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ABSTRACT 

The Late Mesozoic Bisbee basin of southeastern Arizona was an intracratonic 

back-arc rift basin. Extension was coupled with seafloor spreading in the Gulf of Mexico 

and back-arc extension behind a magmatic arc along the convergent Pacific continental 

margin. 

Tectonostratigraphic evolution of the basin occurred in three phases. Initial mid

Jurassic rifting of the basin, marked by eruption of the Canelo Hills Volcanics, may have 

been complicated by sinistral strike-slip motion along the Mojave-Sonora megashear. 

During continued rifting, from latest Jurassic to Early Cretaceous time, the Glance 

Conglomerate was deposited by alluvial fans and braided streams in grabens, half

grabens, and caldera-related depressions; locally interbedded volcanic rocks represent 

waning rift-related back-arc magmatism. The upper Bisbee Group was deposited during 

Early to earliest Late Cretaceous passive thermotectonic subsidence. 

The Bisbee Group and correlative strata occur in most mountain ranges in 

southeastern Arizona, and are subdivided into southeastern, northwestern, northern, and 

western facies. Southeastern facies were deposited in alluvial fan, meandering fluvial, 

estuarine, marginal marine and subtidal shelf environments as a transgressive-regressive 

sequence including a marine interval that was continuous with Gulf Coast assemblages 

during Aptian-Albian marine transgression. Northern facies were deposited in alluvial fan 

and braided stream environments along the northern rift shoulder of the basin. 

Southeastern and northern facies sandstones are dominantly quartzose, and were derived 

mainly from cratonic sources to the north. Subordinate volcaniclastic sandstones in the 

soutl)eastern facies become more abundant to the west, proximal to eroding Jurassic and 

Cretaceous volcanic arcs. 
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Basal northwestern facies arkosic strata deposited in alluvial fan, braided stream 

and lacustrine environments were derived from local basement uplifts, and were ponded in 

a northwestern depocenter by rift-related topography. A thin estuarine interval within 

overlying dominantly fluvial facies indicates integration of regional drainage networks by 

the time of maximum transgression. Transition upward to quartzose sandstone 

compositions reflects wearing down of local basement uplifts and increasing abundance of 

craton-derived sediment in the northwestern part of the basin. Western facies alluvial fan, 

braided stream and lacustrine intramontane deposits are composed of locally-derived 

arkose and lithic arkose. 
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INTRODUCTION 

Statement of Problem 
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The Late Mesozoic geologic history of southeastern Arizona was dominated by the 

presence of the Bisbee basin, a northwest-trending extensional depression that subsided in 

response to changing plate dynamics along the Cordilleran and Caribbean margins of the 

North American continent. The basin was influenced by tectonic events along both the 

southern and western margins of the continent; thus, understanding of Bisbee basin 

evolution is requisite to development of tectonic models for the region. 

The Bisbee Group and correlative strata include up to 3000 m of marine and 

nonmarine sedimentary rocks deposited in the Bisbee basin from Late Jurassic to earliest 

Late Cretaceous time. These rocks provide a sedimentary record of basin evolution, yet 

many aspects of basin history remain poorly understood due to poor age control, limited 

exposure, and incomplete understanding of sediment dispersal patterns. Sandstone 

petrography and lithofacies data collected as part of this study provide a framework for 

refining depositional models for the Bisbee Group. Regional tectonic models for the 

origin of the Bisbee basin and evolution of the southwestern margin of North America are 

better constrained by data from the Bisbee basin. 

The geologic and tectonic setting of the study area, the regional stratigaphic 

framework, age constraints, and previous studies are described in the rest of this 

introductory chapter. The second chapter contains detailed descriptions oflithofacies and 

depositional facies of the Bisbee Group in the Mule and Huachuca Mountains. 

Subsequent chapters summarize regional stratigraphy (Chapter 3) and petrofacies (Chapter 

4) of the Bisbee Group. Chapter 5 discusses relationships with adjacent areas of New 



Mexico and Mexico, and presents alternative tectonic models for southwestern North 

America. Chapter 6 presents a depositional model for the Bisbee basin in southeastem 

Arizona and discusses sedimentation within this unusual type of basin- an intracratonic, 

aulacogen-type rift in a back-arc setting. 

Tectonic Setting 
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Figure 1 shows the location of the Bisbee basin in southwestern North America, 

and its spatial relationship to surrounding tectonic elements. The basin lay in a back-arc 

position, inboard of a Jurassic magmatic arc that formed along the convergent western 

margin of the continent. To the southeast, the Bisbee basin was connected to the Gulf of 

Mexico via the Chihuahua trough, and most likely was part of a branch rift, or aulacogen, 

extending northwestward from a spreading center in the Gulf of Mexico (Bilodeau, 1982). 

Thus, extension in the Bisbee basin was related to both Cordilleran and Caribbean tectonic 

regimes of southwestern North America (Dickinson and others, 1986). 

Thermotectonic rift shoulders to the north and northeast of the Bisbee basin 

consisted of the Mogollon Highlands and cratonic North America. These regions were 

underlain by Precambrian crystalline basement rocks and metasediments as well as upper 

Proterozoic and Paleozoic continental platform and cratonic strata. The southwestern 

margin of the basin is mostly hidden under the Tertiary Sierra Madre Occidental volcanic 

field and so is poorly defined. It apparently was a low-relief emergent area that sloped 

gently toward the eroded remnants of the Jurassic magmatic arc in Mexico (Rangin, 

1978). 

Tectonostratigraphic evolution of the basin occurred in three phases (Fig. 2) (Klute 

and Dickinson, 1987). Rifting began during mid-Jurassic time, coincident with rifting in 

the Gulf of Mexico, with eruption of silicic ignimbrites (Canelo Hills Volcanics) and 
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North America 
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Figure 1. Tectonic setting of the Bisbee basin showing Late Jurassic and Early 
Cretaceous tectonic elements flanking the basin. Modified from Dickinson (1981) and 
Dickinson and others (1986, 1987). Abbreviations: C.P., Coahuila platform; C.T., 
Chihuahua trough; S.B., Sabinas basin. 
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emplacement of granitic plutons in a back-arc setting (Krebs and others, 1986; Krebs and 

Ruiz, 1987). During continued rifting in latest Jurassic and Early Cretaceous time, the 

locally derived Glance Conglomerate was deposited in alluvial fan and braided stream 

settings, in grabens and half-grabens associated with normal faulting (Bilodeau, 1979) on 

and adjacent to calderas and other volcano-related depressions. l.ocally interbedded 

ignimbrites and lava flows represent waning back-arc magmatism. The main belt of arc 

magmatism along the western margin of the continent had shifted far to the west by this 

time (Dickinson, 1981). 

Deposition of the remainder of the Bisbee Group occurred during passive 

thermotectonic subsidence of thinned continental crust during Early to earliest Late 

Cretaceous time. Sedimentation occurred mainly in nonmarine environments, except 

during Aptian-Albian and Albian-Cenomanian sea level high stands, when marine 

transgression from the Gulf of Mexico reached the Bisbee basin. 

Geologic Relations 

The study area, encompassing the southeastern corner of Arizona (Fig. 3), lies 

within the Basin and Range physiographic province. It is characterized by north- to 

northwest-trending fault-bounded ranges separated by alluvial valleys. Pre-Bisbee rocks 

in the region include Precambrian granitic, metamorphic and sedimentary rocks, Paleozoic 

carbonate and siliciclastic platfonn sediments, and Triassic-Jurassic arc-related volcanic 

and intrusive rocks. Middle to Upper Jurassic rift-related ignimbrites (Canelo Hills 

Volcanics and Glance Conglomerate volcanic units) '''''e:-e erupted immediately prior to and 

in part coincident with deposition of the basal part of the Bisbee Group. Younger rocks 

include Laramide sedimentary, volcanic and intrusive rocks, and post-Laramide volcanic 

rocks and sedimentary basin fill. Original spatial relationships between Bisbee Group 
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outcrops in different mountain ranges have been altered by Laramide compressional 

tectonism, mid-Tertiary extensional tectonism and Pliocene to Recent normal faulting. 

Stratigraphy of the Bisbee Basin 
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The Bisbee Group and correlative strata crop out in most mountain ranges in 

southeastern Arizona. Figure 4 shows the distribution of these rocks, as subdivided into 

four geographically and lithostratigraphica11y defined facies: (1) southeastern, (2) 

northwestern, (3) northern, and (4) western. 

The Bisbee Group throughout most of the study area is divided into two different 

sets of correlative formations which are informally referred to as . the southeastern and 

northwestern facies (Fig. 5) (Dickinson and others, 1987). Correlation between facies is 

poorly constrained because age data are scarce. Stratigraphy and facies interpretations are 

reviewed briefly below. 

The northern facies, exposed in several mountain ranges along the northern part of 

the study area, include Glance Conglomerate and some overlying fluvial strata mapped as 

upper Bisbee Group, undifferentiated. These rocks show similarities to both the Morita 

and Willow Canyon Formations, but cannot be definitively assigned to either. 

The western facies consist of possibly correlative strata in mountain ranges to the 

west of the main Bisbee Group outcrops. These strata are entirely nonmarine, are poorly 

dated, and are referred to by different formation names in each mountain range. 

Glance Conglomerate 

The Glance Conglomerate is the basal unit in both southeastern and northwestern 

facies (Fig. 5). It ranges from 20 to 2000 m in thickness, and consists mainly of thick 

deposits of coarse alluvial fanglomerate; braided stream deposits and pediment gravels are 
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also present. Composition of clasts varies widely, and reflects the lithologies of 

underlying rocks, which include Precambrian granite, schist and sedimentary rocks, 

Paleozoic sedimentary rocks (mainly carbonates), and Jurassic volcanic and plutonic 

rocks. Inverted clast stratigraphy, variations in thic~ess, and facies distributions allowed 

Bilodeau (1979) to infer locations and orientations of normal faults associated with initial 

opening and subsidence of the Bisbee basin. Interbedded volcanic rocks in the Huachuca 

and Santa Rita Mountains and c:anelo Hills range in composition from basalt to rhyolitic 

welded ash flow tuff, and indicate that extension-related magmatism overlapped with 

initial deposition of the Glance Conglomerate (Krebs and Ruiz, 1987). 

Southeastern Facies 

The southeastern facies of the Bisbee Group form a transgressive-regressive 

sequence (Fig. 5). Interbedded sandstone and mudstone of the Morita Formation (up to 

1500 m thick) grade up-section from distal fan and fluvial deposits into coastal plain and 

marginal marine strata (Hayes, 1970a; Jamison, 1983). The gradationally overlying 

marine Mural Limestone (up to 750 m thick) includes marginal marine and carbonate 

platform deposits (Scott, 1979; Sindlinger, 1981). The Mural Limestone is gradationally 

overlain by regressive marginal marine, coastal plain and fluvial deposits of the Cintura 

Formation (up to 1000 m thick) (Hayes, 1970a; Lindberg, 1982; 1987). Total original 

thickness is unknown because the top of the Cintura Formation is always erosional. 

Northwestern Facies 

The northwestern facies are almost entirely nonmarine (Fig. 5). Basal alluvial fan 

deposits of the Glance Conglomerate are interbedded with both the distal fan and fluvial 

Willow Canyon Formation (up to 1000 m thick) and the overlying Apache Canyon 
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Formation (200 to 500 m thick) of lacustrine origin (Finnell, 1970; Bilodeau, 1979; 

Archibald, 1982). Lacustrine deposits indicate the presence of one or more enclosed lake 

basins that formed during rifting. The overlying Shellenberger Canyon Formation (up to 

1000 m thick) includes deltaic, estuarine and fluvial facies (Archibald, 1982). The Turney 

Ranch Formation (500 to 1500 m thick), the uppermost unit of the northwestern facies, is 

dominantly fluvial, but locally includes estuarine and shoreface deposits (Archibald, 1982; 

Inman, 1982). All contacts within this sequence are apparently gradational. 

Age Constraints 

Correlations between formations of the northwestern and southeastern facies are 

poorly constrained, but stratigraphic position suggests that the two sequences are at least 

partly correlative (Fig. 5). Both overlie Paleozoic and Jurassic rocks, have Glance 

Conglomerate at their base, and are unconformably overlain by the Upper Cretaceous Fort 

Crittenden Formation. 

The Mural Limestone represents the time of maximum transgression into the basin, 

and contains a well-documented Aptian-Albian fauna (Stoyanow, 1949; Scott, 1987). 

Oyster-bearing strata in the Shellenberger Canyon Formation are interpreted as marginal 

marine and estuarine deposits that formed during peak transgression, and so are correlated 

with the Mural limestone (Archibald, 1982). This is the only time line linking the 

northwestern and southeastern facies, as no other age-diagnostic fauna are present in the 

northwestern facies. 

Shoreface and estuarine facies in the Tumey Ranch Formation may be correlative 

with an Albian-Cenomanian marine interval in the Mojado Formation of New Mexico 

(Archibald, 1982; Inman, 1982; Zeller, 1965). If this correlation is correct, it indicates an 

Albian-Cenomanian marine transgression into southeastern Arizona that is recorded only 
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in the uppermost northwestern facies. Thus it is possible that upper northwestern facies 

strata are younger than uppermost strata preserved in the southeastern facies. 

Welded tuff interbedded with the Glance Conglomerate in the Huachuca Mountains 

has been dated at 151 +/- 2 Ma (Rb-Sr) (Kluth and others,1982; Vedder, 1984). Andesite 

from the Temporal Formation in the Santa Rita Mountains, which is considered equivalent 

to the Glance Conglomerate (Bilodeau, 1979), has an isotopic age of 151 +/- 2 Ma (Rb-Sr; 

Asmerom and others, 1990). These two dates indicate that normal faulting and deposition 

of coarse alluvial fan deposits began by latest Jurassic time. However, this age cannot 

necessarily be extended to Glance Conglomerate in other mountain ranges because of the 

probable time-transgressive nature of the Glance, and because similar interbedded volcanic 

rocks are not common elsewhere. The age of the base of the Bisbee Group in other areas 

can only be bracketed roughly between Late Jurassic and Aptian time. 

Previous Investigations 

The "Bisbee beds" were fIrst described by Dumble (1902) in exposures near the 

town of Bisbee in the Mule Mountains. Ransome (1904) formally named the Bisbee 

Group, and assigned formation names to the Glance Conglomerate, Morita Formation, 

Mural Limestone and Cintura Formation. Subsequent investigators have determined the 

distribution and characterized the stratigraphy of the Bisbee Group throughout 

southeastern Arizona (e.g., Brown, 1939; Cooper, 1959, 1960, 1971; Creasey, 1967; 

Drewes, 1971a,b,c, 1974, 1977, 1980, 1981a,b, 1982, 1984, 1985, 1986, 1987; Epis, 

1956; Finnell, 1971; Gilluly, 1956; Hayes, 1970a; Sabins, 1957a,b; Simons, 1972, 

1974; Stoyanow, 1949; Tyrrell,1957). 

Hayes (1970b) presented the fIrst regional paleogeographic model for deposition 

of the Bisbee Group. Bilodeau (1979) was the fIrst to place the basin within its regional 
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plate tectonic context, based on evidence from his regional study of the basal Glance 

Conglomerate. Recent studies concerning formations overlying the Glance Conglomerate 

(referred to here as the upper Bisbee Group) have provided up-to-date sedimentologic, 

petrologic, and paleoecologic information for upper Bisbee Group formations in specific 

areas (e.g., Archibald,1982; Ferguson,1983; Goodlin,1985; Grocock, 1975; Hall, 

1985; Hartshorne, 1988; Inman, 1982; Jamison, 1983; Janecke, 1986; Jones, 1989; 

Lindberg,1982; Mark, 1985; Monreal,1985; Riggs, 1985; Risley, 1983; Rosales, 

1989; Roybal, 1979; Scott, 1979, 1981; Sindlinger, 1981; Sumpter, 1986; and 

Warzeski, 1983). Other recent studies have provided geochronologic, geophysical and 

geochemical information that further constrain timing and tectonic setting of the basin 

(Asmerom, 1988; Asmerom and others, 1990; Kluth and others, 1982; Krebs and Ruiz, 

1987; May, 1985; Riggs and Busby-Spera, 1990; and Vedder, 1984). 

Reports by Bilodeau and Lindberg (1983) and Dickinson and others (1989) are 

regional compilations of available data that pin-point key areas of further investigation 

necessary to better understand the Bisbee basin. In 1984, W. R. Dickinson and M. 

Shafiqullah (University of Arizona) obtained National Science Foundation funding to 

support research on specific unanswered questions pertinent to Late Mesozoic evolution of 

southern Arizona, and assembled a working group locally tenned "the greater southern 

Arizona Mesozoic team." Several key studies have resulted from that effort: Asmerom 

(1988) completed a study of Rb-Sr, K-Ar, and U-Pb geochronology and Nd-Sm 

systematics on Mesozoic volcanic rocks in southeastern and southwestern Arizona. Beatty 

(1987) refined correlation of Jurassic redbed units in southeastern Arizona. Krebs and 

Ruiz (1987) clarified problems relating to the petrochemistry of the Canelo Hills Volcanics 

and volcanic rocks interbedded with the Glance Conglomerate. Hayes (1987) resolved 

regional relationships of the Upper Cretaceous Fort Crittenden Formation, deposited 
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during Laramide time in southeastern Arizona. My study of the Bisbee Group had the 

objective of identifying and using regional petrofacies and lithofacies distributions to 

resolve correlation problems within the Late Jurassic to Late Cretaceous Bisbee basin. 

The results of these recent studies have been integrated with the older studies into the 

regional models for sedimentation patterns and tectonic evolution of the Bisbee basin that 

are presented here. 



CHAPTER TWO 

LITHOFACIES AND DEPOSITIONAL ENVIRONMENTS OF THE 

BISBEE GROUP IN THE HUACHUCA AND MULE MOUNTAINS 
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Systematic sedimentologic interpretations of depositional facies have never been 

presented for classic exposures of Bisbee Group in the Huachuca and Mule Mountains. 

Lithofacies analysis is included here as a basis for regional synthesis. 

Huachuca Mountains 

The Huachuca Mountains consist of an eastern block of Precambrian and Paleozoic 

rocks that has been thrust over a western block of folded and faulted Mesozoic strata 

which includes approximately 3000 m of Bisbee Group (Davis, 1979; Hayes, 1970a) 

(Fig. 6). Bisbee strata dip steeply to the southwest, and are locally overturned. 

Northwest-trending high angle faults and northwest-trending folds disrupt and deform the 

stratigraphy so that complete sections are uncommon (Hayes and Raup, 1968). The best 

exposures are in perennial stream canyons. Resistant lithologies can be traced across the 

rubbly, vegetated slopes, but natural outcrops are severely weathered. A generalized 

stratigraphic column of the Bisbee Group in the Huachuca Mountains is shown in Figure 

7. 

For this study, outcrops were examined at many localities and a stratigraphic 

section of upper Bisbee Group formations was measured in Bear Creek along the 

southwest flank of the range. The Bear Creek section overlies a stratigraphic section of 

Glance Conglomerate measured by Vedder (1984); thus the locality provides a complete 

section of the Bisbee Group in the Huachuca Mountains. 
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Figure 6. Generalized geologic map of the Huachuca Mountains showing 
distribution of the Bisbee Group and location of the Bear Creek measured section (after 
Bilodeau, Kluth and Vedder, 1987; Hayes and Raup, 1968). 
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Figure 7. Generalized stratigraphic column of the Bisbee Group in the Huachuca 
Mountains (after Hayes, 1970a; Bilodeau, Kluth and Vedd~r, 1987; and this study), 



Glance Conglomerate 

The following description and interpretation of the Glance Conglomerate in the 

Huachuca Mountains is summarized from Hayes (1970a), Bilodeau (1979), Vedder 

(1984), and Bilodeau and others (1987). The Glance Conglomerate in the Huachuca 

Mountains ranges from 90 to 1400 m thick. It was deposited on an irregular surface 

eroded into underlying Paleozoic sedimentary rocks (mostly carbonates), and Jurassic 

volcanic and intrusive rocks. In some areas, including southern Lone Mountain, the 

contact with Jurassic volcanic rocks is apparently conformable (Vedder, 1984). 

34 

Three members are recognized, though all three are not present everywhere. The 

lower conglomerate member includes up to 500 m of pebble to boulder conglomerate. 

Limestone clasts are most abundant to the north; volcanic clasts dominate to the south and 

up-section. Granite clasts are locally important. Sandstone, chert and quartzite are 

subordinate clast types. Thin interbeds of welded tuff are locally present. The middle 

andesite volcanic member is up to 600 m thick and is absent to the north. It consists of 

two flow units with interbedded conglomerate lenses. Large exotic blocks of Permian 

limestone and Jurassic Canelo Hills Volcanics are included in the volcanic member in the 

southern Huachuca Mountains. The upper conglomerate member is up to 300 m thick and 

thins to the south. It consists of mixed volcanic- and limestone-clast conglomerate with 

interbedded thin volcanic flows and litharenite sandstone lenses. 

Interpretation. Clast-supported conglomerate is interpreted as alluvial fan and 

braided stream deposits. Matrix-supported conglomerate is interpreted as debris flow 

deposits. Together these facies indicate a subaerial alluvial fan environment. Finer 

grained sediments and lower Morita transition zone clastics represent correlative middle 
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and distal fan deposits. Interbedded lavas, ash-flow tuffs, and large exotic blocks indicate 

proximity to erupting calderas prior to and during alluvial fan deposition (Bilodeau and 

others, 1987). 

Stratigraphy of Upper Bisbee Group Formations 

Upper Bisbee Group Formations in the Huachuca Mountains include the Morita 

Formation (900 to 1450 m), Mural Limestone (90 to 250 m) and Cintura Formation (0 to 

600 m) (Hayes, 1970a)(Fig. 7). Total thickness ranges from 1000 to 2300 m, and 

individual formations generally become thinner to the north (Hayes, 1970a). Throughout 

the range, the Morita Fonnation concordantly overlies the Glance Conglomerate. The 

contact is marked by a paleocaliche horizon referred to as the Glance-Morita transition 

zone (Vedder, 1984). The Cintura Formation is unconformably overlain by the Upper 

Cretaceous Fort Crittenden Formation (Hayes, 1970a). 

The Bear Creek stratigraphic section of the upper Bisbee Group has minor 

structural complexities. The strata lie on the southwest-dipping limb of a northwest

plunging syncline. The section is partially repeated across a small fault and minor 

anticlinal fold. The repeated section on the northeast-dipping limb of the small anticline 

was omitted from the measured section. 

Within the stream drainage, steeply dipping "walls" of Morita and Cintura 

sandstone are well-exposed and easily sampled. Mudstone is less well exposed, but crops 

out in cut banks and in the stream bottom. The Morita Formation is 32 percent covered, 

and the Cintura Formation is 56 percent covered; however, exposed lithologies within 

these formations are somewhat monotonous with little vertical variation, so similar 

lithologies are presumed for the covered intervals. The measured section includes 1437 m 
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of Morita Formation, 247m of Mural Limestone and 337 m of Cintura Formation, for a 

total thickness of 2021 m of upper Bisbee Group strata. 

Glance-Morita Transition Zone 

A zone of stacked paleocaliche horizons up to 25 m thick in aggregate occurs at the 

gradational contact between Glance Conglomerate and Morita Formation (Fig. 8; Fig. 9, 

col. a) (Vedder, 1984). A 30 m thick andesite flow near the top of the Glance 

Conglomerate is overlain by sandy pebble conglomerate with tuff clasts, which is in turn 

overlain by calcareous red mudstone, gray calcareous nodule conglomerate, and silica-rich 

limestone lenses that mark the basal Morita Formation. Three distinct lithofacies are 

recognized within the transition zone by Vedder (1984): (1) calcareous maroon mudstone 

containing nodules and stringers of pale-gray pedogenic limestone; (2) sandy, 

unfossiliferous limestone caliche beds with intercalated red, green or black chert; and (3) 

well-sorted sandy pebble conglomerate composed mainly of reworked soil caliche 

pebbles. Both limestone and chert are apparently of replacement origin. 

Stacked paleocaliche beds and reworked caliche pebbles are evidence that the 

Glance-Morita transition zone is a condensed stratigraphic sequence. It represents a 

lengthy interval of soil formation, probably during a period of tectonic quiescience and 

nondeposition (Bilodeau and others, 1987). Vedder (1984) has suggested that this interval 

may represent most of Early Cretaceous time, extending back to latest Jurassic time. 

Lithofacies of the Morita and Cintura Formations 

The Morita Formation (above the basal transition zone) and Cintura Formation 

cannot be distinguished from each other unless correct stratigraphic position is known. 

The two formations will be described together due to their great similarity; minor 
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differences will be noted. Two interbedded lithofacies are present: (1) thick-bedded 

sandstone, and (2) mudstone. Complete stratigraphic sections for the Morita and Cintura 

Formations are shown in Figures 8 and 10; detailed intervals are shown in Figure 9. 

Thick-bedded sandstone. This lithofacies consists of sandstone bodies that 

are 2 to 15 m thick in the Morita Formation, and 2 to 11 m thick in the Cintura Formation. 

The buff to gray sandstone bodies are laterally persistent and topographically resistant. 

Basal contacts are sharp and commonly scoured, and locally overlain by pebble lag 

deposits. Tops of beds are locally sharp, but more commonly, sandstone grades upward 

to siltstone or mudstone. Intraformational scours occur within many of the thicker bodies, 

separating stacked multistory beds and lenses of sandstone. Thin interbeds and lenses of 

mudstone occur within some of the thick-bedded sandstone bodies. 

Sand grain size ranges from very fine to coarse, with fme to medium grain size 

most common. Fining-upward textural trends within bodies or beds are common, but 

some beds have constant grain size throughout. 

Large- and small-scale trough cross-stratification and horizontal lamination are the 

most abundant sedimentary structures present. Broad, shallow trough cross-beds (up to 2 

m wide) commonly occur directly above scour surfaces. Smaller scale trough cross-beds 

(up to 0.5 m wide) and thick beds of horizontally-laminated sandstone (up to 2 m thick) 

occur in seemingly random order within the sandstone bodies. Current lineations are 

present on some bedding planes. Heavy minerals are locally concentrated along 

laminations. Massive bedding, planar-tabular cross-stratification, ripple cross-lamination 

and contorted laminations also occur locally. 

Evidence of bioturbation includes common vertical burrows, and less common 

horizontal and randomly oriented burrows. Burrows are up to 1.0 cm in diameter and 4 

cm long. Burrows occur randomly dispersed in trough cross-bedded and horizontally 
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laminated sandstone, and are locally abundant at the tops of beds. Mottled texture in 

some massive sandstone beds also suggests bioturbation. 
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Conglomerate is a minor component of the thick-bedded sandstone facies, 

occurring as basal conglomerate overlying scour surfaces and as pebble horizons 

concentrated along bedding planes. Clasts are dominantly intraformational pebble-sized 

(0.5 to 3.0 cm) red mud chips and gray calcareous nodules. Lithic pebbles are extremely 

rare above the basal Glance-Morita transition zone. Quartz and chert pebbles are locally 

present in basal lag conglomerates. In the Morita Formation, one volcanic petrofacies 

sandstone body (at 310m, fig. 8) contains scattered quartz, chert and volcanic pebbles. In 

the Cintura Formation, the uppermost sandstone body has several conglomeratic horizons 

in which clasts are mostly mud chips (up to 5 cm in diameter) and calcareous nodules; one 

bed also contains chert pebbles. Large, irregularly shaped mud intraclasts up to 0.5 m in 

maximum dimension occur locally in both formations. One bed in the Morita Formation 

contains abraded dinosaur bone fragments up to 30 cm in maximum dimension. 

Mudstone. The mudstone lithofacies includes interbedded siltstone and 

sandstone. Red mudstone which is locally sandy or silty is the dominant lithology; color 

varies to purple, purple-red, purple-gray and gray. Bedding ranges from massive to 

laminated to mottled. Gray to white calcareous nodules are concentrated along horizons 

within the mudstone. The nodules are typically 1 to 2 cm in diameter, but locally are up to 

20 cm in horizontal dimension and 3 cm thick. Stringers of the same calcareous material 

also occur locally. Several beds of calcareous nodule conglomerate with sandy mudstone 

matrix are present. These beds have scoured bases, fming-upward texture, and range 

from 10 to 50 cm thick. 

Thin gray, red or buff siltstone and sandstone interbeds are up to 1.8 m thick, but 

are generally less than 1 m thick. They occur either as single beds that are randomly 
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distributed throughout the section, or in closely stacked sequences separated by thin 

interbeds of mudstone. Lenses and pinch and swell geometries are common, though 

laterally persistent beds are also present Poorly sorted, sandy to muddy massive siltstone 

beds, and very fine- to fine-grained massive sandstone beds commonly fine upward 

texturally to mudstone. Slightly coarser grained (very fine- to medium- grained) 

sandstone beds have primary sedimentary structures, notably horizontal laminations, but 

also trough and planar-tabular cross-laminations, ripple laminations and massive bedding. 

Basal contacts are sharp and either planar or scoured; bed tops commonly grade upward to 

siltstone or mudstone, but locally are sharp. Other local features include mud chips, 

calcareous nodule pebbles, and burrows. 

Facies Distribution. The two lithofacies that make up the Morita and Cintura 

Formations are interbedded. Thick-bedded sandstone makes up approximately 20 percent 

of the exposed Morita Formation and 35 percent of the exposed Cintura Formation. The 

abundance of thick-bedded sandstone bodies generally decreases upward within the Morita 

Formation, and the thickest beds occur near the base of the section (Fig. 8). This pattern 

is reversed in the Cintura Formation, where the number of thick-bedded sandstone bodies 

generally increases upward and the thickest beds occur at the top of the section (Fig. 10). 

The mudstone lithofacies makes up about 80 percent of the exposed Morita 

Formation and 65 percent of the exposed Cintura Formation. These percentages are 

probably underestimated because the facies is often poorly exposed, and likely underlies 

most of the covered intervals, which include 32 percent of the Morita Formation and 56 

percent of the Cintura Formation. 

Paleocurrent data. Orientations of trough cross-bedding, parting lineations 

and planar tabular cross-bedding indicate southerly paleoflow directions for the Morita and 

Cintura Formations (Fig. 6) (Appendix A). The data set is small (n=I4) as a result of 
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poor exposure of sedimentary structures, but the results are consistent with other regional 

trends. 

Interpretation of Morita and Cintura Formation Lithofacies 

Sedimentological features of the Morita and Cintura Formations indicate deposition 

in an alluvial plain environment by a fine-grained meandering fluvial system. The thick

bedded sandstone lithofacies was deposited within the channel belt, and the mudstone 

lithofacies was deposited on the flood plain. This interpretation is consistent with fluvial 

facies models discussed by Allen (1965b) and Collinson (1986), as well as with previous 

studies of the Bisbee Group in the Mule Mountains by Gilluly (1956) and Hayes 

(1970a,b). The abundance of caliche nodules in the mudstone, and absence of lacustrine 

limestone beds and coal, indicate that the flood plain was subaerially exposed much of the 

time, and was well-drained, without persistent wetlands such as swamps or interftuvial 

lake environments. 

Thick-bedded sandstone. This lithofacies was deposited within the channel 

belt as channel fill and various bar forms. Sharp to scoured basal contacts overlain by 

intraformational conglomerate represent channel lag deposits. Mud chips and calcareous 

nodule clasts were derived from erosion and redeposition of overbank deposits from the 

floodplain during channel migration, bank undercutting or avulsion. Broad, shallow 

trough cross-beds that infill basal 'scours represent large dunes and bars that migrated 

across the channel floor. Smaller scale trough and planar tabular cross-beds originated as 

smaller dunes and straight-crested megaripples that formed on sand bars. Thick packages 

of horizontally bedded sandstone represent rapid deposition of sediment on bar tops by 

upper flow regime transport during flood events. Contorted laminations indicate soft 

sediment deformation due to fluid escape after rapid sediment deposition. Ripples formed 
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during lower flow regime flow in shallow water on bar tops. Bioturbation and burrow 

structures indicate the presence of invertebrates that colonized bar tops. The slight fming

upward textural trend is a characteristic feature of channel deposits (Allen, 1965a). Thin 

interbeds of mudstone represent local fine grained deposition in swales, backwater areas, 

and chutes that cut across bars. Similar channel belt deposits have been described by 

Bridge and Gordon (1985) in the Devonian Oneonta Formation of New York, Gersib and 

McCabe (1981) in the Pennsylvanian Port Hood Formation of Nova Scotia, Ghosh (1987) 

in the Pennsylvanian-Permian Dunkard Group of West Virginia, and Meckel (1975) in the 

Holocene Colorado River delta in the northern Gulf of California. 

Mudstone. I interpret this lithofacies as floodplain overbank deposits that 

accumulated by vertical accretion on the flood plain. Mudstone, silty sandstone and sandy 

siltstone settled from suspension after flood events. Mottled and massive textures indicate 

disruption of original bedding by bioturbation and pedogenesis. Abundant calcareous 

nodules and stringers within the mudstone are interpreted as pedogenic caliche that formed 

during intervals of nondeposition on the flood plain between flood events (Allen, 1986; 

Kraus and Bown, 1986). The more continuous caliche beds indicate long intervals of 

nondeposition. Calcareous nodule clast conglomerate with muddy matrix is interpreted as 

sediment that was ripped up and redeposited during flood or awlsion events on the flood 

plain, and is evidence for a pedogenic origin rather than a later diagenetic origin for the 

calcareous nodules. 

Thin-bedded sandstone and siltstone represent crevasse splay and levee deposits. 

Crevasse splays formed when the river overtopped its banks during high-flow events. 

The sharp basal contacts, fming upward grain size, and suite of sedimentary structures 

displayed are consistent with this interpretation (Ghosh, 1987). Closely stacked thin 
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sandstone beds may represent levees that built up along the channel banks during seasonal 

flood events (Collinson, 1986). 

Similar floodplain and overbank deposits have been described in the studies 

previously mentioned by Bridge and Gordon (1985), Gersib and McCabe (1981), and 

Ghosh (1987), and by Farrell (1987) in the Holocene Mississippi River flood plain of 

Louisiana, and Turner (1978) in the Permian Beaufort Group of South Africa. 

Discussion. Evidence that the Morita and Cintura Formations were deposited by 

a meandering fluvial system includes the presence of thick fining-upward channel 

sandstone complexes, the abundance of fme-grained overbank deposits with levee and 

crevasse splay facies, and the southwesterly to southeasterly scatter in paleocurrent 

directions. Lateral accretion bedforms (epsilon cross-beds) that indicate deposition on 

point bars were not observed; however, Jackson (1978) showed that epsilon cross-beds 

are not always present in modem meandering fluvial systems. Other studies suggest that 

features typical of meandering fluvial systems, such as levees, splays, and abundant fine 

grained overbank deposits may also occur in anastamosing fluvial systems (Rust and 

Legun, 1985; Shuster and Steidtman,1987). McClean and Jerzykiewicz (1978) have 

shown that meandering and braided channel reaches may coexist on the same floodplain. 

Architectural-element analysis (Miall, 1985) of sandstone bodies to better delineate channel 

morphology is not possible for the Morita and Cintura Formations as a result of limited 

lateral exposure. Vertical sequence must be relied upon, and available data indicate that a 

meandering fluvial model is the most consistent for these rocks. Thick-bedded sandstone 

bodies with sedimentary structures and trace fossils suggestive of origin as beach deposits 

may be present within the lower Morita Formation elsewhere in the Huachuca Mountains 

(A.S. Cohen, 1991, personal communication). Presumably these represent a brief 

episode of marine transgression on the low-gradient coastal plain. 
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The dominance of fine-grained sediment in this fluvial system suggests that the 

source area was distant. The presence of rare lithic pebbles and abundant intraclasts 

indicate that the fluvial system was capable of transporting coarser material if available. 

The fme texture of the sediment probably affected the types of sedimentary structures that 

formed, including the abundance of horizontal laminations. Winker (1987) suggested that 

the abundance of horizontal laminations in Neogene Colorado River delta sediments was a 

function of the fine grain size of the sand. 

Lithofacies of the Mural Limestone 

The Mural Limestone in the Huachuca Mountains consists of mixed carbonate and 

terrigenous sediments (Fig. 11). It is approximately 250 m thick in the southern part of 

the range, but thins to about 90 m to the north (Hayes, 1970a). The contact between the 

Morita Formation and Mural Limestone is gradational, and is typically placed "at the base 

of the lowest sequence of interbedded drab mudstones and impure limestones that overlies 

a series of conspicuous sandstone ledges at or very near the top of the Morita" (Hayes, 

1970a). In the Bear Creek section, sandstone ledges are not conspicuous in the partially 

covered upper Morita Formation. For this report, the contact was placed where gray and 

green calcareous mudstone becomes dominant over red mudstone. Other lithologic 

changes that distinguish the Mural Limestone include change in sandstone to thinner 

bedded, fmer grained and more friable; disappearance of calcareous nodules in the 

mudstone; and appearance of marine fossils. 

The contact with the overlying Cintura Formation is gradational, and is typically 

placed at the top of a limestone bed, above which sandstone is dominant over limestone 

(Hayes, 1970a). In the Bear Creek section, the contact is covered. The base of the 
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Figure 11. Lithofacies of the Mural Limestone in the Bear Creek section: A, 
Calcareous mudstone, siltstone, sandstone and fossiliferous limestone; B, Lime mudstone 
and skeletal fragment wackestone; C, Calcareous shale and fossiliferous sandstone; D, 
Orbitolina limestone and lime mudstone; E, Skeletal fragment wackestone and calcareous 
mudstone. See Figure 12 for legend. 
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calcareous nodules and interbedded sandstone. 

Upper and lower members of the Mural limestone were not distinguished in the 

Bear Creek section due to absence of massive cliff-forming limestone that characterizes the 

upper member elsewhere. Five sequential lithofacies are recognized (Fig. 11): (1) 

calcareous mudstone, siltstone, sandstone and fossiliferous limestone; (2) lime mudstone 

and skeletal fragment wackestone; (3) calcareous shale and fossiliferous sandstone; (4) 

Orbitolina limestone and lime mudstone; and (5) skeletal fragment wackestone and 

calcareous mudstone. 

Calcareous mudstone, siltstone, sandstone and fossiliferous 

limestone (176 m). Gray-green to yellow-brown calcareous mudstone and siltstone are 

thin-bedded (1-10 cm) to massive. Three types of sandstone interbeds are present. Thin 

interbeds of fine-grained sandstone average 3 to 10 cm thick, and are up to 30 cm thick. 

They occur in sets of three or four, and are commonly massive, but locally have 

horizontal laminations, and ripple and small-scale trough cross-laminations. Thicker 

sandstone interbeds (1 to 2 m) have scoured bases; sedimentary structures include 

horizontal laminations, ripple and small scale trough cross-laminations and massive 

bedding. Basal lag deposits of granule to pebble-sized fragments of oysters, small thin 

shelled bivalves and high-spired gastropods occur locally. Two 6 m thick sandstone beds 

are present. Sedimentary structures in these beds include basal and intraformational 

scours, horizontal laminations, ripple cross-laminations, small and large scale trough 

cross-laminations, planar cross-laminations and local contorted bedding. Fossiliferous 

wackestone and packstone beds that are 0.3 to 1.0 m thick become abundant in the middle 

of this interval. Fossils include abundant oysters and serpulid worms and less common 

trigonid and other bivalves. Both whole and fragmented fossils are present. 
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Lime mudstone and skeletal fragment wackestone (14 m). Dark green 

impure lime mudstone and minor calcareous shale are interbedded with gray skeletal 

fragment wackestone beds that are up to 0.5 m thick. Fossils include fragments of 

turritellas, oysters, bryzoans and small bivalves as well as skeletal sand. Oysters are rarer 

and more fragmented than in the underlying interval. 

Calcareous shale and fossiliferous sandstone (23 m). This interval 

consists of dark green calcareous shale with 0.5 to 1 m thick interbeds of fossiliferous 

sandstone. The sandstone beds are massive in texture, and have sharp bases and tops. 

Fossils are fragmented (granule to 3 em), and include oysters, bivalves and gastropods. 

Orbitolina limestone and lime mudstone (16 m). Orbitolina wackestone 

and packstone beds are 0.3 to 1.0 m thick, and composed of gray micrite containing 

Orbitolina fossils that are about 5 mm in diameter. Interbedded impure lime mudstone is 

dark green in color. 

Skeletal fragment wackestone and calcareous mudstone (13 m). 

Skeletal fragment wackestone is interbedded with green-gray calcareous mudstone. 

Wackestone beds are 0.5 to 2.5 m thick, and contain fragments of bivalves, trigonids, 

high- and low-spired gastropods, and a few Orbitolinas. Bed tops are locally burrowed. 

Interpretation of Mural Limestone Lithofacies 

Stratigraphic context, fauna and sedimentological features indicate deposition in an 

intertidal to subtidal restricted to open shelf setting subject to both carbonate and 

terrigenous sedimentation. The five lithofacies record a single transgressive-regressive 

sequence, with gradual deepening from coastal plain to intertidal to subtidal environments, 

then shallowing and return to coas~ plain deposition. 
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Calcareous mudstone, siltstone, sandstone and fossiliferous 

limestone. This lithofacies represents mixed estuarine and intertidal deposits. 

Mudstone, siltstone and thin-bedded sandstone were deposited on tidal flats that formed 

on the submerged, low-gradient coastal plain during transgression. The thicker sandstone 

beds are tidal creek (1 to 2 m thick sandstone beds) and tidal or estuarine channel deposits 

(6 m thick sandstone beds). Broken oysters and snails in sandstone beds were transported 

within channels, or across the flats during flood tide. Similar dominantly terrigenous tidal 

flat deposits have been described in the Holocene sediments of the northern Gulf of 

California by by Meckel (1975) and Thompson (1968, 1975; in Weimer and others, 

1982). 

Fossiliferous wackestone and packstone were deposited in slightly deeper water 

(low intertidal to subtidal) as oyster and serpulid biostromes or mounds. Fragmented 

oyster and serpulid particles that make up some of the beds were derived from nearby 

biostromes. The amount of terrigenous influx varied, allowing nearly pure carbonate to 

accumulate locally. The biostromes are similar to the oyster biostrome facies in the 

Cretaceous Glen Rose Limestone of central Texas (Perkins, 1974). In that study, Perkins 

interpreted the salinity as brackish, based on the "restricted" fauna present (oysters and 

serpulids), and the lack of other "normal" marine fauna. He concluded that the biostromes 

probably formed near stream mouths, in very shallow water. 

Lime mudstone and skeletal fragment wackestone. Dark green impure 

lime mudstone ~nd minor calcareous shale were deposited in quiet water in a shallow 

lagoon or bay. Carbonate sediment predominates, indicating that terrigeneous input was 

low but not completely absent. Fragmented fossil material was transported by currents or 

storms. 
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Calcareous shale and fossiliferous sandstone. This sequence represents 

an interval of terrigenous sedimentation in a subtidal or lagoonal setting. Quiet deposition 

of terrigenous clay was punctuated by pulses of terrigenous sand influx from rivers during 

high-discharge floods or storms. The massive texture of the sandstone may result from 

bioturbation that has obscured depositional features; the fragmented nature of the fossil 

material indicates transport by currents or storms. This facies might also be interpreted as 

the distal margin of a tidal delta within a carbonate lagoon. 

Orbitolina limestone and lime mudstone. These rocks were deposited in a 

shallow subtidal shelf or open lagoon setting with predominantly carbonate deposition. 

The environment was protected from significant clastic influx. Orbitolina were large 

benthic foraminifera that lived in shallow to moderate water depths (as much as 60 m) with 

open to semi-restricted marine circulation (Douglass, 1960; Moore, Lalicker and Fischer, 

1952; Warzeski, 1987). This lithofacies represents the deepest and most nearly normal 

marine deposits in the Bear Creek section. 

Skeletal fragment wackestone and calcareous mudstone. The 

uppermost marine deposits in the Mural limestone record the return to low intertidal 

depths during regression. The thickest limestone body with abundant fossil fragments and 

vertical burrows is interpreted as a small carbonate shoal, similar to burrowed skeletal 

fragment beds in the Mule Mountains shoal deposits described by Scott (1979). The 

fragmented fossils were transported and reworked by currents or waves. 

Discussion. The marine sequence in the Bear Creek section was deposited on a 

low-gradient coastal plain that was submerged to become a carbonate platform during a 

single transgressive-regressive cycle. Depositional environments include tidal flat, 

restricted lagoon and open lagoon or shallow shelf. Sindlinger (1981) recognized similar 

lithofacies in the lower Mural limestone in Merritt Canyon iJ.t the Huachuca Mountains, 12 
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km north of Bear Creek. The section there is 171 m thick, and is made up of four 

lithofacies: (1) argillaceous limestone and siltstone with a gastropod fauna, interpreted as 

low intertidal flat and tidal delta; and (2) calcareous shale with bivalve and plant fossils, 

interpreted as lagoonal. Also present are (3) massive limestone with oyster and serpulid 

fossils, interpreted as subtidal flats, and (4) calcareous sandstone, interpreted as intertidal 

channels and subtidal bars. 

Mural Limestone lithofacies are similar to those found in other Cretaceous 

sequences deposited along the Gulf of Mexico margin. For example, the Glen Rose 

Limestone of central Texas includes skeletal wackestone, marly mudstone, calcareous 

shale and localized reefs and biostromes deposited in lagoons and localized basins on the 

middle shelf (Wilson and Jordan, 1983). 

Distinctive barrier deposits that barred lagoons have not been identified in the Bear 

Creek section, but the shallow shelf was protected from the open ocean by reefs znd banks 

along the shelf margin to the southeast (Warzeski, 1983), and therefore functioned as a 

large lagoon. Depositional topography (discussed below) also played a role in 

differentiating localized basins on the shallow shelf. 

Similar subtidal to intertidal deposits in carbonate rocks of the Devonian Manlius 

Formation in New York have been described by Laporte (1967) as a 'facies mosaic', 

defined by Enos (1983) as 'more or less random transitions among muddy, low energy 

lithofacies and/or impoverished organic communities'. Facies transitions such as these 

form in 'very shallow water where minor changes in sea level or depositional topography 

can cause significant changes in environment' (Enos, 1983). In the Mural Limestone, 

transitions between terrigenous and carbonate deposition were also probably influenced by 

minor changes in sea level and depositional topography, producing extensively 

interbedded subtidal and intertidal carbonate and terrigenous sediments. 



54 

Depositional topography that may have affected sediment distribution includes 

oyster biostromes or mounds, tidal delta lobes or bars, tidal channel levees, and carbonate 

or siliciclastic shoals. Position of river mouths probably determined the locus of 

terrigenous deposition. Selley (1970) describes an example from the Miocene Sirte Basin 

of Libya where terrigenous sediment was deposited around river mouths in estuarine and 

tidal flat settings. Current action was insufficient to redistribute the sediment or carry it 

out to sea. A similar environment is proposed for the Mural Limestone in Bear Creek, 

since neither sandy beach, shoreface or barrier deposits, nor large delta complexes 

developed. In areas sheltered from terrigenous sediment, carbonate sediment precipitated 

and a restricted fauna flourished. 

The low faunal diversity is strong evidence that salinity was restricted. Murnl 

Limestone fauna in the Bear Creek section are typical of restricted fauna from Cretaceous 

rocks: benthic foraminifera, high-spired gastropods, oysters, rudists and serpulids (Enos, 

1983). It is likely that salinity fluctuated seasonally due to the diluting effects of terrestrial 

fresh water run off, and to limited interchange with the open ocean caused by physical 

barriers, including the patch reefs at the shelf edge to the south, and the damping effects of 

the broad expanse of shallow shelf. 

Mule Mountains 

The Mule Mountains are a large, northwest-trending faulted anticline underlain by 

Precambrian through Cretaceous rocks (Hayes, 1970a) (Fig. 13). The Bisbee Group is 

extensively exposed in the south and east flanks of the range, and is about 3000 m thick 

(Hayes, 1970a; Bilodeau, 1979). The type area (Ransome, 1904) and principle reference 

section (Hayes, 1970a) for the Bisbee Group are in the southern Mule Mountains. A 

generalized stratigraphic column is shown in Figure 14. Strata are best exposed on 
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sparsely vegetated slopes and ridges, as streams are not perennial and stream canyons are 

commonly choked with debris. 

For this study, outcrops were examined in many localities. The land owner did 

not allow access to the principle reference section, so I measured a composite stratigraphic 

section at a nearby location, north of H wy. 80 and south and east of Grassy Hill (Fig. 

13). Overall exposure for the measured section (85 percent) is better than in the Huachuca 

Mountains (65 percent), but recognition of sedimentary structures and other lithologic 

details is more difficult than in the Huachuca Mountains because rock surfaces are more 

strongly weathered. 

Glance Conglomerate 

Bilodeau (1978, 1979) has thoroughly studied the Glance Conglomerate in the 

Mule Mountains. The following description is summarized from his work. In general, 

the Glance Conglomerate consists of poorly sorted and crudely stratified boulder, cobble 

and pebble conglomerate that is dominantly clast-supported, and locally matrix-supported. 

Clast imbrications indicate paleoflow directions to the south. The Glance Conglomerate 

crops out extensively in three fault-bounded blocks (northern, middle and southern) in the 

southern part of the range, separated by two west-north west-trending fault zones: the 

Dividend, and the Abrigo-Bisbee West-Gold Hill fault zones. Distinct differences in 

thickness, clast composition and subjacent rock type are present in each outcrop area. 

In the northern fault block, the Glance conglomerate is less than 30 m thick, and is 

composed dominantly of schist and granite pebbles and cobbles. It unconformably 

overlies either Precambrian Pinal Schist or Jurassic Juniper Flat Granite, with 

approximately 1500 m of Paleozoic strata removed by erosion prior to Glance deposition. 

In the middle fault block, the Glance Conglomerate is 25 to 200 m thick and composed 



dominantly of schist cobbles and boulders. Lesser amounts of limestone, quartzite and 

volcanic clasts are also present. The basal contact is an angular unconformity with 

Mississippian to Permian carbonate rocks. In the southern fault block, the Glance 

Conglomerate is dramatically thicker, ranging from 1800 to 2300 m thick. It 

unconformably overlies Pennsylvanian carlx?nate.rocks. The lowest 600 to 900 m are 

limestone-clast conglomerate; the upper 400 to 600 m are schist-clast conglomerate; and 

the middle 1200 to 1700 m are mixed-clast conglomerate, with abundance of limestone 

clasts decreasing upward. Clast size ranges from boulders to pebbles, and generally 

decreases upward. 
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The Glance Conglomerate in the Mule Mountains is interpreted as a proximal 

alluvial fan which was shed to the south from an actively rising mountain front to the 

north. The two faults were basin-bounding normal faults (south side down). The great 

thickness and inverted clast stratigraphy in the basinal southern block records progressive 

unroofing of strata from the actively rising northern block. 

Grassy Hill measured section. The measured section is within the northern 

fault block (Fig. 13). Glance Conglomerate in the section is 11 m thick, and overlies 

metasedimentary rocks ofthe Pinal Schist with angular unconformity. Clast-supported 

cobble conglomerate at the base of the section grades upward to pebble conglomerate 

which is overlain by sandstone and pebbly sandstone of the Morita Formation. Interbeds 

of fining-upward pebbly sandstone are also present. Clast types include quartzite, schist 

and granite. These rocks were probably deposited by stream and sheet flow across an 

eroded Precambrian schist and Jurassic granite surface from which the entire Paleozoic 

section had been removed by erosion. 
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Stratigraphy of Upper Bisbee Group Formations 

Upper Bisbee Group Fonnations in the Mule Mountains include the Morita 

Fonnation (850 to 900 m), Mural Limestone (150 to 200 m), and Cintura Fonnation (350 

to 700 m) (Hayes, 1970a) (Fig. 14). The Morita Fo~ation confonnably and 

gradationally overlies the Glance Conglomerate. The Cintura Fonnation has an erosional 

top, so total original thickness is unknown (Hayes, 1970a). 

Upper Bisbee Group strata are best exposed in a northwest-striking, northeast

dipping homocline along the eastern flank of the range. The homocline is cut by 

northeast-striking high-angle faults that are nearly perpendicular to strike, so structurally 

intact stratigraphic sequences are preserved within fault blocks (Hayes and Landis, 1964). 

The Grassy Hill stratigraphic section of the upper Bisbee Group (Figs. 13 and 14) is a 

composite section, measured in two adjacent fault blocks. The section includes 893 m of 

Morita Fonnation, 207 m of Mural Limestone, and 70 I m of Cintura Formation, for a total 

thickness of 1801 m of upper Bisbee Group strata. 

The bulk of the Morita and Cintura Formations are nonmarine, and consist of the 

same two major lithofacies seen in the Huachuca Mountains. The total marine interval is 

thicker than in the Huachuca Mountains. It consists of mixed carbonate and terrigenous 

sediments and includes parts of the upper Morita and lower Cintura Formations as well as 

the Mural Limestone (Fig. 14). 

Nonmarine Strata of the Morita and Cintura Formations 

The lower part (736 m) of the Morita Formation and upper part (488 m) of the 

Cintura Formation are composed of the same two major lithofacies described in the 

Huachuca Mountains: (1) thick-bedded sandstone, and (2) mudstone. Complete 

stratigraphic sections for nonmarine portions of the Morita and Cintura Formations are 



shown in Figures 15 and 16; detailed intervals are shown in Figure 17. Differences 

between the two lithofacies in the two mountain ranges are noted below. 
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Thick-bedded sandstone. The thick-bedded sandstone lithofacies consists of 

pinkish-gray, dark red-brown, or white to buff sandstone bodies that are 2 to 26 m thick 

in the Morita Formation, and 2 to 18 m thick in the Cintura Formation. Basal contacts are 

sharp and locally scoured. Some are overlain by pebble lag deposits. Upper contacts are 

either sharp or gradational upward to siltstone or mudstone. Interbeds and lenses of 

mudstone, and intraformational scours are not as common as in the Huachuca Mountains. 

Sand grain size ranges from very fine- to medium-grained in the Morita Formation, 

and from fine- to coarse-grained in the Cintura Formation, with fine- to medium-grained 

being the most common grain size in both formations. Fining-upward within beds occurs 

locally, but is not as common as in the Huachuca Mountains. 

Horizontal laminations and massive bedding are the dominant sedimentary 

structures in the thick-bedded sandstone facies in the Mule Mountains. Trough cross

stratification is not as abundant as in the Huachuca Mountains, though type and scale are 

similar where present. Planar-tabular cross-stratification, ripple laminations and current 

lineations are also present. Both formations contain evidence of bioturbation including 

common vertical burrows and mottling, and local horizontal and randomIy-oriented 

burrows. 

Basal conglomerates are composed of intraformational pebbles of calcareous 

nodules and mud chips. Rare lithic pebbles of quartz and quartzite up to two cm in 

diameter are present in a few beds in the Morita Formation. Several thicker lenses of 

conglomerate (up to 1 m thick) in the uppermost Cintura Formation are unlike any seen in 

the Huachuca Mountains. These lenses have sharp bases that scour into underlying 

sandstone. The lenses are up to 1 m thick, and extend at least 20 m laterally. Clasts are 
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Figure 15. Generalized measured section of the nonmarine portion of the Morita 
Formation, Grassy Hill, Mule Mountains. Letters refer to detailed sections shown in 
Figure 17. 
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Figure 16. Generalized measured section of the nonmarine portion of the Cintura 
Formation, Grassy Hill, Mule Mountains. Letters refer to detailed sections shown in 
Figure 17. 
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moderately well- rounded to subrounded, sub-spherical, and up to 20 cm in diameter, 

though most clasts are 1 to 2 cm in diameter. The conglomerate is poorly to moderately 

sorted with sandy matrix. Clast types include mud chips, calcareous nodules, chert, 

quartzite, and rare volcanic lithologies including fine-grained tuff. Conglomerate beds are 

clast-supported at the base, and grade upward to sandy matrix-supported conglomerate, 

then to pebbly sandstone. 

Mudstone. The mudstone lithofacies is dominated by red mudstone, with color 

varying to purple-red, dark red-brown, and green to green-grey. The texture is locally 

sandy and silty. Bedding ranges from massive to laminated (1 to 30 cm partings), with 

local horizontal laminations and ripple marks. Calcareous nodules and stringers, similar 

to those in the Huachuca Mountains, are abundant. Mottling suggestive of bioturbation is 

common. In the Morita Formation, the mudstone is locally calcareous and contains a few 

lenses of calcareous· nodule conglomerate. In the Cintura Formation, vertical burrows and 

mudchips occur locally, and some calcareous nodules and layers of mudstone are altered 

to green colors due to mineralization. 

Red siltstone interbeds within the mudstone lithofacies are generally less than 0.5 

m thick. They occur within fining-upward sequences where they grade downward to 

sandstone and upward to mudstone. Siltstone also occurs in single or stacked beds with 

sharp or scoured bases that overlie mudstone and fine-upward to mudstone. The siltstone 

is commonly massive. Other features include horizontal, contorted and discontinuous 

laminations, mudcracks, ripple marks, calcareous nodules, mottling, and vertical 

burrows. 

Sandstone interbeds witl;tin the mudstone lithofacies are 0.5 to 1 m thick, and dark 

red, green, grey or pink in color in the Morita Formation, and 0.5 to 1.8 m thick and pink

gray in color in the Cintura Formation. The beds have sharp or scoured bases, and sharp 
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or fining-upward gradational tops. Texture is dominantly massive, with grain size ranging 

from very fine-grained to medium-grained sand. About 25 percent of the beds have 

discernible sedimentary structures, of which horizontal lamination is dominant. Planar

tabular and trough cross-stratification, intraformational scours, and ripple marks also 

occur. Other local features include root casts, mottling, vertical, horizontal and randomly 

oriented burrows, mudchips, calcareous nodules, and lithic pebbles (mostly quartzose in 

composition). Both sheet and lensoid geometries are observed. 

Intraclastic conglomerate beds and lenses within the mudstone lithofacies are 0.1 to 

0.5 m thick and composed of mudstone chips and calcareous nodules in muddy to sandy 

matrix. Clast size ranges from granule to pebble, up to 3 cm maximum diameter, similar to 

those in the Huachuca Mountains. 

Three limestone beds observed within the mudstone lithofacies of the Morita 

Formation range in thickness from 0.3 to 0.5 m thick and consist of massive gray lime 

mudstone containing quartz sand, limestone pebbles and/or bioclastic grains. Similar 

lithologies are present in the "upper" Morita Formation lithofacies described below. 

Facies Distribution. In the Mule Mountains, thick-bedded sandstone makes 

up approximately 17 percent of the exposed Morita Formation, and 33 percent of the 

exposed Cintura Formation, excluding the "upper" Morita and "lower" Cintura members. 

A stratigraphic pattern to the interbedding of the two lithofacies is not obvious in the 

Morita Formation (Fig. 15). The pattern in the Cintura Formation is similar to that in the 

Huachuca Mountains, with both abundance and thickness of thick-bedded sandstone 

bodies increasing toward the top of the section (Fig. 16). 

The mudstone lithofacies makes up 83 percent of the exposed Morita Formation 

and 67 percent of the exposed Cintura Formation. The percentages in the Cintura 

Formation are probably close to the true depositional proportions (after compaction) as the 



section has no covered intervals. The Morita Formation is 17 percent covered in the 

measured section. 
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Paleocurrent Data. Paleocurrent data for the Mule Mountains (Fig. 13) are 

from parting lineations on bedding planes of horizontally laminated sandstone (Appendix 

D). In the Morita Fonnation, 14 data points are scattered in a south-southeastern to 

southwestern array, with a mean of215 degrees. In the Cintura Fonnation, 22 data points 

fall primarily in the southeastern quadrant, and cluster in two sectors. The 

stratigraphically lower data points have a mean orientation of 130 degrees. 

Stratigraphically higher data points have a mean orientation of 167 degrees. Although 

parting lineations are bidirectional indicators, the southern pole is reported here because it 

is interpreted as the most likely true current direction. Stratigraphic context indicates that 

the shoreline was to the south. Seven trough cross-beds measured by Jamison (1983) also 

have southerly trends. 

Discussion of Morita and Cintura Formation Nonmarine Strata 

The lower portions of the Morita Formation and upper portion of the Cintura 

Formation in the Mule Mountains are interpreted to have been deposited in the same 

nonmarine environment as the Morita and Cintura Formations in the Huachuca Mountains 

-- an alluvial plain with meandering channels. Stratigraphic context suggests this was a 

broad coastal plain with the shoreline to the south. 

The conglomerate lenses near the top of the Cintura Fonnation are the only 

significant difference in lithofacies between the two areas. They are interpreted as channel 

lag deposits, and indicate a supply of coarser sediment to the fluvial system. Chert, 

quartzite and volcanic pebbles are well to sub-rounded. Large mud chips and calcareous 

nodules are also present. Correlative pebbly sandstone lenses are present in the uppermost 
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Cintura Formation in the Huachuca Mountains. The erosional top of the Cintura 

Formation throughout the basin leaves open the possibility that coarser sediment became 

more widespread during waning depositional conditions. The conglomerate may 

represent a regional event toward the end of deposition in the Bisbee basin, such as 

initiation of uplift along the basin margin or ~n the. source area. 

Lithofacies of the Upper Morita Formation 

The upper 157 m of the Morita Formation in the Mule Mountains (Fig. 18) 

consists of strata that are similar to the sandstone and mudstone lithofacies that comprise 

much of the Morita and Cintura Formations, but have lithologic variations that indicate 

marine influence in the depositional environment These include appearance of limestone 

which locally contains oyster fossils; change in color of fine-grained sediments from red, 

purple and brown to green and tan; and the disappearance of calcareous nodules in the 

mudstone. The contact with the "lower" Morita Formation is gradational, and is placed 

where fossiliferous limestone beds and green calcareous mudstone and siltstone beds 

become abundant. The upper member of the Morita Formation includes three lithofacies: 

(1) red mudstone and sandstone; (2) calcareous mudstone, siltstone, sandstone and 

fossiliferous limestone; and (3) sandstone. 

Red mudstone and sandstone. The red mudstone and sandstone lithofacies 

includes interbedded siltstone and limestone. It is 70 m thick, and is similar to mudstone 

and sandstone lithofacies in the underlying Morita Formation, with the addition of 

fossiliferous limestone interbeds. Mudstone and siltstone are laminated to massive, and 

locally mottled, and contain ubiquitous calcareous nodules. Siltstone commonly fines 

upward to mudstone. Calcareous nodule clast conglomerate with sandy to muddy' matrix 
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Figure 18. Lithofacies of the upper Morita Formation in the Grassy Hill section: 
A, Red mudstone and sandstone; B, Calcareous mudstone, siltstone, sandstone and 
fossiliferous limestone; C, Sandstone. See Figure 12 for legend. 



occurs locally. A few interbeds of green calcareous mudstone and siltstone are also 

present. 

69 

Most sandstone beds are 0.3 to 2 m thick. Sedimentary structures include 

horizontal laminations and trough cross-bedding. Massive and mottled sandstone is also 

common. Vertical burrows occur locally. Tracks, trails and parting lineations are locally 

present on bedding planes. One poorly exposed sandstone body is 14 m thick, and 

composed of white to buff medium-grained thick-bedded sandstone with horizontal 

laminations and massive bedding. 

Limestone beds are about 1 m thick. Gray massive micrite is locally mottled, and 

contains calcareous nodules and/or fossil hash. Lenses of limestone containing in situ 

oyster fossils are also present. 

Calcareous mudstone, siltstone, sandstone and fossiliferous 

limestone. This lithofacies is 40 m thick and gradationally overlies the red mudstone 

and sandstone lithofacies. The rocks are similar in texture to underlying strata, but are 

dominantly green and gray in color and calcareous. Green calcareous massive mudstone 

and siltstone commonly occur in fming upward sets. Oyster fragments are locally present 

in calcareous siltstone. Calcareous nodules are absent in the fine-grained rocks, although 

they are locally present as clasts in the interbedded sandstone. Most sandstone beds are 

0.5 to 2 m thick, with massive and mottled texture. One poorly exposed fine-grained 

sandstone bed is 8 m thick, with horizontal laminations and massive, mottled texture in its 

upper part. Limestone beds, up to 1 m thick, include oyster fragment wackestone, 

packstone, and mudstone containing fragmented oysters and other sand- to granule-sized 

unidentified skeletal fragments. 

Sandstone. The uppermost 47 m of the Morita Formation consist dominantly of 

sandstone. Minor interbedded siltstone and mudstone are similar to that seen in the 
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underlying interval. Bedding in the sandstone ranges from 0.5 to 2 m. Sedimentary 

features include massive and mottl~ bedding, and horizontal laminations, planar tabular 

and trough cross-laminations, calcareous nodule pebbles, vertical burrows and secondary 

pyrite. 

Interpretation of Upper Morita Formation Lithofacies 

The three lithofacies in the upper Morita Formation in the Mule Mountains (Fig. 

18) show the onset and establishment of marine depositional conditions. 

Red mudstone and sandstone. This lithofacies is similar to the mudstone 

and sandstone lithofacies that make up much of the "lower" Morita Formation, with the 

addition of limestone and calcareous mudstone beds. I interpret the environment as lower 

coastal plain and estuarine mudstone and channel sandstone. The 14 m thick sandstone 

bed is interpreted,.as a major estuary channel, whereas the smaller sandstone beds 

represent smaller distributary channels. Oysters require brackish to marine salinity, and 

indicate introduction of marine water to the coastal plain due to high tides, storm 

conditions, or transgression. The fossil hash was reworked in place or transported from 

adjacent marine environments. Recognition of estuarine facies based solely on 

sedimentological features is difficult (Clifton, 1982). Evidence that this facies was 

deposited in an estuary rests strongly on stratigraphic position between fluvial and 

intertidal facies, coupled with the presence of channel facies and brackish fauna (Clifton, 

1982). Estuarine deposits have been previously recognized in the Morita and Cintura 

Formations in the Mule Mountains by Gilluly (1956), Hayes (1970a,b), and Jamison 

(1983). 

Calcareous mudstone, siltstone, sandstone and fossiliferous 

limestone. I interpret this lithofacies as intertidal to subtidal flats that formed on the 
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low-gradient flood plain adjacent to estuary channels after transgressive submergence. 

Thin sandstone beds represent small tidal channels, tidal deltas or sand flats, similar to 

those described by Meckel (1975) in the Holocene Gulf of California. The 8 m thick 

sandston~ bed represents a larger tidal or estuary channel. Limestone beds suggest 

episodic isolation from terrigenous influx. The change in color from reds to greens 

indicates reducing rather than oxidizing conditions, either in the depositional or diagenetic 

environment. The lack of calcareous nodules, which are ubiquitous in the underlying red 

mudstone, suggests that the green mudrocks were deposited under water with constant 

saturation of pores and absence of evaporitive conditions conducive to development of 

pedogenic calcrete. 

Sandstone. I interpret the sandstone interval in the uppermost Morita 

Formation as tidal channel deposits with interbedded tidal flat sediments, similar to those 

described in the Mural Limestone in the Huachuca Mountains, and by Meckel (1975) from 

the Holocene Gulf of California. 

Lithofacies of the Lower Member of the Mural Limestone 

The lower member of the Mural Limestone in the Grassy Hill section consists of 

interbedded carbonate and terrigenous sedimentary rocks. The contact between the lower 

Mural Limestone and the Morita Formation is placed at the base of a sequence of 

interbedded drab mudstone and impure limestone that overlies a thick sandstone ledge at 

the top of the Morita Formation (Hayes, 1970a). The section is 125 m thick and consists 

of three lithofacies (Fig. 19): (1) calcareous mudstone, siltstone, sandstone and 

fossiliferous limestone; (2) calcareous siltstone; and (3) sandstone and fossiliferous 

limestone. 
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Figure 19. Lithofacies of the lower Mural Limestone in the Grassy Hill section: A, 
Calcareous mudstone, siltstone, sandstone and fossiliferous limestone; B, Calcareous 
siltstone; C, Sandstone and fossiliferous limestone, See Figure 12 for legend. 
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Calcareous mudstone, siltstone, sandstone and fossiliferous 

limestone. Two intervals (35 and 17 m thick) within the lower member of the Mural 

Limestone consist of interbedded mudstone, siltstone, sandstone and limestone. Buff to 

orange and green-gray calcareous mudstone and siltstone beds are massive to thin-bedded. 

Flasar bedding defmed by very thin sandy lenses is present locally. Fine-grained buff and 

green-gray calcareous sandstone beds, 0.3 to 1.0 m thick, have sharp to scoured bases, 

and are locally channel-shaped. Sedimentary structures include horizontal laminations and 

trough cross-laminations; massive bedding is also present. Massive gray limestone beds, 

0.3 to 1.3 m thick, are fossiliferous packstones and wackestones. Fossils include whole 

and fragmented small (1 cm) bivalves, fragmented gastropods, oysters and rudists, and 

unidentified sand- to granule- sized fossil fragments. Whole in situ oyster fossils up to 

15 cm across are locally present in patches or mounds in sandstone and limestone beds. 

Vertical burrows occur locally in both sandstone and limestone. 

Calcareous siltstone. This lithofacies is 25 m thick and consists of dark 

green-gray to black calcareous thin-bedded mudstone and siltstone. Minor lithologies 

include a few 10 to 20 cm thick interbeds and lenses of fine grained sandstone, and one 

oyster packstone bed. 

Sandstone and fossiliferous limestone. The uppermost 48 m of the lower 

member of the Mural Limestone consists dominantly of sandstone with interbedded 

packstone and wackestone. Gray to buff, fine-grained friable quartzose sandstone is 

trough cross-laminated or horizontally-laminated and is locally fossiliferous. High-spired 

(turritellid) gastropods are the dominant fossil type. Limestone interbeds are 5 cm to 1 m 

thick, and include oyster packstone, turritellid and skeletal fragment packstone, trigonid

turritellid-round snail packstone, and skeletal fragment wackestone and packstone. 
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Interpretation ~f Lower Member of the Mural Limestone Lithofacies 

Lithofacies of the lower Mural Limestone were deposited in intertidal to subtidal 

flat, lagoonal, and barrier bar environments during continued transgression. 

Calcareous mudstone, siltstone, sandstone and fossiliferous 

limestone. I interpret these two intervals as intertidal to subtidal flats and tidal channels, 

with local oyster biostromes, similar to the intertidal and subtidal facies described in the 

underlying "upper" Morita Formation, and in the Mural Limestone in the Huachuca 

Mountains. 

Calcareous siltstone. This interval was deposited in a restricted lagoon in 

which ~rrigenous siltstone and mudstone settled from suspension. Oyster biostromes 

developed locally in the lagoon. 

Sandstone and fossiliferous limestone. I interpret this interval as a barrier 

bar complex, including shoreface, beach, and washover fan subenvironments, similar to 

models described by McCubbin (1982). The common trough cross-stratification is typical 

of upper shoreface deposits, and of tidal channels that breached the barrier. Abundant 

horizontal stratification represents beach and washover fan deposits. Fossiliferous 

limestone beds were precipitated in a back-barrier lagoonal setting, possibly associated 

with wash over flooding events. The interpretation is based in part on stratigraphic 

position between underlying intertidal and lagoonal facies and overlying open marine 

facies of the upper Mural Limestone. This barrier complex apparently barred mixed 

carbonate and terrigeneous restricted sediments to the north from nearly pure carbonate, 

open marine sediments to the south. 
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Lithofacies of the Upper Member of the Mural Limestone 

The upper member of the Mural Limestone consists of massive gray limestone that 

crops out in prominent cliffs and ledges. The basal contact is placed at the base of a 

massive gray cliff-forming limestone that overlies less resistant interbedded carbonate and 

terrigenous rocks (Hayes, 1970a). Rudist reef deposits within the upper member that 

occur elsewhere in the Mule Mountains and southeastern Arizona, and have been the focus 

of many detailed studies of the unit (Grocock, 1975; Hartshorne, 1988; Roybal,1981; 

Scott, 1979, 1987; and Warzeski, 1983; 1987). Therefore, detailed paleontological and 

paleoecological analyses of the upper member were not undertaken for this study. 

Lithofacies described on outcrop as part of the measured section are reported here. The 

line of section is approximately 0.5 Ian east of the Grassy Hill reference section described 

by Scott (1979, sec. 7923) and Warzeski (1983, 1987, sec. WGHl). 

The upper member of the Mural Limestone in the section measured is 82 m thick 

and consists of massive gray cliff-forming limestone. Ten subfacies are recognized (Fig. 

20): 

(1) Skeletal fragment wackestone is thick-bedded (1 to 4 m thick) and contains sand to 

granule-sized skeletal fragments. Large silicified Thalassinoides burrows (Scott, 1979), 

high-spired gastropod fragments, and gravel-sized mollusk fragments are present locally. 

(2) Thick-bedded lime mudstone is massive and contains scattered skeletal fragments. 

(3) Rudist packstone is thick-bedded, and contains whole rudists and large low-spired 

gastropods (4 cm diameter). 

(4) Oyster wackestone and packstone occurs in lenses that are 1.0 to 1.5 m thick. The 

oysters are in situ. 

(5) Skeletal fragment-ooid grainstone occurs in beds up to 1 m thick. 
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Figure 20. Lithofacies of the upper Mural Limestone in the Grassy Hill section. 
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(6) Burrowed Orbitolina wackestone occurs in massive beds up to two meters thick. The 

burrows are large, silicified Thalasinoides burrows (Scott, 1979). 

(7) Rudist-mollusk packstone contains small (2 cm diameter) bivalves, large low-spired 

gastropods, oysters and several types of rudists. Fossils are partially fragmented, and 

show upward increase in abundance in this 1.5 to 3.0 m thick bed. 

(8) Rudist boundstone is a massive bed that thickens laterally from 1 to 4 m, and contains 

several types of rudists. 

(9) Thin-bedded lime mudstone consists of 1 to 3 cm thick beds. 

(10) Thin-bedded Orbitolina packstone locally has wavy irregular bedding. 

Interpretation of the Upper Member of the Mural Limestone Lithofacies 

I recognize three shallow carbonate platform paleoenvironments in the upper Mural 

Limestone (Fig. 20): (1) shallow carbonate shelf and shoal; (2) mound; and (3) shallow 

carbonate shelf and open lagoon. Depositional environments were assigned with reference 

to previous work on nearby locations by Scott (1979) and Warzeski (1983, 1987). 

Shallow carbonate shelf and shoal. The lower 50 m of the upper member 

are made up of subfacies 1 through 6. Skeletal fragment wackestone and thick-bedded 

lime mudstone represent shallow shelf deposition. Rudist packstone and oyster packstone 

and wackestone represent biostromes on the shallow shelf. Skeletal fragment-ooid 

grainstone and burrowed Orbitolina wackestone were deposited under higher energy 

conditions in shoal areas on the shallow shelf, adjacent to or shoreward of patch reefs. 

The thin shoal deposits described here represent the fringes a large peloid-ooid shoal 

recognized by Scott (1979, Figure 12) and Warzeski (1983, 1987) in the lower part of the 

upper member in the Grassy Hill area not far from this locality. 
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Mound. An 8 m thick interval within the upper member includes subfacies 1,2, 

5, 7 and 8, and represents part of a small rudist mound, and flanking and capping facies. 

Rudist-mollusk packstone composed of transported and partially fragmented skeletal 

debris is interpreted as mound flanking facies. The mound core consists of a framework 

of rudist boundstone that thickens laterally from 1 to 4 m in a convex -upward bed. The 

mound core is capped by skeletal fragment wackestone, skeletal fragment-ooid grainstone, 

and thick-bedded lime mudstone. The capping facies represents burial of the mound core, 

and return to shallow shelf deposition. This mound does not have a significant coral-algal 

component, as do the Mural patch reefs to the south and east of this locality (Scott, 1979). 

High energy wave conditions favorable to formation of the underlying shoal facies 

provided an opportune site for amound to form. 

Shallow carbonate lagoon. The upper 24 m of the upper member consist of 

skeletal fragment wackestone, thin-bedded lime mudstone and thin-bedded Orbitolina 

packstone (subfacies 1,9 and 10) that were deposited in a shallow carbonate lagoon 

environment during marine regression. Warzeski (1983, 1987) has shown that lagoon 

infilling shoreward of the Grassy Hill shoal dominated deposition of the uppermost upper 

member. The carbonate shoal and mound had been buried by this time, and the lagoon 

was barred by patch reefs farther to the south. Abundant Orbitolina indicate better 

circulation with open marine water (Warzeski, 1983, 1987). 

Lithofacies of the Lower Cintura Formation 

The lower 213 m of the Cintura Formation in the Mule Mountains include 

lithologies unlike the remainder of the formation, thus warranting separate description. 

Three sequential lithofacies make up this interval (Fig. 21): (1) siltstone, sandstone and 

fossiliferous limestone; (2) green siltstone and thin-bedded sandstone; and (3) green and 
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Figure 21. Lithofacies of the lower Cintura Formation in the Grassy Hill section: 
A, Siltstone, sandstone and fossiliferous limestone; B, Green siltstone and thin-bedded 
sandstone; C, Green and red mudstone and thick-bedded sandstone. See Figure 12 for 
legend. 



red mudstone and thick-bedded sandstone. The contact with the Mural Limestone is 

placed at the top of the prominent gray limestone cliff, above which lies less resistant 

interbedded carbonate and terrigenous rocks (Hayes, 1970a). The contact with the 

"upper" Cintura Formation is placed at the top of the uppermost sequence of green 

calcareous mudstone. 
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Siltstone, sandstone and fossiliferous limestone. Interbedded siltstone, 

sandstone and limestone, partially covered, overlie the prominent massive gray limestone 

of the upper member of the Mural Limestone. This interval is 64 m thick. Poorly exposed 

calcareous green siltstone is thin-bedded (1 to 3 cm) with local wavy or irregular bedding. 

Buff to gray fme-grained quartzose sandstone beds range from 0.5 to 3.0 m thick. Beds 

have sharp to scoured bases and burrowed tops. Trough cross-beds decrease in amplitude 

upward from 1.0 m to 0.2 m high. Other sedimentary structures include horizontal 

laminations with parting lineations on bedding planes, planar tabular cross-bedding and 

massive bedding. Limestone beds range from 1 to 3 m thick, and include wackestones 

and packstones. Bioclasts include sand to granule-sized skeletal fragments; and whole and 

fragmented 1 to 2 cm long high-spired gastropods and small bivalves; trigonid clams, 

oysters, and toucasid rudists. 

Green siltstone and thin-bedded sandstone. Green calcareous muddy 

siltstone and silty mudstone have wavy to irregular laminations that are up to 2 cm thick. 

The siltstone is locally mottled, suggesting modification of original stratification by 

bioturbation. Ripple marks are also present locally. Gray micritic calcareous nodules that 

range in size from sand to small pebbles are either randomly distributed or else are locally 

concentrated along bedding planes. Some appear to be molds of small (2 cm) bivalves. 

Thin massive sandstone beds (10 to 30 cm thick) composed of well-sorted, fine-grained 

quartzose sand with calcareous cement are interbedded in this interval. Two thicker 



81 

sandstone beds (2 m thick) exhibit horizontal laminations, trough cross-beds with height 

decreasing upward from 0.5 m high at base, and vertical burrows. Molds of small 

bivalves and pyrite rhombohedra, up to 2 mm across are present in both the siltstone and 

thin-bedded sandstone. This lithofacies is 94 m thick. 

Green and red mudstone and thick-bedded sandstone. A sequence of 

interbedded green and red mudstone and thick-bedded sandstone that is 55 m thick makes 

up the uppermost part of the marine interval in the "lower" Cintura Formation. The green 

mudstone has wavy bedding and laminations, calcareous nodules, pyrite rhombohedra, 

and small bivalve molds. The red mudstone has 1 to 3 cm thick wavy lamination and gray 

calcareous nodules, some of which have a 1 to 3 mm thick green mineralized rind. One 

sixteen meter thick bed of fine-grained quartzose sandstone at the base of the interval is 

thick-bedded (1 to 3.5 m thick beds) with a sharp, scoured base. Sedimentary structures 

include massive and mottled bedding, horizontal laminations, and trough cross

laminations. 

Interpretation of Lower Cintura Formation Lithofacies 

The lower Cintura Formation in the Mule Mountains was deposited during marine 

regression, and represents transition to nonmarine environments. The lagoon of the upper 

Mural Limestone was completely filled in, succeeded by low gradient subtidal, intertidal 

and estuarine environments similar to those of the upper Morita Formation. 

Siltstone, sandstone and fossiliferous limestone. This lithofacies 

represents lower intertidal to subtidal flats and associated tidal creeks and channels, similar 

to those in the upper Morita Formation and lower Mural Limestone. Some sandstone 

beds may have originated as sandy shoals or wash over bars. 
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Green siltstone and thin-bedded sandstone. I interpret this lithofacies as 

upper intertidal flats similar to those described in the Holocene Gulf of California 

(Thompson, 1968, 1975, in Weimer and others, 1982). Locally abundant carbonate 

nodules, interpreted as pedogenic in origin, are evidence of intermittant emergence of the 

coastal plain during regression. Thicker sandstone beds represent tidal channels. 

Green and red mudstone and thick-bedded sandstone. This lithofacies 

represents fluctuating marine and nonmarine deposition on the lower coastal plain. Green 

mudstone represents upper intertidal flats, and red mudstone represents lower coastal plain 

suspension deposits with local pedogenic carbonate formation. The interbedded 

lithologies indicate that the emerging or prograding coastal plain was occasionally flooded 

by marine waters during regression. The thick sandstone bed is interpreted as an estuary 

channel, similar to those in the upper Morita Formation. 

Discussion of Mule Mountains Marine Interval 

The marine section in the Mule Mountains is a transgressive-regressive sequence 

similar to that in the Huachuca Mountains. A major difference is the presence of a 

significant topographic feature in the southern Mule Mountains that divided restricted 

estuarine, tidal flat and lagoonal sediments to the north from open marine carbonate shelf, 

shoal, mound and lagoon deposits to the south. 

Warzeski (1983,1987) proposed a regional model for deposition of the Mural 

Limestone in southeastern Arizona and northern Sonora, based in part on detailed studies 

of the Mural Limestone in the Mule Mountains. His model is described here, with 

additional information from this study. The Mural Limestone was deposited at the 

northwest end of the Chihuahua Trough, as part of a continuous carbonate platform that 

bordered the trough. During transgression, deposition was on a gently seaward-sloping 
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ramp with little topographic relief. Pre-existing relief had been buried by the thick Morita 

Formation alluvial plain deposits. The first evidence of marine transgression is the 

estuarine deposits in the upper Morita Formation. These are overlain by intertidal, 

lagoonal and barrier bar facies of the upper Morita Formation and lower Mural limestone. 

The base of the lower Mural Limestone is diachronous, and is younger to the north, 

corresponding to northward transgression. 

The Mule Gulch sill (Warzeski, 1983, 1987) was' the topographic feature in the 

southern Mule Mountains area that separated the open marine platform to the south from 

the Bisbee lagoon to the north. The sill was the location of barrier bars, shoals and reefs 

through time. Warzeski (1983, 1987) suggested the location of the sill may have been 

controlled by a depositional feature such as a delta lobe. Another possibility is a pre

existing structural feature, since the location of the sill coincides closely with the location 

of the Dividend fault. Topography may have been caused by growth faulting, or by 

differential compaction, since the Glance Conglomerate is considerably thicker south of 

the fault. 

Mixed carbonate and terrigenous sediments were deposited in the Bisbee lagoon to 

the north of the sill. Two tongues of nearly pure carbonate of the upper member that 

prograde northward into the lagoon indicate that there were two episodes of cut off of 

terrigeneous sediment to the lagoon. The sill was the site of high energy shoal-water 

carbonate deposition, resulting in formation of a large ooid shoal called the Grassy Hill 

oolite shoal (Warzeski, 1983). Rudist biostromes and at least one rudist mound cap the 

shoal. Orbitolina in lagoonal deposits overlying the shoal show that marine circulation 

improved, and the Bisbee lagoon became an open lagoon after the shoal drowned. 

Maximum transgression occurred during deposition of the base of the upper 

member. The reefs to the southeast in Mexico had the effect of barring the sea to the 
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north, and thus creating a baffled shelf lagoon where large areas of intertidal to subtidal 

flats developed. Rising sea level increased base level, so that terrigenous sediment was 

trapped inland, and supply to the marine environment was reduced, except perhaps during 

flood events. A series of reefs that became younger to the southeast were deposited 

during marine regression, resulting in a series of platform margins prograding to the 

southeast (Warzeski, 1983, 1987). As regression continued, subtidal, intertidal and then 

estuarine depositional environments of the lower Cintura Formation prograded southward, 

and nonmarine deposition resumed in this area. 

Depositional Environments 

Depositional environments of the Bisbee Group in the Mule and Huachuca 

Mountains are grouped into five general categories for use in basin-wide stratigraphic 

correlation and paleoenvironmental analysis (Fig. 22). The five environments were 

defined empirically, based on features recognizable in the field and from written 

descriptions. I will discuss them more fully in the next chapter, along with the 

stratigraphy of the Bisbee Group throughout southeastern Arizona. 

Subtidal shelf. Rocks deposited in this environment include carbonate shelf, 

shoal, mound and open lagoon deposits in the Mule Mountains, and open lagoon deposits 

in the Huachuca Mountains. 

Marginal marine. Mixed terrigeneous and carbonate sediments with restricted 

fauna were deposited in intertidal to subtidal flats and lagoons with oyster biostromes in 

the Huachuca and Mule Mountains, and also in barrier bar and beach settings in the Mule 

Mountains. 

Estuarine. Mudstone and sandstone channel deposits of the upper Morita and 

lower Cintura Formations in the Mule Mountains are similar to meandering fluvial 
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deposits, but include calcareous sediments and restricted marine fossils that indicate 

marine influence in a lower coastal plain setting. 
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Meandering fluvial. Rocks deposited in this environment include the fluvial 

channel and alluvial plain deposits that make up most of the Morita and Cintura 

Formations in the Mule and Huachuca Mountains. 

Alluvial fan. The Glance Conglomerate was deposited in an alluvial fan setting 

in most localities throughout southeastern Arizona. 
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CHAPTER THREE 

REGIONAL STRATIGRAPHY AND DEPOSITIONAL ENVIRONMENTS 

OF THE BISBEE GROUP IN SOUTHEASTERN ARIZONA 

The purpose of this chapter is to describe the stratigraphy and depositional 

environments of the Bisbee Group throughout the remainder of southeastern Arizona 

exposures. Descriptions are distilled from numerous previous investigations, as cited, 

supplemented in most ca~s by field reconnaissance. Figure 4 shows the distribution of 

regional facies of the Bisbee Group and localities mentioned in the text. Figures 23, 24, 

25,26, and 27 are representative stratigraphic sections showing interpreted depositional 

environments for significant outcrop areas from each set of subregional facies. 

Depositional Environments 

Seven general deposi tional environments are recognized in the Bisbee Group. 

Five of these (alluvial fan, meandering fluvial, estuarine, marginal marine, and subtidal 

shelf) are recognized from detailed stratigraphic work in the Huachuca and Mule 

Mountains. Two additional environments (braided fluvial and lacustrine) are recognized in 

other areas. The environments were defined empirically, based on features recognized in 

the field and from written descriptions. 

Alluvial fan. Rocks deposited in alluvial fan settings include thick sequences of 

poorly sorted, massive to crudely bedded boulder, cobble and pebble conglomerate that 

are dominantly clast-supported but locally matrix-supported. Fluvial sandstone, large 

exotic blocks and volcanic rocks are locally interbedded with alluvial fan deposits. 
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Figure 23. Stratigraphy and depositional environments of southeastern facies of 
Bisbee Group, southern transect. Column locations shown in Figure 4. Arbitrary datum 
is top of Mural Limestone. Abbreviations: GC, Glance Conglomerate; MF, Morita 
Formation; ML, Mural Limestone; CF, Cintura Formation. References: Patagonia 
Mountains, Simons (1972); Canelo Hills, Vedder (1984), Bilodeau and others (1987); 
Huachuca Mountains, Vedder (1984), this study; Mule Mountains, Bilodeau (1979), this 
study; southern Chiricahua Mountains, Lindberg (1987); southern Peloncillo Mountains, 
Cooper (1959), Ferguson (1987). 
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Figure 24. Stratigraphy and depositional environments of southeastern facies of 
Bisbee Group, northern transect. Column locations shown in Figure 4 and explanation in 
Figure 23. Arbitrary datum is top of Mural limestone. Abbreviations: GC, Glance 
Conglomerate; MF, Morita Formation; ML, Mural Limestone; CF, Cintura Formation. 
References: Tombstone Hills, Gilluly (1956); Dragoon Mountains, Bilodeau (1979), 
Drewes (1987), Gilluly (1956); Dos Cabezas and northern Chiricahua Mountains, 
Bilodeau (1979); Sabins (1957a). 
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Figure 25. Stratigraphy and depositional environments of northwest facies of 
Bisbee Group. Column locations shown in Figure 4 and explanation in Figure 23. 
Arbitrary datum is top of Willow Canyon Formation. Abbreviations: GC, Glance 
Conglomerate; WCF, Willow Canyon Formation; ACF, Apache Canyon Formation; SCF, 
Shellenberger Canyon Formation; TRF, Turney Ranch Formation. References: Santa 
Rita Mountains, Bilodeau (1979), Drewes (1971), Inman (1987); Empire Mountains, 
Finnell (1971); Whetstone Mountains, Archibald (1982). 
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Figure 26. Stratigraphy and depositional environments of northern facies of 
Bisbee Group. Column locations shown in Figure 4 and explanation in Figure 23. 
Arbitrary datum is top of Glance Conglomerate. Abbreviations: GC, Glance 
Conglomerate; BG, Bisbee Group; UBG, Upper Bisbee Group. References for columns: 
Geesaman Wash, Janecke (1986); Edgar Canyon, Bykerk-Kauffman (1983); northeast 
Rincon Mountains, Ungrey (1982); Happy Valley, Drewes (1974); Galiuro Mountains, 
Goodlin and Mark (1987); Steele Hills, Cooper and Silver (1964); . Red Bird Hills, 
Bilodeau (1979), Cooper and Silver (1964). 
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Figure 27. Stratigraphy and depositional environments of western facies of Bisbee 
Group. Column locations shown in Figure 4 and explanation in Figure 23. Abbreviation: 
BF, Bisbee Formation. References for columns: Tucson Mountains, Risley (1987); 
Sierrita Mountains, Cooper (1971); Pajarito Mountains, Riggs (1987). 
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Braided fluvial. Sequences of stratified clast-supported conglomerate, pebbly 

sandstone, and sandstone, with subordinate interbedded fine-grained strata, are interpreted 

as braided stream deposits, similar to facies models described by Mia11 (1981). 

Meandering fluvial. Thick-bedde~ sandstone interbedded with thick intervals 

of mudstone in fining upward sequences are interpreted as meanderbelt channel and 

floodplain deposits. These rocks are comparable to meandering fluvial deposits described 

by Allen (1965b) and Collinson (1986). 

Estuarine. Thick-bedded sandstone, calcareous siltstone and mudstone, and 

interbedded limestone with restricted marine fossils, are interpreted as estuarine in origin. 

The rocks resemble meandering fluvial deposits, but include marine fossils and limestone 

that indicate marine influence in a lower coastal plain setting. 

Marginal marine. Mixed terrigeneous and carbonate sediments with restricted 

fauna formed in various marginal marine environments including (a) intertidal to subtidal 

flats; (b) tidal channels, creeks and deltas; (c) restricted lagoons with oyster biostromes; 

and (d) barrier bar and beach environments. 

Subtidal shelf. Massive limestone and subordinate terrigeneous sandstone and 

mudstone with open marine fossils were deposited in various subtidal environments 

including (a) subtidal flats; (b) shoals; (c) rudist reefs, mounds, and biostromes; and (d) 

open lagoons. 

I .. acustrine. Massive to laminated limestone, siltstone, and mudstone with minor 

interbedded sandstone and freshwater fossils represent various lacustrine subenvironments 

including deep lakes, shallow lakes, lake margins and lacustrine deltas. 
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Southeastern Facies 

Southeastern facies crop out in fifteen mountain ranges (Fig. 4). Stratigraphy and 

depositional environments for nine of the areas are presented in two transects: a southern 

transect through the sections with well developed marine intervals (Fig. 23), and a 

northern transect through areas where the marine interval is thinner and less well 

developed (Fig. 24). Note that the Huachuca and Mule Mountains sections are included in 

Figure 23, as summarized from ,descriptions in Chapter 2. 

Patagonia Mountains 

The Patagonia Mountains are a north-northwest trending range composed of 

igneous and sedimentary rocks of Precambrian through Tertiary age (Simons, 1972; 1974) 

(Fig. 3). A series of north-north west-trending high angle faults with Jurassic and Late 

Cretaceous motion histories are the most important structures in the range. A large 

Tertiary pluton makes up the core of the range. The Bisbee Formation crops out in a fault

bounded block on the east flank of the range. This locality is significant because it is the 

westernmost occurrence in Arizona of marine strata correlative with the Mural Limestone. 

The Bisbee Formation in the Patagonia Mountains consists of about 900 m of 

poorly exposed, structurally disrupted and contact metamorphosed rocks (Simons, 1972) 

(Fig. 23). Bisbee Group formation names used to the east have not been applied here and 

the entire sequence is referred to as Bisbee Formation (Hayes, 1970b). It disconformably 

overlies Jurassic Duquesne Volcanics, which are lithologically correlated with the Canelo 

Hills Volcanics in the Huachuca Mountains and Canelo Hills (Simons, 1972; May, 1985). 

The top of the sequence is faulted. The total original thickness of the section is unknown. 

Simons (1972) described the stratigraphy of the Bisbee Formation and measured a 

partial section. Sindlinger (1981) described and interpreted 125 m of strata which she 
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correlated with the lower Mural limestone. For this study, I made several traverses 

across the outcrop area, but my plan to measure a complete stratigraphic section was 

abandoned because of the poor exposure and altered nature of the outcrops. I compiled a 

composite section based on the work of Simons (1972) and my traverses (Fig. 23). Three 

lithofacies are recognized: (1) conglomerate, (2) fine-grained clastic strata, and (3) 

siltstone, sandstone, mudstone, and fossiliferous limestone. Descriptions are based on the 

work of Simons (1972) with additional data from this study. 

Conglomerate. The basal conglomerate ranges from a few meters up to 100m 

thick. It is poorly sorted and clast-supported, with subangular to rounded clasts of silicic 

volcanic rocks and minor quartzite in a sand to grit matrix. Volcanic clasts resemble 

lithologies in underlying Mesozoic volcanic rocks. Clasts are dominantly pebbles but 

range to large cobbles and small boulders. Thin beds and lenses of sandstone and 

siltstone delineate bedding. Scoured bases and graded bedding are common. I interpret 

the basal conglomerate as a braided stream deposit that was derived locally from Jurassic 

volcanic rocks, and consider it correlative with the Glance Conglomerate. 

Fine-grained clastic strata. The basal conglomerate is overlain by two poorly 

exposed sequences of fine-grained strata (Simons, 1974). The lower interval is up to 100 

m thick, and consists of gray to gray-red siltstone and mudstone, with minor interbedded 

volcanic sandstone and conglomerate. It is capped by a lenticular volcanic conglomerate 

bed that is up to 30 m thick and is lithologically similar to the basal conglomerate. The 

lower sequence is strongly homfelsed to the west near the contact with the Tertiary pluton. 

The upper fine-grained sequence is very poorly exposed. It is up to 250 m thick, and 

consists dominantly of dark gray to black fine-grained clastic rocks with minor 

interbedded gray sandstone and arkose. Another thin conglomerate bed that is up to 6 m 

thick caps the upper fine-grained sequence. 
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Contact metamorphism conceals the depositional features of the fme-grained strata. 

Simons (1974) traced black, hornfelsed rocks on the west into gray, brown and red 

sequences on the east. Bilodeau and Lindberg (1983) described these rocks as black 

shales deposited in an area of restricted marine circulation. I interpret these rocks to be 

meandering channel and floodplain overbank deposits with black color largely the result of 

contact metamorphism, although some restricted marine or lagoonal deposits may be 

present as suggested by Bilodeau and Lindberg (1983). The strata are broadly correlative 

with the Morita Formation. 

Siltstone, sandstone, mudstone, and fossiliferous limestone. The 

upper part of the Bisbee Formation in the Patagonia Mountains consists of siltstone with 

interbedded sandstone, mudstone and fossiliferous limestone. The measured section of 

Simons (1974) is 415 m thick. Siltstone is gray to purple, thin-bedded to massive, and 

locally calcareous. Sandstone beds range from less than a meter to 15 m thick, and are 

most abundant near the base of the section. The sandstone is locally thick-bedded (1.5 m) 

with siltstone partings. Mudstone is dominantly gray, locally calcareous, and mildly to 

strongly hornfelsed. Limestone beds range from 10 cm to 3.5 m thick, from thin-bedded 

to massive, and are commonly lenticular. Fossiliferous wackestone, packstone, and 

grainstone contain fragmented oysters, ammonites, trigonids, serpulids, and other 

molluscan debris. Small bivalves and high-spired gastropods are intact. One bioclastic 

grainstone bed is 2 to 3 m thick and faintly crossbedded. One thin bed of limestone 

pebble conglomerate was observed. Unfossiliferous limestone in the upper part of the 

section is micritic, and locally sandy, silty, mottled, and siliceous. The limestone beds in 

this interval are lithologically identical to parts of the lower Mural Limestone in the 

Huachuca Mountains. 
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This upper lithofacies was deposited in an intertidal marine environment, 

(Sindlinger, 1981). Siltstone and mudstone represent tidal flat deposits. Sandstone beds 

represent tidal bars or channels. Skeletal fragments in limestone beds were reworked by 

currents or waves. Grainstone represents a shoal or tidal bar. It is likely that oyster, 

trigonid and serpulid communities lived in adjacent subtidal biostromes or mounds. 

Age. Schrader (1915) correlated fossiliferous limestone in the Patagonia 

Mountains with the Bisbee Group in the Mule Mountains. Stoyanow (1949) correlated 

the sequence to Washita-age rocks in Texas, rather than the slightly older Mural Limestone 

in the Mule Mountains (late Trinity to Fredericksburg age) based on identification of a 

Stoliczkaia ammonite fauna Simons (1974) disagreed with the Washita age assignment 

because of the lack of suture marks on the poorly preserved ammonite fossils, the lack of 

other age-diagnostic fauna in the section, and the lack of other Washita-age strata in 

southeastern Arizona. Simons reinstated the correlation of fossiliferous strata in the 

Bisbee Formation with the Mural Limestone based on similar lithology and fauna, and 

Sindlinger (1981) confirmed the correlation. 

Summary. The bulk of the Bisbee Formation in the Patagonia Mountains 

represents deposition of terrigenous clastic strata on a coastal plain. Braided fluvial 

deposits in the lower part of the section are overlain by meandering fluvial deposits. 

Inundation by marine waters during marine transgression resulted in deposition of 

marginal marine strata. Deeper carbonate shelf deposits correlative with the upper Mural 

Limestone are not preserved in this area, nor are regressive fluvial deposits correlative 

with the Cintura Formation. 
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Canelo Hills 

In the Canelo Hills, Bisbee Group exposures consist mainly of Glance 

Conglomerate with a few outcrops of lower Morita Formation in the Red Meadow area 

(Figs. 4 and 23). The Canelo Hills are a northwest-trending faulted anticline with 

Paleozoic and Jurassic rocks in the core, and Cretaceous rocks on the flanks (Kluth, 

1982). Rocks formerly described as the Canelo Pass member of the Mount Hughes 

Formation (Kluth, 1982) are now recognized as Glance Conglomerate, based on detailed 

mapping and stratigraphic work of Vedder (1984) (See Bilodeau and others, (1987) for a 

full discussion of this problem). The Canelo Hills locality is significant because 

interbedded volcanic rocks in the Glance Conglomerate provide age control and have 

implications for the tectonic setting of the basin. I examined these rocks extensively in the 

field. 

Glance Conglomerate. The stratigraphy of the Glance Conglomerate in the 

Canelo Hills has been studied by Kluth (1982) and Vedder (1984), and has been reviewed 

by Bilodeau and others (1987) and Dickinson and others (1987, stop 10). The Glance 

Conglomerate is up to 600 m thick, and is composed of varying amounts of conglomerate, 

sandstone and welded tuff. Underlying rocks include Paleozoic strata and Jurassic 

volcanic and sedimentary rocks. The contact with Paleozoic strata is unconformable and 

locally deeply scoured. The contact with Canelo Hills Volcanics varies from conformable 

to intertonguing to scoured. Poorly bedded, mixed-clast conglomerate with clast size 

ranging from pebbles to boulders is the most abundant rock type. Clast-supported 

conglomerate is most common, but matrix-supported conglomerate is also present. Clast 

types include Precambrian granite; Paleozoic quartzite, sandstone and limestone; and 

Jurassic granitic, volcanic and sedimentary rocks. Large exotic slide blocks of Paleozoic 

limestone and sandstone up to 1 km long are locally present (Simons and others, 1966; 
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Davis and others, 1979; Kluth, 1982; Dickinson and others, 1987). Interbedded volcanic 

rocks range in composition from basalt to rhyolitic welded ash-flow tuff (Kluth, 1982; 

Krebs, 1987). Channel-filling subarkosic sandstone, red siltstone and mudstone become 

more common up section (Vedder, 1984). 

Glance Conglomerate in the Canelo Hills -is interpreted as proximal to distal alluvial 

fan deposits. Coarse conglomerates, presence of matrix-supported conglomerate, and 

large exotic blocks with gravi ty-slide origin indicate proximity of some of the 

conglomerate to unstable topographic features, which probably included both fault scarps 

and caldera walls associated with eruption of the underlying Canelo Hills Volcanics 

(Lipman and Sawyer, 1985; Bilodeau and others, 1987). Paleocurrent data for the Canelo 

Hills (Davis and others, 1979; Kluth, 1982; Vedder, 1984) show varying directions, 

which may be summarized as southwest to south to southeast in the northern Canelo Hills, 

and southeast to east in the central Canelo Hills. 

l\forita }'ormation. In the north-central Canelo Hills (Red Meadow area), 

sandy conglomerate at the top of the Glance Conglomerate grades upward into interbedded 

maroon mudstone and gray, cross-bedded, bioturbated sandstone of the Morita Formation 

(Vedder,1984). About 50 m of Morita Formation is exposed here, with an erosional top. 

The basal 15 m consist of maroon mudstone with abundant calcareous nodules and thin 

beds of pebbly sandstone. Vedder (1984) correlates this interval with the Glance-Morita 

Transition Zone (see Chapter 2 for discussion). The remainder of the section is interpreted 

as meanderbelt channel sandstone and overbank mudstone. 

Southern Chiricahua Mountains 

The Bisbee Group is over 2 km thick in the Tex and Rucker Canyon area of the 

southern Chiricahua Mountains (Fig. 4). It is exposed in a north-trending horst block that 
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is surrounded by Oligocene volcanic rocks. The Bisbee Group unconformably overlies 

Permian limestone and is unconformably overlain by Upper Cretaceous Fort Crittenden 

Formation. The area was first mapped and described by Epis (1956). lindberg (1982, 

1987) documented the sedimentology and updated Bisbee Group nomenclature (Fig. 23). 

A traverse was made through Lindberg's measured section for this study. The following 

descriptions are summarized from Lindberg (1987). 

Glance Conglomerate. The Glance Conglomerate is up to 45 m thick, and 

consists of poorly sorted limestone pebble conglomerate with southwest-oriented pebble 

imbrications. It has been interpreted as braided stream deposits that were derived from the 

northeast. 

l\iorita }"ormation. The Morita Formation is 430 m thick, and has been 

subdivided into four lithofacies interpreted as marginal marine deposits by lindberg 

(1987). The fine-grained lithofacies makes up about 80 to 90 percent of the formation. It 

consists dominantly of terrigenous shale and mudstone with calcareous nodules. Thin 

fetid limestone interbeds contain rare pelecypod fossils. This lithofacies is interpreted as 

mixed terrigenous and carbonate lagoonal deposits. The interbedded algal carbonate 

lithofacies is interpreted as tidal flats and tidal channels. The interbedded laminated 

sandstone lithofacies is composed of sandstone beds that are 5 to 8 m thick, and represent 

intermittent pulses of terrigenous sediment transported into the lagoon. Bi-directional 

cross-beds in these sandstones indicate north-south paleocurrent flow. The upper third of 

the Morita Formation is described as a transitional lithofacies, made up of mixed carbonate 

and clastic strata similar to both the Morita Formation and the lower member of the Mural 

Limestone. It records the transition from a lagoon to an open marine mixed shelf. 
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Mural Limestone. The Mural Limestone is 750 m thick, with 680 m in the 

lower member and 75 m in the upper member, and was deposited in subtidal shelf 

environments. 

The lower member is made up of three interbedded lithofacies. The oyster-bearing 

limestone and sandstone lithofacies is interpreted as shallow shelf and storm lag deposits. 

The micrite-terrigenous mudstone lithofacies is interpreted as quiet water subtidal shelf 

deposits. The cross-bedded calcarenite lithofacies is interpreted as tidal or shoal water 

bars on the shallow shelf. Sindlinger (1981) also recognized subtidal and intertidal 

environments in her study of the Lower Mural Limestone in this area. 

The upper member is composed of four lithofacies that represent a coral-rudist reef 

complex. The molluscan debris, Microso/ena, rudist and gastropod-foraminiferal micrite 

lithofacies are interpreted as fore-reef, reef front, back-reef flat, and restricted back-reef 

lagoon environments, respectively. The horizontally laminated sandstone lithofacies is 

interbedded with reef deposits, and represents fan delta deposits formed by intermittent 

influx of terrigenous sediment that briefly interfered with carbonate deposition. 

Cintura .'ormation. The Cintura Formation is 925 m thick and is subdivided 

into two lithofacies (Lindberg, 1987). The basal laminated sandstone lithofacies is 

interpreted as marginal marine fan delta and fluvial deposits that buried the carbonate reef 

and lagoon during regression. The bulk of the formation is made up of the sandstone

mudstone lithofacies, which consists of channel sandstone beds, each 5 to 8 m thick, that 

fme upward into thick sequences of overbank maroon mudstone with calcareous nodules 

and petrified wood. Cross-bed orientations in the channel sandstones indicate 

southwesterly paleocurrent flow. This lithofacies represents southwest-flowing streams 

with sandy beds on a broad delta plain or coastal plain. Although Lindberg (1987) 
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fluvial deposits because of the fine-grained nature of the fluvial system. 
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Summary. Lindberg (1987) summarized depositional environments for the 

southern Chiricahua Mountains region. The Glance Conglomerate represents locally 

derived southwest-flowing braided streams. Marine transgression led to deposition of 

mixed fluvial and shallow marine deposits of the Morita Formation, and then mixed shelf 

facies of the lower Mural Limestone, followed by deposition of patch reefs of the upper 

Mural Limestone. During marine regression, fan delta and fluvial sediments of the Cintura 

Formation buried the marine strata. 

Adjacent areas. Bisbee strata in the Walnut Canyon area of the Pedregosa 

Mountains (Fig. 4) was mapped as undivided Bisbee Formation by Cooper (1959). Total 

thickness is unknown. The section includes basal limestone-clast conglomerate, mapped 

as Glance Conglomerate by Bilodeau (1979), which unconformably overlies Paleozoic 

limestone. Upper Bisbee Group strata include buff to red sandstone and shale with 

interbedded gray limestone in the middle of the section (Cooper, 1959). Drewes (1981a) 

mapped a small part of the exposure, and recognized Morita, Mural and Cintura 

Formations. He describes the Morita and Cintura Formations as siltstone and sandstone 

with some intercalated conglomerate in the Cintura Formation. The Mural Limestone is 

described as gray, fine-grained, fossiliferous limestone and intercalated siltstone. 

The Swisshelm Mountains contain "several thousand feet" of rocks mapped as 

Bisbee Formation (Fig. 4) (Cooper, 1959). These rocks are described as interbedded red

gray sandstone, siltstone and shale, with limestone pebble and cobble conglomerate at the 

base and scarce thin limy zones higher in the section (Drewes, 1981a). 

The Bisbee Formation is at least 7flJ m thick in the Cave Creek-Paradise area of 

the central Chiricahua Mountains (Fig. 4) (Cooper, 1959; Drewes and Williams, 1973). 
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The section unconformably overlies Permian limestone, and consists dominantly of gray 

siltstone and shale with interbedded brown sandstone and minor limestone and 

conglomerate. A thin, discontinuous basal conglomerate is made up of sandstone, chert, 

quartzite and limestone clasts. Thin- to thick-bedded sandstone beds have cross-bedding, 

graded bedding and scour marks, and are locally calcareous. Fine-grained, massive to 

laminated limestone in the middle of the formation contains fragmented oyster and 

Orbitolina fossils. Drewes and Williams (1973) describe volcaniclastic rocks in the upper 

part of the section, but these may actually belong to the Upper Cretaceous Nipper 

Formation or Fort Criitenden Formation (Buffum, personal communication, 1986). 

])eloncillo and Perilla Mountains 

Bisbee Group strata in the Peloncillo and Perilla Mountains (Fig. 4) include well 

developed marine sections. Published descriptions, summarized below, indicate that these 

rocks are lithologically similar to other southeastern facies strata. 

Southern Peloncillo Mountains. The Bisbee Formation in the southern 

Peloncillo Mountains (Figs. 4 and 23) is up to 1200 m thick includes a few meters of 

basal limestone pebble conglomerate unconformably overlying Permian Limestone 

(Cooper, 1959; Hayes, 1970b). Near the base of the formation is a bed of "massive 

graywacke with volcanic cobbles and pebbles" (Hayes, 1970b). Above this is fluvial 

sandstone and mudstone with interbedded marine limestone. 

Exposures of the Morita Formation and Mural Limestone in the Guadalupe Canyon 

area have been studied by Ferguson (1987), Hartshorne (1988) and Scott (1979). 

Approximately 150 m of marginal marine deposits of the upper Morita Formation are 

exposed (Ferguson, 1987). Lithofacies include mottled fossiliferous wackestone and 

pellet wackestone and packstone, interpreted as subtidal deposits; trough cross-bedded 
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ooid grainstone and quartzarenite interpreted as tidal bar deposits; and lime mudstone with 

stromatolites, interpreted as upper intertidal to supratidal flat deposits. Together these 

facies are interpreted as a stacked siliciclastic-carbonate tidal flat sequence (Ferguson, 

1987). 

The lower member of the Mural Limestone in Guadalupe Canyon is 120 to 250 m 

thick, and consists dominantly of interbedded fme-grained terrigenous and carbonate 

rocks, interpreted as restricted shelf and lagoonal deposits with high terrigenous influx 

(Ferguson, 1987). A 10 to 20 m thick interval of massive gray limestone within the lower 

member is made up of two lithofacies. Fossiliferous and intraclastic wackestone 

containing abraded echinoderms, mollusks and corals is interpreted as a subtidal deposit. 

This is overlain by oncolite packstone, in which the oncolites are skeletal fragments with 

algal-bound micritic rims, interpreted as a subtidal to intertidal deposit The limestone 

interval is interpreted as a shallowing-upward sequence within the restricted shelf lagoon 

(Ferguson, 1987), and is shown as marginal marine deposits on Figure 23. 

The upper member of the Mural Limestone in Guadalupe Canyon is approximately 

50 m thick. It consists of massive limestone deposited in an open shelf, low energy 

setting with local coral-algal-rudist patch reefs (Ferguson, 1987). Inter-reef shelf deposits 

include mudstone and wackestone containing Orbitolina, miliolids, and abraded 

echinoderm and molluskan skeletal fragments; burrowed pellet packstone and grainstone; 

and layers of skeletal fragments that indicate winnowing by local weak currents. Oyster 

biostromes are also present in the inter-reef shelf deposits (Ferguson, 1987). The coral

algal-rudist patch reefs have been discussed by Hartshorne (1988) and Scott (1979). The 

upper member of the Mural Limestone is shown as subtidal shelf deposits on Figure 23. 

Perilla Mountains. Approximately 1200 m of Bisbee Formation are mapped in 

the Perilla Mountains (Fig. 4) (Cooper, 1959). Drewes (1981a) published a detailed map 
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of a part of the Perilla Mountains which includes descriptions of Bisbee Group strata. 

Glance Conglomerate consists of pebble and cobble limestone conglomerate, and is in 

fault contact with younger volcanic rocks. The Morita and Cintura Formations consist of 

red-gray sandstone and siltstone. The Mural Limestone consists of thin to thick-bedded 

limestone interbedded with red-gray siltstone and shale. A coral-algal-rudist patch reef 

within the upper member of the Mural Limestone at Lee Siding has been described by 

Monreal (1985) and Scott (1979). 

Tombstone Hills 

The Tombstone Hills are a low range underlain by rocks ranging in age from 

Precambrian through Tertiary (Gilluly, 1956) (Figs. 3,4). The Bisbee Formation is 

present in two outcrop belts, and is approximately 950 m thick (Fig. 24). Drewes (1981a) 

described the Bisbee Formation as hornfelsed arkosic sandstone and siltstone. Distinctive 

Glance Conglomerate and Mural Limestone are not present. Structural complications, 

including the east-west trending Tombstone syncline, and high angle faults, disrupt the 

stratigraphic section (Davis, 1979). The rocks are locally contact metamorphosed by the 

intrusion of the Late Cretaceous Schieffelin Granodiorite (Devere, 1978), are altered by 

lead-silver mineralization, and are generally poorly exposed. A composite stratigraphic 

section was compiled by Lyden, Hernon, O'Donnell and Higdon (in Gilluly, 1956). The 

Bisbee Formation unconformably overlies Paleozoic limestone and has an erosional top. 

Lithofacies of the Bisbee Formation in the Tombstone Hills are summarized briefly from 

the work of Gilluly (1956). 

Conglomerate. Glance Conglomerate has not been mapped in the Tombstone 

Hills. Basal conglomerate composed of Paleozoic limestone and quartzite clasts is present 

locally. Where present, the basal conglomerate has a channeled base, and unconformably 



overlies Paleozoic limestone. Other limestone conglomerate beds up to 3 m thick are 

interbedded higher in the sequence, but make up only a small percentage of the total 

thickness. 
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Limestone. Several beds of fossiliferous silty gray limestone up to 12 m thick 

occur near the base of the Bisbee Formation. Fossils include oysters and mollusks, and 

are correlative with the Mural Limestone in the Mule Mountains (Reeside, in Gilluly, 

1956). Thin-bedded silty limestone is interbedded with shale in the lower part of the 

formation. Limestone is commonly recrystallized and locally replaced by ore. 

Siltstone and shale. Fine-grained rocks make up the bulk of the Bisbee 

Formation in the Tombstone Hills. Color is dominantly red, but varies to green, brown, 

yellow and gray. Contact metamorphism to hornfels is common. 

Sandstone. Sandstone occurs interbedded throughout the Bisbee Formation in 

the Tombstone Hills. Sandstone beds are up to 10 m thick, and resemble those in the 

Dragoon Mountains. Abundance of sandstone generally increases up section. Sandstone 

is commonly altered to quartzite by contact metamorphism. 

Depositional Environments. Bisbee strata in the Tombstone Hills were 

deposited in both marine and terrestrial environments (Gilluly, 1956). A few lenses of 

fluvial conglomerate are present locally at the base of the section. The lower 300 m 

consist dominantly of interbedded limestone and calcareous fine-grained strata, similar to 

the lower Mural Limestone in the Mule Mountains. The presence of restricted marine 

fauna suggests that these rocks formed in intertidal, lagoonal or estuarine environments. 

They are assigned to marginal marine and estuarine environments on Figure 24. 

The upper 650 m of Bisbee strata in the Tombstone Hills were deposited in 

terrestrial environments, including meanderbelt fluvial channel and floodplain overbank 



deposits. Poorly preserved fresh water fossils from the upper part of the Bisbee 

Formation (Reeside, in Gilluly, 1956) are additional evidence of a nonmarine setting. 
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Discussion. This location is significant in that it shows that marine facies 

transgressed at least as far northwest as the Tombstone Hills. The marine facies 

correlative with the Mural Limestone are at the base of the section, with thin lenses of 

conglomerate present only locally. Rocks correlative with the Morita Formation are 

absent. The upper part of the Bisbee Formation in the Tombstone Hills is correlative with 

the Cintura Formation. 

Dragoon Mountains 

The Dragoon Mountains are a northwest-trending range composed of Precambrian 

crystalline rocks, Paleozoic sedimentary rocks, Mesozoic volcanic and sedimentary rocks, 

and Tertiary volcanic and intrusive rocks (Gilluly, 1956) (Fig. 3). Northeast-vergent 

thrust and reverse faults with multiple episodes of motion are the dominant structures in 

the range (Keith and Barrett, 1976). The Bisbee Group is exposed in two main areas: in a 

northwest-striking faulted and folded sequence in the central area (Black Diamond mine), 

and in a structurally complex area in the northern part of the range (Fourr Canyon area) 

(Fig. 4). Contact metamorphism associated with intrusion of the Stronghold Granite (24 

Ma; Damon and Bikerman, 1964) has strongly affected some of the rocks, especially those 

in the northern outcrop area. Exposure is moderate to poor. For this study, I made 

reconnaissance traverses in the Middlemarch, Black Diamond mine and Fourr Canyon 

areas (Fig. 4), and measured a stratigraphic section of Mural Limestone near Black 

Diamond mine (Fig. 28). 

Gilluly (1956) mapped the Bisbee Formation as undivided, and estimated its total 

thickness as about 4500 m in the central area, based on dips and outcrop width. Drewes 
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Figure 28. Stratigraphic column of the Mural Limestone in the Black Diamond 
mine area of the Dragoon Mountains. See Figure 12 in Chapter 2 for explanation. 
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(1981a, 1987) recognized the Glance Conglomerate, Morita Formation, Mural Limestone, 

and Cintura Formation in some areas, and adjusted the total thickness estimate to about 

1500 m (Fig. 24). This location is significant in that it contains the northernmost marine 

facies of the Bisbee Group for this longitude. 

Glance Conglomerate. Features of the Glance Conglomerate in the Dragoon 

Mountains as reported by Bilodeau (1979) are reviewed here. In the central Dragoon 

Mountains, the Glance Conglomerate is up to 300 m thick, and unconformably overlies 

Precambrian granitic rocks and Paleozoic limestone. It is dominantly limestone-clast, 

pebble to cobble conglomerate with subordinate quartzite, schist, volcanic and granitic 

clasts. In the northern Dragoon Mountains, the Glance Conglomerate is 20 to 60 m thick 

and composed of limestone pebbles and cobbles with up to 15 percent sandstone clasts. 

Bilodeau (1979) interpreted both these Glance sequences as braided stream deposits that 

were shed from block-faulted uplifts located to the east of the Dragoon Mountains. Fault 

traces are inferred to be buried beneath alluvium in the Sulphur Springs Valley to the east. 

Morita and Cintura Formations. The Morita and Cintura Formations are 

similar in appearance in the Dragoon Mountains, and consist of the same two major 

lithofacies'present in the Mule and Huachuca Mountains: mudstone with interbedded 

sandstone and siltstone, and thick-bedded sandstone (Gilluly, 1956). Mottled maroon and 

gray mudstone and siltstone locally contain calcareous nodules and root casts. Sandstone 

beds average from 2 to 10 m thick and are lenticular to laterally persistent. They contain 

typical fluvial sedimentary structures such as basal scours, mud chip and chert pebble 

lags, graded bedding, cross-bedding, horizontal laminations, ripple cross-laminations, and 

local vertical burrows. Sandstone grain size ranges from fine to coarse, with fine to 

medium most common. Drewes (1987) noted the presence of limestone marker beds, 

silicified wood, and limestone- and chert-pebble conglomerate marker beds in the Morita 
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and Cintura Formations, as well as in parts of the section with no stratigraphic control that 

were mapped as undivided Bisbee Formation. The Morita and Cintura Formations in the 

Dragoon Mountains are intetpreted as meandering fluvial deposits similar to exposures in 

the Mule Mountains. 

Mural Limestone. The Mural Limestone varies in appearance in different parts 

of the Dragoon Mountains. In the central area, where its maximum thickness is about 20 

m, it consists of several thin beds of micritic limestone interbedded with calcareous 

siltstone and shale. Local bioclastic limestone beds contain fragmented molluscan fossils 

including Serpu/a, Anomia, Astarte, Natica? and Turritella? (Reeside, in Gilluly, 1956). 

Limestone pebble conglomerate has been mapped as a marker bed in some areas by 

Drewes (1987). A partial stratigraphic section of the Mural Limestone in the Black 

Diamond mine area is shown in Figure 28. 

The Mural Limestone in the central Dragoon Mountains is intetpreted as an 

estuarine deposit (Gilluly, 1956; Drewes, 1987). ~The fossils are intetpreted as a marine 

fauna correlative with fauna in the Mural Limestone of the Mule Mountains (Reeside; in 

Gilluly, 1956). 

In the northern outcrop area, the Mural Limestone is somewhat different in 

character. It consists of interbedded limestone and calcareous siltstone and shale, and is 5 

to 20 m thick (Drewes, 1987). The limestone is thin-bedded and thinly-laminated, similar 

to algal-laminated tidal flat limestone in the Morita Formation in the southern Chiricahua 

Mountains (Lindberg, 1987), but also similar to freshwater algal limestone in the Apache 

Canyon Formation of the northwestern facies (Archibald, 1982; 1987). Small, low-spired 

gastropod fossils (2 mm in diameter) in the limestone are badly deformed and poorly 

preserved, but resemble the freshwater gastropods in the Apache Canyon Formation, 

rather than the high-spired gastropods typical of the Mural Limestone. 
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Discussion. The Bisbee strata in the central Dragoon Mountains are similar to 

the southeastern facies in the Mule Mountains, consisting dominantly of meandering 

fluvial channel sandstone and overbank mudstone, with a basal coarse alluvial 

conglomerate and medial estuarine limestone. The marine interval is thin and contains 

fossils suggestive of brackish or restricted setting. It probably formed in an estuarine 

setting during time of maximum transgression, and represents the northernmost marine 

facies for this longitude. The thin-bedded limestones in the Bisbee Formation in the 

northern part of the range may be fresh water limestones. 

Dos Cabezas and Northern Chiricahua Mountains 

The northwest-trending Dos Cabezas Mountains and north-south-trending 

Chiricahua Mountains are underlain by rocks of Precambrian through Tertiary age. Three 

structural blocks are delineated by major faults: the high-angle northwest-trending Apache 

Pass fault zone and north-south-trending Emigrant Canyon fault, and the low-angle east

west-trending Wood Mountain fault zone (Bilodeau, 1979) (Fig. 4). 

The Bisbee Group crops out in a northwest-trending belt along the west flank of 

the Dos Cabezas Mountains, which joins with a larger outcrop area in the northern 

Chiricahua Mountains. Bisbee Group in this area includes up to 1100 m of strata (Fig. 

24). Extensive volcanic cover, younger deformation and poor exposure conceal many of 

the features of these rocks. Key references for this area include initial mapping by Sabins 

(1957a,b), detailed study of the Glance Conglomerate by Bilodeau (1979) and geologic 

quadrangle maps by Drewes (1981b, 1982, 1984, 1985, 1986) and Erickson and Drewes 

(1984). I examined these rocks in the Road Canyon and Apache Pass areas. 
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Glance Conglomerate. Bilodeau (1979) recognized and documented 

variations in the Glance Conglomerate between the three structural blocks. In general, 

Glance Conglomerate unconfonnably overlies Paleozoic rocks. 

In the northern block, between the Apache Pass fault zone and Emigrant Canyon 

fault, Glance Conglomerate consists of qu~te cobble conglomerate ranging from 0 to 20 

m thick along an outcrop belt 20 kIn long. Limited outcrops to the north of this belt 

consist of quartzite- and limestone-clast conglomerate intercalated with thin beds of 

fossiliferous limestone, sandstone, and siltstone. The fossils include trigonids, and are 

correlative with the Mural Limestone fauna (Erickson and Drewes, 1984). In the 

northernmost locality in the Dos Cabezas Mountains (Road Canyon area), thin beds of 

limestone-pebble conglomerate and interbedded fossiliferous limestone unconformably 

overlie Precambrian Pinal Schist. 

In the southwest block, southwest of the Apache Canyon fault zone, the Glance 

Conglomerate is up to 300 m thick, and composed dominantly of limestone-clast 

conglomerate, with local concentrations of volcanic clasts and minor amounts of quartzite, 

chert, and granite clasts. The conglomerate is dominantly clast-supported; some matrix

supported units are present locally. Rounding increases upward, and volcanic detritus 

disappears to the south. 

In the eastern block, east of the Emigrant Canyon fault, the Glance Conglomerate 

ranges from 1 to 100m thick, and consists of clast-supported pebble to cobble 

conglomerate composed dominantly of limestone and volcanic clasts. Abundance of 

volcanic material increases upward. 

The Glance Conglomerate is interpreted as dominantly fluvial in origin in the 

northern Chiricahua and Dos Cabezas Mountains (Bilodeau, 1979). A mid-alluvial fan 

environment is suggested for local thick deposits in the southwest block where matrix-
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supported conglomerate is present. Paleocurrent orientations are polymodal, indicating an 

array of paleo flow directions: east-northeast in the northern block, northeast to southerly 

in the southwest block, and east-southeast in the eastern block. The Glance Conglomerate 

in this area was deposited in fluvial and alluvial fan environments that formed adjacent to 

normal faults (Bilodeau, 1979). The faults are not currently exposed, but are inferred to 

lie to the west of the ranges, buried under younger volcanic cover and alluvium. 

Upper Bisbee Group~ Upper Bisbee Group strata in the Dos Cabezas and 

northern Chiricahua Mountains consists of up to 780 m of interbedded mudstone, 

sandstone and limestone (Sabins, 1957a). The top is erosional, so the total thickness is 

unknown. Formations within the Bisbee Group have been differentiated in some areas; 

elsewhere, the rocks are mapped as Bisbee Group, upper Bisbee Group, or Bisbee 

Formation, undivided (Drewes, 1981a). 

Strata mapped as Morita Formation are up to 213 m thick, and dominantly consist 

of red-purple, gray and brown siltstone and shale, with interbedded sandstone and 

limestone-pebble conglomerate. The Morita Formation locally forms the base of the 

Bisbee Group where Glance Conglomerate is absent. The formation pinches out to the 

north (Sabins, 1957a; Drewes, 1981b, 1982, 1985; Erickson and Drewes, 1984). 

The Mural Limestone consists dominantly of shale with many thin limestone 

interbeds, and minor sandstone and conglomerate. (Drewes, 1981b, 1982, 1985). The 

formation is up to 67 m thick (Sabins, 1957a). Dark gray, impure limestone beds are 

massive to thin-bedded to laminated and locally contain trigonids and Orbitolina fossils 

correlative with the Mural Limestone (Drewes, 1982, 1986; Erickson and Drewes, 1984). 

In the northern block, fossiliferous limestone is interbedded with limestone-pebble 

conglomerate, and lies very near or at the base of the undivided Bisbee Formation. 
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The Cintura Formation is up to 500 m thick, and consists of olive-gray to red 

siltstone and shale, with minor interbedded sandstone and quartzite-clast conglomerate 

(Sabins, 1957a; Drewes, 1981b, 1982, 1985; Hayes, 1970b). Sandstone beds are a few 

meters thick, display cross-bedding, graded bedding, and mud chip pebble conglomerate 

lag deposits. Calcareous nodules are present in the mudstone and shale. 

In the Dos Cabezas and northern Chiricahua Mountains, the Morita and Cintura 

Formations are interpreted as meandering fluvial deposits. Mural Limestone at or near the 

base of the formation in the north records onlap of marginal marine deposits onto 

basement rocks, possibly in rocky shore environments, during marine transgression. 

Marine rocks are absent north of the Dos Cabezas Mountains; thus the locality marks the 

northernmost extent of marine facies of the Mural Limestone. 

Northwestern :Facies 

The northwestern facies of the Bisbee Group crop out in the Whetstone, Empire 

and Santa Rita Mountains (Figs. 4 and 29). Lithologic differences above the basal Glance 

Conglomerate led Tyrrell (1957) to propose different formation names for the strata in this 

area, though he considered these rocks correlative with the Bisbee Group in the type area. 

Formations include the basal Glance Conglomerate and the overlying Willow Canyon, 

Apache Canyon, Shellenberger Canyon and Tumey Ranch Formations (Tyrrell, 1957; 

Finnell, 1970a). Northwestern facies are dominantly nonmarine. Environments include 

alluvial fan, braided and meandering fluvial, and lacustrine, as well as thin but significant 

estuarine and marginal marine deposits. Previous investigators, as cited below, have 

provided measured sections and environmental interpretations. I also visited and sampled 

key areas in all three mountain ranges. 
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Figure 29. Map showing distribution of northwestern facies of Bisbee Group in 
the Santa Rita, Empire and Whetstone Mountains (after Drewes, 1971a, 1971b, 1981; 
Archibald, 1982; Bilodeau, 1979; Finnell, 1971; and Tyrrell, 1957). The Willow Canyon 
Formation locally includes thin exposures of Glance Conglomerate in the Whetstone 
Mountains. Paleocurrent data: Tumey Ranch Formation in Adobe Canyon area of Santa 
Rita Mountains from Inman (1987); Willow Canyon Formation in Empire Mountains 
from Sumpter (1986); Shellenberger Canyon and Turney Ranch Formations in the 
Whetstone Mountains from Archibald (1982). 
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Whetstone Mountains 

The Whetstone Mountains are a north-south trending range in the center of the 

study area (Fig. 3). Precambrian quartz monzonite and Pinal Schist in the northwestern 

part of the range are overlain by a southwest-dipping homocline of Paleozoic and 

Cretaceous sedimentary rocks. The Bisbee Group underlies the southwest third of the 

range. Northeast-trending high angle faults locally offset the strata. Upper Cretaceous 

rhyodacite sills intrude the section. An Upper Cretaceous granodiorite plug in the 

southern part of the range has contact metamorphosed adjacent Bisbee strata. The rocks 

are well-exposed in canyons and poorly exposed on slopes. Upper Bisbee Group 

formations are also exposed along the northern pediment of the range in a belt of folded 

rocks that is north of the east-west trending northern Whetstone fault (Tyrrell, 1957; 

Davis, 1979) (Fig. 29). 

Bisbee strata in the Whetstone Mountains are up to 2400 m thick (Fig. 25). The 

lower contact with Permian sedimentary rocks is an angular unconformity (Tyrrell, 1957). 

The top of the Tumey Ranch Formation is not exposed. Bisbee strata in the Whetstone 

Mountains were ftrst described and mapped by Tyrrell (1957), and later mapped by 

Creasey (1967). Archibald (1982, 1987) performed a detailed sedimentological study. 

Much of the following description is summarized from the work of Tyrrell (1957) and 

Archibald (1982, 1987). 

Glance Conglomerate. The Glance Conglomerate crops out in a 

discontinuous northwest-trending belt along the crest of the Whetstone Mountains, where 

it ranges from zero to 6 m thick and consists of clast-supported pebble and cobble 

conglomerate (Archibald, 1982). It is locally absent in the central part of the range. In the 

Mine Canyon area in the southeast part of the range it is 379 m thick and made up of both 

matrix- and clast-supported boulder, cobble and pebble conglomerate. Clast size generally 
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decreases upward. Clasts include abundant limestone, and subordinate quartzarenite and 

chert, all derived from underlying Paleozoic formations. Felsitic volcanic clasts present in 

minor amounts were probably derived from older Mesozoic units that are exposed in 

nearby ranges. Clasts of black laminated limestone from the overlying Apache Canyon 

Formation are present locally, and indicate that the two formations are in part laterally 

equivalent (Tyrrell, 1957). 

The thick section of Glance Conglomerate in Mine Canyon was deposited in an 

alluvial fan setting. Boulder to cobble conglomerate and matrix-supported conglomerate 

are proximal fan and debris flow deposits. Cobble to pebble conglomerate in the upper 

part of the section represent medial and distal fan braided stream deposits. Thinner 

exposures of Glance Conglomerate over most of the range formed in colluvial or braided 

stream environments (Tyrrell, 1957; Archibald, 1982). 

'Villow Canyon Formation. The Willow Canyon Formation is up to 174 m 

thick in the Whetstone Mountains, but is generally thinner, and is absent over the central 

part of the range. It is poorly exposed. Rock types include green to gray thin-bedded 

siltstone, mudstone and shale, with subordinate sandstone, pebble conglomerate, 

limestone and gypsum. The sandstone is lenticular and cross-bedded. Laminated 

limestone is similar to limestone in the overlying Apache Canyon Formation. Fresh to 

brackish water branchiopod fossils are reported from the shale (Tyrrell, 1957). The 

Willow Canyon Formation grades both laterally and vertically into the underlying Glance 

Conglomerate and overlying Apache Canyon Formation, and is considered to be partially 

synchronous with both (Tyrrell, 1957; Archibald, 1982). The formation is thicker and 

better exposed in the Empire Mountains, and is described more fully there. 
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Conglomerate and pebbly sandstone are interpreted as braided stream deposits. 

Finer-grained clastic rocks and limestone are interpreted as lacustrine and marginal 

lacustrine deposits. The presence of gypsum indicates saline or hypersaline lake water. 

Apache Canyon Formation. The Apache Canyon Formation ranges from 

about 30 to 300 m thick in the Whetstone Mountains. It commonly ovelies the Glance 

Conglomerate where the Willow Canyon Formation is absent, and is the basal formation 

of the Bisbee Group in the central part of the range. 

The Apache Canyon Formation is composed dominantly of gray limestone, with 

subordinate black, gray and green shale, siltstone and sandstone. Archibald (1982) notes 

two types of limestone: laminated to thinly laminated micrite; and thin- to thick-bedded 

micrite, biomicrite and biomicrudite. The laminated micrite is rarely fossiliferous and 

occurs in laterally continuous beds interbedded with dark shale. Thin- to thick-bedded 

micrite commonly contains pelecypod and gastropod fossils. Several beds of biosparudite 

and arkosic biosparudite are present. Charophytes, oncolites and cryptalgal-Iaminated 

limestone are also present locally. Interbedded clastic rocks become more abundant to 

the northwest and up-section. Sandstone beds are up to 5 m thick and have scoured basal 

contacts and cross-beds. Calcareous siltstone and shale locally contain wood and plant 

fragments, pyrite, and limonite psuedomorphs after pyrite (Archibald (1982). 

The Apache Canyon Formation is interpreted as dominantly lacustrine in origin. 

Deep lacustrine deposits include laminated to thinly laminated limestone and dark shale. 

Shallow lacustrine deposits include thin- to thick-bedded gray micrite, biomicrite, and 

biomicrudite, and algal-laminated limestone. Gastropod, pelecypod, and charophyte 

fossils indicate fresh to brackish water. Biosparudite beds containing broken fossils and 

angular to subangular granules and pebbles of granite, feldspar, and quartz represent 

storm deposits. Clastic lithologies in the upper Apache Canyon Formation in the northern 
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Whetstone Mountains represent marginal-lacustrine, deltaic, and fluvial environments that 

prograded over the open lacustrine deposits of the lower part of the formation (Tyrrell, 

1957; Archibald, 1982). 

Shellenberger Canyon Formation. The Shellenberger Canyon Formation 

underlies a wide belt in the southwestern W~etstone Mountains, and is also present in the 

northern fault block (Tyrrell, 1957). Thickness ranges from 610 m to 1320 m, and 

increases from southeast to northwest (Archibald, 1987). The formation consists mainly 

of sandstone, siltstone and mudstone with minor limestone near the base and conglomerate 

near the top. Contacts with underlying and overlying formations are gradational. 

Archibal d (1987) has subdivided the formation into four intervals: Basal deltaic strata, a 

thin marine interval, medial high-sinuosity fluvial deposits, and upper low-sinuosity 

fluvial deposits. 

The basal lacustrine delta interval is up to 250 m thick. Lithologies include 

sandstone, siltstone, shale, and minor black laminated limestone. Abundant dark siltstone 

and mudstone at the base of the interval are interpreted as prodelta and delta-front deposits. 

Sandstone increases in abundance up-section. It is medium- to coarse-grained, thin

bedded to massive, and locally cross-bedded with pebble and granule lenses. The 

uppermost sandstone beds are interpreted as channel and crevasse splay deposits 

interbedded with levee and interdistributary bay carbonaceous siltstone and mudstone 

(Archibald, 1982, 1987). Silicified conifer wood, including an upright tree stump, is 

common in these rocks (Tyrrell, 1957). 

A thin marginal marine interval, about 30 m thick, consists of oyster biosparudite, 

cross-bedded and bioturbated sandstone, and interbedded mudstone and dark gray 

laminated argillaceous micrite. The-oyster bed is about 1 m thick, and contains several 

species of oysters, unidentified species of Trigonia, and fish teeth (Tyrrell, 1957; 



Archibald, 1982). All of the fossils indicate a marine environment. Archibald (1987) 

interpreted the environment as a lagoon or estuary containing an oyster biostrome. 
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The middle third of the formation is interpreted as high-sinuosity fluvial strata with 

interbedded lacustrine deposits (Archibald, 1982). Lithologies include interbedded 

mudstone, sandstone and minor limestone. Green to gray mudstone locally contains plant 

fragments. Lenticular thin- to thick-bedded gray sandstone beds have scoured bases with 

local mud-chip lag deposits. Sedimentary structures include trough cross-beds, horizontal 

laminations, and local burrows and root casts. Gray to black limestone, present only in 

the lower part of the interval, is laminated to thin-bedded, and locally algal-laminated, and 

contains ostracodes, pelecypods and gastropods interpreted as indicative of fresh to 

slightly saline waters. Fresh to brackish water branchiopods and pelecypods, dinosaur 

bone fragments, and petrified wood are reported from clastic rocks in the upper part of the 

interval (Tyrrell, 1957; Schafroth, 1965; Archibald, 1987). This interval is interpreted as 

part of a large river-dominated deltaic complex which included interdistributary lakes. 

Sandstone beds represent point bar and crevasse splay deposits. Mudstones are 

interpreted as overbank deposits, but where thick (over 30 m) and associated with 

limestone, represent interdistributary lake deposits (Archibald, 1982). A 50 m section of 

silicified tuff within this interval implies local volcanic activity during deposition (Creasey, 

1967; Archibald, 1982). 

The upper third to quarter of the Shellenberger Canyon Formation is composed of 

sandstone with interbedded mudstone, shale and siltstone (Archibald, 1982). Sandstone 

bodies in this interval are coarser grained, thicker and laterally more extensive than in the 

underlying interval. Conglomerate occurs mainly as basal lag deposits in sandstone beds, 

and is more abundant to the west. Clasts are subrounded to subangular pebbles of 

quartzite, chert and felsite. Sedimentary structures in the sandstone include planar-tabular 
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and trough cross-bedding and ripple cross-lamination. Chert beds and fossil wood are 

locally present in the sandstone. Fine-grained strata are gray to green, and locally contain 

branchiopod and plant fossils (Tyrrell, 1957). The sandstone bodies are interpreted as 

coalescing bars and sand flats in braided fluvial channels .. The fine-grained strata are 

interpreted as overbank deposits (Archibald, 1982). 

Paleocurrent data from cross-bedding are mainly from the braided stream deposits 

in the upper third of the formation. Though widely scattered in the northeast, southeast 

and southwest quadrants, the vector mean for 46 measurements is S82E (Archibald, 1987) 

(Fig. 29). 

Turney Ranch Formation. The Turney Ranch Formation underlies much of 

the southwest flank of the range and is also exposed in the northern fault block (Tyrrell, 

1957) (Fig. 29). The formation ranges from 900 to 1400 m thick, and is composed of 

gray to buff sandstone bodies and interbedded red mudstone, siltstone and shale (Tyrrell, 

1957; Archibald, 1982). Sandstone bodies are 3 to 12 m thick, and are lenticular and 

laterally extensive. They are well-exposed as ridges, separated by valleys underlain by the 

less-resistant fine-grained clastic strata. Sandstone bodies typically have scoured bases 

with pebble lag deposits composed of red mud chips, calcareous nodules, and chert, 

quartzite and felsite volcanic pebbles. Fining-upward profiles are common, but Archibald 

(1982) notes that some beds coarsen upward. Sedimentary structures include planar and 

trough cross-bedding, horizontal laminations and ripple laminations. Silicified logs and 

smaller fragments of fossil wood are present locally. Some beds are strongly bioturbated, 

containing vertical, horizontal and oblique burrows that range from 1 to 35 cm in length. 

Crawling and feeding trails are common on some bedding planes. The mudstone is 

commonly calcareous and poorly bedded, and commonly has calcareous nodules 

(Archibald, 1982). 
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Archibald (1982) interpreted paleocurrent measurements on cross-beds and parting 

lineations to indicate a western source area for these rocks (Fig. 29). The vector mean of 

74 cross-bed measurements is N80E, but the measurements are generally scattered 

throughout the eastern half of the rose diagram. Twenty-three parting lineations showed a 

dominant NNEJSSW trend, but are also scattered throughout the rose diagram. 

The Turney Ranch Formation is interpreted as high-sinuosity channel and 

overbank deposits. Although a meandering fluvial model best fits the data, Archibald 

noted that the intense bioturbation and type of sedimentary structures present are also 

consistent with a tidal influence on the environment, despite the fact that marine body 

fossils have not been found. His final interpretation was that the Turney Ranch Formation 

represents a coastal plain traversed by stream channels of high sinuosity and influenced at 

intervals by tidal currents in shallow estuarine settings (Archibald, 1982, 1987). 

Mescal Fault Block. The Bisbee Group is also exposed in the Mescal fault 

block, a north-south trending outcrop belt to the northwest of the Whetstone Mountains 

and near the southern tip of the Rincon Mountains (Tyrrell, 1957) (Fig. 29). Up to 150 m 

of Glance Conglomerate in the Mescal fault block consists of lenticular beds of pebble and 

cobble conglomerate. Clast types include Paleozoic sedimentary rocks and schist and 

quartzite clasts derived from Precambrian formations in the Rincon Mountains (Tyrrell, 

1957; Drewes, 1977). The Willow Canyon Formation has an estimated thickness of 800 

m in this area (Drewes, 1977). Lithologies include gray to red sandstone, conglomerate 

and siltstone. Conglomerate clasts are mainly Paleozoic limestone and chert. The 

Shellenberger Canyon Formation consists of up to 100 m of shale, sandstone and 

laminated gray limestone that is probably correlative with the basal lacustrine delta interval 

in the Whetstone Mountains. An unknown thickness of Apache Canyon and Turney 

. Ranch Formations are also present in the Mescal fault block (Tyrrell, 1957). 
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Empire Mountains 

The Empire Mountains are a north-south trending range underlain by Precambrian 

granite and Pinal Schist, Paleozoic and Mesozoic sedimentary rocks, and Cretaceous 

intrusive rocks (Finnell, 1971). Bisbee Group rocks crop out in a faulted homocline on 

the southeast flank of the range, and in fault-bounded exposures to the north and west 

(Figs. 4 and 29). Total thickness of Bisbee strata is about 3500 m (Fig. 25) (Finnell, 

1970; Schafroth, 1968). Studies of Bisbee Group in the Empire Mountains have been 

made by Bilodeau (1979), Finnell (1970), Schafroth (1965; 1968) and Sumpter (1986). 

Glance Conglomerate. Bilodeau (1979) completed a detailed sedimentological 

analysis of the Glance Conglomerate in the Empire Mountains. The Glance Conglomerate 

is up to 1000 m thick in the main outcrop area in the eastern Empire Mountains, but is 

generally much thinner in other exposures. It rests with angular unconformity on 

underlying rocks, which include Precambrian granite and schist, Paleozoic limestone, and 

paleo-canyon fill remnants of the Triassic-Jurassic Gardner Canyon Formation redbeds. 

The main outcrop area is just south of the Murphy Ranch fault zone, an east-west 

trending reverse fault. Three types of conglomerate are recognized: basal limestone-clast 

conglomerate, medial mixed-clast conglomerate, and upper granite-clast conglomerate. 

The conglomerate is generally poorly sorted, poorly bedded and clast-supported, with 

matrix-supported conglomerate and exotic blocks of Paleozoic limestone up to 300 m long 

present locally. The Iimestone-clast conglomerate is 0 to 120 m thick and is derived 

mainly from Paleozoic formations. The mixed-clast conglomerate is 1 to 600 m thick, and 

contains limestone, quartzite and granite clasts, with the abundance of granite increasing 

and the abundance of limestone decreasing up-section. Granite-clast conglomerate ranges 

from 1 to 800 m thick, and locally overlies Precambrian rocks to the north. All three 

lithofacies thin to the south and intertongue laterally with the Willow Canyon Formation. 
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North of the Murphy Ranch fault zone, Glance Conglomerate is only 1 to 15 m thick, and 

consists of arkosic pebble conglomerate that rests unconformably on Precambrian granitic 

rocks and grades upward into Shellenberger Canyon Formation (Finnell, 1971). 

Paleocurrent data from the main outc:rop area indicate south-southwest current transport 

(Bilodeau, 1979). 

The Glance Conglomerate in the Empire Mountains was deposited in a proximal 

alluvial fan setting with a southerly paleoslope (Bilodeau, 1979; Bilodeau and others, 

1987). The three lithofacies within the Glance Conglomerate display inverted clast 

stratigraphy, similar to that seen in the Mule Mountains. The Murphy Ranch reverse fault 

zone is at the approximate location of a proposed pair of basin-bounding normal faults 

(Bilodeau, 1979). North of the fault zone, Triassic-Jurassic redbeds, the entire Paleozoic 

section, and some thickness of Precambrian rocks were stripped away prior to Glance 

deposition, and Glance Conglomerate was deposited as colluvial and fluvial gravels 

overlying Precambrian rocks. South of the fault zone, on the down-dropped side of the 

normal fault, alluvial fans were deposited, accumulating flrst Paleozoic debris (limestone

clast conglomerate, and then Precambrian debris (granite clast conglomerate). 

Willow Canyon Formation. The Willow Canyon Formation crops out in a 

broad southeast-dipping band on the southeast flank of the range, and in several scattered 

outcrops in the central part of the range (Fig. 29). The main outcrop area is cut by several 

northwest-trending high-angle faults, and also by at least one fault parallel to strike that 

may repeat part of the section. The formation is also intruded by a few andesite sills 

(Moore, 1960). Reported total thickness ranges from 11()() m (Finnell, 1971) to 1890 m 

(Schafroth, 1968) and 1830 m (Sumpter, 1986). 

The Willow Canyon Formation gradationally overlies the Glance Conglomerate, 

and also grades laterally into Glance Conglomerate along the east flank of the range. 
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Where Glance Conglomerate is absent it, unconformably overlies older rocks. The 

formation consists of interbedded sandstone, pebble conglomerate, siltstone and shale, 

and shows an overall fining upward trend. Pinkish gray to yellow-brown arkosic 

sandstone occurs in 1 to 20 m thick beds. Scour-and-fill structures are common at the 

bases of sandstone beds. Sedimentary struct~res include abundant horizontal laminations, 

and less abundant planar and trough cross-stratification, ripple cross-stratification, mud 

cracks, convoluted bedding, graded bedding and vertical burrows. Conglomerate 

interbeds, lenses and lag deposits are common in the lower part of the formation, and 

contain pebbles of quartzite, granite and mud chips. Interbeds of siltstone and shale are 

dominantly reddish brown, but become greenish gray near the top of the formation. 

Calcareous nodules are locally present in the mudstone. Thin beds of silty limestone and 

calcareous sandstone, and fresh-water gastropod and ostracode fossils are present near the 

gradational contact with the overlying Apache Canyon Formation (Finnell, 1970; Sumpter, 

1986). Fossil wood occurs locally (Schafroth, 1968). 

Sumpter (1986) has interpreted the Willow Canyon Formation as braided stream 

deposits in a distal fan to alluvial plain environment. Pebbly conglomerate at the base of 

the section is interpreted as a regolith developed on the underlying Paleozoic limestone. 

Overlying coarse-grained, angular arkose with interbedded granite- and quartzite-pebble 

conglomerate is interpreted as granite wash deposited by sheet flood processes. Higher up 

in the section, sandstone bodies have channeled bases and are interpreted as braided 

stream deposits. Paleocurrent data indicate southwesterly, northeasterly and minor 

southeasterly paleoflow directions (Sumpter, 1986) (Fig. 29). 

Apache Canyon Formation. The Apache Canyon Formation crops out on the 

southeast flank of the range where it is poorly exposed (Finnell, 1971). The formation is 

about 500 m thick, and consists of interbedded dark gray to black limestone and shale, and 
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minor gray to red siltstone and yellow-gray to olive-brown arkosic sandstone (Finnell, 

1971). Thinly-laminated limestone and thick-bedded silty limestone are similar to 

lithologies in the Whetstone Mountains. Fossils have not been reported from the Empire 

Mountains section. Shale is thin-bedded to laminated Limonite pseudomorphs after 

pyrite are common in the shale and limestone (Schafroth, 1965). A single gypsum bed is 

reported from near the base of the formation (Finnell, 1970) from a sequence of massive 

red siltstone. Thick-bedded massive to cross-bedded sandstone is present in the upper 

part of the section (Finnell, 1970; 1971). The Apache Canyon Formation in the Empire 

Mountains formed in lacustrine and marginal lacustrine environments. 

Shellenberger Canyon Formation. The Shellenberger Canyon Formation is 

poorly exposed on the south, southeast, north and northwest flanks of the range (Finnell, 

1971) (Fig. 29). In the southeast, it gradationally overlies the Apache Canyon Formation, 

but only the lowest 300 m (approximately) are exposed (Schafroth, 1968). A partial 

section approximately 800 m thick in a fault block at the southern tip of the range 

represents the middle and upper part of the formation, but the upper contact is not exposed 

(Schafroth, 1968). Maximum thickness is estimated at 1300 m (Finnell, 1971). In the 

northern exposures, the Shellenberger Canyon Formation conformably overlies and 

laterally grades into the Glance Conglomerate, or else unconformably overlies 

Precambrian granitic rocks (Finnell, 1971). 

The lower part of the section consists of olive, red and greenish-gray siltstone and 

shale that are are thin-bedded to laminated (Schafroth, 1968). A few laminated limestone 

beds are present near the lower contact with the Apache Canyon Formation. The middle 

and upper section in the southern fault block consists dominantly of sandstone, with 

interbedded thin-bedded to laminated siltstone and shale (Schafroth, 1968). The 

sandstone is massive to cross-bedded, and locally contains pebble conglomerate in thin 



beds, lenses and scour-fill. Fossil wood, including limbs and trunks of trees, are 

common throughout the section. 
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A marginal marine interval is recognized in both the southern and northern 

exposures (Schafroth, 1968). It is marked by the presence of pelecypod biostromes 

containing Ostrea?, Arctica? and Nucula? shells as well as other unidentified pelecypod 

and rare gastropod shell fragments (Moore and Miller, 1960). Iguanodontid dinosaur 

femurs, interpreted as Early Cretaceous in age (Moore and Miller, 1960; Miller, 1964), 

have been found near the marine interval in the southern outcrop area. 

The Shellenberger Canyon Formation in the Empire Mountains is lithologically 

similar to exposures in the Whetstone Mountains (Schafroth, 1968; Finnell, 1970). The 

basal part represents transitional lacustrine to fluvial environments. The marginal marine 

interval represents estuarine or lagoonal conditions. The bulk of the formation was 

deposited by meandering and braided streams. 

Turney Ranch Formation. The Turney Ranch Formation is exposed in the 

northern and southern flanks of the Empire Mountains (Finnell, 1971) (Fig. 29). The 

section is incomplete and includes only about 300 m of strata (Schafroth, 1968). It 

consists of red to purple mudstone and siltstone, pink to gray cross-laminated sandstone, 

and minor conglomerate (Finnell, 1971). Calcareous nodules are locally common in the 

mudstone, and silicified wood is common throughout the section. It is lithologically 

similar to exposures in the Whetstone Mountains, and is interpreted similarly, as deposits 

of meandering streams on a broad coastal floodplain. 

Santa Rita Mountains 

The Santa Rita Mountains are a north-south trending range underlain by 

Precambrian through Tertiary rocks (Fig 3). Precambrian granite cores much of the 
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northern spur of the range; Triassic and Jurassic volcanic rocks underlie the central 

highlands; Paleozoic and Mesozoic sedimentary rocks crop out along the east flank; and 

Upper Cretaceous and Tertiary intrusive and volcanic rocks underlie the southern and 

western flanks of the range. Laramide and Tertiary faulting have obscured original 

stratigraphic relationships of Mesozoic strata The Upper Jurassic to Lower Cretaceous 

(1) Temporal and Bathtub Formations, composed of conglomerate and volcanic rocks, 

have been correlated with the Glance Conglomerate (Bilodeau, 1979; Asmerom and 

others, 1990). Upper Bisbee Group rocks include the Willow Canyon, Apache Canyon, 

Shellenberger Canyon, and Turney Ranch Formations (Fig. 25). 

Bisbee strata are exposed in three structural domains on the east flank of the range, 

and in the Montosa Canyon area on the west flank of the range (Fig. 29). The northwest

trending Sawmill Canyon fault zone and Big Casa Blanca Canyon fault divide the east 

flank of the range into three domains. North of the Sawmill Canyon fault zone, the 

Glance Conglomerate is composed of Precambrian granite and Paleozoic sedimentary 

clasts, and the Willow Canyon, Apache Canyon, Shellenberger Canyon and Turney 

Ranch Formations are exposed in discontinuous outcrops. The only Bisbee strata exposed 

in the central domain are slivers of Glance Conglomerate and partial sections of the Turney 

Ranch Formation. South of the Big Casa Blanca Canyon fault, the Temporal-Bathtub

Glance sequence occurs in an eastward dipping homocline; no upper Bisbee Group strata 

are exposed in this domain. On the west-central flank of the range in the Montosa Canyon 

area, a fault-bounded block of Apache Canyon Formation is exposed. 

Total thickness of Glance Conglomerate and related rocks ranges from 100 to 1300 

m. Composite thickness of upper Bisbee Group strata is about 2000 m. Previous studies 

ofthe Bisbee Group in the Santa Rita Mountains include those of Drewes (1971), 

Bilodeau (1979), Inman (1987), and Sumpter (1986). 
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Glance Conglomerate in the northern domain. Two different facies of 

Glance Conglomerate ar~ present in the northern domain in the Box Canyon area 

(Bilodeau, 1979) (Fig.29). West of a north-south trending and west-vergent thrust fault, 

the Glance Conglomerate is 100 to 200 m thick and consists of poorly-sorted, clast

supported, granite-clast boulder to cobble conglomerate with an arkosic sandstone matrix. 

It unconformably overlies either Precambrian granite or Cambrian Bolsa Quartzite or 

Abrigo Formation. The clast population includes 10 to 30 percent quartzite, but limestone 

and volcanic clasts are absent. The conglomerate grades upward into arkosic sediments of 

the Willow Canyon Formation. 

East of the thrust fault, the Glance Conglomerate is 300 to 400 m thick. It 

unconformably overlies Pennsylvanian limestone, has an interbedded andesite flow unit 

(Bilodeau, 1979), and consists of three lithofacies of conglomerate. Basal clast-supported 

limestone-clast boulder and cobble conglomerate grades upward to mixed-clast 

conglomerate containing increasing amounts of quartzite and granite clasts. The 

uppermost lithofacies is granite-clast conglomerate. Angular clasts of andesite are present 

immediately above the andesite flows. Glance Conglomerate farther north in the 

Rosemont area is lithologically similar to the eastern Box Canyon exposures, including the 

interbedded volcanic flows. There the conglomerate also grades upward into arkosic 

facies of the Willow Canyon Formation. 

Bilodeau (1979) has interpreted the Glance Conglomerate in the northern block as 

dominantly braided fluvial in origin. The two facies were probably originally farther 

apart, but have been brought into close proximity by west-vergent Laramide thrust 

faulting. Limited paleocurrent data suggest northeast to east paleoflow. The area was a 

tilted fault block with a north to northeast-facing paleoslope. Sediment stripped from the 

western block was deposited on the eastern block, and inverted clast stratigraphy in the 
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eastern section reflects gradual unroofing of Precambrian rocks. Andesite flows filled 

stream valleys and were buried by the sediments. Bilodeau (1979) suggests that these 

strata were depositionally contiguous with Glance Conglomerate exposures in the Empire 

Mountains. 

Glance Conglomerate in the southern domain. An entirely different 

Glance Conglomerate sequence is present in the southern domain (Fig. 29). The 

Temporal and Bathtub Formations, designated by Drewes (1971c) as pre-Bisbee 

formations, have been included by Bilodeau (1979) in the Glance Conglomerate. New 

geochronologic data (Asmerom and others, 1990) supports the correlation between the 

Temporal Formation and the Glance Conglomerate in the Huachuca Mountains. The 

Temporal Formation_u_n_~onformably overlies Jurassic Mount Wrightson Formation 

volcanic rocks to the north and Jurassic granite to the south. The Temporal Formation is 

up to 600 m thick, and the Bathtub Formation is up to 700 m thick. Both formations have 

three members and contain varying amounts of andesitic, dacitic and rhyolitic volcanics 

and intercalated debris-flow, alluvial fan, and fluvial conglomerate and sandstone. The 

members intertongue laterally, and no single vertical section includes all members. Figure 

25 shows representative lateral relationships that occur over about a distance of 10 km 

(Drewes, 1971c). 

Bilodeau (1979) recognized two prominent conglomerate units within the 

sequence: his lower conglomerate is part of the upper member of the Temporal Formation 

of Drewes (1971 c), and his upper conglomerate is part of the lower memb'er of the 

Bathtub Formation of Drewes (1971c). Maximum thickness is 300 m for the lower 

conglomerate and 185 m for the upper conglomerate. Both units thin to the south, and the 

upper conglomerate grades to sandstone toward the south. The two units are lithologically 

similar, consisting of mixed-clast pebble, cobble, and boulder conglomerate with abundant 
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volcanic and granitic clasts, and minor quartzite, limestone and sandstone clasts. The 

conglomerate is dominantly clast-supported, but is locally matrix-supported. Lenses of 

rhyolitic flows and tuffs are interbedded in the lower conglomerate. 

Bilodeau (1979) interpreted the conglomerate units as alluvial fan deposits on a 

south-facing paleoslope. Paleocurrent data i~dicate strong south-southwest paleoflow for 

both units, with minor northeast and east-southeast vectors (Bilodeau, 1979). He 

interpreted the Sawmill Canyon fault zone as having had a Late Jurassic to Early 

Cretaceous episode of normal faulting, and notes that there is currently 3000 m of 

stratigraphic relief across the fault, with the south side down. In his view, the Sawmill 

Canyon fault zone was a normal fault active during the rift phase of basin evolution when 

the Temporal and Bathtub Formations were deposited. 

'''illow Canyon Formation. The Willow Canyon Formation is exposed in 

scattered outcrops along the east flank of the Santa Rita Mountains north of the Sawmill 

Canyon fault zone (Fig. 29). The rocks are locally altered and metamorphosed, and well 

exposed only in ephemeral stream canyons. Total thickness is estimated at 670 m by 

Drewes (1971 c) and 765 m by Sumpter (1986). In most areas, the base of the Willow 

Canyon Formation is faulted. Conformable, gradational contacts with the Glance 

Conglomerate are exposed in Fish, Box and Sycamore Canyons. Gradational contacts 

with the overlying Apache Canyon Formation are present in the Greaterville and Sycamore 

Canyon areas. 

The formation consists of fluvial sandstone and siltstone with local conglomerate 

near the base and limestone near the top, similar to strata in the Empire Mountains. Red, 

pink and brown arkosic sandstone is coarse grained and locally pebbly and gritty in the 

lower part of the formation. Sedimentary structures include horizontal laminations, planar 

and trough cross-beds, basal channel scours, and less common ripple marks and burrows 
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. (Sumpter, 1986). Local lenses of granite- and feldspar-pebble conglomerate contain 

minor quartzite and volcanic clasts, as well as some mud chips and calcareous nodules 

(Drewes,1971c). Sandstone becomes fine- to medium-grained and less abundant up 

section. Interbedded siltstone and mudstone range in color from red and purple to green, 

gray and brown. Calcareous nodules are locally present in the mudstone. A few thin 

black laminated limestone beds typical of those found in the Apache Canyon Formation are 

present near the upper contact. A collection of fragmented, poorly preserved fauna 

reported from the upper Willow Canyon Formation was interpreted as marine and brackish 

to fresh-water in origin (Kauffman, in Drewes, 1971c). 

Both Drewes ( 1971 c) and Sumpter (1986) interpreted these rocks as braided 

stream deposits that formed with the underlying Glance Conglomerate as part of an alluvial 

fan and braid plain deposystem. Bilodeau (1979) suggested that the paleoslope for these 

deposits faced northeastward. 

Apache Canyon Formation. The Apache Canyon Formation in the Santa Rita 

Mountains is estimated to be 450 to 650 m thick(Drewes, 1971c). It is exposed in the 

Greaterville area, and in Sycamore and Montosa Canyons. In the Greaterville area, the 

Apache Canyon Formation gradationally overlies the Willow Canyon Formation, and the 

top is not exposed. The rocks are contact metamorphosed by local intrusions. Near 

Sycamore Canyon, it conformably overlies Willow Canyon Formation and is conformably 

overlain by Shellenberger Canyon Formation. In the Montosa Canyon area, the Apache 

Canyon Formation is exposed in a northwest-trending fault block where it is juxtaposed 

with older rocks to the south and younger rocks to the north. The rocks near Montosa 

Canyon are strongly metamorphosed and deformed. 

The Apache Canyon Formation consists of siltstone and mudstone with 

interbedded arkosic sandstone and minor pebble conglomerate and limestone. Siltstone is 
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gray to green-gray, with local graded bedding, channel-scours and cross-bedding. 

Mudstone is red and locally calcareous. Sandstone occurs in beds that are up to 1 m thick, 

and are otherwise similar to those in the Willow Canyon Formation. Thin beds of pebble 

conglomerate have volcanic clasts derived from the Mt. Wrightson Formation, and chert, 

sandstone and feldspar clasts. Light gray to gray-brown limestone beds are thin to more 

than a meter in thickness, and are either thinly laminated or blocky-fracturing calcarenite. 

Gastropod and pelecypod fossils locally present in the limestone are interpreted as 

brackish or estuarine in origin (Drewes, 197Ic). 

The Apache Canyon Formation in the Santa Rita Mountains contains less limestone 

than seen in the Empire and Whetstone Mountains. It is interpreted as dominantly fluvial, 

with limestone accumulating in brackish to saline ponds, lagoons, or mudflats (Drewes, 

197Ic). Drewes (197Ic) also notes that the abundance of dark-colored rocks indicates a 

reducing environment. Source rocks were granite and volcanic rocks, both present locally 

in the Santa Rita Mountains (Drewes, 197Ic). 

Shellenberger Canyon .'ormation. About 450 m of the Shellenberger 

Canyon Formation is exposed in the Sycamore Canyon area (Fig. 29), where it 

gradationally overlies the Apache Canyon Formation, and is conformably overlain by the 

Turney Ranch Formation. The rocks are locally contact metamorphosed. The formation 

consists of gray to black siltstone and shale, and minor olive-brown sandstone and thin

bedded limestone. In general, lithologies resemble those seen in the Empire Mountains, 

and in underlying formations. The siltstone locally contains cross-bedding, graded 

bedding and ripple marks. Shale is fissile to laminated. The limestone includes two 

marker beds containing fossil hash that are correlative with the marginal marine biostrome 

beds in the Empire and Whetstone Mountains (Drewes, 197Ic). The formation is 
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interpreted as fluvial, lacustrine and estuarine in origin, and is correlated with the Mural 

Limestone in the Mule Mountains on the basis of the marginal marine marker beds. 

Turney Ranch Formation. Partial sections of the Turney Ranch Formation 

are exposed in three localities in the Santa Rita Mountains (Fig. 29). East of Sycamore 

Canyon in the northern domain, a thin basal section confonnably overlies Shellenberger 

Canyon Formation, and is unconfonnably overlain by Upper Cretaceous volcanic rocks. 

A faulted and defonned northwest-trending linear outcrop belt is exposed in the Sawmill 

Canyon area in the central domain. The outcrop is faulted to the northwest against older 

rocks; to the southwest, the rocks are unconfonnably overlain by or faulted against Upper 

Cretaceous Fort Crittendon Formation. The best exposed section is in Adobe Canyon, 

also in the central domain, where about 350 m of upper Turney Ranch Forniation are 

exposed in the core of a tightly folded anticline (Drewes, 1971c; Inman, 1987). The rocks 

in this section are disconformably overlain by Fort Crittenden Formation. 

The Turney Ranch Formation includes fluvial sandstone, siltstone and mudstone 

(Drewes, 1971c; Inman, 1987), and is lithologically similar to exposures in the Empire 

and Whetstone Mountains, with the exception of some marine strata near the top of the 

formation in the Adobe Canyon area The following description is from exposures in 

Adobe Canyon, after Inman (1987). 

Most of the section consists of thick-bedded sandstone with interbedded fine

grained rocks. Sandstone beds are generally 1.5 to 3 m thick, but may be up to 12 m 

thick. Sedimentary structures include basal scour with overlying mud chip pebble lag, 

normal grading, abundant horizontal laminations with parting lineations, low-angle trough 

and planar-tabular cross-bedding, local convolute laminations, wavy bedding, ripple 

marks and burrowed tops. Sandstone beds are interpreted as meandering fluvial channel 

deposits. Fine-grained lithofacies include maroon calcareous siltstone and mudstone with 
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locally abundant calcareous nodules and a few pebble conglomerate beds made up of 

reworked calcareous nodules. They are interpreted as fluvial overbank deposits, including 

crevasse splay and levee deposits, with soil caliche nodules. Paleocurrents in the Turney 

Ranch Formation of Adobe Canyon are dominantly westerly to southwesterly, with minor 

southeasterly vectors (Fig. 29). 

The uppermost Turney Ranch Formation (lower transitional unit of Inman (1987) 

consists of about 100m of strata that include nearshore marine sandstone. Two sandstone 

beds composed of well-sorted quartzose sandstone have a suite of sedimentary structures 

that are interpreted as upper shoreface, beach, lagoonal and tidal inlet deposits, despite the 

absence of body fossils. The two sandstone bodies are separated by 70 m of coastal plain 

deposits. Fresh water gastropod and pelecypod fossils and fossil wood are reported from 

just above the lower sandstone. 

The overall environment for the uppermost Turney Ranch Formation is interpreted 

as meandering fluvial streams on the lower reaches of a broad coastal plain, where marine 

and nearshore environments transgressed during high sea level stands. Each of the two 

marine sand bodies is considered to represent a complete transgressive-regressive cycle, 

with resumption of coastal plain conditions between transgressions. Correlative marine 

facies have not been described from the Turney Ranch Formation at other localities, or 

from the Cintura Formation, but have been described from the Mojado Formation in 

southwest New Mexico (Hayes, 1970; Inman, 1987). 

The age of the uppermost Turney Ranch Formation is constrained only by the 

presence of Santonian to Maastrichtian hadrosaurian dinosaur fossils in the overlying Fort 

Crittenden Formation. The marine strata in the Mojado Formation in New Mexico are 

Cenomanian. 
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Northern Facies 

The northern facies include discontinuous outcrops of Bisbee Group in seven 

mountain ranges. The sections are incomplete and structurally disrupted, but have been 

considered Bisbee Group by previous workers based on stratigraphic position and 

lithologic similarity to known Bisbee Group. The northern facies are entirely nonmarine 

in origin, and bear resemblance to both northwestern and southeastern facies. They 

provide a record, though a spotty one, of deposition along the northern margin of the 

basin. 

Santa Catalina and Rincon Mountains 

The Bisbee Group is exposed in several areas along the eastern flank of the Santa 

Catalina Mountains, including Geesaman Wash, and Edgar and Buehman Canyons, and in 

the northeastern Rincon Mountains, Happy Valley and Rincon Valley (Fig. 4). Rocks 

range from mildly to strongly deformed, and have generally been affected by both 

Laramide thrust faulting and mid-Tertiary extension. No measured sections have been 

reported for these exposures, as they are deformed and faulted. Total thickness has been 

estimated as up to 1500 m (Thorman and Drewes, 1981). For this study, I made traverses 

in the Edgar Canyon and Happy Valley areas. 

Geesaman Wash. The Geesaman Wash locality is the northernmost reported 

exposure of Bisbee Group (Janecke, 1986). Bisbee Group strata are exposed as a thin, 

overturned section that crops out on the south side of the Geesaman fault (Fig. 26). 

Stretched Glance Conglomerate unconformably overlies Pennsylvanian-Permian Naco 

Group quartzite. The conglomerate has about 0.5 m of basal quartzite-cobble 

conglomerate, but otherwise is composed dominantly of Paleozoic limestone clasts, with 

minor quartzite and chert. Upper Bisbee Group strata include interbedded maroon and 



green phyllite, calcareous sandstone, massive to laminated quartzite, and local 

conglomerate lenses (Janecke, 1986). These rocks were deposited in alluvial fan and 

braided stream environments. 
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Janecke (1986,1987) interpreted an episode of syn-Bisbee normal faulting for the 

Geesaman fault. Paleozoic strata eroded fro~ the. footwall were deposited as Glance 

Conglomerate on the hanging wall of the fault. The Geesaman fault is the nothemmost 

known basin-bounding fault of the Bisbee basin. 

Edgar and Buehman Canyons. At least 315 m of Bisbee Group is exposed 

near Edgar Canyon (Bykerk-Kauffman, 1983) (Fig. 26). The rocks unconformably 

overlie Paleozoic sedimentary rocks. The basal Glance Conglomerate is 10 to 15 m thick 

and composed of limestone-cobble conglomerate with locally abundant quartzite clasts. 

Upper Bisbee Group strata include at least 300 m of interbedded maroon and light green 

mudstone, white quartzarenite, and rare conglomerate and silty limestone. The mudstone 

is commonly sheared and locally contains abundant flattened calcareous nodules, and the 

sandstone is highly fractured. The rocks in Edgar Canyon are relatively undeformed; to 

the south in Buehman Canyon, the rocks are increasingly metamorphosed. Basal 

stretched pebble conglomerate is overlain by interbedded purple and green phyllite and 

white quartzite. The rocks were deposited in a distal alluvial fan and braided stream 

environments. 

Northeast Rincon Mountains. The Bisbee Group in the northeast Rincon 

Mountains is approximately 1000 m thick and consists mostly of Glance Conglomerate 

(Lingrey,1982) (Fig. 26). The section is dominantly boulder and cobble conglomerate, 

and includes megaclasts of Paleozoic strata that are up to 400 m in maximum dimension. 

Paleozoic limestone is the most abundant clast type. Matrix-supported conglomerate is 

common. Upper Bisbee Group strata consist of cross-bedded quartzose sandstone and 
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red to purple siltstone and shale. The thickness and coarseness of the conglomerate, and 

the presence of megaclasts and matrix-supported conglomerate, suggest that the Glance 

Conglomerate is a proximal alluvial fan deposit. Upper Bisbee Group strata represent 

distal alluvial fan and fluvial deposits. 

Happy Valley. The Bisbee Group in Happy Valley is approximately 300 m 

thick (Drewes, 1974) (Fig. 26). The sequence crops out in a fault-bounded block, and the 

base and top are not exposed. Typical "Glance Conglomerate" is present, consisting of 

cobble and pebble conglomerate composed dominantly of Paleozoic limestone clasts. 

Upper Bisbee Group strata include red mudstone with calcareous nodules, horizontally

laminated and massive quartzose sandstone, and thin-bedded to laminated limestone. 

Lenses of well-sorted pebble to granule limestone-clast conglomerate fill channels cut into 

the limestone. Folding and faulting are common; calcareous nodules in the mudstone are 

stretched, mudstone is sheared, and sandstone is fractured. These rocks represent braided 

stream and lacustrine deposits. 

Rincon Valley. The Bisbee Group in Rincon Valley consists mainly of one 

fault-bounded exposure approximately 7 km2 in area. Outcrops are bordered on the north 

by the Catalina detachment fault, and represent upper plate rocks that have been emplaced 

above mylonitic Eocene and Precambrian granitic rocks (Dickinson, 1988). The exposure 

is internally faulted, and is mapped as undifferentiated Bisbee Group by Drewes (1977). 

Lithologies within this sequence are reported as shale, sandstone and minor limestone 

(Drewes, 1977). 

Galiuro Mountains 

Bisbee Group strata crop out intermittantly in a 20 km belt along the southwest 

flank of the Galiuro Mountains (Figs. 4 and 26). The rocks are highly folded and faulted, 
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and have been involved in both Laramide thrust faulting and mid-Tertiary low-angle 

normal faulting (Dickinson and others, 1987). An intact section 400 m thick was 

documented by Goodlin and Mark (1987), but they estimate total thickness to be much 

greater based on the extent of outcrops. Depositional base and top of the group are not 

exposed. Formations include Glance Conglomerate and overlying upper Bisbee Group 

strata. Outcrops in Hot Springs Canyon (identified as Willow Canyon Formation) have 

been described by Goodlin (1985), Mark (1985) and Goodlin and Mark (1987). 

Exposures in Kelsey Canyon and Palomas Wash were mapped by Dickinson (1986). I 

made traverses in all three areas for this study. 

Glance Conglomerate. Glance Conglomerate exposures are confined to the 

Palomas Wash area. The formation structurally underlies Paleozoic limestone or Jurassic 

Walnut Gap Volcanics emplaced above it by thrusting, and grades upward into finer

grained upper Bisbee Group strata. It consists of massive limestone-clast conglomerate 

with subordinate chert and sandstone clasts. Clasts range from boulders to pebbles, and 

are dominantly clast-supported with reddish sandy matrix. Dickinson (1986) interpreted 

the rocks as alluvial fan deposits. 

Upper Bisbee Group. Upper Bisbee Group strata include interbedded 

mudstone and sandstone with minor conglomerate, siltstone and limestone. Figure 30 

shows a representative sequence from Palomas Wash. Red to green mudstone is generally 

massive, and contains siltstone interbeds and abundant calcareous nodules. The nodules 

are massive, micritic, sandy, and generally pebble-sized, but range up to 4 cm in diameter. 

Sandstone is buff to gray in color and thick-bedded. Horizontal laminations are the most 

common sedimentary structure; trough and tabular cross-beds and massive bedding are 

locally abundant. The sandstone is generally fine- to medium-grained, moderately sorted, 

and cemented by calcium carbonate. Vertical burrows are present in Kelsey Canyon. 
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Figure 30. Representative sandstone-mudstone sequence from the upper Bisbee 
Group in the Palomas Wash area of the Galiuro Mountains. See Figure 12 in Chapter 2 
for explanation. 
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Lenticular conglomerate beds and lenses up to 4 m thick make up about 5 percent of the 

section (Goodlin and Mark, 1987). Basal scours are infIlled by clast-supported pebble to 

cobble conglomerate that grades upward to sandstone. Clasts are well rounded to 

subrounded limestone, quartzite and chert in a 5:4:3 ~tio (Goodlin and Mark, 1987). A 

single 3 m bed of unfossiliferous gray, thin-bedded sandy limestone with red-brown chert 

stringers is present in the Hot Springs Canyon area (Goodlin and Mark, 1987). 

The upper Bisbee Group is interpreted as braided floodplain and distal alluvial fan 

deposits (Goodlin and Mark, 1987). Mudstones represent extensive overbank deposits 

that formed adjacent to braided channels. The limestone bed probably represents a 

floodplain lake deposit. 

Gunnison, Red Bird, and Steele Hills and Little Dragoon Mountains 

The Gunnison, Red Bird, and Steele Hills and Little Dragoon Mountains in the 

northern part of the study area contain partial sections of the Bisbee Group (Figs. 4 and 

26). Glance Conglomerate is exposed in the northern Gunnison Hills, northern and 

eastern Red Bird Hills, and southern Steele Hills. Mural Limestone has not been 

recognized in this area, but upper Bisbee Group strata, mapped as Morita-Cintura 

Formations undivided (Cooper and Silver, 1964), are present in the north and east Steele 

Hills and southern Little Dragoon Mountains. I did not visit these localities. 

Glance Conglomerate. Cooper and Silver (1964) and Bilodeau (1979) studied 

the Glance Conglomerate in this area. The formation unconformably overlies either 

Paleozoic limestone or Triassic-Jurassic Walnut Gap Volcanics. Total thickness is 

unknown because the top is not exposed. More than 1000 m of strata are present in the 

Red Bird Hills, and at least 250 m in the Gunnison Hills. The conglomerate is poorly 

sorted, dominantly clast-supported boulder, cobble and pebble conglomerate with local 
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interbeds of sandstone near the top. Matrix-supported conglomerate is present locally in 

the Red Bird Hills. Clast size is also coarser in the Red Bird Hills. Clasts consist 

dominantly of Paleozoic limestone, with minor chert, sandstone, volcanic rocks, and red 

shale. Clast imbrications indicate southwest paleocurrents for the Red Bird Hills, and 

northwest to southwest paleocurrents for the Gunnison Hills (Bilodeau, 1979). 

Bilodeau (1979) interpreted these exposures of Glance Conglomerate together with 

the outcrops in the northern Dragoon Mountains to represent parts of a single depositional 

system consisting of coalescing alluvial fans that were shed from an uplifted mountain 

front to the east or northeast of the Red Bird Hills. 

Upper Bisbee Group. Upper Bisbee Group strata are up to 760 m thick on the 

north and east flanks and southern tip of the Steele Hills, with the top and base of the 

formation not exposed (Cooper and Silver, 1964). The rocks are poorly exposed and 

nonresistant. They consist of interbedded purple-red siltstone and shale and light-colored 

quartzite. Thin beds of quartz- and chert-pebble conglomerate are present locally, as is 

one 5 m thick bed of limestone conglomerate resembling Glance Conglomerate. A few 

thin intercalated brown silty limestone beds are also present. Thin limestone beds in the 

outcrops at the southern tip of the Steele Hills are local1 y laminated and have twig and root 

casts, and molds of gypsum or salt crystals (Cooper and Silver, 1964). 

Upper Bisbee Group outcrops in the southern Little Dragoon Mountains are 

estimated to be at least 700 m thick, and are lithologically similar to strata in the Steele 

Hills (Cooper and Silver, 1964). The rocks are locally strongly contact metamorphosed, 

particularly where they occur as roof pendants in the Tertiary Texas Canyon Quartz 

Monzonite. 
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These rocks are similar to other nonmarine upper Bisbee Group strata, and are 

interpreted as fluvial in origin. The thin limestone beds probably represent floodplain lake 

deposits. 

Western Facies 

The western facies include stra~ in the Tucson, Sierrita and Pajarito Mountains 

inferred by previous work to be correlative with the Bisbee Group (Fig. 4). As discussed 

below, however, the correlation is uncertain and parts or all of the strata in the western 

facies may be local equivalents of the younger Fort Crittenden Formation. The rocks are 

entirely nonmarine, and were deposited in fluvial, lacustrine, and alluvial fan 

environments. Neither the Mural limestone nor any other marine deposits have been 

recognized in this area. Descriptions and interpretations reported here are taken from 

previous investigations, as cited. I visited all three areas for this study. 

Limited age data is available for the western facies. Provisional correlation with 

the Bisbee Group is based on: 1) lithologic similarity of basal conglomerates with the 

Glance Conglomerate; 2) depositional position above Upper Jurassic rocks; 3) the 

presence of Upper Jurassic granitic clasts in conglomerates; and 4) the presence of 

depositionally continuous overlying fine-grained sedimentary rocks lithologically 

correlative with-upper Bisbee Group strata. 

Similar rocks are present in ranges even farther to the west, including the Oro 

Blanco, Roskruge, Waterman and Sitverbell Mountains in the next western belt, and the 

Comobabi Mountains, Sit Nakya Hills, Santa Rosa, Sheridan and Vekol Mountains even 

farther to the west. Table I lists the formation names and key references for these areas, 

which are not discussed further here. 
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Table 1. Strata correlative to the Bisbee Group to the west of the study 
area. 

Location Formation Reference 

Oro Blanco Mtns. Oro Blanco Formation Knight, 1970 

Roskruge Mtns. Cocoraque Formation Heindl, 1965a 

Waterman and 'Amole Arkose Hall,1985; 
Sitverbell Mtns. equivalent' Richard and 

Courtright, 
1960, 1966 

Comobabi Mtns. Sand Wells Formation Heindl, 1965a; 
and Sit Nakya Haxeland 
Hills others, 1978 

Sheridan and 'rocks of Gu Achi' Haxeland 
Santa Rosa others, 1980 
Mtns. 

VekolMtns Vekol Formation Heindl, 1965b 
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Tucson Mountains 

The Tucson mountains are a northwest-trending range underlain by Precambrian 

through Tertiary rocks (Fig. 3). The Amole Arkose is exposed along the west flanks of 

the range in several structural blocks. It includes at least 1000 m of alluvial fan, fluvial 

and lacustrine strata (Fig. 27). The rocks are faulted, intruded and metamorphosed. 

Risley (1987) measured several partial stratigraphic sections and compiled a composite 

section for the area. His lithologic descriptions and interpretations are summarized below. 

The Amole Arkose unconformably overlies either Paleozoic limestone or mid-Mesozoic 

Recreation Redbeds. It is unconformably overlain by Upper Cretaceous volcanic rocks. 

The Amole Arkose consists dominantly of interbedded black silty mudstone and 

siltstone, and gray to pink arkosic sandstone, with subordinate conglomerate and 

limestone. The mudstone ranges from massive to thin-bedded to laminated. Sandstone is 

very fine- to coarse-grained and locally pebbly, and occurs in beds up to 4 m thick. 

Conglomerate occurs primarily as massive subangular pebble conglomerate at the base of 

the section, and locally as lenses and beds of subrounded boulder and cobble 

conglomerate. Clasts include andesite, chert, siltstone and sandstone derived from the 

underlying Recreation Redbeds, Paleozoic limestone and Precambrian quartzite. Gray to 

black limestone is silty or sandy and thinly-laminated. 

Risley (1987) recognized four depositional systems within the Amole Arkose: 

alluvial fan, floodplain, lacustrine delta, and shallow lake. Alluvial fan deposits include 

200 to 400 m of conglomerate with minor interbedded sandstone. Shallow lake deposits 

include massive to laminated mudstone and siltstone, and algal-laminated limestone. 

Floodplain deposits are interbedded with the shallow lake facies. They consist of 

channeled, cross-bedded, rming-upward sandstone bodies interpreted as braided stream 

deposits. Lacustrine delta deposits consist of coarsening-upward sequences that are 25 to 
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80 m thick, with four components: 1) Foredelta dark anoxic mudstone with interbedded 

sandstone; 2) Delta front interbedded laminated to cross-laminated lenticular sandstone 

grading upward to cross-bedded sandstone with internal scour surfaces; 3) Distributary 

channel amalgamated sandstone beds; and 4) lakeshore laminated or bioturbated sandstone 

and siltstone with interbedded stromatolitic limestone beds and freshwater bivalve coquina 

lenses. 

Sedimentology of the Amole Arkose indicates that it was deposited within a 

structurally defined lake basin with alluvial fans and ephemeral braided streams on the 

flanks, fluvial-deltaic deposits on the lake margins, carbonate deposition along the 

shoreline and in shoal areas, wave-transported sediments at shallow lake depths, and 

density currents and quiet-water sedimentation in the deep lake bottom. Abrupt facies 

changes and intertonguing of facies imply that the lake level fluctuated markedly. 

Paleocurrent indicators from fluvial deposits (Risley, 1987) show a dominant paleoflow 

direction to the southeast. 

Fossils within the Amole Arkose include unidentified ostracodes, gastropods, 

pelecypods, fish, charophytes and wood. None of the material is age-diagnostic, but all 

of it indicates a nonmarine setting. The age of the Amole Arkose is bracketed between 

underlying mid-Mesozoic redbeds that are intruded by porphyry dated at 155 +/- 5 Ma 

(K/Ar, plagioclase; Shafiqullah and others, 1980), and overlying volcanic rocks dated at 

72.1 +/- 2.3 Ma (K/Ar, K-spar; Bikerman and Damon, 1966). Risley (1987) correlated 

the Amole Arkose with the Cocoraque Formation in the Roskruge Mountains based on 

lithologic similarity. The Cocoraque Formation includes a green and purple altered 

andesite body that has been dated at 110 Ma (+/- 2.4 Ma, KlAr, whole rock; Bikerman, 

1967) 
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Recently, Lipman (1990, personal communication to W.R. Dickinson) discovered 

of an ash flow tuff in the upper Amole Arkose that he correlates lithologically with the tuff 

of Confidence Peak from the Silverbell caldera, dated at 73 Ma. If the correlation is 

correct, then the Amole Arkose, or at least the upper part of the Amole Arkose, is entirely 

younger than the Bisbee Group, and apparently correlative with the Fort Crittenden 

Formation. 

Sierrita Mountains 

The Sierrita Mountains are a nearly circular range along the western fringe of the 

study area, underlain by rocks of Precambrian through Tertiary age. The Angelica Arkose 

is considered correlative with the Bisbee Group. It is exposed on the east flank of the 

range in several discontinuous outcrops (Cooper, 1971; 1973) (Fig. 4). The rocks are 

generally poorly exposed, and are locally metamorphosed and tectonized. 

The Angelica Arkose consists of up to 1500 m of arkosic sandstone, 

conglomerate, siltstone and minor limestone (Fig. 27). The basal contact with the 

underlying Whitcomb Quartzite ranges from disconformable to gradational (Cooper, 

1971). The contact with the overlying Upper Cretaceous Demetrie Volcanics is an angular 

unconformity. Cooper (1971) recognizes three members: basal conglomerate, middle 

arkose and siltstone, and upper arkosic grit and conglomerate. 

The basal conglomerate consists of lenticular pebble to cobble conglomerate that 

ranges in thickness from 0 to 150 m. Subrounded pebbles and cobbles consist dominantly 

of volcanic rocks with subordinate quartzite, graywacke, chert, limestone, aplite and vein 

quartz. Thin sandstone lenses are locally interbedded with the conglomerate. The basal 

conglomerate is interpreted as an alluvial fan deposit. 
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The middle member consists of about 600 m of thin-bedded arkosic sandstone and 

siltstone. Fine- to coarse-grained sandstone beds are up to 3 m thick, but most are less 

than 0.5 m thick. The beds are lenticular with scour and fill channel structures and sparse 

cross-beds. Massive to weakly fissile argillaceous siltstone is commonly epidotized. The 

contact with the basal conglomerate member is locally gradational, with interbedded 

conglomerate decreasing upward. The middle member is interpreted as braided stream 

deposits. 

The upper arkosic grit and conglomerate member consists of up to 500 m of thick

bedded gray to brown pebbly sandstone, pebble conglomerate, and minor siltstone, 

limestone and quartzite. Sandstone and pebbly sandstone beds are cross-bedded and have 

scour and fill channel structure~. Conglomerate clasts include quartzite and granite, and 

minor quartz, feldspar, and fine-grained igneous and sedimentary rocks, all derived from 

locally exposed Triassic and Jurassic rocks. Distinct fme-grained quartzite beds are 

present near the base of the member. Sequences of thin-bedded limestone, sandstone and 

siltstone up to 60 m thick are present in the middle and upper parts of the member. 

Lenticular laminated limestone beds are up to 1 m thick, and locally contain recrystallized 

pelecypod and gastropod fossils, algal structures, and ostracodes. None of the fossils are 

age-diagnostic, but they do indicate a fresh-water environment. The upper member is 

interpreted as lacustrine and braided stream deposits. 

Cooper (1971) correlated the Angelica Arkose with the Amole Arkose of the 

Tucson Mountains, based on lithology. The rocks are interpreted as a locally derived 

alluvial fan, braided stream and lacustrine depositional system, similar to the setting 

described for the Amole Arkose by Risley (1987). 
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Pajarito Mountains 

Rocks considered correlative with the Bisbee Group crop out in the western 

Pajarito Mountains (Fig. 4). The sequence includes a basal 'Glance' conglomerate 

(referred to as Oro Blanco Conglomerate by Knight (1970) and Summit Conglomerate by 

Riggs (1987», and overlying fine-grained strata referred to as Bisbee Formation (Drewes, 

1981a; Riggs, 1987) (Fig.27). The conglomerate unconformably overlies Jurassic Cobre 

Ridge Tuff (Riggs, 1987). The Bisbee Formation is unconformably overlain by Tertiary? 

volcanic rocks (Riggs, 1987). 

The basal conglomerate ranges from a few to 1000 m thick (Riggs, 1987). It 

consists of massive subrounded to angular pebble, cobble and boulder conglomerate that 

ranges from clast- to matrix-supported. Clasts are predominantly volcanic, derived from 

the underlying Jurassic Cobre Ridge tuff. Other clast types include other volcanic rocks, 

arkose, quartzite, lithic sandstone, and granite identified as Nogales Granite (150 Ma). 

Siltstone and sandstone interbeds are locally present. 

The Bisbee Formation consists of about 100m of thin-bedded arkosic sandstone, 

siltstone, black shale, algal-laminated limestone and lenses of conglomerate. The contact 

with underlying conglomerate is gradational. Rare sedimentary structures in the 

sandstone and mudstone include ripple marks and channel scours. The conglomerate is 

generally similar to that seen in the underlying basal conglomerate, but locally includes 

intraclasts of laminated limestone. One gastropod of probable fresh-water origin is 

reported from the formation (Riggs, 1987). 

Riggs (1987) interpreted the basal conglomerate as an alluvial fan deposited on 

Cobre Ridge tuff. The overlying Bisbee Formation represents lacustrine and fluvial or fan 

delta deposits in an adjacent lake basin. Near-shore algal stromatolites were ripped up and 

redeposited, suggesting intermittent subaerial exposure. 
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The age of the sequence is poorly constrained. Granite clasts in the conglomerate 

indicate an age of younger than 150 Ma. Lithologic similarity to the Amole Arkose of the 

Tucson Mountains and the Apache Canyon Formation of the Santa Rita Mountains is the 

basis for suggested correlation with the Lower Cretaceous Bisbee Group (Drewes, 1981a; 

Riggs, 1987). 



CHAPTER FOUR 
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Previous workers have locally documented sandstones of quartzose, arkosic, lithic 

and mixed petrofacies in the Bisbee Group (Archibald, 1982; Drewes, 1971; Hayes, 

1970a; Inman, 1982; Jamison, 1983; Lindberg, 1982; Simons, 1972; Sumpter, 1986). 

The object of this study was to determine the basin-wide geographic and stratigraphic 

distribution of sandstone petrofacies with three specific goals: (1) to use petrofacies as a 

means of correlation between northwestern and southeastern facies; (2) to understand the 

geometry and evolution of sediment dispersal patterns within the basin; and (3) to identify 

tectonic setting of source terranes for Bisbee Group sandstones. The main technique used 

in this study was microscopic determination of types and relative abundances of detrital 

grains in thin sections of strategically collected sandstone samples. Specific collecting 

localities are listed in Appendix B. Data are presented in tabular form in Appendix C. 

Detrital modes are summarized on ternary plots that relate sandstone composition to plate 

tectonic setting of source terrane, and on histograms that show stratigraphic evolution in 

composition. Six petrofacies are recognized within the Bisbee basin. The petrofacies do 

not resolve correlation problems between northwestern and southeastern facies, but do 

provide important information about tectonic setting of source terranes and patterns of 

sediment dispersal within the basin. Compositional data and petrofacies are described in 

this chapter. Correlation and basin models based on combined lithofacies and petrofacies 

data are the subject of Chapter 6. 
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Methods 

Sampling 

A sampling strategy was devised to meet the specific goals outlined above. To 

resolve correlation problems between southeastern and northwestern facies, samples were 

systematically collected at tOO m intervals frc:>m the best exposed and most complete 

stratigraphic section in each principal outcrop area of southeastern and northwestern facies 

(Fig 4). Southeastern facies were collected in the Huachuca, Mule and southern 

Chiricahua Mountains. A complete section of northwestern facies is not present in any 

single exposure, so a composite section from the Empire and Whetstone Mountains was 

sampled Preliminary results of this part of the study have been reported by Klute and 

Dickinson (1986) and Klute (1987, 1991). 

After initial work was completed on the main northwestern and southeastern study 

areas discussed above, the next goal was to determine compositional trends of Bisbee 

Group sandstones in surrounding areas where less complete stratigraphic sections are 

exposed. These areas were sampled in reconnaissance fashion. Additional sample sites 

include: the Patagonia, Dragoon, and Dos Cabezas Mountains and Canelo Hills for the 

southeastern facies; the Santa Rita Mountains for the northwestern facies; the Santa 

Catalina, Rincon and Galiuro Mountains for the northern facies; and the Pajarito 

Mountains for the western facies (Fig. 4). Data from these areas, integrated with 

previously published data sets, provide a solid basis for discussing basin-wide petrofacies 

patterns. 

Possible alteration of original sandstone composition 

Sandstone composition is affected by climate, depositional environment, 

diagenesis and surface weathering. The possible role of each of these factors must be 
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evaluated before using detrital fllooes to make inferences about basin evolution and 

provenance. Sandstone samples were collected mainly from fluvial deposits. Fluvial 

transport alone does not usually change proportion of light minerals in sand (Dickinson, 

1985). The role of climate on sandstone composition is discussed at the end of the 

chapter. 

Previous investigators have noted problems with diagenesis and replacement in 

determining detrital modes of Bisbee Group sandstones; specifically, replacement of 

feldspar and other framework grains by calcite, sericite, and clay minerals, and albitization 

of feldspars (Archibald, 1982; Inman, 1982; Sumpter, 1986). Although Bisbee Group 

rocks are locally well exposed in stream cuts, outcrops are commonly deeply weathered. 

Great care was taken to extract fresh samples from deep within outcrops in order to 

minimize effects of surface weathering. In spite of careful sampling, up to one-third of 

the samples were too altered for adequate point counting, and so were rejected from the 

study. Criteria for rejection included pervasive replacement of framework grains by 

carbonate or clay minerals, and tectoni zed fabric with highly sutured or strained quartz 

grains and squashed, unidentifiable lithic fragments. The thin sections utilized for point 

counting were all relatively unaltered. 

Detrital mode determinations 

Point counts of 400 to 500 detrital grains per sample were made on thin sections 

stained for both plagioclase and potassium feldspar. Table 2 lists grain types counted and 

defines end members of the reference ternary plots that relate sandstone composition to 

tectonic setting of source terrane (Dickinson and Suzcek, 1979; Dickinson and others, 

1983). The Gazzi-Dickinson point-counting method (Dickinson, 1970; Zuffa, 1980; 

Ingersoll and others, 1984) was used to minimize compositional bias due to grain size. 



Table 2. Classification and symbols of sandstone framework grains used in tables, 
ternary plots and histograms. 

Qt=Qm+Qp 

Qt = total quartzose grains 
Qm = monocrystalline quartz 
Qp = polycrystalline quartz including chert (Ch) 

F = P+K 

F = total feldspar grains 
P = plagioclase feldspar 
K = potassium feldspar 

Lt=L+Qp 

Lt = total aphanitic lithic fragments 
L = Lv + Ls 

Lv = volcanic lithic fragments 
Ls = sedimentary and metasedimentary (Lm) lithic fragments 
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Individual mineral crystals of size greater than 0.0625 mm within polycrystalline grains 

were counted as the mineral grain type rather than the polycrystalline grain type, although 

information about the containing lithic fragment was retained in raw data and taken into 

account when interpreting provenance. In practice, this method affected only a small 

percentage of the total grains counted; specifically, monocrystalline quartz grains within 

coarse polycrystalline quartz and sandstone grains, and monocrystalline quartz and 

feldspar within rare granitic rock fragments. Rock names are assigned according to the 

classification of McBride (1963). 

An effort was made to restrict samples to medium- to coarse-grained sandstone 

(0.25 to 1.0 mm) in order to avoid compositional bias due to grain size. Locally, only 

fine- to medium-grained ( 0.177 to 0.35 mm) sandstones were ,available. The fmer 

grained sandstones are not significantly different in composition from medium- to coarse

grained sandstones interbedded within the same stratigraphic intervals. 

Southeastern Petrofacies 

Southeastern facies were extensively sampled in the southern Chiricahua, Mule 

and Huachuca Mountains; smaller sample sets were collected in the Dos Cabezas, Dragoon 

and Patagonia Mountains and Canelo Hills. Sandstone compositions are grouped into a 

dominant quartzose petrofacies and a subordinate volcanic petrofacies (Figs. 31, 32,33). 

In all mountain ranges, sandstones of both Morita and Cintura Fonnations are similar in 

composition. Areal variations in sandstone composition between mountain ranges are 

more significant than stratigraphic compositional variations; specifically, the abundance of 

volcanogenic grains increases to the west. The one exception is the single sample from the 

Canelo Hills, which will be discussed separately. 
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Figure 31. Qrn-F-Lt ternary plots of southeastern facies sandstones (after 
Dickinson and Suzcek (1979) and Dickinson and others (1983). See Table 2 for key to 
pole abbreviations. 
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Figure 32. Histograms showing percent framework of seven grain types for 
southeastern facies sandstones from the Chiricahua, Mule and Huachuca Mountains. 
Samples are in correct stratigraphic position, but no thickness relationships are implied. 
All sandstones are included in the southeastern quartzose petrofacies except volcanic 
petrofacies (v) sandstones in the Huachuca Mountains, and one of mixed composition 
(SE-MP-9) in the Huachuca Mountains. See Table 2 for key to grain type abbreviations 
and Tables 3 and 4 for mean and standard deviation values. Note that percent chert (Ch) is 
included with the polycrystalline quartz mode. 
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Figure 33. Histograms showing percent framework of seven grain types for 
southeastern facies sandstones in the Patagonia, Dragoon, and Dos Cabezas Mountains 
and Canelo Hills. Samples are in correct stratigraphic position, but no thickness 
relationships are implied. All sandstones are included in the southeastern quartzose 
petrofacies except volcanic petrofacies (v) sandstones in the Patagonia Mountains, and the 
Canelo Hills sample. See Table 2 for key to grain type abbreviations and Tables 3 and 4 
for mean and standard deviation values. Note that percent chert (Ch) is included with the 
polycrystalline quartz mode. 
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Quartzose Petrofacies 

All sandstone samples from the Mule, Chiricahua, Dos Cabezas and Dragoon 

Mountains, most sandstones from the Huachuca Mountains, and one sample from the 

Patagonia Mountains are included in the quartzose petrofacies (Table 3). These rocks are 

quartzarenites, subarkoses and sublitharenites that are composed dominantly of 

monocrystalline quartz (mean = 84 percent) with lesser amounts of polycrystalline quartz, 

chert, feldspar, and lithic fragments. Most monocrystalline quartz grains have straight 

extinction; one-quarter to one-half of the grains are polygonized and/or undulose. 

Monocrystalline quartz grains with abraded silica overgrowths are present in most 

samples. Polycrystalline quartz types include microgranular and foliated quartz 

aggregates. Chert grains include some with relict textures suggestive of origin by 

replacement of carbonate. Plagioclase is the most abundant feldspar; microcline and 

orthoclase are present locally. Sedimentary rock fragments include impure chert, 

sandstone, siltstone, mudstone, and argillite. Extrabasinallimeclasts present locally in 

trace amounts are not included in modal calculations. Volcanic lithic fragments include 

plagioclase-bearing lath work and microlitic grains, and microgranular grains with felsitic~ 

siliceous, or nearly opaque groundmasses, with and without plagioclase phenocrysts. 

Rare schistose metasedimentary lithic fragments are composed of foliate quartz and mica. 

White mica is also present in trace amounts. Sandstones are mostly moderately sorted with 

subangular to rounded grains; angular grains occur locally. Compositional variations 

between mountain ranges are discussed below. 

Chiricahua Mountains. Fifteen sandstone samples from the Chiricahua 

Mountains are all included in the southeastern quartzose petrofacies (Figs. 31, 32). 

Monocrystalline quartz averages 88 percent, and shows a slight upward increase in 

abundance. Potassium feldspar is more abundant than plagioclase. Volcanic lithic 



SOUTHEASTERN QUARTZOSE PETROFACIES 

Chiricahua Mule Huachuca Dos Cabezas Dragoon Patagonia! SUMMARY 
Mtns Mtns Mtns Mtns Mtns Mtns 

N 15 10 9 2 6 1 43 N 

Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std 

Qt 92.5 4.9 84.5 4.8 84.0 3.6 99.5 0.0 83.8 6.2 79.0 87.7 6.8 Qt 
Qm 87.7 7.7 80.8 5.2 79.8 3.9 95.4 1.6 80.7 6.8 77.0 83.6 7.5 Qm 
Qp 4.8 4.0 3.7 1.6 4.1 2.4 4.1 1.6 3.1 2.1 2.0 4.1 3.0 Qp 
Ch 2.1 4.1 0.5 0.4 0.5 0.7 1.8 1.8 2.4 2.0 2.0 1.4 2.7 Ch 
F 3.6 4.6 11.9 3.5 9.4 4.9 0.1 0.2 13.8 5.4 5.0 8.0 6.1 F 
P 1.3 2.0 11.7 3.3 8.7 4.6 0.0 0.0 13.4 5.7 6.0 7.0 6.2 P 
K 2.3 3.1 0.2 0.4 0.7 1.9 0.1 0.2 0.4 0.7 0.0 1.1 2.2 K 
Lt 8.7 7.2 7.3 2.1 10.8 6.2 4.5 1.4 5.5 3.0 19.0 8.4 5.9 U 
L 3.8 3.4 3.6 2.3 6.6 4.3 0.4 0.2 2.4 1.1 17.0 4.3 4.0 L 
Lv 0.2 0.6 1.9 1.6 5.8 3.8 0.0 0.0 1.5 0.7 17.0 2.3 3.6 Lv 
Ls 3.6 3.5 1.7 0.9 0.8 0.9 0.3 0.3 0.9 0.7 0.0 2.0 2.5 Ls 

Table 3. Mean percent and standard deviation of eleven framework grain parameters for Bisbee Group sandstones in the 
southeastern quartzose petrofacies. See Table 2 for key to grain type abbreviations. N, number of samples. 

-0'\1 
o 



161 

fragments are present in trace amounts in most samples, but are subordinate to 

sedimentary lithic fragments. Two Morita Formation sandstones contain relatively high 

amounts of chert and sedimentary lithic fragments (Figs. 31, 32). Limeclasts also occur in 

these samples, and are evidence that the sandstones were derived in part from chert

bearing carbonates, from which most of the carbonate debris did not survive transport. 

Lindberg (1982) reported that a few sandstones from the Morita Formation in the 

Chiricahua Mountains contain up to 30 percent volcanic rock fragments and 70 percent 

quartz. 

Mule Mountains. The suite of sandstones from the Mule Mountains includes 

ten samples that average 81 percent monocrystalline quartz, slightly less than Chiricahua 

Mountains samples (Figs. 31, 32). They contain an average of 12 percent plagioclase, 

which is significantly more than Chiricahua Mountains samples, and only trace amounts of 

potassium feldspar. Volcanic lithic fragments are more abundant than sedimentary lithic 

fragments, and are more abundant than in the Chiricahua Mountains.· Both Hayes (1970a) 

and Jamison (1983) reported the presence of sandstones in the Mule Mountains that 

contain low amounts of quartz, and abundant plagioclase and volcanic lithic fragments. 

Huachuca Mountains. Nine samples of quartzose sandstones from both the 

Morita and Cintura Formations are similar in composition to sandstones in the Mule and 

Chiricahua Mountains, containing an average of 80 percent monocrystalline quartz (Figs. 

31, 32). Feldspar is present in about the same amount as in the Mule Mountains, and 

consists almost entirely of plagioclase. Volcanic lithic fragments are more abundant (mean 

= 6 percent) than in ranges to the east, and are much more abundant than sedimentary lithic 

fragments. 

Dos Cabezas Mountains,' Two samples of Cintura Formation from the Dos 

Cabezas Mountains are composed dominantly of monocrystalline quartz (mean = 95 
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percent), with subordinate polycrystalline quartz, chert, siltstone, and trace amounts of 

potassium feldspar and schist (Figs. 31, 33). Plagioclase and volcanic lithic fragments are 

absent. The rocks also have 20 to 40 percent calcite cement, and quartz grains show some 

replacement by calcite along edges. It is possible that feldspar or lithic fragments may 

have been completely replaced, but the presence of a few of the less stable grains argues 

against this. These two quartzarenites are very similar to a few samples from the 

Chiricahua Mountains, and are mineralogically the most mature of the southeastern 

quartzose petrofacies. 

The Dos Cabezas Mountains samples are from the northernmost outcrop of Bisbee 

Group in the southeastern facies (Road Canyon area) (Fig. 4). The Morita Formation is 

not present at this locali ty. Drewes ( 1981 b) described the Morita Formation farther south 

in the Dos Cabezas Mountains as being more feldspathic than the Cintura Formation, so 

there is some evidence that the Bisbee Group becomes more quartzose up section in this 

area. 

Dragoon Mountains. Six sandstone samples were collected from a 300 m 

traverse through the Morita Formation, Mural limestone and Cintura Formation in the 

Black Diamond mine area of the Dragoon Mountains, including two samples from each 

formation. This suite is very similar to the Mule Mountains suite. The rocks are all 

subarkoses, with a mean of 81 percent monocrystalline quartz and up to six per cent 

polycrystalline quartz, mainly chert (Figs. 31, 33). Feldspar averages 14 percent, and is 

dominantly plagioclase. A few potassium feldspar grains are present in the Mural 

Limestone. Volcanic lithic fragments range from one to three percent Sedimentary lithic 

fragments range from zero to two percent, and consist mainly of siltstone and minor fine

grained sandstone. One Mural Limestone sample has 27 percent intrabasinallimeclasts 
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which were not included in detrital mode calculations. The histogram (Fig. 33) shows that 

these samples become more quartzose up-section. 

These samples are from the middle of the Bisbee Group in the Dragoon 

Mountains, which is estimated to have a total thickness of about 1500 m (Drewes, 1981a; 

1987). Detrital modes determined by Jamison (1983) for four samples from the Dragoon 

Mountains are similar to data reported here, except for two samples that contained 12 to 20 

percent chert. Samples collected for this study from the Middlemarch and Fourr Canyon 

areas proved too altered by contact metamorphism to be point counted. 

Patagonia Mountains. One sample from the upper part of the upper member 

of the Bisbee Formation in the Patagonia Mountains is a sublitharenite that is included in 

the quartzose petrofacies. It contains 77 percent monocrystalline quartz, five percent 

plagioclase, and 17 percent volcanic lithic fragments, and is very similar to quartzose 

sandstones in the Huachuca Mountains (Figs. 31,33). 

Other southeastern areas. Bisbee Formation sandstones in the Tombstone 

Hills are described as homfelsed arkose (Drewes, 1981a). Gilluly (1956) reported that 

Bisbee Formation sandstones are composed dominantly of quartz, with subordinate 

amounts of microcline, orthoclase, plagioclase and limeclasts. He also noted that several 

sandstones contain fragments of rhyolitic volcanic rocks consisting of quartz and sanidine 

phenocrysts in a devitrified groundmass. This description is similar to quartzose 

petrofacies sandstones in the Mule and Dragoon Mountains reported here. 

Quartzarenite and glauconitic quartzarenite are present in the Guadalupe Canyon 

area of the southern Peloncillo Mountains (Ferguson, 1983). Three sandstones from 

marginal marine lithofacies of the upper Morita Formation average 97 percent quartz, 1 

percent feldspar and 2 percent lithic fragments. Feldspar includes both plagioclase and 
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microcline. Hayes (197Ob) reported the presence of graywacke with volcanic cobbles in 

the lower part of the Morita Formation in the Peloncillo Mountains. 

Volcanic Petrofacies 

The volcanic petrofacies is present in the Huachuca and Patagonia Mountains. 

These rocks are classified as lithic arkoses and feldspathic litharenites. Detrital grain types 

are similar to those in the quartzose petrofacies, but abundances are very different (Table 

4). Detrital modes plot in the transitional arc field (Fig. 31). 

Huachuca Mountains. Volcanic petrofacies sandstones are randomly 

interbedded with quartzose sandstones in both the Morita and Cintura Formations (Fig. 

32). The five samples examined for this study contain less than 20 percent 

monocrystalline quartz, and are composed dominantly of subequal amounts of plagioclase 

and volcanic lithic fragments (Figs. 31,32). Chert, polycrystalline quartz, and 

sedimentary lithic fragments are present in very small amounts; potassium feldspar is 

absent Sand grains within this petrofacies tend to be more angular than those in the 

quartzose petrofacies. Angularity is particularly characteristic of the sparse quartz grains, 

which dominantly exhibit straight extinction and display no abraded silica overgrowths. 

The volcanic petrofacies includes about 20 percent of Morita and Cintura 

Formation sandstones in the Huachuca Mountains. One Morita sandstone sample (SE

MP-9, Figs. 31,32) is apparently of mixed composition, and probably reflects mixing of 

quartzose and volcanic sands from the two petrofacies by fluvial processes. 

Patagonia Mountains. Simons (1972) noted that the Bisbee Formation in the 

Patagonia Mountains contains considerably more volcanic detritus than it does elsewhere. 

Two lithic arkose samples collected from the upper member are similar to sandstones of 
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Qt 
Qm 
Qp 
Ch 
F 
P 
K 
Lt 
L 
Lv 
Ls 

SOUTHEASTERN VOLCANIC PETROFACIES 

Huachuca Patagonia SUMMARY 
Mtns Mtns 

5 3 8 

Mean Std Mean Std Mean Std 

18.0 5.2 20.6 8,3 19.0 6.1 
14.8 4.6 19.7 8.3 16.6 6.2 
3.2 0.9 0.9 0.7 2.3 1.4 
0.6 0.4 0.1· 0.1 0.4 0.4 

41.1 9.0 35.1 15.7 38.8 11.2 
40.9 9.0 33.5 18.1 38.2 12.5 
0.1 0.1 1.5 2.5 0.7 1.5 

44.1 5.3 45.2 8.3 44.5 6.0 
40.9 4.7 44.3 8.8 42.2 6.2 
37.8 2.9 44.3 8.8 40.3 6.2 
3.1 2.2 0.0 0.0 1.9 2.3 

Canelo 
Hills 
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1 N 

43.0 Qt 
42.0 Qm 

1.0 Qp 
0.0 Ch 

53.0 F 
53.0 P 
0.0 K 
5.0 Lt 
4.0 L 
4.0 Lv 
0.0 Ls 

Table 4. Mean percent and standard deviation of eleven framework grain parameters 
for Bisbee Group sandstones in the southeastern volcanic petrofacies, and 
compositional data for one sample from the Canelo Hills. See Table 2 for key to 
grain type abbreviations. N, number of samples. 
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the volcanic petrofacies in the Huachuca Mountains (Figs. 31, 33). These rocks average 

44 percent plagioclase, 40 percent volcanic lithic fragments and only 16 percent quartz. 

One poorly sorted fme- to coarse-grained feldspathic litharenite was collected from 

the basal conglomerate sequence (Fig. 33). This sample contains much less plagioclase 

(13 percent) and more volcanic lithic fragments (54 percent) and quartz (28 percent) than 

most volcanic petrofacies sandstones. It also contains 4 percent potassium feldspar, 

which is rarely seen in southeastern petrofacies sandstones. The unusual composition of 

this rock may be attributed to its stratigraphic position near the base of the sequence, 

immediately overlying Jurassic volcanic rocks. 

Canelo Hills 

Only 50 m of basal Morita Formation are present in the Canelo Hills. Morita 

Formation sandstone is described as arkosic by Vedder (1984). The one sample collected 

for this study is an arkose, composed of 53 percent plagioclase, 43 percent quartz and 

only 4 percent lithic fragments, which are mainly volcanic fragments (Table 4, Figs. 31, 

33). This sandstone is unlike any others in the southeastern petrofacies, and may be more 

closely linked with northwestern petrofacies. 

Southeastern Petrofacies Summary 

Extreme compositional differences between the two southeastern petrofacies 

indicate that two different source terranes provided sediment to the southeastern part of the 

Bisbee Basin. The quartzose petrofacies dominates the southeastern facies in all mountain 

ranges except the Patagonia Mountains, and probably represents recycled sedimentary 

detritus derived from a cratonic block. The inferred sources are cratonal strata exposed 
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during late Mesozoic time in the Mogollon Highlands and cratonic North America to the 

north and northeast of the Bisbee basin (Fig. 1). 

The volcanic petrofacies dominates the Bisbee Formation in the Patagonia 

Mountains, and is interbedded with the quartzose petrofacies throughout the strntigraphic 

section in the Huachuca Mountains. Volcan~c fragments are present in sandstones of the 

quartzose petrofacies, and generally decrease in abundance from west-southwest to east

northeast across the basin. This compositional trend is illustrated on the Qp-Lv-Ls 

diagram (Fig. 34) that shows the mean values for sample suites from each mountain 

range. The west-southwest to east-northeast decrease in volcanogenic sediment that 

suggests an influx of volcanic debris from the west dominated deposition in the Patagonia 

Mountains, and was deposited as discrete beds in the Huachuca Mountains, but was 

diluted by more quartzose sediment farther east and northeast. The source may have been 

local rift-related volcanic rocks, the eroding Jurassic magmatic arc to the west, or the 

contemporaneous Cretaceous Alisitos arc to the southwest. 

Northwestern Petrofacies 

Three petrofacies are recognized in the northwestern facies of the Bisbee Group 

(Figs. 35, 36; Table 5). They document an up-section evolution from arkosic to mixed 

lithic-arkosic-quartzose to dominantly quartzose sands. Willow Canyon Formation 

samples were collected in the Empire and Santa Rita Mountains. Shellenberger Canyon 

and Turney Ranch Formation samples were collected in the Whetstone Mountains. 

Arkosic Petrofacies 

The arkosic petrofacies includes arkosic sandstones of the Willow Canyon 

Formation (Figs. 35, 36). The medium- to coarse-grained sandstones are commonly 
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Figure 34. Qp-Lv-Ls ternary plot of southeastern facies sandstones. Symbols 
show mean for each mountain range or petrofacies. See Table 2 for key to pole 
abbreviations. 
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Figure 35. Qm-F-Lt ternary plots of northwestern facies sandstones. See Table 2 
for key to pole abbreviations. Other symbols: closed circles, Willow Canyon Formation 
in the Empire Mountains; open circles, Willow Canyon Formation in the Santa Rita 
Mountains; squares, Shellenberger Canyon Formation; triangles, Turney Ranch 
Formation; crosses, Shellenberger Canyon Fonnation data points from Archibald (1982) 
showing up-section increase in abundance of quartz. 
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Figure 36. Histograms showing percent framework of seven grain types for 
northwestern facies sandstones (upper plot includes samples from Empire and Whetstone 
Mountains). Samples are in correct stratigraphic position, but no thickness relationships 
are implied. See Table 2 for key to grain type abbreviations and Table 5 for mean and 
standard deviation values. Note that percent chert (Ch) is included with the polycrystalline 
quartz mode. 



NORTKWESTERNPETROFAC~ 

ARKOSIC TRANSmONAL QUARTWSE 

Empire Santa Rita SUMMARY Whetstone Whetstone 
Mtns Mtns Mtns Mtns 

N 7 5 12 4 6 N 

Mean Std Mean Std Mean Std Mean Std Mean Std 

Qt 57.4 5.9 50.8 4.5 54.6 6.2 45.8 5.8 76.9 2.8 Qt 
Qm 52.2 6.6 48.7 4.7 50.8 5.9 40.4 8.1 72.2 2.9 Qm 
Qp 5.2 2.1 2.0 0.5 3.9 2.3 5.4 2.9 4.7 1.0 Qp 
Ch 0.6 0.4 0.8 0.5 0.7 0.5 1.9 0.7 2.0 0.9 Ch 
F 37.7 6.3 44.5 1.2 40.6 5.9 37.9 2.6 14.5 5.6 F 
P 21.4 5.4 32.7 4.3 26.1 7.5 37.3 2.7 11.5 2.5 P 
K 16.3 5.2 11.9 4.6 14.5 5.3 0.6 0.5 3.0 3.6 K 
U 10.1 2.9 6.7 3.6 8.7 3.5 21.7 9.4 13.2 3.9 11 
L 4.9 1.4 4.7 3.3 4.8 2.2 16.3 7.2 8.6 3.8 L 
Lv 1.5 0.8 4.7 3.3 2.9 2.6 12.2 5.9 3.0 1.2 Lv 
Ls 3.3 0.8 0.0 0.0 1.9 1.8 4.1 2.3 5.4 2.7 Ls 

Table 5. Mean percent and standard deviation of eleven framework grain parameters for Bisbee Group sandstones 
in the northwestern petrofacies. See Table 2 for key to grain type abbreviations. N, number of samples. 
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poorly sorted and texturally less mature than sandstones in either overlying petrofacies or 

correlative southeastern petrofacies. Sand grains are generally angular to subrounded, and 

only rarely are well rounded. An overall fining-upward trend from coarse- to medium

grained has been documented by Sumpter (1986). Monocrystallinequartz makes up about 

half the framework grains; undulose and polygonized grains are more abundant than those 

with straight extinction. Plagioclase is more abundant than potassium feldspar; but both 

orthoclase and microcline are present. Plagioclase is commonly albitized. Sedimentary 

lithic fragments include dominant siltstone and mudstone, and lesser amounts of impure 

chert and sandstone. Metasedimentary lithic grains present in trace amounts are foliate 

quartz-mica tectonites. White mica occurs in trace amounts. Volcanic lithic fragments 

include grains with lathwork and microlitic textures and plagioclase phenocrysts, and also 

microgranular grains with felty, massive, cherty or opaque ground masses and local 

plagioclase phenocrysts. Sumpter (1986) reported similar compositions for the Willow 

Canyon Formation in the Empire and Santa Rita Mountains. Drewes (197Ic) noted that 

feldspar in the Willow Canyon Formation is most likely derived from underlying 

Precambrian Continental Granodiorite. He also noted that siliceous volcanic pebbles in 

conglomerate lenses are similar to rocks in the underlying Jurassic Mt. Wrightson 

Fonnation. 

There are compositional differences between Empire and Santa Rita Mountains 

sample suites. Santa Rita samples are slightly enriched in feldspar (mean = 45 percent) 

relative to Empire Mountains sandstones (mean = 38 percent) (Fig. 35). Santa Rita 

Mountains samples also contain more volcanic lithic fragments (mean = 4.7 percent) than 

Empire Mountains sandstones (mean = 1.5 percent). This is illustrated on the Qp-Lv-Ls 

plot (Fig. 37). This plot also shows that sedimentary lithic fragments are absent in Santa 

Rita Mountains samples. 
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Figure 37. Qp-Lv-Ls ternary plot of northwestern facies sandstones. Symbols 
show mean for each mountain range or petrofacies. See Table 2 for key to pole 
abbreviations. 



174 

The arkosic petrofacies apparently reflects a source in local uplifts that exposed 

Precambrian crystalline rocks. Granitic clasts are abundant in nearby exposures of Glance 

Conglomerate. Volcanic rocks also were present in the source area. The compositional 

trend of increasing volcanic debris to the west is similar to the trend seen in southeastern 

facies sandstones. The presence of sedimentary lithic fragments only in the Empire 

Mountains samples suggests that sedimentary detritus was not supplied to the Santa Rita 

Mountains exposures. 

Transitional Petrofacies 

Sandstones of the Shellenberger Canyon Formation are considered a transitional 

petrofacies (Figs. 35, 36). They display stratigraphic changes in composition in an array 

that overlaps with underlying arkosic and overlying quartzose petrofacies, a trend that was 

first documented by Archibald (1982) (Fig. 35). Four samples of lithic arkose from the 

lower part of the Shellenberger Canyon Formation examined for this study overlap with 

data from Archibald (1982) (Fig. 35). The boundary with the underlying arkosic 

petrofacies is marked by a decrease in the abundance of quartz, an increase in the 

abundance of volcanic lithic fragments, and an increase in the proportion of plagioclase 

relative to potassium feldspar; the overall amount of feldspar does not change (Fig. 36). 

Sandstones in the upper part of the Shellenberger Canyon Formation grade into the 

quartzose petrofacies (Archibald, 1982). The transitional petrofacies reflects a mixed 

provenance which includes basement-uplift, transitional-arc and quartzose cratonic and 

recycled orogenic components (Fig. 35). 
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Quartzose Petrofacies 

The northwestern quartzose petrofacies includes the upper Shellenberger Canyon 

Formation and the Tumey Ranch Fonnation. It is characterized by an up-section increase 

in the abundance of quartz and sedimentary lithic fragments, and a decrease in total 

feldspar and volcanic lithic fragments (Fig. 36). Five samples from the Turney Ranch 

Formation and one from the upper Shellenberger Canyon Fonnation were examined for 

this study. These rocks are classified as lithic subarkose, subarkose and sublitharenite. 

Quartz grains are mainly monocrystalline, with unstrained grains slightly more abundant 

than undulose and polygonized grains. Quartz grains with abraded silica overgrowths are 

present locally. Potassium feldspar increases in abundance relative to the underlying 

transitional petrofacies. The northwestern quartzose petrofacies averages 77 percent total 

quartz, and is not as quartzose as the southeastern quartzose petrofacies. It reflects a 

transitional continental to recycled orogen provenance (Fig. 35). 

Detrital modes detennined in this study are similar to those from larger data sets 

from the Whetstone Mountains (Archibald, 1982; n = 18) and Santa Rita Mountains 

(Inman, 1982; n = 31). Both Archibald (1982) and Inman (1982) reported that Turney 

Ranch Fonnation sandstones generally become more quartzose up-section. Their data sets 

include some samples that are more quartz-rich than the samples examined for this study. 

Northwestern Petrofacies Summary 

Northwestern petrofacies show a stratigraphic evolution in composition. Arkosic 

petrofacies sandstones at the base of the section were derived from local basement uplifts. 

Likely source rocks are the Precambrian granitic rocks that locally underlie Glance 

Conglomerate and Willow Canyon Formation in the Empire and Santa Rita Mountains, 

and are now exposed in all three mountain ranges. Volcanic lithic fragments, though 
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present in small quantities, are more abundant to the west. They may have been derived 

from Triassic-Jurassic volcanic rocks in the Santa Rita Mountains, or from farther west. 

The slightly greater abundance of sedimentary lithic fragments and polycrystalline quartz 

in the Empire Mountains section suggests recycled sedimentary and crystalline rocks were 

supplied to this part of the basin, probably fTom a source to the north. 

Transitional petrofacies sandstones are of mixed provenance. An initial influx of 

volcanogenic sediment diluted the dominantly arkosic sediment of the underlying 

petrofacies. Transitional petrofacies sandstones show a gradual up-section decrease in 

contributions from volcanic-arc and basement-uplift sources, and an increase in abundance 

of quartzose sediment. Quartzose petrofacies sandstones at the top of the section were 

mainly derived from the cratonic block to the north with continued contributions of 

feldspathic and lithic grains from either local or western sources or both. Dispersal 

patterns of sediment in the northwestern sub-basin of the Bisbee basin are discussed more 

full y in Chapter 6. 

Northern Petrofacies 

Northern facies sandstones collected from the Santa Catalina, Rincon and Galiuro 

Mountains are quartzarenites and subarkoses, and are very similar in composition to 

southeastern quartzose petrofacies sandstones. Detrital modes (Table 6, Figs. 38, 39) 

indicate that a cratonic block source terrane supplied recycled sedimentary detritus to the 

northern part of the basin. 

Santa Catalina and Rincon Mountains 

The sample set includes three samples from the Edgar Canyon area of the eastern 

Santa Catalina Mountains and one sample from the Happy Valley area of the eastern 
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NORTHERN QUAR1Z0SE PETROFACIES 

Santa Catalina Galiuro SUMMARY 
and Rincon Mtns Mtns 

N 4 7 11 

Mean Std Mean Std Mean Std 

Q 98.6 0.7 94.5 5.9 96.0 5.0 
Qm 93.4 3.6 87.8 7.1 89.8 6.5 
Qp 5.2 3.4 6.7 5.6 6.2 4.8 
Ch 1.6 0.7 3.3 4.5 2.7 3.6 
F 0.5 0.6 3.7 5.2 2.5 4.4 
P 0.5 0.6 3.6 5.2 2.5 4.3 
K 0.0 0.0 0.0 0.1 0.0 0.1 
U 6.1 3.7 8.5 5.8 7.6 5.1 
L 0.9 0.8 1.8 1.1 1.5 1.1 
Lv 0.6 0.9 1.6 0.9 1.2 1.0 
Ls 0.3 0.4 0.2 0.4 0.3 0.4 

Table 6. Mean percent and standard deviation of eleven framework grain 
parameters for Bisbee Group sandstones in the northern quartzose petrofacies. 
See Table 2 for key to grain type abbreviations. N, number of samples. 



• Santa Catalina and 
Rincon Mtns. 

.. Galiuro Mtns. 

x mean 

NORTHERN FACIES 

am 

- --
Transltionallvc 

......... Chert-rich 
sandstone 

F U 
~------~~----------~------------~--~ 

178 

Figure 38. Qrn-F-Lt ternary plots of northern facies sandstones. See Table 2 for 
key to pole abbreviations. 
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Figure 39. Histograms showing percent framework of seven grain types for 
northern facies sandstones. Samples are in correct stratigraphic position, but no thickness 
relationships are implied. All sandstones are included in the northern quartzose 
petrofacies. See Table 2 for key to grain type abbreviations and Table 6 for mean and 
standard deviation values. Note that percent chert (Ch) is included with the polycrystalline 
quartz mode. 
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Rincon Mountains. The sandstones are moderately to poorly sorted with subangular to 

subrounded grains. Monocrystalline quartz ranges from 88 to 95 percent and is 

commonly strained. Polycrystalline quartz (3 to 10 percent) includes up to 2 percent chert. 

Plagioclase (mean = 0.5 percent) is the only feldspar present. Lithic fragments range from 

zero to two percent, and include volcanic grains with plagioclase phenocrysts, and 

siltstone. 

All of the samples are are problematic. Two have about 45 percent calcite cement 

and display replacement textures on edges and surfaces of grains suggesting some 

unstable grains may have been completely replaced. The other two samples have 

tectonized fabric with abundant strained quartz and pressure-solution features. 

Published descriptions suggest that quartz-rich sandstones are common in the 

Bisbee group in the Santa Catalina and Rincon Mountains. Quartzose sandstone has been 

described from Geesaman Wash (Ianecke, 1986), Edgar and Buehman Canyons (Bykerk

Kauffman, 1983), and the northeastern Rincon Mountains (Lingrey, 1982). Thorman and 

Drewes (1981), however, report the presence of arkosic sandstone in the Bisbee 

Formation in Rincon Valley west of the Rincon Mountains. 

Galiuro Mountains 

Seven samples were collected from Kelsey Canyon and Palomas Wash (Figs. 38, 

39). The sandstones are moderately sorted, with subangular to subrounded grains. 

Monocrystalline quartz ranges from 81 to 97 percent. Polycrystalline quartz includes 

microcrystalline quartz (2 to 12 percent) and chert (1 to 3 percent); one sample has 13 

percent chert (Figs. 38,39). Plagioclase ranges from zero to 13 percent and is locally 

altered or partially replaced by calcite. Volcanic lithic fragments make up two percent of 

these rocks; siltstone and mudstone fragments are also present in small amounts (0 to 1 
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percent). Calcite cement and compaction textures similar to those described in Santa 

Catalina and Rincon Mountains samples may have affected the composition of these rocks, 

rendering them more quartzose than when they were deposited. One sample (SM-3) 

(Figs. 38, 39) from the Kelsey Canyon area seems the least altered and has only 12 

percent calcite cement. It includes 13 percent plagioclase, but average amounts of lithic 

fragments. 

Goodlin (1985) point-counted seven sandstone samples from the Hot Springs 

Canyon area. Mean detrital modes are generally similar to data reported here, except that 

he noted a trace of potassium feldspar, and reported no volcanic lithic fragments. 

Steele Hills 

Jamison (1983) point-counted six sandstone samples from the Steele Hills. These 

rocks have a mean Qm-F-Lt of 89-0-11, similar to counts of the northern quartzose 

petrofacies reported here. Plagioclase is present in trace amounts. Polycrystalline quartz 

ranges from 3 to 20 percent and is dominantly chert. Volcanic and sedimentary lithic 

fragments are absent. These rocks contain 30 to 40 percent interstitial cement and matrix, 

and display some grain replacement textures which may account for the absence of less 

stable grains. Cooper and Silver (1964) describe the Bisbee Formation in the Steele Hills 

as including quartz-rich sandstones and feldspathic sandstones. They also noted the 

presence of thin beds of quartz- and chert-pebble conglomerate. 

Northern Petrofacies Summary 

Northern facies sandstones define a quartzose petrofacies that is very similar to the 

southeastern quartzose petrofacies, especially the more quartz-rich samples from the Dos 

Cabezas and Chiricahua Mountains (Figs. 31, 33, 38 and 39). The lithic fragment 
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populations, summarized on the Qp-Lv-Ls plots (Figs. 34,40), are dominated by 

polycrystalline quartz, with only minor amoullts of volcanic and sedimentary grains. The 

variable amount of feldspar may be due to post-depositional alteration, or to slight 

variations in supply. Location of these sections along the northern margin of the basin is 

compatible with the interpretation of a dominantly cratonic source area for these rocks 

based on their detrital modes. 

Western Petrofacies 

Tucson Mountains 

The Amole Arkose has been studied by Risley (1983; 1987). These rocks are 

similar in composition to the northwestern arkosic petrofacies. Sixty-three samples range 

in grain size from fme-grained sandstone to grit Compositional data for 23 medium

grained sandstone samples are summarized in Table 7, and the mean Qm-F-Lt value is 

shown on Figure 41. Feldspar is abundant (mean = 32 percent), and includes both 

plagioclase and potassium feldspar. Polycrystalline quartz includes chert, and 

microcrystalline and schistose quartz. Other lithic fragments include andesite, siltstone 

and sandstone. Risley interpreted the sandstones to be derived from older formations 

exposed in local uplifts surrounding the depositional basin. 

Sierrita Mountains 

Sandstone samples collected from the Angelica Arkose for this study proved too 

altered for point-counting. Compositional data is summarized below from the work of 

Cooper (1971). 

Clasts in the basal conglomerate of the Angelica Arkose include silicic and 

intermediate volcanic rocks, and minor quartzite, graywacke, chert, limestone, aplite and 
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Figure 40. Qp-Lv-Ls ternary plot of northern and western facies sandstones. 
Symbols show mean for each mountain range. See Table 2 for key to pole abbreviations. 



WESTERN PETROFACIES 

LITIlIC ARKOSE ARKOSIC 

Pajarito Mtns TucsonMtns 

N 7 23 

Mean Std Mean Std 

Qt 32.3 12.2 63.7 9.2 
Qm 31.4 12.6 60.6 8.1 
Qp 0.9 1.0 3.2 1.9 
Ch 0.1 0.3 1.9 1.6 
F 47.1 5.6 31.0 11.0 
P 31.8 8.8 23.1 10.0 
K 15.3 8.5 7.9 3.2 
Lt 21.5 15.2 8.4 4.6 
L 20.6 14.6 5.3 2.9 
Lv 20.2 14.4 1.0 1.5 
Ls 0.5 6.6 4.3 2.9 

Table 7. Mean percent and standard deviation of eleven framework grain 
parameters for Bisbee Group sandstones in the western lithic arkose and 
arkosic petrofacies. Tucson Mountains data from Risley (1983). See 
Table 2 for key to grain type abbreviations. N, number of samples. 
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Figure 41. Qm-F-Lt ternary plots of we stem facies sandstones. Tucson 
Mountains mean is from Risley (1983). See Table 2 for key to pole abbreviations. 
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vein quartz (Cooper, 1971). Sandstone from the middle member consists of fine- to 

coarse~grained, well-sorted arkose. Cooper (1971) estimated the composition as 40 to 45 

percent quartz, 25 to 35 percent feldspar and 1 to 5 percent rock fragments. Albitic 

plagioclase is three times as abundant as potassium feldspar. Rock fragments are mainly 

volcanic. The rocks are tightly cemented by epidotized calcareous matrix, quartz 

overgrowths and minor sericite and chlorite. 

Two samples of grit from the upper arkosic grit and conglomerate member have a 

mean composition of 45 to 55 percent quartz, 15 to 25 percent feldspar, 5 to 10 percent 

rock fragments and IS to 25 percent calcareous silty matrix (Cooper, 1971). Potassium 

and plagioclase feldspar are present in approximately equal amounts in these rocks. The 

upper member locally contains fine-grained, weIl-sorted quartzite, consisting of 95 percent 

quartz. Potassium feldspar, sericitized plagioclase, volcanic lithic fragments, and siltstone 

make up the other 5 percent of framework grains. The rock has 20 percent sericite and 

quartz. Conglomerate clasts in the upper member include well-rounded quartzite, less 

well-rounded granite that is similar to Jurassic granite exposed locally in the Sierrita 

Mountains, and minor quartz, feldspar and fine-grained igneous and sedimentary rocks. 

The Angelica Arkose is thus similar in composition to the Amole Arkose of the 

Tucson Mountains. The sediments were probably locally derived, as all clast and grain 

types can be found in older rocks of the Sierrita Mountains (Cooper, 1971). 

Pajarito Mountains 

Seven sandstone samples from the Pajarlto Mountains define a lithic arkose 

petrofacies, with compositions ranging from. arkose to lithic arkose to feldspathic 

litharenite (Table 7, Fig. 41). Compositional variation seems to be random rather than 

dependent upon stratigraphic position (Fig. 42). Monocrystalline quartz ranges from 14 to 
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Figure 42. Histograms showing percent framework of seven grain types for 
western facies sandstones in the Pajarito Mountains. Samples are in correct stratigraphic 
position, but no thickness relationships are implied. All sandstones are included in the 
lithic arkose petrofacies. See Table 2 for key to grain type abbreviations and Table 7 for 
mean and standard deviation values. Note that percent chert (Ch) is included with the 
polycrystalline quartz mode. 
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47 percent, plagioclase from 23 to 50 percent, potassium feldspar from 4 to 26 percent, 

and volcanic lithic fragments from 4 to 39 percent. The Qp-Lv-Ls plot (Fig. 40) shows 

that volcanic lithic fragments dominate the unstable lithic fragment population. These 

rocks were apparently derived from Jurassic volcanic and granitic rocks now exposed in 

the Pajarito Mountains. Clasts derived from, the J UIassic igneous rocks are also abundant 

in the underlying Glance Conglomerate (Riggs, 1987), 

The lithic arkose petrofacies is most similar to the northwestern transitional 

petrofacies (Figs 35, 36, 41 and 42) which also is a mixture of sediment derived from 

dissected volcanic arc and uplifted granitic sources. The lithic arkose petrofacies is more 

feldspathic, however, than the northwestern transitional petrofacies. 

Western Petrofacies Summary 

Western facies of the Bisbee Group include arkosic and lithic arkose petrofacies. 

In each area, sandstone composition is strongly linked to local source rocks. Quartzose 

sediment derived from distal cratonic sources is absent from this area. If these sub-basins 

received extra-basinal sediment, it was most likely supplied from the eroding arc terrane to 

the west rather than from the cratonic block to the north. 

Petrofacies Summary 

Bisbee Group sandstones in southeastern Arizona are grouped into six petrofacies: 

the southeastern and northern quartzose petrofacies, the southeastern volcanic petrofacies, 

northwestern and western arkosic petrofacies, the northwestern transitional petrofacies, 

the northwestern quartzose petrofacies, and the western lithic arkose petrofacies. 

Petrofacies and lithofacies distributions provide both means of colTelation and of 
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reconstructing sediment dispersal patterns within the Bisbee basin, as discussed in Chapter 

6. 

Paleoclimate and Sandstone Composition 

The possibility that the compositional maturity of the quartzose petrofacies might 

have been caused by climatic effects must be considered. Potter and Franzinelli (1985) 

reported formation of first-cycle quartzarenites from granitic terrains in the Amazon Basin 

under conditions of low relief and tropical weathering. The influence of climate on 

sandstone composition has been studied by various investigators, with most studies 

concentrating on sands and sandstones derived from granitic source rocks. Basu (1976) 

studied Holocene sands derived from granitic source rocks in arid western North America 

(Idaho, Montana and Wyoming) and humid southeastern North America (Georgia, South 

Carolina and North Carolina), 30 to 45 degrees north latitude. Feldspar was more likely 

to be preserved under arid conditions. Suttner and Dutta (1986) studied ancient fIrst-cycle 

fluvial sandstones derived from coarse crystalline parent rocks in Colorado and India. 

They had independent evidence for climate change through time, and their study showed 

that sandstone composition changed as climate changed. Compositions became more 

mature under warm and humid conditions. They noted that under normal circumstances, 

climate does not override tectonic control of sandstone composition, but warn that 

substantial differences in composition within the same basin may be caused by change in 

climate. Van de Kamp and Helmhold (1991) examined Holocene sandstones derived from 

granitic basement rocks in glacial, arid desert, temperate, subtropical and humid tropical 

climates. Their study concludes that arkose (mean Q/Q+F = 0.3 to 0.7) may form in 

humid to temperate climates, and is unlikely to fonn in humid subtropical and tropical 

climates. 
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Evidence for the climate of southeastern Arizona during Late Jurassic and Early 

Cretaceous time includes estimates of paleolatitude and lithologic climatic indicators. 

Paleomagnetic data on the apparent polar wander path of the North American craton 

indicate that the paleolatitude of Arizona from Late Jurassic to the present was probably 

between 30 and 40 degrees north latitude, in the temperate zone of prevailing westerlies 

(Dickinson, 1989). This is generally the same range of latitude of samples studied by 

Basu (1976), mentioned above. Lithologic evidence in the Bisbee Group, including well 

developed paleocaliche deposits within floodplain soil horizons (Archibald, 1982; Drewes, 

1971a; Inman, 1982; Vedder, 1984), and lacustrine carbonate and gypsum in the Apache 

Canyon and Willow Canyon Formations (Archibald, 1982; Sumpter, 1986) indicates that 

evaporation rates were high. Marine carbonate of the Mural Limestone suggests a warm 

climate. The absence of peat and coal deposits suggests low humidity. Mack (1987b) 

interpreted a subtropical semiarid or Mediterranean climate for correlative strata in New 

Mexico. Sandstone compositions would probably not be altered significantly in this 

climate. 

Stratigraphic and areal distributions of Bisbee Group petrofacies also provide 

evidence that variations in sandstone composition are not due to climatic effects. Arkose 

of the Willow Canyon Formation (Q/Q+F = 0.57) would be unlikely to have formed in a 

subtropical to tropical climate (van de Kamp and Helmhold, 1991). The Willow Canyon 

Formation was derived locally from Precambrian granite, contains abundant coarse, 

angular material, and intertongues laterally with Glance Conglomerate. The stratigraphic 

evolution from texturally immature arkose to texturally mature quartzose sandstone in the 

northwestern facies is probably not caused by change in climate through time. It seems 

more likely that the local basement sources of arkose became worn down and buried and 

extrabasinal sediment became dominant. 
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Another line of evidence for possible climatic effects on sandstone composition is 

comparison of correlative strata within the basin. Southeastern facies sandstone 

compositions remain fairly uniform throughout the entire stratigraphic section, as shown 

in areas where the complete upper Bisbee Group was sampled (Chiricahua, Mule and 

Huachuca Mountains) (Fig. 32). The interbedding of quartzose and volcanic petrofacies 

sandstones in the Huachuca Mountains is further evidence that weathering was not severe 

enough to remove feldspars from the sand population, since both feldspar and volcanic 

lithic grains are abundaIit and relatively unaltered in the volcanic petrofacies. Texturally, 

these two interbedded petrofacies are different. The volcanic petrofacies is generally less 

mature, with more angular grains. The quartzose petrofacies is better rounded and sorted. 

It is my interpretation that the two petrofacies were derived from distinctly different source 

areas. The combined evidence of textural maturity, presence of arkose, and interbedding 

of quartzose and volcanic petrofacies all indicate that compositional variations are due to 

real differences in source areas rather than to severe modification of sandstone 

composition due to climatic effects. 
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CHAPTER FIVE 

LA TE MESOZOIC TECTONIC SETTING 

Data from the Bisbee Group have implications for interpretations of the Late 

Mesozoic tectonic setting of southeastern Arizona. The purpose of this chapter is to 

discuss relations of the Bisbee Group with strata in adjacent areas of New Mexico and 

Mexico, and then to review tectonic models for origin of the Bisbee basin in the context of 

surrounding tectonic elements related to the Gulf of Mexico and the Pacific convergent 

margin. 

Stratigraphy of Adjacent Areas 

The stratigraphy of rocks correlative with the Bisbee Group in adjacent areas of 

New Mexico, Sonora and Chihuahua is summarized briefly here in order to place the 

Bisbee Group in a regional depositional setting. Figure 43 shows the general distribution 

and depositional facies belts of correlative strata. Figure 44 shows representative 

stratigraphic columns for Sonora, New Mexico and Chihuahua compared to southeastern 

facies of the Bisbee Group. 

New Mexico 

Lower Cretaceous rocks crop out in an east-west-trending belt across the southern 

part of New Mexico, where they are assigned a different set of formation names (Zeller, 

1965; Hayes, 1970b) (Figs. 43, 44). To the north, they onlap the Burro uplift, which is 

. interpreted as an eastward continuation of the Mogollon Highlands of southeastern 

Arizona. Mack and others (1986) and Mack (1987a,b) describe in detail the depositional 
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Figure 43. Regional distribution of facies of Bisbee Group and related strata. A
Northwestern, northern and western facies of Bisbee Group and correlative nonmarine 
strata; B - Southeastern facies of Bisbee Group and correlative strata, dominantly 
nonmarine except for Aptian-Albian Mural Limestone and its equivalents; C - Region of 
dominantly marine strata correlative with Bisbee Group (includes abrupt nonmarine
marine facies changes east of the Chihuahua trough and thick platform limestone 
sequences near the deep basin margin); D - Region containing deep basinal deposits along 
the axis of the Chihuahua trough. Modified from Dickinson and others (1986). 
Abbreviations: BH, Big Hatchet Mountains; CP, Cerro Los Pimas; Cu, Cucurpe; EC, 
Sierra El Chanate; M, Mule Mountains; P, Planchas de Plata; SI, Sierra de Ignacio. 
Symbols: triangles, locations of stratigraphic sections on Figure 44; closed circles, other 
localities mentioned in the text . 
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Figure 44. Representative stratigraphic columns of the Bisbee Group and correlative strata in adjacent areas. Modified 
from Dickinson and others (1986). Modified sections are shown for Sierra El Chanate (Jacques and Potter, 1987; Gonzalez and 
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environments, sandstone compositions and sediment dispersal patterns for these rocks. 

The following description fs summarized from their work. 

The Hell-To-Finish Formation consists of basal conglomerate overlain by 

interbedded mudstone, siltstone, sandstone and limestone, and is correlated with the 

Glance Conglomerate and the Morita Formation. It is interpreted as braided stream and 

coastal plain deposits in the west and shallow-marine deposits to the east. The U-Bar 

Formation is composed dominantly of marine limestone and contains Aptian-Albian fossils 

similar to those in the Mural limestone, but is generally thicker than the Mural. The lower 

and middle parts of the Mojado Formation consist of marginal-marine and fluvial deposits, 

and are correlative with the lithologically similar Cintura Formation. The upper Mojado 

Formation contains a thin marine interval not recognized in the Cintura Formation, but 

possibly correlative with shoreface and beach deposits in the upper Turney Ranch 

Formation in the Santa Rita Mountains (Inman, 1982). Fossils from the marine interval in 

the upper Mojado Formation are late Albian to early Cenomanian in age. This uppermost 

marine interval is evidence for a second transgression into the Bisbee Basin near the 

Albian-Cenomanian boundary. Along the northern part of the outcrop belt in southern 

New Mexico, shoreline and shelf facies of late Albian to Turonian age (Beartooth, Sarten 

and Colorado Formations) are mostly younger than the Bisbee Group in southeastern 

Arizona (Mack and others, 1986). Marine conditions apparently persisted in New Mexico 

after deposition in southeastern Arizona had ceased. 

Sandstone petrofacies. Sandstone compositions for New Mexico facies show 

a stratigraphic evolution in composition (Mack, 1987a,b). Sandstones from the basal 100 

m of the Hell-to-Finish Formation contain abundant chert and lime clasts as well as 

monocrystalline quartz, and were derived from Paleozoic sedimentary rocks. The 

remainder of the Hell-to-Finish Formation and the overlying U-Bar Formation are arkosic, 
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containing potassium and plagioclase feldspar, as well as monocrystalline quartz, and 

lesser amounts of chert and lime clasts. Feldspar was derived from uplifted Precambrian 

basement rocks in the Burro uplift to the north. The overlying Mojado Formation and 

related rocks are quartzose, similar to the southeastern quartzose petrofacies of the Bisbee 

Group in southeastern Arizona. Volcanic rock fragments are present throughout the 

sequence in low amounts (less than two percent). 

Mack (1987a) suggested that the change in petrofacies from arkosic to quartzose 

indicates a change in tectonic setting from rift to retroarc foreland basin. He interpreted the 

upper quartzose petrofacies to be derived from a western thrust belt source. Results of 

this st'Jdy cast doubt on his conclusions. The arkosic to quartzose petrofacies change does 

not occur in the adjacent part of southeastern Arizona, where quartzose compositions are 

dominant throughout the stratigraphic section. Data from southeastern Arizona also 

indicate that source terranes to the west contained abundant volcanic sediment rather than 

quartzose sediment. The compositional change in New Mexico facies is interpreted here 

as due to wearing down and burial of onlapped uplifted basement blocks to the north, as 

apparently occurred in the northwestern facies of the Bisbee Group in southeastern 

Arizona. Easterly paleocurrent data from the fluvial medial Mojado Formation does not 

necessarily mean that the source rocks were ultimately to the west. They may have been 

derived from cratonic sources to the north of southeastern Arizona, and then transported 

eastward, down a main trunk stream into New Mexico. Paleocurrent data from 

southeastern Arizona are insufficient to verify this postulate. A third consideration is that 

thrust faults of Aptian-Albian age (119-97.5 Ma, Palmer, 1983) have not been reported 

from areas to the west. 



197 

Sonora 

Lower cretaceous sedimentary rocks crop out throughout most of northern Sonora 

except along the coastal region (Fig. 43). Stratigraphy and depositional environments of 

Bisbee Group correlatives have been reviewed by Go.nzalez and Jacques (1988). Rangin 

(1978) provided a regional overview of Mesozoic rocks for this area and areas farther west 

in Mexico. Figure 44 shows representative stratigraphic columns for Sonoran facies in 

Sierra EI Chanate and Cerro Los Pimas; Figure 43 shows the general distribution and 

depositional facies of correlative rocks in Sonora. 

Gonzales and Jacques (1988) subdivided Lower Cretaceous rocks of Sonora into 

northeast, northwest and central regions. Rocks in the northwest and northeast regions 

are included in belt B on Figure 43, and are represented by stratigraphic columns from 

Sierra El Chanate and Cerro Los Pimas on Figure 44. Strata in these areas are similar to 

southeastern facies of the Bisbee Group in southeastern Arizona. They include medial 

Aptian-Albian limestone, correlative with the Mural limestone, that is underlain and 

overlain by marginal-marine and fluvial clastic rocks correlative with the Morita and 

Cintura Formations. Glance Conglomerate is also present locally. To the south, in central 

Sonora, marine rocks become dominant in the section, and the thickness of rocks of 

Albian age increases dramatically. Gonzales and Jacques (1988) and Rosales (1989) 

suggest that a second transgression of Albian to Cenomanian age occurred throughout the 

Sonoran part of the basin. 

The westernmost exposures of Lower Cretaceous sedimentary rocks in Sonora are 

in the Sierra EI Chanate and vicinity (Jacques and Potter, 1987) (Figs. 43,44). The 

Arroyo Sasabe Formation is up to 810 m thick, and is similar lithologically to the 

southeastern facies of the Bisbee Group. Lower, middle and upper members are 

correlative with the lithologically similar Morita, Mural and Cintura Formations. The 
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overlying EI Chanate Formation is dominantly nonmarine. Gonzalez and Jacques (1988) 

interpreted the El Chanate Formation as Albian to Cenomanian in age, corresponding to a 

second marine transgression in this area. Jacques and Potter (1987) had previously 

suggested that the El Chanate Formation was in part Late Cretaceous (i.e., Laramide) in 

age. Better age control is necessary to support either of these interpretations. 

Sandstone petrofacies. Little information about sandstone compositions has 

been published for Bisbee Group correlatives in Sonora. Jacques and Potter (1987) 

reported data for the Sierra El Chanate area. Jamison (1983) studied the Morita Formation 

in the Sierra Anibacachi and Segerstrom (1987) discussed sandstone compositions in the 

Planchas de Plata area. I collected samples from three areas during a reconnaissance field 

trip guided by C. Jacques and C. Gonzalez of the Instituto de Geologia in Hermosillo. 

The areas examined were Sierra El Chanate, Cerro Los Pimas, and Arroyo Matamedagui 

near Cucurpe (Fig. 43). Sampling and point-counting techniques were the same as 

described in Chapter Four for southeastern Arizona samples. ·Sandstone data from these 

areas are shown in Figures 45 and 46 and Table 8. Raw data is given in Appendix C. 

Data from the Arroyo Sasabe Formation in Sierra El Chanate confirm the work of 

Jacques and Potter (1987). The four samples are moderately sorted, fine- to medium

grained feldspathic litharenites (McBride, 1963) that plot in the transitional arc field of the 

Qm-F-Lt ternary plot (Fig. 45). They contain abundant volcanic lithic fragments and 

plagioclase, and less than 27 percent quartz. 

Seven samples from Cerro Los Pimas are moderately to well sorted, medium

grained feldspathic litharenites. Sandstones from this area contain more quartz (mean = 40 

percent) and potassium feldspar, and abundant but lesser amounts of volcanic rock 

fragments and plagioclase feldspar, compared to Sierra EI Chanate samples (Fig. 46). 

Cerro Los Pimas samples fall mainly in the dissected arc and mixed fields of the Qm-FhLt 
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Figure 45. Qrn-F-Lt ternary plot of Sonoran sandstone samples. See Table 2 for 
key to pole abbreviations. 
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Figure 46. Histograms showing percent framework of seven grain types for 
Sonoran sandstones. Samples are in correct stratigraphic position, but no thickness 
relationships are implied. See Table 2 for key to grain type abbreviations and Table 8 for 
mean and standard deviation values. Note that percent chert (Ch) is included with the 
polycrystalline quartz mode. 



SONORAN PETROFACIES 

Cerro Sierra Cucurpe Sierra 
Los Pimas EI Chanate Anibicachi 

N 7 4 1 6 

Mean Std Mean Std Meal Std 

Qt 39.7 9.0 18.4 7.0 31.9 87.2 8.1 
Qm 36.0 8.5 15.7 6.7 26.7 83.5 11.1 
Qp 3.8 2.2 2.7 1.9 5.2 3.7 3.3 
Ch 2.2 1.7 1.4 1.1 1.4 3.4 3.0 
F 27.3 4.5 32.4 13.0 22.6 12.8 8.1 
P 23.6 7.8 31.6 12.9 22.6 12.8 8.1 
K 3.7 5.2 0.9 1.3 0.0 0.0 0.0 
U 36.7 7.0 51.8 18.1 50.8 3.7 3.2 
L 32.9 7.5 49.1 18.6 45.6 0.1 0.2 
Lv 32.6 7.8 49.1 18.6 45.6 0.1 0.2 
Ls 0.4 0.6 0.0 0.0 0.0 0.0 0.0 

Table 8. Values of eleven framework grain parameters for sandstones from 
Sonora correlative with the Bisbee Group. Mean percent and standard deviation 
for samples from Cerro Los Pimas, Sierra El Chanate and Sierra Anibicachi; 
compositional data for one sample from the Cucurpe area. Sierra Anibicachi data 
from Jamison (1983). See Table 2 for key to grain type abbreviations. N, 
number of samples. 
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plot. A single sample from the Cucurpe area is similar to sandstones from the other two 

areas (Figs. 45, 46). 

Jamison (1983) reported detrital modes for six sandstone samples from the Morita 

Formation in the Sierra Anibacachi (Figs. 44, 45). Sandstone compositions are similar to 

southeastern quartzose petrofacies sandstones in the Mule Mountains to the north. They 

have a mean Qrn-F-Lt of 83-13-4, and contain only a trace of volcanic lithic fragments. 

Segerstrom (1987) described the La Jareta Formation in the Planchas de Plata 

region (Fig. 43). Lower and upper members are correlative to the Glance Conglomerate 

and Morita Formation, respectively. Sandstone in the upper sandstone-siltstone member 

is composed of volcanic lithic fragments with subordinate quartz and feldspar. 

Limited data on sandstone compositions in Sonora thus mimics the trend noted in 

southeastern Arizona of increasing volcanic debris to the West. This trend was previously 

recognized in Sonora by Rangin (1978). The volcanic arc terrane was the dominant 

sediment source to the west. Sandstones from Cerro Los Pimas probably contain a 

mixture of sediment from the western volcanic source and the northern quartzose cratonic 

source. 

Chihuahua Trough 

The Chihuahua trough was a north-northwest trending, Late Jurassic to Late 

Cretaceous marine arm of the Gulf of Mexico, and was contiguous to the northwest with 

the Bisbee basin. Strata correlative with the Bisbee Group in the Chihuahua trough 

include both shallow-marine and deep-marine facies (Fig. 43). Deposition in the northern 

part of the trough was dominantly in shallow-marine and platform environments, but 

basinal deposits are recognized in the keel of the trough, mostly from subsurface data 

(DeFord and Haenggi, 1970; Pingatore and others, 1983). Relationships between 
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shallow-water and deep-water deposits in the northern Chihuahua trough are poorly 

understood. Deep-water basinal deposits are more abundant and better studied farther 

south in the states of Nuevo Leon and Tamaulipas, where a deep marine basin margin of 

the Gulf of Mexico is exposed. 

Shallow-marine deposits of the northern Chihuahua trough correlative with the 

Bisbee Group are shown in a composite section from the Sierra de San Ignacio and 

adjacent ranges in northeastern Chihuahua and west Texas (Fig. 44). At the base of the 

section, Paleozoic strata are unconformably overlain by unnamed evaporites and shales 

containing Kimmeridgian ammonites (Cantu, 1976). Above these are the laterally and 

temporally equivalent Navarette and Alcaparra Formations. The Navarette consists of 

interbedded sandstone, shale, limestone and gypsum deposited in a littoral environment, 

and contains a Neocomian molluscan fauna (Cordoba and others, 1970; Eaton and others, 

1983). Interbedded limestone, gypsum and sandstone of the Alcaparra Formation are 

interpreted as shallow platform deposits (Cordoba and others, 1970). The overlying 

Neocomian-Aptian Las Vigas Formation is a widespread sequence of interbedded 

sandstone and shale deposited in a nearshore coastal environment (Cordoba, 1969; 

Cordoba and others, 1970). The overlying Cuchillo Formation, composed of thick

bedded limestone with sandstone, shale and gypsum interbeds near its base, contains 

Aptian-Albian ammonites, and is interpreted as platform and littoral deposits (Cordoba 

and others, 1970). The Chihuahua Group (Benigno, Lagrima, Finlay, Benevidas and 

Loma Plata Formations) is a thick succession of reef, peri-reef and platform limestones 

containing Albian-Cenomanian fossils (Cordoba, 1969; Cordoba and others, 1970). The 

total thickness of Cretaceous shallow-marine facies in the northern Chihuahua trough is as 

much as 4000 m (Cordoba and others, 1970; DeFord and Haenggi, 1970). 
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Shallow-marine and deep-marine deposits in the Chihuahua trough record a 

northwestward marine transgression that extended into the Bisbee basin during maximum 

transgression near the Aptian-Albian boundary. Deep-water basinal deposits were 

restricted to the keel of the Chihuahua trough (Fig. 44). The northern and northeastern 

margins of the trough were abrupt, whereas the sQuthwest flank may have been a low 

emergent area, flooded during maximum transgression, and sloping gently toward the 

eroded remnants of a Jurassic magmatic arc lying to the southwest. 

Discussion 

Lithofacies and petrofacies data from areas adjacent to southeastern Arizona are 

consistent with interpretations of depositional environments within the Bisbee basin. 

Sandstone petrofacies trends also agree with those in southeastern Arizona In New 

Mexico, basement-uplift and craton-derived sediment were derived from the uplifted rift 

shoulder to the north of the basin. In Mexico, volcanic sediment was derived from the 

eroding arc terrane to the west. 

Lithofacies trends are also similar. The proportion of nonmarine sediments 

increases to the west, and the thickness of marine sediments increases to the south and 

east. Two marine transgressions occurred in Mexico and New Mexico. This is consistent 

with the presence of longer-lived marine sequences in the Chihuahua trough and areas 

farther to the southeast in the Gulf of Mexico. 

Tectonic Setting 

The extensional setting of the Bisbee basin places potential constraints on 

kinematic models for the opening of the Gulf of Mexico. Bilodeau (1979, 1982) proposed 

three models for the plate tectonic setting of southeastern Arizona that would result in 
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extension: aulacogen, segmented-slab and rotational models. The latter two were an effort 

to explain simultaneous extension in southeastern Arizona and compression in the Sevier 

orogenic belt to the north. Dickinson and others (1986) reviewed more recent studies 

indicating that rifting in southeastern Arizona entirely preceded thrusting in the Sevier belt. 

Thus, the aulacogen model emerges as the most attractive of the three proposed by 

Bilodeau. 

Dickinson and others (1986) reviewed constraints on models for tectonic evolution 

of the basin, and then presented four alternate models (Fig. 47). The constraints on 

models included: (1) initial rifting during the Late Jurassic (based on 151 Maage of 

volcanic rocks interbedded with the Glance Conglomerate); (2) continued subsidence until 

early Cenomanian; (3) deformation on northwest-trending normal faults; and (4) an overall 

basin geometry of east-west-trending basin axis with a connection to the southeast into the 

Gulf of Mexico via the northwest-trending Chihuahua trough. 

More recently, Krebs and Ruiz (1987) reported geochemical evidence that the mid

J Ul'assic Canelo Hills Volcanics, dated at 170 to 175 Ma, were erupted in an extensional 

setting, probably related to rifting of the Bisbee basin rather than to pre-rift arc 

magmatism. Although it is not possible to distinguish with confidence between 

extensional-arc (Busby-Spera, 1988) or back-arc rifting and post-arc rift extension for the 

origin of the Canelo Hills magmatism, it apparently signified the initial crustal extension 

leading to subsidence of the Bisbee basin. This insight moves the timing of initial rifting 

to mid-Jurassic, and the Late Jurassic to Neocomian Glance Conglomerate with 

interbedded volcanic rocks then represents an episode of continued rifting in the basin, 

rather than initial rifting. 

The four models presented, back-arc, aulacogen and two transform models (Fig. 

47), each have strengths and weaknesses, as discussed by Dickinson and others (1986). 
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Back.:arc rifting (Fig. 47 A) does not account for the east-west trend of the basin, or the 

duration of subsidence, but could have created a thermally softened lithosphere that may 

have enhanced rifting by one of the other mechanisms. The aulacogen model (Fig. 47B) . 

is compatible with all of the data, especially with the new interpretation of initial rifting as 

mid-Jurassic, coincident with the timing of initial rifting of the Gulf of Mexico. 

The transform model employing the N60W-trending Mojave-Sonora megashear 

(Fig. 47C) does not adequately explain the orientation of the Chihuahua trough, and also 

relies on pull-apart basins for the rifting in southeastern Arizona. Facies patterns of the 

Bisbee Group are not compatible with the classic pull-apart basin model of Crowell (1974) 

nor for strike-slip basins in general (Christie-Blick and Biddle, 1985). 

The three-plate transform model (Fig. 47D) infers the existence of a major N30W

trending transform fault that has not been previously recognized, suggests that normal

faulting in southeastern Arizona should have been northeast- rather than northwest

trending, and interprets the Chihuahua trough as a strike-slip basin. 

The aulacogen model, with influence from back-arc extension, seemingly best 

explains the structural relations of the Bisbee basin and Chihuahua trough. In a regional 

context, however, there is a growing body of support for the existence of the Mojave

Sonora megashear and other sinistral faults. Nearly every reconstruction of the Gulf of 

Mexico utilizes the Mojave-Sonora megashear (Silver and Anderson, 1974) and other 

strike-slip faults to explain plate kinematics during the opening of the Gulf of Mexico 

(Coney, 1978; Dickinson and Coney, 1980; Dickinson, 1981; Anderson and Schmidt, 

1983; Klitgord and Schouten, 1986; Pindell, 1985; Ross and Scotese, 1988, Winker and 

Buffier, 1988). Some of these authors (Ross and Scotese, 1988; Winker and Buffier, 

1988) note, nevertheless, that existence of the Mojave-Sonora megashear and other strike

slip faults in the circum-Gulf region has not been unequivocally demonstrated. Both Ross 
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and Scotese (1988) and Pindell (1985) leave open the possibility that sinistral defonnation 

may have taken place across a broad zone rather than along a single transform fault. 

Reconciliation of the growing body of support for the Mojave-Sonora megashear, 

or analogous sinistral faults, with the structural and tectonic regime of the Chihuahua 

trough and Bisbee basin, which appear to better fit the aulacogen model, is problematical. 

Dickinson and others (1986), in their discussion of the four models, suggest that aspects 

of all of the models may have operated at various times during basin evolution. Dickinson 

(1989) describes the Bisbee basin and Cl1ihuahua trough as part of a complex aulacogen in 

which the rift phase was possibly complicated by major sinistral strike-slip motion along 

the Jurassic Mojave-Sonora megashear. At the present time, that view seems to be the 

best rationale for the tectonic setting of the Bisbee basin. 

Veevers (1981) compared continental margin rift basin features of the East Africa 

rift, as an example of the embryonic or rift valley stage, with the rifting of the southern 

margin of Australia at 115 Ma when it was in the rift valley stage. These examples are 

pertinent to the Bisbee basin because they represent continental rifts before initiation of 

seafloor spreading. The lengths of these systems are on the same order of magnitude as 

the complex aulacogen of the linked Bisbee basin and Chihuahua trough. The East Africa 

rift from Afar to Lake Nyasa is approximately 3000 km long, as was the southern 

Australian margin from the Naturaliste Plateau to the Gippsland basin. The Bisbee

Chihuahua aulacogen is about 1800 km in length, so these examples show that formation 

of an intracontinental rift of that magnitude is reasonable. 

Tectonic Summary 

Figure 48 summarizes timing of Late Mesozoic events in the Bisbee basin and 

surrounding areas. Silicic volcanism that marked initial rifting of the Bisbee basin 
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Figure 48. Chronology of Late Mesozoic events in the Bisbee basin and 
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coincided with initial rifting of the Gulf of Mexico in upper Middle Jurassic time. The 

Mojave-Sonora megashear may also have become active at this time, with continuing 

motion until the end of the Oxfordian (e.g., Anderson and Schmidt, 1983; Klitgord and 

Schouten,1986). Thus, local extension dwing initial rifting may have been related to 

regional strike slip; the megashear may have played a role in establishing the margins of 

the basin and creating crustal weaknesses for continued rifting. 

Deposition of the Glance Conglomerate and basal sediments of the Chihuahua 

trough began in Kimmeridgian to Tithonian time, after the megashear became inactive. 

This was also the time of a major plate reorganization on both Pacific and Gulf margins. 

To the west, the subduction zone and magmatic arc stepped westward at about this time. 

To the southeast, sea floor spreading in the Gulf of Mexico stopped, and the ridge jumped 

southeast to the region between Yucatan and South America. Thus, continued rifting and 

aulacogen formation apparently were related to the major plate reorganization that allowed 

the complex aulacogen (Bisbee basin and Chihuahua trough) to continue active rifting into 

Early Cretaceous time. The upper Bisbee Group, and correlative sediments in the 

Chihuahua trough and Gulf of Mexico were deposited during passive thermotectonic 

subsidence after active tectonism in the region had ceased. 
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CHAPTER SIX 

DEPOSITIONAL MODEL FOR THE BISBEE GROUP 

Hayes (1970b) presented a generalized paleogeographic model for the Bisbee 

Group. The updated model for Bisbee basin evolution presented here (Fig. 49) 

incorporates new tectonic, sedimentologic, and petrologic data. Key features of 

depositional environments and petrofacies summarized below from Chapters 3 and 4 

provide a framework for discussing evolution of the Bisbee basin as a back-arc 

intracratonic rift. Depositional environments and sandstone petrofacies are also compared 

to other rift systems. 

Depositional Environments 

Southeastern Facies 

The southeastern facies form a regional transgressive-regressive cycle. The basal 

Glance Conglomerate was deposited by alluvial fans adjacent to northwest-trending 

normal faults, and in distal fan to braided stream settings. The Glance grades upward to 

alluvial plain deposits of the Morita Formation. Locally, in the Huachuca Mountains and 

Canelo Hills, an episode of reduced sedimentation rate and soil formation occurred 

between Glance and Morita deposition. The upper Morita Formation and lower Mural 

Limestone were deposited in nonmarine to marginal-marine environments, including 

estuarine, tidal-flat and lagoonal settings. The upper Mural limestone represents the time 

of maximum transgression when deposition occurred in shallow shelf, subtidal and reefal 

environments in southeastern most localities. To the north and west, marine facies 

decrease in thickness and grade to brackish and estuarine deposits lacking open marine 
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facies. Locally, in the Dos Cabezas and northern Chiricahua Mountains and Tombstone 

Hills, the lower part of the Bisbee section is absent, and transgressive marine facies 

directly overlie older rocks. The lower Cintura Formation includes transitional marine to 

nonmarine intertidal and estuarine deposits. The upper Cintura Formation was deposited 

on a broad alluvial plain after regression. 

Northwestern Facies 

The northwestern facies are interpreted as a graben-flU sequence that probably had 

internal drainage during its early history, but later became integrated with the southeastern 

part of the basin. The basal Glance Conglomerate was deposited in alluvial fans adjacent 

to the northwest-trending normal fault that bounded the graben on the northeast, and as 

braided stream deposits on the more gently dipping southwest sub-basin margin. Braided 

stream deposits of the Willow Canyon Formation grade laterally and vertically into 

lacustrine deposits of the Apache Canyon Formation. 

The Shellenberger Canyon Formation records a continuum of sedimentary 

environments. The basal lacustrine sequence is overlain by a thin estuarine or lagoonal 

sequence, indicating that the drainage barrier to the southeastern part of the basin was 

buried or subdued by the time of marine transgression. Marine facies are succeeded by 

meandering fluvial deposits and then braided stream deposits. The Tumey Ranch 

Formation was deposited by meandering streams on an alluvial plain that was probably 

fully integrated with the Cintura Formation alluvial plain in the southeastern part of the 

basin. Marine waters may have transgressed into the northwestern depocenter during 

Cenomanian time. 
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Northern Facies 

Northern facies are nonmarine, and consist of partial sections of basal alluvial 

fanglomerate of the Glance Conglomerate and overlying braided stream deposits of the 

upper Bisbee Group. Thick Glance Conglomerate sections in the Rincon Mountains and 

Red Bird Hills suggest proximity to normal faults in those areas. These localities are close 

to the northern margin of the basin, and the lack of thick upper Bisbee Group strata may 

indicate that the region was above base level during much of basin evolution. Alternately, 

originally thicker deposits may have been removed by erosion. 

Western Facies 

Western facies represent isolated intramontane basins, and are interpreted as 

graben-fill sequences. In each of the three areas (Tucson, Sierrita and Pajarito 

Mountains), basal fanglomerates are overlain by braided stream and lacustrine deposits. 

The ages of these strata are poorly constrained. If they are correlative with the Bisbee 

Group, it seems likely that sedimentation was initiated during the rifting phase of basin 

evolution while Glance Conglomerate was deposited farther east. However, there is no 

direct evidence to indicate that drainage was ever joined with other parts of the basin, or 

which interval of basin evolution the strata represent. 

Discussion 

Origin of the Bisbee basin as a Jurassic rift basin that then subsided passively 

through Early Cretaceous time is consistent with the age and tectonic setting of the basin. 

Rift basins that were initiated somewhat earlier formed all along the Pangaean rift system 

during opening of the Atlantic Ocean in Triassic and Jurassic time (Van Houten, 1977; 

Hubert and others, 1976; Manspeizer and Cousminer, 1988). The depositional scenario 
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for the extensional Early Cretaceous to Eocene Bass basin of southern Australia 

(Williamson and others, 1987) is similar to the model described above for the Bisbee 

basin. Rifting began in Early Cretaceous time, and is recorded by alluvial fan and braided 

river depositional systems feeding into local, structurally controlled depocenters. The 

extent of interconnection between depocenters is unknown. During Late Cretaceous to 

Paleocene time, alluvial fans adjacent to upthrown basement blocks graded basinward 

toward alluvial plain and lacustrine facies tracts. During Late Paleocene time, grabens and 

half-grabens had filled, leading to an interconnected drainage system, on an extensive 

alluvial floodplain. By Eocene time, the region was mainly a meandering floodplain with 

braided rivers near the basin margin. A similar model for tectonic control of lacustrine 

stratigraphic sequences in continental rift basins is described by Lambiase (1991). 

Petrofacies Relations 

The varied sandstone compositions within the Bisbee Group are controlled by 

regional tectonic setting. The basin apparently evolved as an intracratonic back-arc rift, 

with basement uplifts exposed within the rift during active rifting, and cratonic and 

magmatic arc terranes making up the rift shoulders. Mixing of sediment from these three 

lithologically distinct sources resulted in the deposition of six different petrofacies whose 

distribution was influenced by intrabasin tectonics. 

The southeastern and northern parts of the basin were supplied with quartz-rich 

sediment throughout deposition. Sandstone textural maturity and the absence of 

conglomerate together suggest that the source area was far removed from the site of 

deposition. Paleocurrent data suggest a source area to the north. The quartzose sediment 

was probably derived by stripping of carbonate and siliciclastic strata from the rift 

shoulder and craton to the north and northeast. 
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Volcanogenic sediment was supplied to the western part of the basin from a 

transitional arc source. The increasing abundance of volcanogenic sediment to the west, 

and the lack of volcanic source rocks to the north and east, make it likely that the volcanic 

sediment was derived from the eroding Jurassic magmatic arc to the west of the basin, or 

from the active Cretaceous magmatic arc farther to the southwest. Extreme compositional 

differences between the interbedded quartzose and volcanic petrofacies in the Huachuca 

Mountains, including distinctly different quartz populations, further suggest that two 

different drainage systems coexisted. A large floodplain/coastal-plain drainage system 

was evidently supplied mainly with craton-derived sediment, which was at times 

augmented by volcanogenic sediment from western tributaries. 

Distinctly different sandstone petrofacies within the northwestern facies indicate 

that the northwestern and southeastern parts of the basin were sedimentologically 

separated during early stages of basin evolution. The expected regional paleoflow within 

the basin is to the southeast toward the Chihuahua trough. However, the lack of abundant 

feldspathic debris in the consistently quartzose southeastern petrofacies implies that 

feldspathic detritus of the northwestern arkosic petrofacies was trapped in the 

northwestern part of the basin. Facies distributions support this conclusion. Drastic 

thinning of the arkosic Willow Canyon Formation from northwest to southeast, from 

greater than 1000 m to less than 100m over a lateral distance of only 20 km suggests rapid 

subsidence in a local depocenter. Lacustrine facies in the associated Apache Canyon 

Formation confirm that ponding occurred in the northwestern sub-basin. The origin of a 

drainage divide between northwestern and southeastern depocenters was likely related to 

block faulting during the rift phase of basin evolution. 

The northwestern transitional petrofacies records a mixed provenance of basement 

uplift, transitional arc and recycled quartzose sources. Volcanic detritus was probably 
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derived from local volcanic uplifts, and from the arc terrane to the west. Quartzose debris, 

probably derived from the Mogollon Highlands to the north and the craton to the 

northeast, became dominant as local basement-uplift sources of arkosic debris were worn 

down by erosion. The presence of marine deposits in the middle of the Shellenberger 

Canyon Formation suggests that the drainag~ divide between the northwestern and 

southeastern parts of the basin had foundered by Albian time. Marine deposits topped the 

divide, and the northwestern and southeastern parts of the basin were joined. By the time 

of deposition of the Tumey Ranch Formation, cratonic and recycled quartzose source 

terranes to the northeast were supplying sediment to the entire Bisbee Basin. The slightly 

less quartzose composition of the northwestern quartzose petrofacies may be due to local 

contributions from remaining volcanic and basement sources that flanked the northwestern 

portion of the basin. 

Western arkose and lithic arkose petrofacies apparently were locally derived from 

block uplifts that bounded isolated intramontane basins. 

Analogies with modem rift basins can be used to explain supply of abundant 

craton-derived sediment to the Bisbee basin from the rift shoulder and craton beyond it. In 

the Miocene Abu Alaqua Group in the eastern Gulf of Suez in Egypt, footwall sediment 

was supplied to the rift basin through topographic lows associated with transfer zones 

(Gawthorpe and others, 1990). Similar structural features may have provided the means 

for tapping into the large sediment supply of the footwall uplands (i.e., Mogollon 

Highlands), which would otherwise tend to be drained away from the rift shoulder. 

Geohistory Analysis 

Recognition of the extensional origin of the Bisbee basin is a fairly recent concept 

(Bilodeau, 1979, 1982), although previous workers (cited by Bilodeau, 1982) had 
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identified normal faulting associated with deposition of the Bisbee Group. Titley (1976) 

noted a N55W-trending linear tectonic pattern in southeastern Arizona, and drew a cross 

section that showed relative uplift and tilting of adjacent northwest-trending structural 

blocks. Bilodeau (1978, 1979) identified northwest trending normal faults based on 

thickness trends, inverted clast stratigraphy and facies variation within the Glance 

Conglomerate. He envisioned the physiographic setting for southeastern Arizona during 

rifting as similar to the modem Basin and Range province, with fault-bounded mountain 

blocks and intervening basins. 

Geohistory analysis of the Bisbee Group in southeastern Arizona does not provide 

definitive evidence for a rift origin for the basin. Quantitative basin analysis was 

undertaken for the Huachuca Mountains section (Chapter 2, Fig. 7). This section was 

used because it is the only section of the southeastern facies that contains both Jurassic 

volcanic rocks interbedded with Glance Conglomerate and Mural limestone containing 

Aptian-Albian fossils. Analysis was performed with the BASIN Pascal computer 

program by Armin (1986), which utilizes backstripping calculations of Steckler and Watts 

(1978) and Steckler (1981). Data used in the calculations are given in Appendix D. 

Figure 50 shows the resulting curves for cumulative subsidence, decompacted cumulative 

subsidence and residual or tectonic subsidence. 

The residual curve nominally shows a fairly linear subsidence rate near 20 mIMa, 

but control points are lacking to define the shape of older segments of the curve. The 

subsidence curve thus seemingly reflects passive thermotectonic subsidence, for an initial 

steep segment associated with initial fault-controlled subsidence (McKenzie, 1978) is not 

evident. This may result from incomplete understanding of the early rift history of the 

basin, for Mack (1987a) obtained a concave-up subsidence curve for the lower part of 

better dated Bisbee Group correlatives in New Mexico. 



Depth 

(km) 

Up. 
Jr. 

153 

1.0 

2.0 

Cretaceous 

Neocomian 

Glance-Mota 

I Apt I Albian 

IMLnlICirttn 
116 108 98 Ma 

Cumulative 
subsidence 

Decompacted 
cumulative 

subsidence 

3.0 ~ ___________ ---' 

219 

. Figure 50. Subsidence curves for the Bisbee Group in the Huachuca Mountains. 
Time scale from Kent and Gradstein, 1985. Abbreviations: min, minimum water depth; 
max, maximum water depth. 
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Basin Evolution 

Figure 49 depicts schematically evolution of the Bisbee basin based on lithofacies 

and petrofacies data. The base map is the geologic map of the study area (Fig. 3). Figure 

49a is a map of the study area showing, for reference, locations of mountain ranges and 

boundaries between facies tracts. The paleogeographic maps incorporate no palinspastic 

corrections, and are based on surface outcrops as subsurface data was not available. 

Figure 49b is a generalized paleogeologic map of the surface upon which the 

Bisbee Group was deposited. Jurassic arc volcanic rocks and Jurassic redbeds composed 

of interbedded volcanic and fluvial deposits underlay the southwestern part of the study 

area. Remnants of the redbeds occur farther to the east (Walnut Gap Volcanics), 

suggesting they may have originally been more widespread. Most of the area was 

underlain by Paleozoic sedimentary rocks, predominantly limestone. 

At approximately 170 Ma, the Canelo Hills Volcanics and related rocks were 

erupted as ignimbrites from calderas, representing initial rifting of the basin (Fig. 49c). 

The tentative location of one caldera is shown (May, 1985), as are normal faults associated 

with rifting of the basin (Bilodeau, 1982), although the latter may not yet have been active. 

The area to the north of the limit of deposition of the Bisbee Group is interpreted as the rift 

shoulder. 

Figure 49d shows the distribution of faults and Glance Conglomerate during 

continued rifting. Faults inferred by Bilodeau (1982) are shown with solid lines. 

Additional faults shown with dotted lines have been inferred during this study, based on 

stratigraphic relations and regional thickness trends. Thick alluvial fan deposits of the 

Glance Conglomerate are intercalated with volcanic rocks in the Santa Rita and Huachuca 

Mountains and Canelo Hills. Distal fan and braided stream deposits of the Glance 
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Conglomerate are also shown. Absolute ages for most outcrops of Glance Conglomerate 

are not known and some could be younger than this time slice. Similarly, normal faults 

inferred to bound intramontane basins in which western facies were deposited are shown 

as active at this time, even though no age control is available. 

The inferred rift shoulder bounded the basin on the northeast. Hachures indicate 

other areas that were topographically high at this time, as shown by younger onlap 

relationships. These include Paleozoic limestone and Precambrian schist in the Dos 

Cabezas and Chiricahua Mountains, Paleozoic limestone in the Tombstone Hills, and 

Precambrian granite in the Santa Rita and Empire Mountains. Similar uplifts are presumed 

to have existed on the upthrown side of every normal fault; only uplifts discussed 

specifically in the text are shown on the map. 

A schematic cross section across the basin from northeast to southwest shows 

interpreted regional structure at this time (Fig. 51). Half grabens step southwestward 

from the rift shoulder. The northwestern facies are confmed to one half graben, and 

Glance volcanics occur mainly in the area of another graben. 

Figure 4ge shows deposition of the lower part of the upper Bisbee Group during 

passive subsidence. Active rifting had ceased, but uplifted fault blocks continued to 

influence depositional patterns and sediment dispersal. Uplifts of Precambrian granite, 

Jurassic volcanic rocks and Paleozoic sedimentary rocks isolated the northwestern 

depocenter from the southeastern part of the basin. The northwestern depocenter is 

interpreted as a half graben with its steeper side to the north. Arkosic sandstones of the 

Willow Canyon Formation were deposited in braided stream environments adjacent to the 

Apache Canyon Formation lake basin. Angular granitic pebbles within the Apache 

Canyon Formation indicate that PreQl11brian granite uplifts were still exposed at the time 

of deposition. The southeastern margin of the northwestern sub-basin is not well 
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Schematic cross section 
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Figure 51. Schematic cross section across the Bisbee basin during active rifting. 
No vertical scale. See figure 49d for location. 
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understood because there are no Bisbee Group outcrops between the Whetstone 

Mountains and the Huachuca Mountains and Tombstone Hills (Fig. 49a). Recent 

mapping by Busby-Spera and Kokelaar (1991) indicates that rugged topography caused 

by high-angle faulting existed in the Mustang Mountains area during deposition of the 

Canelo Hills Volcanics. Relict topography in the Mustang Mountains area may have been 

the drainage barrier that separated northwestern and southeastern facies. To the east, 

dominantly quartzose sandstones, derived from the craton, were deposited in braided 

stream and meandering stream environments. Areas along the rift shoulder were still 

topographically high and volcaniclastic sediment was supplied to the western part of the 

basin from erosion of volcanic arc rocks. 

By the time of the Aptian-Albian marine transgression (Fig. 49f), paleohighs were 

subdued and basin drainage was integrated. Marine waters transgressed into the 

northwestern depocenter, in estuarine and brackish environments of the Shellenberger 

Canyon Formation. Much of the study area consisted of marginal marine environments 

such as tidal flats and lagoons; these extended as far west as the Patagonia Mountains. 

The rift shoulder was onlapped by rocky shore environments in the area of the Dos 

Cabezas and northern Chiricahua Mountains. Patch reefs and deeper subtidal 

environments were present to the southeast. The rift shoulder continued to supply 

quartzose sediment to much of the basin from the north. Volcanic sediment was shed into 

the basin from the west. 

After regression, depositional environments of the Cintura Formation were 

dominantly meandering streams on a broad, low-gradient coastal plain (Fig. 49g). Basin 

drainage was fully integrated. Sediment sources were dominantly quartzose cratonic 

sediment from the north, and volcanic-rich lithic debris from eroding arc terranes to the 

west. If an early Cenomanian marine transgression reached into the region of the 



224 

northwestern depocenter (Inman, 1987; Rosales, 1989), later erosion removed equivalent 

deposits from the southeastern facies. 

One unresolved challenge encountered during this study was determination of the 

exact nature of the drainage divide between northwestern and southeastern facies, but 

recent research reports on modern rift basins. describe structural controls for similar 

drainage divides (Fbinger, 1989; Scott and Rosendahl, 1989; Morley and others, 1990). 

The topography of rift basins is irregular and commonly results in a series of isolated 

depocenters that are not linked during early rift stages. When and how they become linked 

is partly dependent upon the grain and structural complexity of a rift. Rift segments are 

generally asymmetrical spoon-shaped half-grabens, with most subsidence occurring along 

one bounding fault at a time. Oblique-slip transfer faults, ramps and monoclines link 

adjoining rift segments. The interplay between boundary faults at transform zones can 

cause either drainage barriers or lows through which rivers may pass. Steel and Wilson 

(1975) describe the setting of Permo-Triassic sediments in the North Minch basin of 

Scotland as an asymmetric graben that was divided, during early basin evolution, from the 

Sea of Hebrides basin to the south by an uplifted fault block that was later overlapped by 

sediments. An analogous structural feature, possibly an uplifted block of Canelo Hills 

Volcanics in the Mustang Mountains area, probably created the drainage barrier between 

the northwestern and southeastern facies of the Bisbee Group. 

Rift Sandstones 

Ingersoll (1990) reviewed sandstone petrofacies in continental rifts, noting that 

many are not encompassed by the tectonic provenance model of Dickinson (1985) because 

their compositions are not uniform. Rifts typically contain a diverse compositional suite of 

locally derived sand, which is diluted by variable proportions of extrabasinal sediment 
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from the surrounding continent. The resulting sandstone would be difficult to distinguish 

from sediment deposited in transtensional, transpressional and foreland settings. 

The Bisbee basin is an example of the diverse sandstone petrofacies that can be 

produced in a continental rift setting. It is an intracratonic back-arc rift, and represents a 

type of basin that has not been previously characterized. Petrofacies include quartzose, 

arkosic and volcanic end members, as well as transitional and mixed petrofacies. The 

characteristics observed in the Bisbee basin are (1) interbedding and local mixing of 

sediment from different basin margins; and (2) stratigraphic evolution of composition as 

rift-related basement uplifts and local sediment sources are subdued, allowing extrabasinal 

sources to become dominant for the basin. These petrofacies reflect the unique tectonic 

setting of the basin as a back-arc intracratonic rift influenced by basement, cratonic and 

magmatic arc elements. 



APPENDIX A 

PALEOCURRENT DATA 

Huachuca Mountains 

Morita Formation Cintura Formation 

n=5 

193 
201 
206 
225 
228 

n=1 

132 

Trough cross-bedding * 

n=2 

193 
215 

Planar-tabular cross-bedding 

n=1 

164 

Parting lineations 

n=5 

200 
183 
206 
135 
145. 

* Trough cross-bedding orientation was determined using the trough 
limb averaging method of DeCelles and others (1983). 
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Mule Mountains 

Morita Formation Cintura Formation 

Parting lineations 

n = 14 n=22 

136 115 
168 124 
172 124 
177 127 
181 127 
191 129 
201 132 
206 133 
211 134 
211 137 
213 138 
213 142 
225 150 
235 150 

165 
Mean 195.7 165 
St. Dev. 26.4 169 

170 
170 
172 
175 
180 

Mean 146.7 
St. Dev. 20.4 
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APPENDIX B 

LOCA TIONS OF SANDSTONE SAMPLES AND MEASURED SECTIONS 

Samples are located with respect to township and range coordinates on U.S. 

Geological Survey quadrangle maps. Samples are listed in stratigraphic order from oldest 

to youngest. 

Southeastern Facies 

Chiricahua Mountains 

Pedregosa Mountains 15' quadrangle: 

Stream cut in tributary to Tex Canyon: 

PM-I9: NW 114 of NW 1/4, Sec. 13, T. 20 S., R. 29 E. 

Stream cuts in Tex Canyon: 

PM-I8,I7: SE 114 of SW 114, Sec. 12, T. 20 S., R. 29 E. 

PM-IS: NW 114 ofNE 114, Sec. 11, T. 20 S., R. 29 E. 

Hillside outcrops: 

PM-9: Center of SE 114, Sec. 2, T. 20 S., R. 29 E. 

PM-1O: NW 114 of SW 1/4, Sec. 1, T. 20 S., R. 29 E. 

PM-ll: SW 114 ofNE 114, Sec. 1, T. 20 S., R. 29 E. 

Stream cut in Tex Canyon: 

PM-8: NW 114 of NW 114, Sec. 2, T. 20 S., R. 29 E. 

Road cuts along Forest Route 74: 

PM-7: SE 114 of SW 114, Sec. 35, T. 19 S., R. 29 E. 

PM-SA: NE 114 ofNW 1/4, Sec. 35, T. 19 S., R. 29 E. 

PM-I: NE 114 of SW 114, Sec. 26, T. 19 S., R. 29 E. 
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Chiricahua Peak 15' quadrangle: 

Outcrops north of Forest Route 74E: 

CP-5, 4, 3: SW 114 of SW 114, Sec. 23, T. 19 S., R. 29 E. 

Mule Mountains 

Bisbee North 7.5' quadrangle: 

Measured section (location shown on Figure 13, Chapter 2): 

Segment A: Glance Conglomerate and Morita Formation: from stream cut in SW 

114 of NE 114, Sec. 14, to NW 114 of NE 114, Sec. 14, T. 23 S., R. 24 E. 

Segment B: Morita Formation: along ridge crest, from NW 1/4 of NE 114, Sec. 

14, to NW 114 of SW 114, Sec. 12, T. 23 S., R. 24 E. 

Segment C: Mural Limestone and Cintura Formation: from ridge above dump, 

along ridge crest toward Grassy Hill: NE 1/4 ofNE 114, Sec. 13, to NW 

1/4 of NE 114, Sec. 12, T. 23 S., R. 24 E. 

Segment D: Cintura Formation: along ridge crest, SW 114 of NE 114, Sec. 7, to 

NE 114 of NE 114, Sec. 7, T. 23 S., R. 25 E. 

Sandstone samples: 

Roadcut north of Highway 80: 

BN-l: NW 114 of SW 114, sec. 13, T. 23 S., R. 24 E. 

Stream cuts on south side of Mule Gulch: 

BN-2: NE 1/4 of SW 114, Sec. 13, T. 23 S., R. 24 E. 

BN-3: NE 1/4 of SE 1/4, Sec. 13, T. 23 S., R. 24 E. 

BN-4,5: SW 1/4 of NW 114, Sec. 18, T. 23 S., R. 24 E. 

BN-ll,12,13,16: SE 114 of SE 114, Sec. 7, T. 23 S., R. 25 E. 
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Huachuca Mountains 

Measured section: (Location shown on Figure 6 in Chapter 2): 

Along Bear Creek, starting south of the bridge on Forest Route 61 (NW 114 of NE 

114. Sec. 1, T. 24 S., R. 19 E., Miller Peak 15' quadrangle), and ending one half mile 

north of the confluence with Cave Creek (SE 114 of SW il4, sec. 12, T. 24 S., R. 19 E., 

Montezuma Pass 7.5' quadrangle). 

Sandstone samples, collected in stream cuts along measured section: 

Miller Peak quadrangle: 

MP-2,4: NW 114 of NE 114, Sec. 1. 

Montezuma Pass quadrangle: 

MP-5: SW 114 of NE 114, Sec. 1. 

MP-6: NW 114 of SE 114, Sec. 1. 

MP-8, 9: SW 114 of SE 114, Sec. 1. 

MP-1O: NW 114 ofNE 114, Sec. 12. 

MP-l1, 12, 13: SE 1/4 of NW 1/4, Sec. 12. 

MP-15, 16: NE 1/4 of SW 1/4, Sec. 12. 

MP-17, 18, 19: SE 114 of SW 114, Sec. 12. 

Patagonia Mountains 

Harshaw 7.5' quadrangle: 

Stream cut on Forest Route 135, from just above basal conglomerate: 

HR-l1: NW 114 of NW 114, Sec. 21, T.23 S., R. 16 E. 

Gully outcrops north of Forest Route 49: 

HR-5, 7: NE 1/4 of NW 114, Sec. 16, T.23 S., R. 16 E. 



Gully outcrop south of Forest Route 49: 

HR-10: SW 114 of NW 114, Sec. 16, T.23 S., R. 16 E. 

Canelo Hills 

Mt. Hughes 7.5' quadrangle: 

Stream cut in Red Meadow area: 

MH-2: NE 1/4 of SW 114, Sec. 8, T. 21 S., R. 17 E. 

Dragoon Mountains 

Pearce 15' quadrangle: 

Outcrops on hill north of Black Diamond mine: 

PR-1, 2, 3,4: NE 1/4 ofNW 114, Sec. 18, T. 17 S., R, 17 E. 

Measured section (Fig. 28) is from this area. 

PR-7, 8: Center of S 112, Sec. 21, T. 17 S., R, 17 E. 

Dos Cabezas Mountains 

Railroad Pass 7.5' quadrangle: 

Hillside outcrops: 

RP-2,1: SW 114 of SW 114, Sec. 33, T. 13 S., R. 26 E. 

Northwestern Facies 

Empire Mountains 

Springwater Canyon 7.5' quadrangle 

Stream cuts in an unnamed ~ainage extending from NW 114 of 
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NW 1/4, Sec. 16, to SW 114 ofNE 114, Sec. 21, T. 18 S., R. 17 E: 

WC-4, 6, 10, 11: extreme western border of Sec. 16. 

WC-12: Midway between NW 1/4 ofNW 114, Sec. 16, along border with 

Sec. 21. 

WC-13: NW 114 ofNW 114, Sec. 21. 

WC-16: SW 114 ofNE 114, Sec.21. 

Santa Rita Mountains 

Helvetia 7.5' quadrangle: 

Stream cuts in Box Canyon south of Forest Route 62: 

HV-l, 2, 3,4: NW 114 ofNE 114, Sec. 12, T. 19 S., R. 15 E; 

Stream cut in Little Fish Canyon: 

FC-l: NE 114 of NE 1/4, Sec. 1, T. 20 S., R. 15 E. 

Whetstone Mountains 

Apache Peak 7.5' quadrangle, T. 19 S., R. 18 E.: 

Stream cuts in Shellenberger Canyon: 

AP-9: SW 114 of NE 114, Sec.2. 

AP-lO,ll: SE 114 of SW 1/4, Sec. 2. 

AP-12: NE 1/4 of SW 114, Sec. 10. 

AP-15: NE 114 ofNE 114, Sec. 10. 

Stream cuts west of pack trail northwest of Ramsay well: 

AP-20, 21: E 112 of SE 114, Sec. 10. 

AP-22: SW 114 of SE 114, Sec. 10. 



Stream cut in tributary to Springwater Canyon: 

AP-5: SE 114 of NW 114, Sec. 15. 

Stream cut in Spring Water Canyon: 

AP-4B: NE 114 of SW 114, Sec. 15. 

Northern Facies 

Santa Catalina Mountains 

Bellota Ranch 15' quadrangle, T. 11 S., R. 18 E.: 

Stream cuts in Edgar Canyon: 

BC-l: SW 1/4 ofNE 114, Sec. 29. 

BC-2: SW 114 of NW 114, Sec. 28. 

BC-3: SW 114 of NE 114, Sec. 28. 

Rincon Mountains 

Happy Valley 15' quadrangle: 

Hillside outcrop: 

R-l: NW 114 of SE 114, Sec. 26, T. 14 S., R. 18 E. 

Galiuro Mountains 

Soza Mesa 7.5' quadrangle: 

Stream cuts in Kelsey Canyon: 

SM-l: NE 114 ofNE 114, Sec. 35, T. 13 S, R. 20 E. 

SM-2: SW 1/4 ofNE 1/4, Sec. 35, T. 13 S, R. 20 E. 

SM-3: SE 114 of NW 114, Sec. 35, T. 13 S, R. 20 E. 

SM-4: SW 1/4 of NE 114, Sec. 34, T. 13 S, R. 20 E. 
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SM-5: NE 114 of SW 1/4, Sec. 34, T. 13 S, R. 20 E. 

Wildhorse Mountain 7.5' quadrangle: 

Stream cuts in Palomas Wash: 

WM-l, 3: S 112 of SW 1/4, Sec. 12, T. 14 S., R. 20 E. 

Pajarito Mountains 

Ruby 15' quadrangle: 

Stream cuts: 

Measured section (Fig. 30) is from this area. 

Western Facies 

AC-5, 4: SW 114 of SW 1/4, Sec. 6, T. 24 S., R. 12 E. 

Road cuts along Summit Motorway: 

AC-3, 2, 6, 7: SW 114 of SW 114, Sec. 6, T. 24 S., R. 12 E. 

Gully outcrop: 

AC-8: SE 114 of SE 114, Sec. 36, T. 23 S., R. 11 E. 

Sonora 
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Samples were collected on a reconnaissance field trip through these areas; 

topographic base maps were not available. General locations are shown on Figure 49 in 

Chapter 5. 

Cerro Los Pimas 

Low range south of Mexico Highway 2, approximately 15 km west of Santa Ana. 

Hillside outcrops: 

CP-9, 10, 1, 3, 5, 6, 7. 
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Sierra EI Chanate 

25 kIn east-northeast of Caborca, and 12 kIn north of Mexico Highway 2, between 

Altar and Caborca. 

Stream cuts on south side of range: 

EC-2, 3, 4. 

Stream cut on north side of range: 

EC-S. 

Cucurpe 

Road cut in Arroyo Matamedagui, approximately 20 krn south-southeast of 

Cucurpe: 

Kit. 
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APPENDIX C 

SANDSTONE MODAL DATA FOR BISBEE GROUP AND CORRELATIVE 

STRATA IN SONORA 

Sandstone compositional data are listed by mountain range, sample number and 

formation (pm). Specific collecting localities are listed in Appendix B. Formation 

abbreviations are as follows: Kas, Arroyo Sasabe Formation; Kb, Bisbee Formation, 

undivided; Kc, Cintura Formation; Kit, Lower Cretaceous sandstone in Cucurpe area; 

Km, Morita Formation; Kmul, lower Mural Limestone; Ks, Shellenberger Canyon 

Formation; Kt, Turney Ranch Formation; Kw, Willow Canyon Formation. Within each 

mountain range, samples are listed in correct stratigraphic order from oldest to youngest. 

Abbreviations for grain types counted are defined in Table 2 (Chapter 4). Mean 

and standard deviation values for various petrofacies are listed in Tables 3 through 8 

(Chapters 4 and 5). The first seven grain types listed (Qm, Qp, P, K, Lv, Ls, Lm) are 

normalized values that sum to 100 percent of framework grains. Qt, F, L, Lt and Ch are 

also percent of framework grains. Mica and M + C (matrix plus cement) are calculated as 

percent of total points counted. 



237 

Chiricahua Mtns. 

Sample PM-I9 PM-I8 PM-I7 PM-I5 PM-I3 PM-9 PM-IO PM-II PM-8 

Fm. Km Km Km Km Km Km Kmul Kc Kc 

Qn 68.5 91.5 86.7 79.4 77.2 82.5 87.7 88.7 93.8 
Qp 14.8 1.9 4.2 4.4 13.9 2.9 4.5 2.0 2.0 
P 3.7 0.0 1.5 5.2 0.0 3.9 0.0 5.4 0.0 
K 0.0 0.0 6.2 9.3 0.0 8.0 2.1 2.5 3.2 
Lv 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0 
Ls 13.0 6.6 1.5 1.7 8.9 2.4 5.0 1.2 1.0 
Lm 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.2 0.0 

Qt 83.3 93.4 90.9 83.8 91.1 85.4 92.2 90.6 95.8 
F 3.7 0.0 7.6 14.5 0.0 11.9 2.1 7.9 3.2 
L 13.0 6.6 1.5 1.7 8.9 2.7 5.7 1.5 1.0 

Lt 27.8 8.5 5.7 6.1 22.8 5.6 10.1 3.4 3.0 

Ch 13.7 0.9 1.2 2.5 10.7 0.5 0.7 0.0 0.0 

Mica 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
M+C 21.9 7.5 17.5 30.1 25.6 5.7 3.8 5.0 7.6 
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Chiricahua Mtns. Mule Mtns. 

Sample PM-7 PM-5A PM-l CP-5 CP-4 CP-3 BN-l BN-2 

Fm. Kc Kc Kc Kc Kc Kc Km Km 

Qm 94.9 91.0 89.9 96.3 89.3 . 98.0 81.5 78.3 
Qp 1.2 4.9 6.5 2.0 5.5 2.0 2.7 2.7 
p 0.0 0.5 0.0 0.0 0.0 0.0 11.6 12.9 
K 2.9 0.2 0.0 0.0 0.0 0.0 0.7 0.0 
Lv 0.0 0.0 2.2 0.0 0.0 0.0 1.5 3.9 
Ls 1.0 3.4 1.4 1.7 5.2 0.0 2.0 2.2 
Lm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Qt 96.1 95.9 96.4 98.3 94.8 100.0 84.2 81.0 
F 2.9 0.7 0.0 0.0 0.0 0.0 12.3 12.9 
L 1.0 3.4 3.6 1.7 5.2 0.0 3.4 6.1 

I..t 2.2 8.3 10.1 3.7 10.7 2.0 6.2 8.8 

Ch 0.0 0.0 1.0 0.0 0.2 0.0 0.7 0.7 

Mica 0.0 0.0 0.0 0.0 0.0 0.0 Tr 0.0 
M+C 2.4 6.1 7.2 1.2 8.1 7.0 15.7 13.3 
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Mule Mtns. 

Sample BN-3 BN-4 BN-5 BN-tO BN-l1 BN-12 BN-13 BN-16 

Fm. Km Km Km Kc Kc Kc Kc Kc 

Qm 77.0 82.2 85.3 86.7 80.7 74.6 72.3 89.9 
Qp 6.4 2.2 4.2 2.3 5.9 5.6 2.5 2.2 
p 14.1 11.9 8.7 8.8 12.4 16.7 15.0 4.6 
K 0.0 0.2 0.0 0.3 0.0 0.0 1.1 0.0 
Lv 0.5 1.0 0.7 2.0 0.7 1.2 5.9 1.7 
Ls 2.0 2.5 1.0 0.0 0.2 1.9 3.2 1.7 
Lm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Qt 83.4 84.4 89.5 89.0 86.6 80.1 74.8 92.0 
F 14.1 12.1 8.7 9.0 12.4 16.7 16.1 4.6 
L 2.5 3.5 1.7 2.0 1.0 3.1 9.1 3.4 

Lt 8.9 5.7 6.0 4.3 6.9 8.7 11.6 5.6 

Ch 0.2 0.2 1.2 0.3 1.0 0.7 0.0 0.2 

Mica 0.0 0.0 0.0 0.0 0.5 1.1 1.0 0.0 
M+C 11.7 3.0 15.5 21.7 7.3 5.2 9.7 4.0 



240 

Huachuca Mtns. 

Sample MP-2 MP-4B MP-5 MP-6 MP-8 MP-9 MP-lO MP-ll MP-12 

Fm. Km Km Km Km Km Km Km Km Km 

Qm 74.7 19.4 75.2 81.8 8.1 44.0 75.8 84.3 14.6 
Qp 2.7 2.8 7.1 3.4 2.2 4.0 8.9 2.0 3.0 
P 17.8 35.1 1.9 4.8 54.4 32.8 4.7 12.8 45.6 
K 0.0 0.2 0.2 0.2 0.0 0.2 0.0 0.0 0.2 
Lv 4.4 39.4 13.9 9.7 35.3 18.0 7.8 .1.0 34.5 
Ls 0.5 3.2 1.7 0.0 0.0 0.9 2.8 0.0 2.1 
Lm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Q 77.4 22.2 82.2 85.3 10.3 48.0 84.7 86.3 17.6 
F 17.8 35.3 2.2 5.1 54.4 33.0 4.7 12.8 45.8 
L 4.9 42.6 15.6 9.7 35.3 19.0 10.6 1.0 36.6 

Lt 7.5 45.4 22.6 13.1 37.5 23.0 19.5 3.0 39.6 

Ch 0.7 0.6 2.2 0.7 0.7 0.9 0.2 0.0 0.5 

Mica Tr 0.0 0.0 0.7 0.0 0.0 Tr Tr 0.0 
M+C 16.9 2.8 1.1 16.3 0.6 6.2 1.2 2.7 1.0 
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Huachuca Mtns. Dos Cabezas Mtns. 

Sample MP-13 MP-15 MP-16 MP-17 MP-18 MP-19 RP-2 RP-l 

Fm. Km Kmu1 Kc Kc Kc Kc Kb Kb 

Qm 13.2 79.4 85.5 78.2 18.8 83.5 96.5 94.3 
Qp 3.4 2.2 2.3 2.7 4.6 6.0 3.0 5.3 
P 37.4 8.5 9.0 12.0 32.3 6.8 0.0 0.0 
K 0.0 6.0 0.0 0.2 0.2 0.0 0.0 0.3 
Lv 41.3 3.5 2.8 5.6 38.5 3.5 0.0 0.0 
Ls 4.6 0.5 0.5 1.2 5.6 0.3 0.5 0.0 
Lm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 

Qt 16.7 81.6 87.8 80.9 23.4 89.5 99.5 99.5 
F 37.4 14.4 9.0 12.2 32.5 6.8 0.0 0.3 
L 45.9 4.0 3.3 6.8 44.1 3.8 0.5 0.3 

U 49.3 6.2 5.5 9.5 48.7 9.8 3.5 5.5 

Ch 0.0 0.2 0.3 0.0 1.2 0.0 0.5 3.0 

Mica 0.0 0.0 0.0 0.0 0.0 0.0 0.6 Tr 
M+C 14.7 7.6 5.3 3.9 11.4 7.9 19.7 41.3 
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Dragoon Mtns. Canelo Hills 

Sample PR-l PR-2 PR-3 PR-4 PR-7 PR-8 MH-2 

Fm. Km Km Kmul Kmul Kc Kc Km 

Qm 78.5 69.0 83.3 82.9 81.3 89.5 42.0 
Qp 0.5 6.0 3.4 5.0 1.4 2.3 1.0 
P 19.0 20.8 9.1 8.8 15.1 7.5 53.3 
K 0.0 0.0 1.7 0.5 0.0 0.0 0.0 
Lv 1.5 2.7 1.0 1.3 1.7 0.8 3.7 
Ls 0.5 1.5 1.5 1.5 0.2 0.0 0.0 
l.m 0.0 0.0 0.0 0.0 0.2 0.0 0.0 

Qt 79.0 74.9 86.7 87.9 82.7 91.8 43.0 
F 19.0 20.8 10.8 9.3 15.1 7.5 53.3 
L 2.0 4.2 2.5 2.8 2.1 0.8 3.7 

Lt 2.5 10.2 5.9 7.8 3.5 3.0 4.7 

Ch 0.0 5.5 2.2 3.8 0.7 2.0 0.2 

Mica Tr 0.0 Tr 0.0 0.0 0.0 0.8 
M+C 15.8 8.1 27.1 21.3 19.5 17.1 2.2 
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Patagonia Mtns Empire Mtns. 

Sample HR-ll HR-5 HR-7 HR-lO WC-4 WC-6 WC-lO WC-ll 

Fm. Kb Kb Kb Kb Kw Kw Kw Kw 

Qm 28.2 19.3 11.6 76.8 49.1 57.6 59.4 54.0 
Qp 0.5 1.7 0.5 2.3 5.4 3.7 6.8 2.3 
P 12.7 41.7 46.2 4.5 . 18.0 17.2 18.4 20.3 
K 4.4 0.2 0.0 0.0 23.4 18.7 8.2 18.8 
Lv 54.2 37.1 41.7 16.5 0.7 1.0 2.7 1.8 
Ls 0.0 0.0 0.0 0.0 3.4 1.7 4.3 3.0 
1m 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 

Qt 28.7 21.0 12.1 79.0 54.5 61.3 66.2 56.3 
F 17.2 41.9 46.2 4.5 41.4 36.0 26.6 39.0 
L 54.2 37.1 41.7 16.5 4.1 2.7 7.2 4.8 

Lt 54.7 38.8 42.2 18.8 9.5 6.4 14.0 7.0 

Ch 0.0 0.2 0.0 1.8 0.5 0.2 0.5 0.3 

Mica 0.9 0.0 0.0 0.0 Tr Tr 0.8 0.6 
M+C 6.3 7.6 3.4 8.3 11.6 9.5 12.9 7.4 
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Empire Mtns. Santa Rita Mtns 

Sample WC-12 WC-13 WC-16 HV-l HV-2 HV-3 HV-4 FC-l 

Fm. Kw Kw Kw Kw Kw Kw Kw Kw 

Qm 42.8 57.6 45.0 48.1 41.8 47.3 52.9 53.5 
Qp 8.8 4.4 5.2 2.0 2.4 2.2 1.2 2.3 
p 24.3 19.1 32.6 30.3 33.8 28.3 39.4 31.5 
K 19.5 14.2 11.4 14.5 12.2 16.8 4.6 11.3 
Lv 1.3 0.9 2.5 5.0 9.7 5.4 1.9 1.5 
Ls 3.5 3.7 3.2 0.0 0.0 0.0 0.0 0.0 
Lm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Qt 51.5 62.0 50.2 50.1 44.3 49.5 54.1 55.8 
F 43.8 33.3 44.0 44.9 46.0 45.1 44.0 42.8 
L 4.8 4.7 5.7 5.0 9.7 5.4 1.9 1.5 

U 13.5 9.1 10.9 7.0 12.2 7.6 3.1 3.8 

Ch 1.5 0.7 0.2 0.5 1.5 1.2 0.5 0.5 

Mica Tr Tr 0.0 0.6 0.0 Tr 0.0 Tr 
M+C 7.9 9.9 11.6 7.8 7.7 16.0 7.8 19.6 
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Whetstone Mtns. 

Sample AP-9 AP-lO AP-ll AP-12 AP-15 AP-20 AP-21 AP-22 AP-5 

Fm. Ks Ks Ks Ks Ks Kt Kt Kt Kt 

Qm 40.3 29.0 45.1 47.3 70.2 75.9 74.8 73.7 70.0 
Qp 7.5 8.3 2.5 3.3 6.3 3.3 5.5 4.3 4.5 
P 39.6 35.1 39.7 34.8 12.5 7.4 10.0 11.6 13.9 
K 0.0 0.5 1.0 0.9 0.0 0.0 0.0 4.8 8.7 
Lv 11.7 20.7 7.6 8.7 4.1 4.8 2.4 2.4 1.5 
Ls 0.9 6.3 4.2 4.9 7.0 8.4 7.4 2.9 1.5 
Lm 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.2 0.0 

Qt 47.8 37.3 47.5 50.6 76.4 79.2 80.3 78.0 74.4 
F 39.6 35.6 40.6 35.8 12.5 7.4 10.0 16.4 22.6 
L 12.6 27.1 11.8 13.6 11.1 13.4 9.7 5.6 3.0 

U 20.1 35.4 14.3 16.9 17.3 16.7 15.2 9.9 7.4 

Ch 2.8 2.0 1.2 1.6 3.6 1.4 2.6 1.4 1.5 

Mica 0.0 0.0 0.0 Tr Tr 0.0 Tr Tr 0.0 
M+C 7.8 3.5 8.1 6.1 6.7 10.0 6.5 20.9 13.6 
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Whetstone Mtns. Santa Catalina Mtns. Rincon Mtns. 

Sample AP-4B BC-l BC-2 BC-3 R-l 

Fm. Kt Kb Kb Kb Kb 

Qm 68.9 93.6 88.2 95.1 96.5 
Qp 4.2 4.2 10.3 3.4 3.0 
P 13.8 0.2 0.5 1.5 0.0 
K 4.4 0.0 0.0 0.0 0.0 
Lv 2.6 2.0 0.2 0.0 0.0 
Ls 5.6 0.0 0.7 0.0 0.5 
Lm 0.5 0.0 0.0 0.0 0.0 

Qt 73.1 97.8 98.5 98.5 99.5 
F 18.2 0.2 0.5 1.5 0.0 
L 8.6 2.0 1.0 0.0 0.5 

Lt 12.9 6.1 11.3 3.4 3.5 

Ch 1.4 2.2 1.5 0.7 2.0 

Mica 0.0 0.0 0.0 0.0 0.0 
M+C 9.5 21.7 19.8 49.2 47.4 
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Galiuro Mtns. 

Sample SM-1 SM-2 SM-3 SM-4 SM-5 WM-1 WM-3 

Fm. Kb Kb Kb Kb Kb Kb Kb 

Qm 84.5 97.0 81.3 91.1 96.8 79.8 84.1 
Qp 11.8 2.0 2.8 5.9 3.3 17.0 4.5 
P 1.7 0.3 12.8 0.0 0.0 1.5 9.2 
K 0.0 0.0 0.3 0.0 0.0 0.0 0.0 
Lv 2.0 0.8 2.3 2.0 0.0 1.8 2.2 
Ls 0.0 0.0 0.8 1.0 0.0 0.0 0.0 
Lm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Qt 96.3 99.0 84.0 97.0 100.0 96.8 88.6 
F 1.7 0.3 13.0 0.0 0.0 1.5 9.2 
L 2.0 0.8 3.0 3.0 0.0 1.8 2.2 

U 13.8 2.8 5.8 8.9 3.3 18.7 6.7 

Ch 1.7 1.0 1.3 3.0 0.8 13.5 1.7 

Mica Tr Tr 0.0 Tr 0.0 0.0 Tr 
M+C 12.8 34.1 18.0 19.6 25.2 44.2 15.8 
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Pajarito Mtns 

Sample AC-5 AC-4 AC-3 AC-2 AC-6 AC-8 AC-7 

Fm. Kb Kb Kb Kb Kb Kb Kb 

Qm 35.6 20.9 21.9 47.1 44.6 14.0 35.9 
Qp 0.4 3.1 0.2 0.2 1.0 1.0 0.2 
p 32.0 30.2 50.0 26.2 23.0 33.7 27.5 
K 14.0 5.8 4.1 22.8 26.2 12.6 21.5 
Lv 16.5 38.9 23.3 3.7 5.3 38.7 14.6 
Ls 1.5 1.1 0.5 0.0 0.0 0.0 0.2 
Lm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Qt 36.0 24.0 22.1 47.3 45.5 15.0 36.2 
F 46.0 36.0 54.1 49.0 49.2 46.2 49.0 
L 18.0 40.0 23.7 3.7 5.3 38.7 14.9 

U 18.4 43.1 24.0 3.9 6.3 39.7 15.1 

Ch 0.0 0.7 0.2 0.0 0.0 0.0 0.0 

Mica 1.7 Tr 1.4 Tr Tr 0.7 0.0 
M+C 18.8 19.1 12.7 5.6 5.4 5.8 10.9 



249 

Sierra EI Chanate Cucurpe 

Sample EC-5 EC-2 EC-3 EC-4 Kit 

Fm. Kas Kas Kas Kas Kit 

Qm 24.1 12.7 17.6 8.5 26.7 
Qp 2.1 5.3 2.7 0.8 5.2 
p 48.5 34.8 20.7 22.3 . 22.6 
K 0.0 2.8 0.0 0.8 0.0 
Lv 25.3 44.5 59.0 67.8 45.6 
Ls 0.0 0.0 0.0 0.0 0.0 
Lm 0.0 0.0 0.0 0.0 0.0 

Qt 26.2 18.0 20.2 9.3 31.9 
F 48.5 37.6 20.7 23.0 22.6 
L 25.3 44.5 59.0 67.8 45.6 

U 27.4 49.8 61.7 68.5 50.8 

Ch 1.2 3.0 0.8 0.8 1.4 

Mica 0.0 2.5 0.0 0.0 0.0 
M+C 1.7 7.5 4.9 9.4 14.7 
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Cerro Los Pimas 

Sample CP-9 CP-lO CP-1 CP-3 CP-5 CP-6 CP-7 

Fm. Km Km Kc Kc Kc Kc Kc 

Qm 37.6 40.6 20.3 30.6 34.2 . 44.1 44.2 
Qp 8.5 4.6 2.9 3.0 2.2 2.6 2.5 
P 14.6 15.2 32.8 33.4 18.9 24.2 26.3 
K 10.9 11.5 0.0 0.0 1.9 0.0 1.7 
Lv 28.2 27.9 43.5 32.9 42.8 29.0 23.6 
Ls 0.2 0.2 0.5 0.0 0.0 0.0 1.7 
Lm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Qt 46.1 45.2 23.2 33.6 36.4 46.8 46.7 
F 25.5 26.7 32.8 33.4 20.8 24.2 28.0 
L 28.4 28.1 44.0 32.9 42.8 29.0 25.3 

Lt 36.9 32.8 46.9 35.9 45.0 31.7 27.8 

Ch 5.6 2.9 1.0 2.3 1.7 1.7 0.5 

Mica 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
M+C 6.6 9.4 5.6 7.4 11.6 11.8 12.6 



APPENDIX D. INPUT DATA FOR GEOHISTORY ANALYSIS (Fig. 50). 

I: Bisbee Group age, composition and thickness data for Huachuca Mountains section. 

Thickness (m) 
Unit name Age,Ma Shale Sandstone Limestone Water Depth (m) 

Unknown Quartzose Feldspathic Minimum Maximum 
Cintura 108-98 286 0 26 34 0 0 0 
Mural 116-108 112 0 13 0 38 0 30 
Glance-Morita 153-116 1230 315 206 72 0 0 0 

II: BASIN program parameters. 

Thermal conductivity of lithosphere 0.01 
Mantle temperature 1350 
Lithosphere thickness 125 
Stretching coefficient 1 
Tau 62.8 
Mantle density 3.33 
Water density 1.03 
Grain density 2.8 
Heat conduction - sandstone 0.002 
Heat conduction - shale 0.005 
Heat conduction - carbonate 0.006 
Radiogenic heat - sandstone 8E-08 
Radiogenic heat - shale 4E-08 
Radiogenic heat - carbonate 8E-08 
Radiogenic heat - basement 7E-08 

~ -
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