of the map area (Figure 2, in pocket).

The Younger Precambrian Apache Group is represented 
in the study area only as coarse clasts in the Cloudburst 
conglomerates, and the section described here is extensively 
exposed in the Santa Catalina Mountains to the southwest. 
There the Apache Group nonconformably overlies the Oracle 
Granite and consists, in ascending stratigraphic order, of 
the Pioneer Formation and the Dripping Spring Quartzite.

8



9
Very well-rounded, coarse-grained quartzite containing 
tuffaceous shales characterizes the lithology of the 
Pioneer Formation in the Santa Catalina Mountains.

The Dripping Spring Quartzite has made a signifi
cant contribution to the clast assemblage of the lower 
Cloudburst Formation and consists in its lower portion of 
the Barnes Conglomerate Member, which is overlain by mas
sive medium- to coarse-grained quartzite colored dark to 
medium reddish-brown on weathered surfaces and light 
reddish-brown on fresh fractures. The upper portion con
sists of thin-bedded sandy shales and quartzite colored 
dark reddish-brown to pale yellowish-gray (Granger and 
Raup, 1964). Of particular significance is the Barnes 
Conglomerate Member, distinguished by well-rounded quartz 
and jasper pebbles set in an arkosic matrix, making clasts 
derived from it easy to recognize.

The Oracle Granite and Apache Group are cut by 
diabase dikes and sills occurring locally both as swarms 
and separately as individual bodies. The intrusions follow 
pre-existing structures that trend northwest or northeast 
(Creasey, 1967). Their color ranges from medium to very 
dark greenish-gray, and their texture is diabasic. Aplite 
dikes trending chiefly northwest intrude and are intruded 
by diabase. The aplite is fine- to medium-grained and is 
colored pinkish tan.
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Paleozoic Rocks

Paleozoic rocks are described here because some are 
represented as coarse clasts in the Cloudburst Formation. 
Paleozoic strata are not exposed within the study area.

Bolsa Quartzite, generally thought to be Middle 
Cambrian in age (Ransome, 1904), unconformably overlies 
Precambrian rocks near the study area. This quartzite con
sists of 90 to 100% siliceous sandstone or quartzite, is
feldspathic in part, and commonly weathers grayish orange

/pink. Grain size tends to increase and sorting becomes 
better upward in the Bolsa Quartzite, the top of which 
conformably grades into siltstones or shales of the Abrigo 
Formation. The contact may be younger in eastern Arizona 
than in the west (Hayes and Cone, 1975, p. 14).

The Abrigo Formation in the Santa Catalina Moun
tains consists almost entirely of siltstone and fine
grained sandstone that weathers from yellowish gray to dark 
reddish-brown. In the Galiuro Mountains, Precambrian sedi
mentary rocks unconformably underlie an upper (or brown 
sandy) member of the Abrigo Formation, which is comprised 
of medium- to coarse-grained, mostly poorly sorted and 
cross-bedded dolomitic and glauconitic sandstone, basal 
and intraformational conglomerate. A middle (sandstone) 
member consists of a basal sandy conglomerate and is over- 
lain by off-white quartzite and sandstone (Krieger, 1968).
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The lower Upper Devonian Martin Formation (Ransome, 

1904) disconformably overlies the Abrigo Formation and con
sists of thin-bedded aphanitic dolomite colored bluish gray 
or tan intermixed with pink or brown sandstone. Concor- 
dantly overlying the Martin Formation are upper Upper 
Devonian carbonates designated the Percha Formation by 
Schumacher and others (1976). A hiatus is represented by 
contact but no erosional relief is observable.

The Percha Formation is characterized by a slope
forming lower shale member that weathers to small yellowish 
flakes. An upper member is composed of limestone, silty 
dolomite, and dolomitic siltstone colored yellowish brown 
to light gray. The uppermost beds of this upper member 
consist of thick-bedded, light gray dolomitic limestone 
very similar to the unconformably overlying Mississippian 
Escabrosa Limestone.

Younger limestones not exposed near the study area 
but present within the region are assigned to the Naco 
group of Pennsylvanian and Permian Age (Gilluly, 1956).
The color of these strata where exposed is light to medium 
gray with a pinkish cast (Creasey, 1965, 1967).

Laramide Intrusions
Dikes and plutons of irregular shape were intruded 

into the Precambrian plutonic terrain during the Laramide 
Orogeny of Cretaceous and Paleocene ages. Classed as
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monzonite porphyry (Schwartz, 1953) to granodiorite por
phyry (Creasey, 1965), the intrusive rock is greenish gray 
and holocrystalline porphyritic with an aphanitic ground- 
mass. Pehnocrysts composed of plagioclase, biotite, and 
hornblende are present in a microgranular groundmass. Some 
of the intrusions were altered by events of hydrothermal 
mineralization that were closely related in time to the 
Laramide intrusive activity (Lowell, 1968). One of these 
events produced the nearby San Manuel and Kalamazoo 
porphyry-copper orebodies. Plagioclase phenocrysts were 
albitized; biotite and hornblende were altered to chlorite, 
calcite, and sericite (Creasey, 1965). The Laramide intru
sions will be referred to as monzonite porphyry for the 
remainder of this report.

Oligocene Rocks
As previously mentioned, the name Cloudburst was 

first referred to by Wilson (1957). Heindl (1963) divided 
the Cloudburst Formation into a volcanic unit and an over- 
lying fanglomerate unit. The volcanic unit attains a 
thickness of more than 600 m in the Black Hills but is 
absent above the Kalamazoo orebody. The fanglomerate unit 
is up to 1,400 m thick. Creasey (1965) designated Cloud
burst Wash in the present study area as the type locality 
of the Cloudburst Formation. The section there was 
measured for this study and is described in the appendix.
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The volcanic unit consists of reddish brown and 

gray andesite and latite flows interbedded with minor vol
umes of detrital sediment. A basaltic andesite from the 
lower portion of the volcanic unit provided a K-Ar age of 
28.3 ± 0.7 million years (Shafiqullah and others, 1978).
The Cloudburst Formation was thus considered Late Oligocene 
and Miocene (?) in age, although it had generally been 
thought to be Cretaceous (Krieger, 1974) or Early Tertiary 
(Creasey, 1965) in age prior to 1978. Heindl (1963) had 
correctly surmised a Middle Tertiary age for the Cloudburst 
Formation.

A prominent nonconformity separates the Older Pre- 
cambrian Oracle Granite from conglomerate of the Cloudburst 
volcanic unit at an outcrop just west of the southern Black 
Hills in the Oracle Quadrangle. The quartz monzonite at 
the exposure was thought by Creasey (1965) to be a window 
in the lower plate of a thrust fault; he reported a sheared 
zone 1-3 m thick at the outcrop. However, field evidence 
for thrusting is not convincing and the contact appears 
depositional. Field observations in 1976 by Keith and 
Rehrig (1981) and later by Hansen and myself in 1981 sup
port this interpretation. The eastward-dipping congomer- 
ate has not been involved in significant shearing 
although normal faults are locally present along the con
tact (Hansen, n.d.). Coarse clasts of the underlying 
Oracle Granite are abundant in the rudaceous framework of
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these basal Cloudburst conglomerates. Granitic conglom
erate overlies the same nonconformity about 6 km southeast 
of the above-mentioned exposure in the southeast part of 
the map area (Figure 4). This latter relationship was also 
mapped by Creasey (1965). The Cloudburst Formation is 
over 1,000 m thinner there; the volcanic unit and most of 
the fanglomerate unit are absent.

The contrast between the relief developed on the 
nonconformity at the two localities may be due to degrada
tion of the southeast part of the map area during accumu
lation of Cloudburst lavas and sediments. Outcrop patterns 
(see Figure 2, in pocket) imply that a buried fault active 
during Cloudburst deposition may be present in the subsur
face between the two exposures of the nonconformity. This 
interpretation is supported by paleocurrent data discussed 
below, although a case could also be made for restricted 
areal extent of lava flows and fanglomeratic sedimentation. 
The depositional relations suggest strongly that the igne
ous rocks from the area known as Purcell's Window (Creasey, 
1965) supplied at least a partial source to the Cloudburst 
fanglomerate unit.

The fanglomerate unit interfingers with the upper
most volcanic unit in the northwestern portion of the map 
area and consists of dark reddish-brown and medium grayish- 
red conglomerate composed predominantly of clasts of Oracle 
Granite and Tertiary volcanics interbedded with minor



Figure 4. Nonconformity of Late Oligocene 
Cloudburst Formation on Older Precambrian Oracle 
Granite. —  Exposed in the NE% Section 4, T9S, R16E.
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intervals of pyroclastics, sandstone, lavas, and agglom
erates. Coarse clasts of Laramide monzonite porphyry, 
Precambrian diabase and aplite, red quartzite, and a minor 
amount of Paleozoic rocks also occur in the fanglomerate 
unit. Approximately 75 percent of the conglomerates con
tain significant percentages of mud (clay plus silt) in 
the matrix. Bedding is planar or lenticular in medium- to 
thick-bedded boulder and cobble conglomerates, laminated 
or cross-bedded in the sandstones.

Lithologic composition was used as a characteristic 
of the Cloudburst conglomerates and was of considerable 
assistance in mapping the body of red conglomerates center
ing in Section 5, T9S, R17E. Heindl (1963) included this 
body of rocks in the San Manuel Formation. He reported 
(p. E18) "a distinct angular unconformity" separating this 
local basal conglomerate from the Cloudburst Formation just 
north of Tucson Wash. The local unit was "tentatively con
sidered a distinctive unit probably equivalent to the basal 
part of the Kannally Member elsewhere." Creasey (1965) 
also mapped the contact as an angular unconformity and 
extended it where Heindl had mapped fault contacts.

Mapping conducted for this study demonstrated that 
the supposed "angular unconformity" is actually a major 
fault that lies subparallel to upper Tucson Wash. Conglom
erates of the Cloudburst Formation are concordant and 
conformable with red conglomerates previously mapped by
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Heindl (1963) as the local basal conglomerate of the San 
Manuel Formation, and by Creasey (1965, 1967) as the lower 
Gila conglomerate of Pliocene and Pleistocene age. This 
author concludes that these conglomeratic redbeds exposed 
in the southwest portion of the map area are part of the 
Cloudburst Formation. Their composition, texture, and 
color are all similar to Cloudburst conglomerates conform
able with them just northwest of upper Tucson Wash.

A separately mapped tuff unit within the upper part 
of the Cloudburst Formation is a valuable stratigraphic 
marker whose continuity was demonstrated by mapping and 
from which datable material was collected. Fresh crystals 
of sanidine were found in fragments of rhyolite and dated 
by the K-Ar method for this report. The maximum age of the 
uppermost fanglomerates is therefore established at 22.5 
± 0.5 million years.

Miocene Rocks
The San Manuel Formation was named, included in the 

Gila Group, and divided by Heindl (1963) into the Kannally 
Member and overlying Tucson Wash Member, between which is a 
disconformity displaying considerable erosional relief.
The Kannally Member overlies the Cloudburst Formation con- 
cordantly and disconformably near the eastern boundary of 
the study area. The erosional relief developed on the top 
of the Cloudburst Formation is no more than about 100 m.
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suggesting that deposition of the Kannally Member may have 
closely followed Cloudburst deposition.

The San Manuel Formation is similar to the Cloud
burst Formation in lithology near this concordant, discon- 
formable contact. They differ principally in that the San 
Manuel Formation, loosely to moderately consolidated by 
comparison, is pale red to light gray and forms more gently 
sloping, evenly rounded hills commonly littered with large 
rounded boulders of light gray quartz monzonite. San 
Manuel conglomerates that nonconformably overlie the Oracle 
Granite several kilometers southeast of the map area in 
roadcusts along State Highway 77 provide evidence for depo- 
sitional overlap of the underlying Cloudburst Formation.

Flows of porphyritic olivine basalt assigned by 
Krieger (1974) to the Early (?) Miocene San Manuel Formation 
were dated for this report. The basalt unconformably over- 
lies Precambrian granitic rock about 20 km northwest of the 
map area and forms the basal unit of the San Manuel Forma
tion there. Groundmass plagioclase from the basalt was 
determined to have a K-Ar age of 22.1 ± 0.5 million years 
(see Figure 11, p. 50). The San Manuel Formation is thus 
at most Early Miocene in age, using 22.5 m.y. as the Oligo- 
Miocene boundary (Hardenbol and Berggren, 1978). The rela
tive chronologies of the Cloudburst tuff unit (22.5 m.y.) 
and the above-mentioned basal San Manuel basalt (22.1 m.y.) 
seem to preclude the existence of any significant
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hiatus between sedimentation of the Cloudburst and San 
Manuel Formations.

Oligo-Miocene Intrusions
Porphyritic rhyodacite intrudes both the lower por

tion of the Cloudburst Formation and the Oracle Granite in 
the northern and southern parts of the area, respectively. 
Intrusions of this type are not observed to cut the San 
Manuel Formation. Phenocrysts of white plagioclase (An 
(An^g^gy) and bronze biotite comprising 5 to 10 percent of 
the rock's volume are set in a medium to light gray micro
crystalline aggregate of granular quartz and feldspar 
(Creasey, 1965). The upper part of the Cloudburst 
fanglomerate unit underlying the dated tuff unit (22.5 ±
0.5 m.y.) contains many pebbly clasts very similar to the 
intrusive porphyritic rhyodacite in phenocryst color and 
abundance, plagioclase composition, and groundmass color 
(Figure 5).

Outcrop patterns of the rhyodacite plugs in the 
northern part of the map area (see Figure 2, in pocket) 
demonstrate that they intrude Cloudburst conglomerates 
overlying the Cloudburst volcanic unit (28.3 ± 0.7 m.y.). 
Furthermore, the rhyodacite1s chemical composition as 
reported by Creasey (1965) compares well with chemistry 
of dated rhyolite dikes exposed about 30 km northwest of 
this map area, reported by Krieger (1974) to be
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Figure 5. Biotite phenocryst in pebble of 
porphyritic rhyodacite. —  Crossed nicols, 16X. Bio
tite exhibits bird's eye extinction and is bronze in 
plain light. Clast was collected from the Cloudburst 
Formation in central northern Section 8.
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22.3 ± 0.7 m.y. in age (K-Ar, biotite) . Because the 
decay constant has since been revised to make previously 
reported K-Ar ages older by 2 percent, her intrusive rhyo
lite should be considered about 22.7 m.y. in age. Intru
sive porphyritic rhyodacite in the present map area that 
commonly cuts Cloudburst lavas north of the San Manuel 
fault and was nowhere seen cutting the San Manuel Formation 
may be equivalent to the intrusive rhyolite of Krieger 
(1974), which has a rhyodacitic composition. These rhyo
dacite plugs that both extensively cut Cloudburst volcanics 
in the vicinity of the San Manuel mine and also intrude 
plutonic rocks of Purcell's Window are therefore considered 
to be latest Late Oligocene in age. These plugs may also 
be the intrusive equivalents of the Cloudburst tuff unit 
(22.5 ± 0.5 m.y.). Rhyolitic plugs exhibiting explosive 
phases a few killometers northeast of the map area may also 
be related to the rhyodacite activity and are flanked on 
the east by tuffs (possibly equivalent to the Cloudburst 
tuff unit) that are locally intruded by small rhyolitic 
dikes (Creasey, 1965). These chemically similar intrusive 
events probably represent a regional volcanism and tecton- 
ism occurring near the 22.5 m.y. Oligo-Miocene stratigrahic 
boundary.

Small dikes of porphyritic rhyolite cut the lower
most San Manuel Formation in the southeast part of the map 
area. The dikes are vertical, about a decimeter wide, and
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trend N 30° W. Phenocrysts of quartz, albite, and potas
sium feldspar are accompanied by minor amounts of biotite 
in light pinkish-gray microcrystalline groundmass having a 
chalky texture. The small rhyolite dikes in the map area 
are assigned an Early to Middle (?) Miocene age.

Pliocene and Quaternary Rocks
The name "Gila conglomerate" was originally applied 

by Gilbert (1875) to undeformed or mildly deformed alluvial 
deposits more than 125 km east of the map area. During the 
following century, many workers extended the term over all 
of southeast Arizona and southwestern New Mexico. Heindl 
(1958) proposed abandoning that name on the basis of his 
field work in the San Pedro Valley, which involved the 
moderately deformed San Manuel Formation. He raised the 
term "Gila" to group status.

The Gila Group in the San Manuel area consists 
(Heindl, 1963) in ascending stratigraphic order of the San 
Manuel Formation, the Quiburis Formation, and the Sacaton 
formation. Heindl included the San Manuel Formation in the 
Gila Group mostly because other geologists had previously 
referred to light-colored gravels near the San Manuel mine 
as the Gila conglomerate. Heindl (1963) excluded from the 
Gila Group all deposits clearly younger than the highest 
erosional surface cut on the basin fill and designated 
them Quaternary gravel or alluvium.
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The name "Sacaton formation" has been employed in 

this report even though it was abandoned in a recent strati
graphic revision. This revision (Krieger, Cornwall, and 
Banks, 1973, pp. A54-A55) incorrectly described Heindl's 
conception of the formations in the Gila Group as follows:

Each [was] believed [by Heindl, 1963] to have been 
laid down during the development of one large struc
tural basin. Recent mapping by the authors, how
ever, indicates that the alluvial deposits between 
Ray and San Manuel were deposited in basins that 
developed at different times; the K-Ar mineral ages 
seem to support this interpretation.

Although doubting the relationship of the San Manuel and 
Quiburis Formations in the San Manuel area, Heindl (1963, 
p. E15) had clearly pointed out that the San Manuel Forma
tion "appears to have been deposited in a valley antedating 
the structural trough that now forms the San Pedro River 
Valley." He deserves credit for fostering the idea of San 
Manuel deposition in a separate sedimentary basin.

The valley-wide alluvial deposits underlying most 
of the San Pedro Valley are assigned to the Quiburis Forma
tion, which is not exposed in the study area. Krieger and 
others (1973) retained this name. Fossils collected south 
of Mammoth (Lance, 1960) indicate a Pliocene age, which is 
supported by K-Ar dating of glass from a vitric tuff 
(Damon, 1969). The age was determined to be 4.6 ±0.4 
million years.

Poorly to moderately consolidated or calcified 
sandy pebble conglomerates exposed along steep bluffs above
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the San Pedro River's floodplain are assigned to the Saca- 
ton formation and rest unconformably on the Quiburis Forma
tion in numerous places east of the study area. These 
well-rounded gravels are composed of felsite, andesite, and 
quartzite with minor amounts of diabase, phyllite, and 
graywacke, and were considered Pleistocene by Heindl (1963). 
The Sacaton formation is conspicuous from Tucson Wash on a 
bluff in SEh Section 34, TBS, R16E.

Creasey (1965) reported finding in the present
study area the fossil remains of Pleistocene Equus
(Plesippus) in sandy gravel having a white calcitic matrix,
located 50 m north of the well in SE% of Section 31, TBS,
R16E. He assigned these sediments (p. 24) to the lower
Gila conglomerate (San Manuel Formation) "for convenience,"
but the proper stratigraphic designation for such deposits
must be the Sacaton formation on the basis of both age and
lithologic characteristics summarized above (see Heindl,

* » 1963, for additional discussion). Similar deposits
exposed in patches to the southeast either assume the atti
tude of the hillslope (presumably they were deposited at 
this angle) or are present as float. Angular unconformity 
of calcified Sacaton pebble conglomerate on both the 
Cloudburst Formation and the San Manuel Formation can be 
observed at several places within the map area.
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Structural Geology

Structure in the Map Area
The most prominent structural feature in the map 

area is the San Manuel fault (Figure 6), which strikes 
N30°W to N70°W/ dips about 20° to 35° southwest, and forms 
the northern boundary of the study area. Contouring the 
structure of the San Manuel fault demonstrated (Lowell,

- 1968, p. 654) a "large scale mullion structure consistent 
with dip-slip normal fault displacement." Discovery in 
the mid-19601s of the Kalamazoo portion of the orebody in 
the hanging wall of the San Manuel fault confirmed Lowell's 
hypothesis, and was contrary to thrust interpretations pro
posed by Wilson (1957) and Heindl (1963), and right-lateral 
strike-slip displacement postulated by Creasey (1965) . The 
hanging wall was found to be shifted about 2.5 km downdip 
toward S55°W relative to the footwall of the essentially 
planar feature. The horizontal dip shift (heave) is about 
2.2 km.

Two major faults lie subparallel to the San Manuel 
fault farther south in the map area. These faults dip 
about 65°SW and separate the downthrown block of the San 
Manuel fault into a pair of half-graben. The southernmost 
fault was referred to by Lowell (1968) as the Red Rock 
fault. The other major fault, hereby named the Black 
Canyon Ranch fault, nearly parallels Tucson Wash and
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Figure 6. The San Manuel fault at Signal Peak. 
—  View is directed northwest from NE% Section 32. The 
fault is conspicuous from a distance because of the 
marked contrast in color and break in slope along the 
northeast side of Signal Peak (left center).



intersects it just north of Black Canyon Ranch. Both of 
these faults are believed to be kinematically related to 
the San Manuel fault.

The large area of mostly Oracle Granite in the 
southern part of the area is bounded on the west by a major 
fault that follows the axis of a small wash south, eventu
ally intersecting the Red Rock fault. The fault is exposed 
in only one place, where it exhibits a 45° dip to the west. 
This north-south trending normal fault is cut by the Red 
Rock fault, so it is an earlier feature partly responsible 
for irregular attitudes in the redbeds of the adjacent 
downthrown fault block.

The predominant trend of high-angle fractures 
marked by slickensides is N10°W to N30°W, although measure
ments also commonly trend N55°W. These faults are usually 
confined to massive and monotonous debris-flow deposits of 
the Cloudburst Formation so that relative movements are 
difficult to discern.

Strike-slip movement in the map area is evident 
from the many slickensided surfaces either plunging at 
shallow angles to the northwest or not plunging at all; 
these are most conspicuous in the narrows of Tucson Wash. 
The sense of slip may be right-lateral as deduced from off
set contacts— especially those in the SEh Sec. 31, T8S, 
R16E. Strike-slip faulting is interpreted to be among the 
latest tectonic movements operative in the map area,

27
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because horizontal slickensides cut steeply-plunging slick- 
ensides in the Black Canyon Ranch fault, 200 m due east of 
the Black Canyon Ranch.

The large area of Cloudburst strata consistently 
having similarly inclined attitudes constitute a homocline. 
Variable dips in the homoclinal strata may have resulted 
from minor folding operative during the main tilting event, 
but were probably modified by subsequent Basin and Range 
deformation. The area between the Red Rock fault and 
Tucson Wash has probably been affected by at least two 
periods of deformation that resulted in a diversity of 
attitudes, from 50° dip to flat-lying. Strata dipping into 
the Red Rock fault on its northwest side are interpreted as 
having been partially dragged down by the relative movement. 
Drag was also produced along both sides of the Black Canyon 
fault, subparallel to Tucson Wash. This fault may have been 
active during the development of the San Manuel fault, but 
the field evidence for this relationship is not conclusive 
and movement may have initiated even later.

Structural Development
Middle Tertiary structural development in the map 

area initiated with major uplift generally west of the 
study area during Late Oligocene (Cloudburst) time. At 
least some of the basement complex and overlying strata 
were later tilted from 30° to 60° eastward. The resulting
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homocline was later offset about 2.5 km southwest to its 
present location in the map area. The latter displacement 
was accomplished by normal dip-slip movement along the low- 
angle San Manuel fault.

Basement-involved tilting must have occurred prior 
to the main stage of activity along the San Manuel fault as 
inferred by Lowell (1968) and not afterward as theorized by 
Steele and Rubly (1947) and Schwartz (1953), who proposed 
an originally high-angle San Manuel fault. The homocline 
probably formed after deposition of the entire Cloudburst 
Formation because the basal nonconformity is inclined at an 
angle similar to that of the uppermost fanglomerates. Some 
of the tilting may have taken place prior to San Manuel 
deposition, but most is probably post-Kannally Member in 
age, possibly active before and during deposition of the 
Tucson Wash Member, rich in boulders of the Cloudburst 
fanglomerate unit.

Tilting was probably initiated in the Early Miocene 
by listric normal faults, perhaps buried to the east under 
the San Pedro Valley. Low-angle listric faults typically 
flatten at depth, rotating strata of the upper plate. The 
involvement of the basement complex in the tilting process 
is evident from both inclined nonconformities in the sur
face exposures and delineation of the orebody1s inclined 
attitude via exploratory drilling and alteration studies 
(Lowell, 1968).
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Creasey (1965) inferred that the entire Cloudburst 

Formation is soled by a thrust fault, to which he attrib
uted the development of the homocline. On the basis of 
exposures outside the study area he interpreted that the 
thrust dips less than 10° E. However, the upper plate of 
an assumed listric normal fault produces the same struc
tural relationship reported by Creasey, who surmised that 
the aforementioned nonconformity underlying the Cloudburst 
Formation just west of the Black Hills was instead a plane 
of thrusting. Mid-Tertiary structure in the map area 
apparently developed principally as a consequence of 
regional extension (e.g., Schmidt, 1971) .



PROVENANCE AND AGE RELATIONS

The interpretation of the age and provenance of 
Cloudburst conglomerates is based upon K-Ar dating and the 
analysis of data collected as field mapping progressed. 
Paleocurrent directions were deduced from pebble imbrica
tion and cross-bedding, lithic composition from sampling 
boulder and cobble populations composing the framework of 
conglomerates exposed in the study area. The purpose of 
these procedures was to develop lithologic and chronologic 
atributes of the Cloudburst redbeds and to present a gen
eralized paleoslope model.

Variation of Conglomeratic Composition 
Gravel composition may be characteristic of the 

Cloudburst conglomerates and could be used to support ten
tative correlations complicated by structural deformation, 
textural similarity, and a lack of datable material. Com
positional variation reflects changes in provenance due to 
geomorphic evolution as a function of tectonic and/or cli
matic events. Generation of a very thick succession of 
mostly conglomeratic redbeds most likely resulted primarily 
from thermotectonic uplift nearby and local subsidence of 
the sedimentary pile during accumulation.
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Proportions of lithic types counted in the field 

were normalized to 100 percent and the locations were plot
ted on a separate map. Histograms were then constructed to 
show the compositional variation within the Cloudburst con
glomerates and were compared to two representative samples 
of gravel compositions taken from the San Manuel Formation. 
The histograms are displayed in Figure 7 and the locations 
of samples plotted are shown in Figure 8.

A diversity of clast types can be observed in 
strata directly overlying and interfingering with Cloud
burst volcanic flows. These conglomerates, best exposed in 
Cloudburst Wash, contain coarse fragments of quartzite, 
limestone, monzonite porphyry, diabase, granitic rocks, and 
volcanic rocks (Heindl, 1963). Fragments of white quartz- 
arenite and feldspathic red sandstone were also noted as 
minor constituents. The most abundant clast types in this 
lower portion of the fanglomerate unit are yellow and light 
red quartz monzonite (Oracle Granite), medium- to light- 
gray or red Tertiary volcanics probably derived partially 
from the Cloudburst volcanic unit, Laramide monzonite por
phyry, and red quartzite that was probably supplied by the 
Dripping Spring Quartzite. Pebbly clasts from the Barnes 
Conglomerate Member were rarely observed. Aplite was found 
as a minor clast type throughout the Cloudburst fanglom
erate unit and was counted as granitic rock during data
collection.
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Clast types

a. volcanic rock
b. monzonlte porphyry
c. quartz monzonlte (Oracle Granite) and aplite
d. diabase
e. quartzite (mostly Dripping Spring Quartzite)
f. white quartzarenlte and red feldspathic 

sandstone
g. gray 1Imestone (some pinkish)
h. phyl11te schist (Pinal Schist?)

Clast types displayed are shown in sample 1 
unless otherwise noted (as In sample 67).

Figure 7. Histograms showing the compositional variation in the 
Cloudburst fanglomerate unit and the San Manuel Formation ww
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The section in Cloudburst Wash becomes highly vol- 

caniclastic about 200 m east of the uppermost volcanic 
flows. The matrix of the volcaniclastic conglomerates is 
light gray. Compositional histograms reflect the paucity 
of sedimentary rock fragments above this horizon, record
ing a shift to exclusively igneous source rock.

Bedded conglomerates consist of alternating cosets 
of granitic-rich (arkosic) and volcanic-rich composition 
accompanied by a 5 to 25 percent monzonite porphyry for the 
remainder of the section measured in Cloudburst Wash. Most 
commonly the composition is divided about evenly between 
volcanic and granitic clasts, the latter dominating the 
upper portion of the section.

The southwest part of the study area, between Tucson 
Wash and the Red Rock fault, was found to be concordant and 
conformable with the Cloudburst Formation yet previously was 
included in the San Manuel Formation (Heindl, 1963; Creasey, 
1965, 1967). The mapping was subsequently expanded to 
include these exposures, which have a clast population of 
varied composition similar to that of the type section in 
Cloudburst Wash.

A conglomerate of distinctive composition and color 
rests depositionally upon plutonic rocks in the southeast 
part of the study area. The dark reddish-brown rudite is 
composed almost entirely of Laramide porphyry clasts with a 
minor clastic constituent from the Oracle Granite. This
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local composition is a basal facies of the Cloudburst For
mation and is overlapped by more typical granitic boulder 
conglomerate. If the known separation along the San Manuel 
fault were restored, this basal facies rich in clasts of 
Laramide porphyry would become relocated along the north 
flank of the porphyry-copper orebody, which probably pro
vided a local source. Creasey (1965) reported mineralized 
clasts of Laramide porphyry in Cloudburst conglomerates 
present in a faulted wedge east of the San Manuel mine, but 
none of these were noted in the study area.

Petrographic study of thin-sections cut from sand
stones of the Cloudburst Formation allowed their composition 
to be determined. The medium- to coarse-grained arenaceous 
rocks range from lithic arkose to volcanic arenite but pri
marily fall within the feldspathic volcanic arenite field 
of Folk (1968). The framework grains are derived from 
volcanic and plutonic rocks of intermediate composition and 
average about 18 percent quartz.

Paleocurrents
The orientations of sedimentary structures, such as 

cross-bedding and pebble imbrication, were measured in the 
field to determine the general paleocurrent direction dur
ing the accumulation of Cloudburst fanglomerates. The orig
inal attitude of these paleocurrent indicators was restored 
using a steronet. The resulting unit vectors were averaged
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to obtain a mean of measured paleocurrent directions, and a 
rosette was constructed including the grand mean of all 
paleocurrent measurements. These data are shown in Figure 
9. The general composition of strata from which the paleo
current data were obtained has been incorporated into the 
figure. The average paleoslope inferred from the data 
acquired and analyzed is S82°E.

The paleocurrent data suggest that the sedimentary 
material comprising the Cloudburst fanglomerate unit was 
transported toward the east, emanating at first from the 
northwest. Subsequently deposited sediments were influenced 
by a southwesterly source and transported to the northeast 
prior to the termination of Cloudburst deposition. Sedimen
tary response to activity along the San Manuel fault during 
the accumulation of Cloudburst redbeds was not detected; 
movement may have begun during deposition of the San Manuel 
Formation, although most displacement was probably even 
later.

Source rock types could not generally be correlated 
with inferred source directions, but some general relation
ships can be gleaned from the analyzed data. The almost 
total lack of red quartzite and Paleozoic clasts above the 
lower part of the fanglomerate unit suggests that the sedi
mentary cover was stripped from the Late Oligocene source 
terrane during sedimentation of the Cloudburst fanglomerate 
unit. Volcanic fragments appear to have emanated from the
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same general direction as did granitic fragments. The ubiq
uitous presence of Laramide monzonite porphyry clasts and 
the overall paleocurrent pattern necessitates that outcrops 
of the porphyry be included in the Late Oligocene paleo- 
geography west of the area.

Isotopic Age Dating
Potassium-argon dating conducted for this study 

enabled the absolute age of the bulk of the Cloudburst For
mation to be bracketed. The possibility that basalt flows 
of the basal San Manuel Formation in the Putnam Wash 
Quadrangle (Krieger, 1974) are correlative with Cloudbursts 
basaltic andesite flows in the Cloudburst volcanic unit was 
also tested to establish the chronologic relationship of 
the two formations on a more regional scale.

Sampling, crushing, and sieving of San Manuel basalt 
by the author was followed by the concentration of ground- 
mass plagioclase by the Laboratory of Isotope Geochemistry 
at The University of Arizona. The isotopic age of the 
basalt was found to be 22.1 ± 0.5 m.y.; thus it is Early 
Miocene in age.

Datable material was later discovered after a thor
ough search of the tuff unit just beneath the top of the 
Cloudburst Formation. The larger fragments from a rhyo
litic cobble breccia were sampled, crushed, and sieved by



this author prior to the separation of sanidine, also by 
the Laboratory of Isotope Geochemistry.

The age of these rhyolitic cobbles must be greater 
than or equal to that of the unit from which they were de
rived. Cross-bedded tuff just north of the locality where 
dated samples were collected suggest that paleostreams ema
nated from the west-southwest during sedimentation of this 
stratigraphic marker. The isotopic age of the Cloudburst 
tuff unit determined by the K-Ar method (sanidine) is 22.5 
± 0.5 m.y. Thus the majority of the Cloudburst Formation 
accumulated between 29 and 22 million years ago. A revised 
stratigraphic column is shown in Figure 10.

Comparison of the age of this uppermost Cloudburst 
tuff (22.5 m.y.) from this map area with the new age (see 
above) for basal San Manuel volcanics (22.1 m.y.) exposed 
about 20 km away suggests that the contact between the 
Cloudburst and San Manuel Formations does not represent a 
a significant hiatus. Figure 11 demonstrates the chron
ological relationship of the Cloudburst Formation to the 
San Manuel Formation and the Galiuro Volcanics (Cooper and 
Silver, 1964) including the new K-Ar mineral ages. The 
data conclusively show that the Galiuro Volcanics are chron 
©logically equivalent to the Cloudburst Formation. Perhaps 
the Hells Half Acre Tuff (part of the Galiuro Volcanics)
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is both lithologically and chronologically equivalent to 
the Cloudburst tuff unit.



DEPOSITIONAL ENVIRONMENT AND SEDIMENTARY
PROPERTIES OF THE CLOUDBURST FORMATION

An intra-arc basin developed during Late Oligocene 
time just north of the study area. Tectonism later tilted 
Cloudburst strata and subsequently the resultant homocline 
was offset to its present location. Massive quantities of 
andesitic and latitic lavas initially accumulated in the 
low areas of a plutonic terrane that was inclined south
eastward and later northeastward. Thermotectonic uplift 
increased the rate of degradation in upland areas, and 
coarse arkosic and volcanic debris were shed over the vol
canic flows. A minor amount of rhyolitic flows and brec
cia also contributed to the thick fanglomerate unit.

The sedimentary characteristics observed in the 
Cloudburst Formation are known to develop in modern allu
vial fans in arid and semiarid climates (Blissenbach,
1954) . Alluvial fans emerge from mountainous areas and 
often coalesce with other fans in the piedmont area.
Conoid in plan, alluvial fans vary from about 0.5 to over 
100 km in length (Bull, 1964) . The longitudinal profile 
of a fan is generally inclined from 3° to 6° toward its 
wider end and is gently concave upward. Fanglomerate 
deposits are predominantly rudaceous, and the larger clasts

52



53
reflect the principal lithologies of the nearby source 
terrane.

The plutonic terrane was successively overlapped by 
younger deposits near the San Manuel orebody, above which 
the fanglomerate is thin and volcanics absent. Volcani- 
clastic and arkosic boulder conglomerate was then laid down 
primarily as debris-flow deposits interbedded with sheet- 
flood and stream channel deposits. The nonconformity at 
the base of the Cloudburst Formation was probably time- 
transgressive during the Late Oligocene.

Depositional Processes on 
Alluvial Fans

Stream Channel Deposits
Stream channels, where water flows when enough is 

provided, usually occupy a narrow strip up to a few tens of 
meters wide running the length of alluvial fans. The 
repeated alternation of subaerial exposure and flash flood
ing in semiarid climates causes channels to migrate later
ally as the fan evolves. Bedload moves rapidly downslope 
during intermittent flood events. Resulting deposits are a 
complex mixture of coarse bar deposits and sandy interbeds 
with planar bedding and cross-stratification. Finer sedi
ment is removed as suspended load. Channeling (Figure 12) 
and braiding are common in this sedimentary mode. Upper
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Figure 12. Channeling into the top of the 
Cloudburst arenite unit. —  Hammer rests on the 
channeled surface. Outcrop is exposed in central 
southern Section 29.



55
flow regime streamfloods are common in semiarid climates 
and most bedding is crudely horizontal.

Stream-channel fan deposits show many of the char
acteristics of coarse braided streams. The morphology and 
movement of braided channels are quite variable. Braided 
bars are classified as two main types by their relationship 
to the current direction: (a) longitudinal bars, which
migrate from a gravelly nucleus both laterally and down
stream, and (b) transverse bars, which typically form dur
ing low flows and may display cross-stratification inclined 
toward the current direction, formed by downstream migra
tion of the bar. Stream channels often become laden with 
coarse material through which water passes and modifies 
into lobate gravel masses called "sieve lobes" by Hooke 
(1967). The framework-supported nature of sieve lobes is 
a recognizable field characteristic.

Debris-flow Deposits
Debris-flow became recognized widely as an impor

tant depositional process on alluvial fans following a 
discussion by Blackwelder (1928). Debris-flows behave as 
quasi-plastic masses of material unable to begin moving 
until their yield strength is exceeded.

Most precipitation in semiarid regions occurs dur
ing infrequent storms. The hydraulic charging of muddy 
masses of sediment in the upper to midfan segment initiates
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debris flow, which incorporates gravel during transport 
as a highly viscous mass of debris and mud. Debris is 
stripped from the upper reaches and transported to the 
lower slopes. The reduced settling velocity in such a 
dense fluid, thixotropy, and dispersive pressure forces 
(Bagnold, 1954) may all help to keep coarser material in 
suspension until cessation of the lobe's flow.

Individual debris flows are commonly unstratified 
and very poorly sorted. A matrix of clay and silt-sized 
particles surround framework pebbles to boulders. An 
abrupt contact is commonly developed on the underlying 
material. Debris flow deposits in the map area average 
about 1 m in thickness. Rodine and Johnson (1976) provide 
additional information concerning the mechanics of debris 
flow.

Sheetflood Deposits
Sheetfloods may result from locally intense rain

fall that produces thin, relatively unconfined upper flow 
regime flows over the fan surface (Hahn, 1967). The flood
flooding produces a sheetlike flow of muddy detritus that 
covers part of an alluvial fan. Thin beds of silty gravel 
result from bed load and suspended load being deposited 
together.
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Sedimentary Properties of Cloudburst elastics

Color
The bottom part of the Cloudburst fanglomerate unit 

varies in color from dark reddish-brown to medium brown on 
weathered surfaces of muddy arkose, and from grayish tan 
to bluish gray in volcanic-rich stream channel and debris 
flow deposits. A lithic-vitric tuff exposed just north of 
Cloudburst Wash is light green in color due to a chloritic 
groundmass. Medium red colors typify deposits with a 
chiefly arkosic matrix, and such deposits are locally 
interbedded with more grayish red, silicified volcaniclastic 
strata (Figure 13).

The upper part of the Cloudburst fanglomerate unit 
varies in individual lenses from medium reddish-brown to 
grayish yellow or gray, and some thin beds have a greenish 
arkosic matrix near the marker tuff unit. Tuffaceous 
zones generally have a light yellow cast (Figure 14). The 
bulk of the deposits is medium reddish-brown, probably due 
partially to an oxidizing environment during deposition 
(Walker, 1967). Diagenesis of detrital iron-bearing 
minerals could be the main staining process.

Texture
Textures in hand samples .of Cloudburst elastics 

include matrix-supported or framework-supported rudites; 
the former comprise about twice as much of the fanglomerate



Figure 13. Volcaniclastic debris-flow 
deposit. —  Exposed 300 m west of the well in SEh 
Section 31. Volcaniclastic conglomerate is silici- 
fied, arkose is compacted and cemented by calcite. 
Compass is 7 cm wide.

Figure 14. Cloudburst tuff unit. —  View 
is directed northwest from southeasternmost Section 
33 in Tucson Wash. Tuff weathers light yellow and 
is well exposed in center of photograph.
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Figure 14. Cloudburst tuff unit
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unit as the latter. High argillaceous content partly 
evolved from the decomposition of chemically unstable 
grains, but the floating nature of framework grains 
observed in many representative thin-sections confirms a 
sheetflood or debris-flow genesis for the bulk of the 
Cloudburst fanglomerate unit.

Cementation has been accomplished by calcite, 
silica, and the compaction of mud-rich matrix. Calcite is 
the dominant cement in stream channel deposits, although 
volcanic-rich arenites observed in thin-sections were first 
cemented by silica (Figure 15). Disgenesis of feldspars 
and the dewatering of clay may have been sources of the 
silica. The devitrification of volcanic glass produced 
chalcedonic intergrowths in tuffaceous deposits.

Compaction of fine-grained detritus is illustrated 
by Figure 16, a volcaniclastic debris flow in thin-section. 
The volcanic rock fragments float in a brown matrix that 
has been compacted lithostatically. Calcite has cemented 
the pore spaces of some debris-flow deposits (Figure 17). 
Zircon is the most common accessory heavy mineral in muddy 
conglomerates (Figure 18). '

Plagioclase, quartz, and K-feldspar are common in 
the Cloudburst fanglomerate unit and are chiefly derived 
from the Precambrian quartz monzonite and Laramide monzo- 
nite porphyry (Figure 19). Pore spaces are uncommon except 
in the arenites and sandy rudites. The better sorting



Figure 15. Volcanic arenite. —  Crossed nicols, 
16X. Silica cements K-feldspar (left) and volcanic rock 
fragments. Remnant pore space appears opaque in the right 
center part of the photograph. K-feldspar appears yellow
ish due to staining with cobaltinitrate.

Figure 16. Muddy volcaniclastic breccia. —  Plane- 
polarized light, 16X. Matrix-supported volcanic rock frag
ments compacted by overburden. Collected near the gradational 
contact between volcanic and fanglomerate units in central 
southern Section 31.
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Figure 16. Muddy volcaniclastic breccia



Figure 17. Calcite partly cementing muddy pebble 
conglomerate. —  Crossed nicols, 16X. Dark brown muddy 
matrix has partly been replaced by calcite, surrounding 
quartz grains.

Figure 18. Zircon grain floating in muddy matrix. 
Crossed nicols, 16X. Zircon is a common accessory mineral.



Figure 17. Calcite partly cementing muddy 
pebble conglomerate

Figure 18. Zircon grain floating in muddy
matrix
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Figure 19. Muddy arkose. —  Crossed nicols, 
16X. Quartz (lower left), K-feldspar (lower central), 
and plagioclase showing albite twinning comprise the 
framework grain.
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developed in stream channel deposits allowed fluids to 
permeate void spaces, where cementing agents often reduced 
their size by pore filling or by replacement (Figure 20). 
Pore spaces are ubiquitous in thin-sections of well-sorted 
volcanic arenite (Figure 21).

Depositional Conditions During 
Cloudburst Sedimentation

The basal section exposed just north of upper Cloud
burst Wash is thin- to medium-bedded, with beds commonly 
less than 1 m thick. Lenticular sandy strata of this sec
tion represent stream channel deposits and are interbedded 
with sieve deposits (framework-supported cobbles) and minor 
amounts of debris-flow deposits. The underlying volcanic 
flows may have reduced the paleoslope in aggrading areas, 
raising the local base level.

Channeled into these fluvial sediments are thick- 
bedded volcaniclastic debris-flow deposits. These beds 
were the initial deposits in a series of granitic- and 
volcanic-rich muddy boulder conglomerates. The upper part 
of this series to the south of Cloudburst Wash includes 
interbedded andesite and rhyolite flows and agglomerates 
previously mapped as intrusive rock by Creasey (1965, 1967). 
The lavas were encapsulated by debris flows.

Stream channel deposits overlie these debris flows 
and exhibit large-scale cross-stratification. These 
deposits lack clasts larger than small pebbles; they



Figure 20. Stream channel deposit cemented with 
calcite. —  Crossed nicols, 16X. Calcite can be seen 
replacing silica adjacent to the large composite plutonic 
quartz grain at right showing undulatory extinction.

Figure 21. Pore space in volcanic arenite.
—  Plane polarized light, 16X. Sand-sized grains are 
cemented with silica (left) or are separated by common 
pore spaces (center).



Figure 20. Stream channel deposit cemented 
with calcite

Figure 21. Pore space in volcanic arenite
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comprise well-sorted, coarse-grained feldspathic volcanic 
arenite probably deposited in migrating braided channels 
of the outer fan segment. Upper flow regime is suggested 
by uncommon antidune cross-stratification and by horizontal 
lamination. Volcaniclastic debris-flow deposits are chan
neled into the top of the arenite unit locally (see Figure 
12) .

The upper part of the Cloudburst type section is of 
predominantly granitic composition. However, along strike 
in the narrowest part of Tucson Wash, only one granitic- 
rich stringer is present among a thick succession of vol
caniclastic debris-flow deposits (Figure 22). The relative 
positions of these two compositional extremes support the 
paleocurrent data, which indicate a paleoslope inclined 
toward the east-northeast.

The tuff unit near the uppermost part of the Cloud
burst fanglomerate unit is partially welded, rarely exhib
iting antidune ripples that apparently indicate a westerly 
source. Streamlaid tuffs that are cross-stratified in the 
same unit suggest sedimentary transport toward the east- 
northeast. Locally the tuff unit consists of tuff-breccia 
or volcanic cobble breccia, interfingering with granitic- 
rich cobble boulder conglomerate. Similar beds of muddy 
granitic conglomerate are interbedded with minor amounts 
of thin-bedded stream channel deposits directly beneath 
the disconformable horizon at the concordant contact of the



Figure 22. Granitic stringer encapsulated 
by volcaniclastic debris-flow deposits. —  Gray 
volcanic cobbles dominate the darker debris-flow 
deposits. Canteen at right is 18.4 cm in diameter.
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disconformable horizon at the concordant contact of the 
San Manuel Formation on the Cloudburst Formation. San 
Manuel granitic boulder conglomerates are characterized by 
large rounded boulders of light gray quartz monzonite having 
more textural maturity than Cloudburst rudites. Much of 
the Kannally Member probably consists of reworked Cloud
burst granitic boulder conglomerate.



CONCLUSIONS

The Cloudburst Formation accumulated in an intra
arc basin during Late Oligocene time. Large composite allu
vial fans growing on the flanks of mountainous areas were 
chiefly composed of granitic and volcanic debris that was 
transported toward the southeast and perhaps later to the 
northeast in debris-flow lobes, stream channels, and as 
sheetflood deposits. The San Manuel Formation disconform- 
ably overlapped the Cloudburst Formation concordantly 
beginning in the Early Miocene. Oxidizing depositional 
conditions and the diagenesis of ferrous compounds colored 
the majority of the Cloudburst fanglomerate unit red or 
brown. Calcite is the most common cementing material, 
but many muddy deposits are compacted without notable 
cement. Silica filled pore spaces primarily in the volcanic 
conglomerates and arenites.

Post-depositional tectonic activity was primarily 
extensional; the strata were first inclined generally east
ward to form a homocline. The tilting was probably accom
plished by means of listric normal faults active during 
Early Miocene time east of the study area. The San Manuel 
fault later displaced the resultant homocline, shifting 
the upper plate about 2.5 km southwest along a low-angle, 
essentially planar surface. High-angle normal faults

68
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trending north to west further deformed the homocline during 
the Basin and Range period deformation. The supposed "angu
lar unconformity" reported by Heindl (1963) and Creasey 
(1965, 1967) is instead a major high-angle normal fault.

The isotopic ages of the upper part of the Cloud
burst Formation in the map area and the lowest part of the 
San Manuel Formation about 20 km northwest were determined 
to be 22.5 ± 0.5 and 22.1 ± 0.5 million years, respectively. 
The chronologic range of Cloudburst sedimentation is thus 
bracketed between 29 and 22 million years, and the oldest 
San Manuel deposits must be younger than 22.6 million years 
in age. Thus the Cloudburst Formation is not Late 
Cretaceous-Early Tertiary in age, as thought by previous 
workers (e.g., Krieger and others, 1973; Creasey, 1965, 1967) 
but is instead Late Oligocene in age as surmised by Heindl 
(1963) and Schmidt (1971). The data indicate that San 
Manuel deposition began soon after Cloudburst deposition 
ended; the contact displays less than 100 m relief.

Chronological correlation of the Cloudburst Forma
tion with the Galiuro Volcanics exposed on the east side 
of the San Pedro Valley and the Hackberry formation 
(Schmidt, 1971) near Hayden can be made with confidence 
because of IC-Ar mineral dates. Creasey and Krieger (1978) 
described a thick sequence of calc-alkalic volcanics in 
the Galiuro Mountains ranging in isotopic age from 29 to 
23 million years. This chronologic range fits not only
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the Cloudburst Formation but also approximates the range 
of cooling ages (28 to 21 m.y.) first reported by Damon 
and others (1963) and later affirmed by Creasey and others 
(1977) for plutonic and gneissic rocks extensively exposed 
in the Rincon and Santa Catalina Mountains to the south 
and west of the study area. This chronology is also 
coeval with the emplacement of large syntectonic plutons 
of quartz monzonite,termed the Catalina suite of plutons by 
Keith and others (1980), now exposed in portions of the 
Rincon, Santa Catalina, Tortolita and Picacho Mountains of 
central southeastern Arizona.

Extensive differential vertical uplift was also 
experienced during the Late Oligocene within a north- 
northwest-trending belt now partially exposed in the Rincon, 
Sanga Catalina, Tortolita, Tortilla, Picacho Mountains, 
and Black Mountain, as well as in the Black Hills. The 
Cloudburst Formation most likely accumulated as a sedimen
tary response to this thermotectonic uplifting as it devel
oped during Late Oligocene time, from about 29 to 22.5 m.y. 
ago. Subsequent erosion of nondeposition was probably 
brief, and was followed by a transition to dominantly sandy, 
more rounded conglomerates of the Early Miocene San Manuel
Formation.



APPENDIX

MEASURED SECTION, CLOUDBURST 
FORMATION— TYPE LOCALITY

Location: In and adjacent to upper Cloudburst Wash,
traversing Sections 30, 29, and 28 of T8S, 
RISE.

Volcanic Unit Thickness
1. Andesite, latite, and a few thin basalt 

flows, weathers dark reddish brown to 
medium pinkish gray, reddish brown to 
medium gray on fresh fracture, commonly 
aphanitic to vesicular, about 25% of flows 
amygdaloidal; interbedded with up to 80 m
of rudaceous deposits. ~ 600 m

2. Cobble pebble conglomerate, weathers 
reddish brown to reddish gray, muddy, 
angular to subrounded, clast sizes up to 
small boulders; 15% volcanic, 20% monzonite 
porphyry, 25% granitic, 40% red quartzite 
clasts; planar to lenticular, medium-bedded.

3. Sandy cobble pebble conglomerate, weathers 
light reddish-brown, subangular to sub
rounded, average size small cobbles, largest 
size small bounders of volcanic rock; 25% 
volcanic, 8% monzonite porphyry, 22% granitic;
44% red quartzite, medium-bedded, planar to 
lenticular, well imbricated, a few beds fine- 
upward, upper 10 cm silicified.

4. Latite flows, weathers light medium-gray, 
medium gray on fresh fracture, aphanitic.

5. Covered
Total ~ 627 m

13 m

6 m

6 m 
2 m
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Fanglomerate Unit Thickness

1. Sandy pebble cobble conglomerate and 
pebbly sandstone, weathers medium red
dish gray, angular to subrounded? 30% 
volcanic, 5% monzonite porphyry, 25% 
granitic, 40% red quartzite clasts; thin-
bedded, base and top both covered. 8 m

2. Covered 10 m
3. Sandy boulder pebble conglomerate, 

weathers medium reddish-gray to light 
reddish-brown, angular to subrounded; 22% 
volcanic, 11% monzonite porphyry, 40% 
granitic, 7% dicabase, 13% red quartzite,
5% Paleozoic limestone and red sandstone, 2% 
white quartzarenite; average size small cob
bles, thin-to medium-bedded, includes sandy 
layers about 25 cm thick, uppermost 2 m 
lacks clasts larger than pebbles. 22 m

4. Pebble cobble boulder conglomerate, weathers 
light reddish brown to medium reddish gray, 
medium- to thick-bedded muddy layers inter- 
bedded with thin- to medium-bedded sandy 
layers angular to subrounded, boulders up
to 75 cm in diameter, average size large 
pebbles; clast composition varies from wholly 
granitic to diverse, including Pa.eozoic and 
Apache Group representatives, monzonite 
porphyry and volcanic clasts; fairly to well 
imbricated. 32 m

5. Pebble cobble conglomerate, weathers very 
dark reddish-gray, muddy, angular to sub
rounded, fines upward to pebble-sized 
framework clasts; 30% volcanic, 10% monzonite; 
porphyry, 45% granitic, 20% red quartzite
clasts. 1.2 m

6. Similar to muddy beds of 4 (above). 5.7 m
7. Covered 2 m
8. Sandy cobble conglomerate, weathers medium 

reddish-brown, angular to subrounded, upper 1 m bouldery; 45% volcanic, 8% monzonite 
porphyry, 28% granitic, 19% red quartzite 
clasts; medium-bedded. 6 m
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9. Pebbly sandstone, weathers grayish tan, 
subangular to subrounded, 80% volcanic,
20% granitic clasts; includes one layer of
tuffaceous sandstone 20 cm thick, thin-bedded,
top channeled providing ~lm relief. 2.5 m

10. Pebble conglomerate, weathers grayish tan 
to light brown, channelled into 9 (above) 
subangular to subrounded boulders, muddy,
100% volcanic clasts at base grading upward 
to 50% volcanic, 10% monzonite porphyry, 40% 
granitic clasts, upper 2 m  75% volcanic, 25% 
granitic, medium- to thick-bedded. 12 m

11. Boulder conglomerate, weathers light reddish-
brown, muddy, subangular to subrounded, 
boulders up to 1 m in diameter; 25% volcanic,
5% monzonite porphyry, 60% granitic clasts; 
thick-bedded, planar to lenticular. 23 m

12. Covered 12 m

13. Cobble conglomerate, weathers light reddish- 
brown, muddy, subangular to subrounded; 10% 
volcanic, 90% granitic clasts.

14. Cobble conglomerate, weathers medium bluish- 
gray, muddy, subangular to subrounded; 75% 
volcanic, 25% granitic clasts.

15. Lithic-vitric tuff, light greenish-gray, 
matrix composed of devitrifying glass (chal- 
cedonic quartz), chlorite group minerals, and 
plagioclase feldspar; calcite has replaced patches
of matrix, uncommon plagioclase phenocrysts. 1.8 m

16. Sandy pebble conglomerate, weathers bluish 
gray, subangular to subrounded; 70% volcanic 
30% granitic clasts; upper 1 m bouldery,
cobbly, and almost entirely volcanic clasts. 3.5 m

17. Boulder cobble pebble conglomerate, weathers 
yellowish to light reddish brown, tuffaceous 
at base, muddy, subangular to subrounded, 
beds rarely separated by thick (< 2 m) sandy 
lenses; 5% volcanic, 10% monzonite porphyry,
85% granitic clasts; medium to thick bedded. 12 m

1.1 m

1.2 m
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18. Pebble cobble conglomerate, weathers 
light gray, muddy, subangular to sub
rounded; 80% volcanic, 5% monzonite 
porphyry, 15% granitic clasts; medium- 
bedded. 3.5 m
Boulder cobble pebble conglomerate, 
weathers light to medium reddish brown, 
subangular to subrounded, 20% volcanic,
5% monzonite porphyry, 75% granitic clasts,
medium-bedded muddy layers separated by
sandy stringers from 15-25 cm thick. 13 m
Cobble conglomerate, light to medium gray, 
muddy, subangular to subrounded; 90% 
volcanic clasts at sharp basal contact 
grading upward after 1 m into 40% volcanic,
20% monzonite porphyry, 40% granitic clasts,
medium bedded. 2.5 m

21. Boulder cobble conglomerate, medium reddish- 
brown, muddy; 60% volcanic, 5% monzonite 
porphyry, 35% granitic clasts, medium bedded, 
interbedded with 10-15 cm thick lenses of 
sandy cobble pebble conglomerate, medium
to light reddish-brown; 50% volcanic, 50% 
granitic clasts; thin-bedded.

22. Pebble conglomerate, medium-reddish brown- 
to brown, muddy; 15% volcanic, 20% monzonite 
porphyry, 20% granitic clasts; medium- 
bedded.

6.5 m

14 m
23. Covered 23 m
24. Similar to 21 (above). 6 m
25. Sandy cobble conglomerate, medium reddish-

brown, 40% volcanic, 20% monzonite porphyry, 
interbedded with sandy layers up to 40 cm 
thick, subangular to subrounded; up to 80% 
volcanic clasts in upper 2m. 13 m

26. Volcanic arenite, light to medium grayish- 
brown, medium- to coarse-grained, moderately to 
well sorted, subangular to rounded, cross 
stratified, rare antidune cross-bedding. 2 m
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27. Covered
28. Boulder cobble conglomerate, medium to 

dark reddish-brown, medium-bedded muddy 
layers interbedded with thin-bedded sandy 
pebble conglomerate; 25% volcanic, 10% 
monzonite porphyry, 55% granitic clasts.

29. Pebbly sandstone, dark reddish-brown, 
pebbles subangular to rounded, average size 
5 mm, sand subangular, moderately sorted, 
volcaniclastic, grading upward after 20 cm 
to volcanic arenite, light brown to tan, 
feldspathic, subrounded, moderately sorted, 
coarse-grained, laminated or cross- 
stratified.

30. Pebble cobble conglomerate, medium to dark 
reddish-brown, muddy? 65% volcanic, 15% 
monzonite porphyry (some chloritized);
20% granitic clasts; medium-bedded.

31. Feldspathic volcanic arenite/lithic arkose, 
very light tan to light brown, coarse 
grained, subrounded, moderately to well 
sorted, tuffaceous, laminated or cross- 
stratified.

32. Covered
33. Boulder cobble pebble conglomerate, medium 

red to reddish brown, subangular to sub
rounded, medium- to thick-bedded muddy 
layers separated by thin-bedded sandy 
layers; 25% volcanic, 15% monzonite por
phyry, 60% granitic clasts, becoming up
to 75% granitic after 15 m.

34. Covered
35. Similar to 33 (above)
36. Covered
37. Boulder cobble conglomerate, medium red, muddy, boulders subangular to rounded, 

thick-bedded muddy layers separated by 
thin- to medium-bedded sandy layers; 10% 
to 20% volcanic, 5% to 15% monzonite por
phyry, 65% to 85% granitic clasts.

16 m

26 m

5 m

7.5 m

2.5 m 
17 m

26 m 
120 m

138 m

21 m.
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38. Covered
39. Similar to 37 (above).
40. Cobble pebble conglomerate, medium red to 

reddish brown, subrounded to rounded, 
thick-bedded muddy layers separated by 
thin-bedded sandy pebble conglomerate;
15% to 30% volcanic, 5% to 15% monzonite 
porphyry, 60% to 80% granitic clasts.

41. Covered
42. Boulder cobble conglomerate, medium red, 

subrounded to rounded, thick-bedded muddy 
layers separated by thin-bedded sandy 
pebble conglomerate; 5% to 15% volcanic,
5% to 15% monzonite porphyry, 70% to 85% 
granitic clasts.

43. Covered
44. Similar to 37 (above).
45. Similar to 42 (above).
46. Covered.
47. Boulder cobble pebble conglomerate, medium 

red to reddish brown, subrounded to rounded; 
5% to 10% volcanic, 5% to 10% monzonite 
porphyry, 80% to 90% granitic clasts; 
medium- to thick-bedded, in faulted contact 
with 48 (below).

48. Cobble pebble conglomerate, medium red, 
rounded cobbles; 10% volcanic, 90% granitic 
clasts, medium-bedded.

49. Covered
50. Similar to 47 (above).

Tuffaceous sandstone, very light gray to 
light reddish gray, subangular, fine- to 
coarse-grained, poorly sorted, most grains 
altered to clay minerals, pebbly (rhyolitic 
clasts).

17 m 
47 m

125 m 
93 m

38 m 
44 m 
18 m 
25 m 
35 m

15 m

8 m
6 m 
4 m

7 m

51.



77
52. Boulder cobble conglomerate, reddish gray, 

muddy, subangular to subrounded; 0%-5% 
volcanic, 95% to 100% granitic clasts.

53. Tuff, light gray, fine-grained, angular to 
subangular, laminated, most grains altered 
to clay minerals.

54. Pebble cobble conglomerate, medium to 
medium reddish brown, subrounded, muddy; 
10% volcanic, 10% monzonite porphyry, 80% 
granitic clasts; medium-bedded.

55. Pebble conglomerate, medium red to light 
grayish red, subangular, cobbly, thin- to 
medium-bedded sandy layers separated by 
thin- to medium-bedded muddy layers.

56. Covered, overlain disconformably by sandy 
gravel of the Kannally member, San Manuel 
Formation.

Total

10 m

4 m

6 m

4 m

1127 m
Grand total, Cloudburst 
volcanic and fanglomerate 
units 1754 m
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