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ABSTRACT

The Wolfcampian and Leonardian Colina Limestone of 
southeastern Arizona lies conformably above the Earp 
Formation and represents a marine transgression in this 
region. The lower portion of the conformably overlying 
Epitaph Dolomite is believed to be a dolomitized facies of 
the Colina. Despite the preponderance of micritic 
textures within the Colina, a wide variety of allochem 
types (e.g., fossils, oo ids, and oncoids) and 
concentrations and associated lithofacies are observed. 
Evidence for elevated salinities include the restricted 
fauna, minor evaporite horizons, and silica pseudomorphs 
after sulfate minerals. Siliciclastic units are 
relatively rare and typically poorly exposed. These 
observations suggest low-energy, lime-mud-dominated, 
subtidal lagoonal deposition on the northern shelf of the 
late Paleozoic Pedregosa basin. However, the abundance of 
crinoid- and ooid-dominated lithologies in the extreme 
southeastern corner of the state indicates Colina 
deposition proximal to a high-energy shelf margin. The 
ooid shoals within this region resulted in restricted 
circulation across the margin; however, the generally 
more fossiliferous nature of the upper Colina implies

xvii



xviii
improved circulation by late Colina time.

Despite the pervasive distribution of dark gray to 
black Colina limestones, analyses have revealed a paucity 
of organic carbon. The dark colors are a consequence of 
small amounts of carbon-rich kerogen resulting from 
thermal carbonization.



INTRODUCTION

Location and Purpose of Study 
Fifteen sections of Colina Limestone were studied 

at 11 localites distributed throughout a large geographic 
region in Cochise and Pima counties of southeastern 
Arizona (see Fig. 1). The stratigraphic sections 
investigated were selected on the basis of exposure 
quality and section completeness. An effort was made, 
when possible, to tie in and build on previous Arizona 
Colina studies, while still maintaining a well spaced 
distribution and regional Colina representation. A 
detailed discussion of exact section locations is 
available later in the text; however, in general terms 
they include the following (when necessary, references 
that lend clarification to informal and poorly established 
location designations have been included): (1) central
Waterman Mountains (East Hill area [see McClymonds, 1957, 
1959a]), (2) eastern Empire Mountains (Total Wreck Ridge 
area [see Butler, 1969]), (3) southeastern Whetstone
Mountains (Dry Canyon area), (4) southern Whetstone 
Mountains (Sands Ranch area), (5) Gunnison Hills (Scherrer
Ridge area [see Gilluly et al., 1954]), (6) Tombstone
Hills (Colina Ridge and the adjoining southeast-trending

1



Scale In Miles
/ s f R I S I N T  I IM IT  OF PERM IAN ROCKS IN  SO U TH EA STER N

A R IZ O N A  (B R Y A N T ,1 9 S S , PLATE 1).

GENERAL SECTION LOCALITIES:

1) CENTRAL WATERMAN MTS. 7) NACO HILLS AREA
2) EASTERN EMPIRE M TS. 81 SOUTHEASTERN MULE MTS.

3) SOUTHEASTERN WHETSTONE MTS. 9 ) BARREN HILLS

4) SOUTHERN WHETSTONE MTS. 10) CENTRAL SAN BERNARDINO VALLEY

5) GUNNISON HILLS 11) SOUTHEASTERN SAN BERNARDINO VALLEY

6 ) TOMBSTONE HILLS

MAP LOCATION

Fig. i.— Map of study area. Arrows indicate the general 
locations of the Colina Limestone sections herein described and discussed.
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ridge of sections 26, 35, and 36, T. 20 S., R. 22 E.—  
hereafter referred to informally as "southeast ridge" [see 
Gilluly et al., 1954; Wilt, 1969]), (7) southwestern Mule 
Mountains (Naco Hills area), (8) southeastern Mule 
Mountains (Colina exposure immediately east of Warren), 
(9) Sulphur Spring(s) Valley (Barren Hills— just south of 
the Squaretop Hills [see Dolloff, 1975]), (10) San
Bernardino Valley (two small isolated hills of Colina 
surrounded by Cenozoic volcanics— approximately two miles 
due south of Paramore Crater), and (11) southeastern San 
Bernardino Valley, Guadalupe Canyon area (Hill 14 of the 
Quimby Ranch area [see Dirks, 1966]).

The Colina of southeastern Arizona and adjacent 
areas has been measured and described in numerous earlier 
investigations, occasionally in significant detail. 
However, these studies were typically descriptive and 
often general in nature and lacked detailed analyses and 
interpretations of the formation's facies and diagenetic 
features.

Additional description and measurement of 
stratigraphic sections was not the purpose of this 
research. Instead, focus was placed on the examination of 
both previously studied and undescribed sections with a 
specific concentration on the facies within the Colina and 
assimilating these facies data into a detailed discussion
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of the conditions of deposition. In addition, description 
and interpretation of the numerous and highly-varied 
diagenetic silica features of the Colina was emphasized. 
To achieve the proper perspective, an effective analysis 
of this variety necessitated a study regional in scope 
with the incorporation of available data from New Mexico 
and Mexico. This research is particularly appropriate in 
light of the copious recent advances in carbonate 
classification, petrology, and sedimentology, many of 
which postdate much of the ealier Colina work.

A particular objective of the facies analysis was 
recognition of facies types, patterns, and the processes 
associated with their genesis, while integrating these 
factors into a detailed evaluation of deposition in 
southeastern Arizona during Colina time. This included 
the interpretation of the depbsitional setting with an 
emphasis on the associated physical, chemical, and 
biological parameters. Diagenetic processes relevant to 
the depositional study were also evaluated.

Previous Work
Bryant (1955, p. 11-29) presented a comprehensive 

historical review of the development of Permian 
stratigraphic nomenclature in southern Arizona. The 
following discussion highlights the significant 
developments in the early stages of the study of Permian
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stratigraphy in southeastern Arizona and presents the more 
noteworthy recent contributions to the investigation of 
the Colina Limestone.

The Naco Limestone was named by Ransome (1904, p. 
44-46) for its excellent exposures in the Naco Hills 
immediately southwest of Bisbee. It was the first 
formational name applied to the post-Escabrosa, late 
Paleozoic rocks in southern Arizona (Bryant; 1955, p. 11). 
The unit, as originally defined, contained all the strata 
overlying the Mississippian Escabrosa Limestone and 
underlying the Bisbee Group of Cretaceous age; however, 
Ransome failed to describe or establish a type section for 
the Naco. Girty (in Ransome, 1904, p. 46) interpreted the 
presence of two distinct Pennsylvanian faunas from Naco 
Limestone paleontological collections. The older of the 
two faunas was determined to be of Early Pennsylvanian 
age, while the younger collection contained a fauna that 
was correlated (p. 54) with that of the Hueco Limestone of 
western Texas, then considered Late Carboniferous in age. 
Later, Barton (1925, p. 71) recognized a Permian age (now 
well established) for this Hueco fauna and presented the 
first, albeit tentative, Permian assignment to the upper 
beds of the Naco Limestone (Bryant, 1955, p. 14).

Stoyanow (1936, p. 522-523, 530-533, 535-536; 
1942, p. 1275) addressed Pennsy1 vanian-Permian
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stratigraphy in southeastern Arizona and acknowledged the 
existence of Permian strata in the Naco Limestone as 
originally defined by Ransome (1904). Stoyanow proposed 
restricting the term "Naco" to the Pennsylvanian portion 
of the original Naco Limestone and defined three 
"formations" for the Permian of southeastern Arizona. 
These three Permian units, in ascending order, are: (1) 
beds with Hanzano fauna, (2) the Snyder Hill Formation, 
and (3) the Chiricahua Limestone. The defined 
Pennsylvanian-Permian formational contact of Stoyanow is, 
however, not justified or realistic, since there is no 
significant lithologic change at this boundary in 
southeastern Arizona. Regrettably, S t o y a n o w 1s 
Pennsylvanian-Permian nomenc1atura1 work for southeastern 
Arizona is extremely vague, without practical application, 
and was established without regard to the standard 
practices of lithostatigraphic designation. In essence, 
it is biostratigraphic in nature, defined on the basis of 
contained biotic assemblages.

Butler et a 1. (1938, p. 14-18) studied the
stratigraphy of the Tombstone district and classified all 
late Paleozoic strata overlying the Escabrosa Limestone as 
Naco Limestone, thus applying the term in the original 
sense of Ransome (1904). However, they regarded the Naco 
as Pennsylvanian-Permian in age. Gilluly and Bowles (in



7
Butler et al., 1938, p. 15-17) measured 990+ meters (3263+ 
feet) of Naco Limestone in the Tombstone area and defined 
three members in the upper 640 meters (2105.5 feet). 
Their black limestone member is essentially the Colina 
Limestone of Gilluly et al. (1954), and thus represents 
the first isolation of Colina strata as a separate, 
definable lithostratigraphic unit.

Gilluly et al. (1954) worked on the late Paleozoic
stratigraphy of central Cochise County and stated (p. 16):

Although there is evidence of several faunal 
divisions in the Naco as originally defined, and 
there is sufficient lithologic distinction between 
several parts of the formation to permit their 
being mapped in the area of this survey, it seems 
probable that a name will long be useful in 
southeastern Arizona for the entire assemblage of 
post-Mississippian Paleozoic rocks for which 
Ransome originally applied the name Naco. We have 
therefore thought it best to retain Naco as a 
group term, subdividing the group into formations 
for this area.

The six defined Naco Group formations are, in ascending 
order, the Horquilla Limestone, the Earp Formation, the 
Colina Limestone, the Epitaph Dolomite, the Scherrer 
Formation, and the Concha Limestone (Gilluly et al., 1954, 
p. 16). Gilluly et al. (1954, p. 16) further stated, "It 
is highly probable that the divisions here recognized as 
formations (that is, as fundamental map units) will not 
prove useful over a very wide area and that use for the 
name Naco in the original wide sense may long persist." 
The 1 ithostratographic divisions as proposed by Gilluly et
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al. (1954) have, however, experienced wide acceptance and 
application with little or no modification for an 
extensive geographic region including southeastern 
Arizona, southwestern New Mexico (e.g., Gillerman, 1958; 
Zeller, 1965), and adjoining portions of Mexico (Diaz and 
Navarro, 1964).

The Colina Limestone was so named for its 
excellent exposures in the Tombstone Hills on the west 
side of Colina Ridge, a mile south of Horquilla Peak 
(Gilluly et al., 1954, p. 23). A Colina Ridge type
section was defined and described in Gilluly et al. (1954, 
p. 24).

The work of Bryant (1955) represents the single
most significant attempt to modify the results of Gilluly
et al. (1954). Bryant (1955, p. 30-31) proposed the
following revisions for the existing stratigraphic
nomenclature of southeastern Arizona:

(1) to restrict Naco as group term, excluding 
rocks above those present in the original Naco 
limestone of the Tombstone-Bisbee area; (2) to 
validate the Andrada formation by establishing a 
type locality and presenting a detailed type 
section; (3) to expand and redefine the Concha 
limestone and designate a supplementary type 
locality and type section for it; (4) to expand 
the Scherrer formation slightly at the top to 
include the sandstones previously assigned to the 
base of the Concha limestone; (5) to establish the 
new Rainvalley formation for younger Permian rocks 
above the Concha limestone; (6) to assemble the 
Scherrer, Concha, and Rainvalley formations into a 
new group, the Snyder Hill group; and (7) to 
abandon the terms "Manzano formation" or "beds



with Manzano fauna", and "Chiricahua limestone" as 
inadequately defined and partial equivalents of 
formations herein established.

Of the six original Naco Group formations (Gilluly 
et al., 1954), Bryant (1955, p. 19-20) noted the presence 
of only Horquilla, Earp, Colina, and possibly basal 
Epitaph in the type Naco Limestone of the Bisbee area. 
For this reason, Bryant (p. 51-52) proposed restricting 
the term Naco Group to the four formations present in the 
Naco Hills and defined the Snyder Hill Group for the 
assembled Scherrer Formation, Concha Limestone, and the 
newly named Rainvalley Formation (Bryant, 1955, p. 48-51; 
Bryant and McClymonds, 1961). Additionally, Bryant (1955, 
p. 37) noted difficulties with the recognition of 
separable Earp, Colina, and Epitaph formations west of the 
Whetstone Mountains. Therefore, the term Andrada 
Formation was adopted for this western region and was 
considered to include the undifferentiated equivalents of 
the Earp, Colina, and Epitaph (Bryant, 1955, p. 37). 
Bryant (p. 37-40) attempted to validate the Andrada by 
establishing and describing a type section (his measured 
section 9-A) in the Empire Mountains.

However, additional stratigraphic work in this 
western region resulted in the recognition and 
differentiation of Earp, Colina, and Epitaph lithologies 
and the eventual discontinued use of the Andrada

9
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Formation. As an example, McClymonds (1957) described 
Andrada Formation in the Waterman Mountains with distinct 
upper and lower members; these were later designated the 
Colina Limestone and Earp Formation, respectively 
(McClymonds, 1959a, p. 73). The Earp, Colina, and Epitaph 
were also later recognized and described in the eastern 
Empire Mountains (Butler, 1969).

Adoption of the Snyder Hill Group (Bryant, 1955, 
p. 51-52) failed to gain support. The Naco Group of 
Gilluly et al. (1954, p. 15-16) is still used as defined, 
with the common, although apparently never formal, 
addition of the Rainvalley Formation (e.g., Mayer, 1978, 
p. 150; Lindberg, 1983). Mayer (1978, p. 149) incorrectly 
cited Bryant (1955) for the placement of the Rainval ley in 
the Naco Group, while Ross (1973, p. 888) erroneously 
indicated the inclusion of the Black Prince Limestone in 
the Naco Group by Gilluly et al. (1954). With the 
exception of possible Pennsylvanian beds in the Black 
Prince Limestone (see Nations, 1963; Bryant, 1968, p. 37; 
Peirce, 1979, p. 13), the term Naco Group is now generally 
applied to all Pennsy1vanian-Permian strata of 
southeastern Arizona. This Horquilla through Rainvalley 
grouping is perhaps justified based on essentially 
continuous deposition in this sequence; however, arguments 
have been presented favoring the recognition of regional
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unconformities within this section (Ross, 1973, 1978). In 
addition to the elevation of the term Naco to group 
status, it has been retained in a formational sense in 
central Arizona for the Pennsylvanian Naco Formation 
(e.g.. Brew and Beus, 1976; Lindberg, 1983). Ross (1973), 
however, correlated the Naco Group into the Mogollon Rim 
region and there recognized the Earp and Horquilla 
formations.

The results of Gilluly et al. (1954) have, in 
general, become the nomenclatural standard for the late 
Paleozoic stratigraphy of southeastern Arizona and 
adjoining areas. The Colina Limestone, as described by 
Gilluly et al. (1954), has been readily identified and 
described throughout this area. Table 1 contains a list 
of notable studies that involved investigation of the 
Colina Limestone. A comprehensive list of Colina measured 
sections is available in Table 2. The thesis by Wilt 
(1969) deserves special note, as it involved research 
devoted entirely to the study of the petrology and 
stratigraphy of the Colina Limestone. Wilt (p. 6) 
presented a list of those studies in which Colina strata 
was treated as part of the Andrada Formation or by some 
other field designation.

Method of Study
The field portion of this investigation involved
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Table 1.— Significant previous investigations of the Colina Limestone.

Reference Area(s) of Study

Gilluly et al., 
1954
Bryant, 1955 
Epis, 1956 
Sabins, 1957

-central Cochise County [Tombstone 
Hills, Gunnison Hills]
-throughout southeastern Arizona 
-Pedregosa Mts.-Dos Cabezas Mts. and Chiricahua

Tyrrell, 1957 
Gillerman, 1958
McClymonds, 1957

Cooper and Silver, 
1964
Diaz and Navarro, 
1964

Mts.
-Whetstone Mts.
-central Peloncillo Mts.— New 
Mexico and Arizona 
-Waterman Mts.
note: his upper member of the 
Andrada Formation is the Colina 
Limestone (see McClymonds, 1959a) 

-Dragoon Quadrangle— northwestern 
Cochise County 
-Sierra de Palomas— Mexico

Hayes and Landis, 
1965
Zeller, 1965 
Dirks, 1966

Kelly, 1966

Creasey, 1967 
Denney, 1968 
Butler, 1969
Wilt, 1969 
Dolloff, 1975

-southern Mule Mts. [Naco Hills]
-Big Hatchet Mts.— New Mexico 
-Quimby Ranch area— Guadalupe 
Canyon area in southeastern San 
Bernardino Valley

-Pickhandle Hills— Guadalupe Canyon 
area in southeastern San 
Bernardino Valley 

-Whetstone Mts.
-central Canelo Hills 
-Total Wreck Ridge area— eastern 
Empire Mts.
-Tombstone Hills
-Barren Hills— just south of the 
Squaretop Hills in the Sulphur 
Springs Valley

Unless otherwise noted, all localities are in Arizona 
[ ]=area(s) emphasized
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Table 2.— List of measured Colina Limestone sections.

Locality Thickness
(approximate (meters[ft.])
location 
[sec. T R])

Comments Reference

NW Whetstone Mts. 
[14 18S 18E]

63 [207] incomplete Tyrrell (1957), 
section 1A

central Whetstone 
Mts.
[33 18S 19E]

192 [630] complete Tyrrell (1957), 
section 3A

SE Whetstone Mts. 
[14 19S 19E]

150 [493] complete Tyrrell (1957), 
section 5B

Tombstone District 
[36 2OS 22E]

175 [573] incomplete Bryant (1955), 
section 1

northern Dragoon 
Mts.
[26 16S 23E]

82 [269] incomplete Bryant (1955), 
section 2

Naco Hills 
[26 23S 23E] 76 [249] incomplete Bryant (1955), 

section 5
southern Whetstone 213 [700]
Mts., west of Sands
Ranch
[33 19S 19E]

complete Bryant (1955), 
section 7-A

Swisshelm Mts. 
[26 19S 27E]

61 [200] incomplete Bryant (1955), 
section 15

Pedregosa Mts., 
Limestone Mt. area 
[23 2OS 29E]

320 [1050] incomplete Bryant (1955), 
section 16-A

Pedregosa Mts., 
Beacon Hill

258 [845] complete (?) Bryant (1955), 
section 16-B

District 
[2 22S 29E]



14

Table 2 continued.

Dos Cabezas Mts., 46 [150]
approx. 3 mi. west- 
northwest of Dos 
Cabezas
[ ? ]

incomplete Jones and
Bacheller in 
Bryant (1955, p. 
101-102)

Empire Mts. 104 [342.6] complete Butler (1969)
[8 18S 17E]
Peloncillo Mts., 
Cienega Peak area 
[21 25S 21W]

154 [504] incomplete, Gillerman (1958), 
possible section MS 10 
faulting

San Bernardino 137 [450]
Valley, Quimby Ranch 
area, Hill 14 
[15 24S 3IE]

incomplete Dirks (1966), 
section I-A

San Bernardino 147 [482]
Valley, Quimby Ranch 
area, Hill 14 
[14 24S 3IE]

incomplete Dirks (1966), 
section I-B

San Bernardino 19 [62] 
Valley, Pickhandle 
Hills
[7 24S 32E]

incomplete Kelly (1966), 
(reported section II 
4001 or more 
in mapped area)

Sulphur Springs 106 [347] incomplete Dolloff (1975), 
Valley, Barren Hills section BH 5
[12 19S 26E]
Tombstone Hills, 
Colina Ridge 
[34 20S 22E]
Tombstone Hills, 
southeast ridge 
[35 2OS 22E]

189 [621.5] complete Wilt (1969),
section 2

289 [947.0] complete. Wilt (1969), 
thickness section 3 
probably
increased by faulting

Tombstone Hills 111 [363.8] incomplete Wilt (1969), 
[31 20S 23E] section 4
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Table 2 continued.

Tombstone Hills, 
U.S. Highway 80 
[31 20S 23E]

39 [129.5]

Tombstone Hills, 
U.S. Highway 80 
[31 20S 23E]

52 [169.0]

Tombstone Hills, 
U.S. Highway 80 
[31 20S 23E]

19 [63.2]

Tombstone Hills, 
U.S. Highway 80 
[31 20S 23E]

32 [105.0]

Tombstone Hills, 
Cowan Ranch Road 
[34 2OS 23E]

98 [321.0]

Tombstone Hills, 
Colina Ridge 
[—  20S 22E]

193 [633]

Gunnison Hills 
[29 15S 23E]

134 [441]

Gunnison Hills, 
Scherrer Ridge 
[29 15S 23E]

100 [327.5

Pedregosa Mts., 
Limestone Mt. 
[25 20S 29E]

305 [1000]

Pedregosa Mts., 
Beacon Hill 
[ ? ]

290 [950]

Big Hatchet Mts., 
Sheridan Tank 
[36 3IS 15W]

108 [355]

incomplete Wilt (1969), 
section 5aR

incomplete Wilt (1969), 
section 5aS

incomplete Wilt (1969), 
section 5bR

incomplete Wilt (1969), 
section 5bS

incomplete Wilt (1969), 
section 6

complete,
type
section

Gilluly et al. 
(1954)

incomplete Gilluly et al. 
(1954)

| incomplete, Gilluly et al 
questionable (1954)
Colina

complete (?) Epis (1956), 
table 10

nearly
complete

Epis (1956), 
p. 105

complete (?) Zeller (1965), 
Lower Sheridan 
Tank section
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Table 2 continued1

Big Hatchet Mts., 
Mine Canyon 
[36 3IS 15W]

154 [505] complete Zeller (1965), 
Mine Canyon 
section

Whetstone Mts., 
west side 
[24 IBS 18E]

83 [271] complete Creasey (1967), 
section C

Whetstone Mts., 
east side 
[27 19S 19E]

55 [180] complete Creasey (1967), 
section J

Whetstone Mts., 
east side 
[22 19S 19E]

66 [215] complete (?), Creasey (1967) 
difficult to 
measure accurately

Chiricahua Mts., 
Timber Mt. Ridge 
[18 16S 30E]

163 [535] complete Sabins (1957), 
fig. 9—  
section 7

northern 
Chiricahua Mts. 
[14 15S 30E]

133 [436] 
(approx.)

incomplete Sabins (1957), 
fig. 9—  
section 4

northern 
Chiricahua Mts. 
[27 15S 30E]

133 [436] 
(approx.)

incomplete Sabins (1957), 
fig. 9—  
section 6

Chiricahua Mts. 
[21 17S 3IE]

122 [400] 
(approx.)

incomplete Sabins (1957), 
fig. 9—  
section 9

Chiricahua Mts., 
Hilltop Mine 
[5 17S 30E]

144 [473] ? R.L. Brittain 
(pers. comm.) in 
Sabins (1957)

southern Mule 
Mts., Naco Hills 
[27 23S 23E]

151 [495] incomplete Hayes and Landis 
(1965)
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Table 2 continued.

Waterman Mts., 
East Hill 
[31 12S 9E]

63 [207] complete (?), McClymonds 
upper member (1957) 
Andrada Fm. =
Colina Limestone, 
faulting present

Koht Kohl Hill 
[ ? ]

67 [220] complete(?) McClymonds
(1959b)

Sierra de Palomas, 
Chihuahua, Mexico 
[ ? ]

185 [607] complete Diaz and 
Navarro (1964)

well data: 
Hidalgo County, 
N.M.; Humble 
No. 1 State BA 
[25 32S 16W]

246 [808] complete Kottlowski 
et al. (1969)

central 
Canelo Hills 
[ ? ]

61 [200] incomplete Denney (1968)
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detailed lithologic description, selective thickness 
determinations, a comprehensive sampling program, and 
outcrop photography. Thickness values and other field 
measurements were obtained with a Jacob's staff and a six- 
inch scale. Sampling was performed selectively, in 
contrast to more systematic or random procedures. Special 
emphasis was placed on lithologic analysis from a genetic 
standpoint, as well as silica diagenesis.

In general, the limestone classification scheme of 
Folk (1959, 1962) was employed for both field and 
petrographic lithologic descriptions. However, a minor 
modification is advocated involving the addition of 
allochem prefixes in order of increasing abundance to a 
matrix or cement root (e.g., biopelmicrite) (Friedman and 
Sanders, 1978, p. 174) instead of the use of qualifiers 
preceding the main rock name (e.g., fossil if erous 
pelmicrite) (Folk, 1959, p. 18-19; 1962, p. 72). Color 
designations were based on the Geological Society of 
America Rock-Color Chart (Goddard et a l ., 194 8). 
Laboratory studies included extensive thin section 
analysis with an emphasis on diagenetic silica features 
and, especially, depositional interpretations of 
microfacies. The thin sections were stained with Alizarin 
Red-S (ARS) to distinguish calcite from dolomite, and 
photomicrography recorded petrographic details.
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Quantitative insoluble-residue analysis was 

performed on laminated Colina samples by means of total 
concentrated-hydrochloric-acid digestion of carbonate. 
The compositions of select Colina HC1-insoluble residues 
and diagenetic silica components were determined by X-ray 
diffraction. The study of Colina silica features was 
enhanced by the application of scanning electron 
microscope (SEM) image examination and photography. In 
addition, standard medical X-ray equipment was utilized to 
a minor extent on thin slabs of cut and polished Colina 
(with and without visible laminations) for X-radiographic 
evaluation. Elementary crystallographic determinations 
were obtained for silica pseudomorphs with a Penfield 
Contact Goniometer— Model B. Paleocurrent directions were 
derived from rare measurements of cross-laminations and 
aligned bioclasts; corrections were made when necessary 
for the structural dip of the strata.

Finally, 15 Colina samples were analyzed for both 
total iron and total organic carbon (TOC) content. 
Fourteen of these samples were chosen to represent 
examples of the darkest colored Colina observed in this 
study while still maintaining a good geographic 
distribution of sample localities. One Colina sample of 
anomalously light color (SB210-1) was run for the purpose 
of comparison. The samples were all described in detail
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in terms of lithology and color (fresh surface); degrees 
of fetidness were noted. For reasons that will become 
clear later, the samples for analysis were carefully taken 
to avoid fractures and areas of visible ferric oxides. 
The total iron procedure was performed by Rocky Mountain 
Geochemical Corporation of West Jordan, Utah. The 
analytical method involved evaluation by atomic absorption 
following complete sample digestion in HE, HC1, HNO3, and 
HC104. The precision of this procedure is + 5% for <1% 
iron concentrations and + 2% for higher concentrations of 
iron.

TOC values were determined by Hager Laboratories 
Incorporated of Denver, Colorado. The procedure was 
described as follows:

Powdered samples were leached with hydrochloric 
acid to remove any carbonates present and then 
analyzed for total carbon using a LECO CR12 Carbon 
Determinator with infrared detection (after acid 
digestion, the sample was dried and combusted in 
oxygen using the LECO Carbon Analyzer, the 
resulting carbon dioxide generated being a measure 
of the organic carbon quantity). The amount of 
carbonates was determined gravimetrically by 
difference.

The TOC and total iron analyses were repeated for sample 
BH 1220-1 on separate occasions to provide a check on the 
precision of the applied methods.

Rock-Eval pyrolysis was also carried out by Hager 
Laboratories on one of the samples (BH 1220—1) • However, 
because of the low hydrocarbon content of the sample,



conclusions regarding the type of original organic matter 
and maturity of the sample are not possible. Although of 
little value, the pyrolysis results are available in 
Appendix A.
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STRATIGRAPHY OF THE COLINA LIMESTONE

General Description
As reported by Gilluly et al. (1954, p. 24), the 

most characteristic lithologic feature of the Colina is 
"the dominance of dense limestone that appears very dark 
gray to almost black on fresh fracture." Although this is 
highly simplified, the preponderance of dark micrites and 
micritic units of varying allochem concentrations and 
compositions is undeniable. These dark gray to black 
limestones commonly weather to a much lighter gray and 
often emit a strong fetid (hydrogen sulfide) odor upon 
striking or acid treatment.

Exposed siliciclastic beds and significant covered 
intervals are quite rare in the Colina. Bedding thickness 
is variable; however, it is dominantly thick- to very 
thick-bedded (Bryant, 1968, p. 39), with internal 
laminations uncommon. Covered intervals and the thinner- 
bedded limestones generally show a sloping topographic 
expression, while thicker-bedded limestones commonly form 
resistant cliffs (see Fig. 2). Nodular chert is 
relatively rare and typically small and irregular in shape 
when present. Dolomites and dolomitic 1imestones are 
scattered throughout the Colina, with Epitaph-like

22
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Fig. 2.— Typical Colin a Limestone exposure. 
Photographed at the type section on the west side of 
Colina Ridge in the Tombstone Hills.
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dolomites occurring in abundance near the Colina-Epitaph 
contact.

The dominant faunal elements of the Colina 
Limestone are echinoids, gastropods, and bioclast-rich 
fossil "hash". Echinoid spines and, to a far lesser 
extent, interambulacral plates are common thoughout much 
of the Colina. Identifiable, unfragmented gastopods are 
also plentiful, with the abundance of large, obtuse-angled 
gastropods of the genus Omphalotrochus yielding an 
important diagnostic characteristic. Omphalotrochids are 
confined almost entirely to the Colina in southeastern 
Arizona (Bryant, 1959, p. 40; 1968, p. 39-40) and are 
generally restricted to high populations in specific 
intervals of the Colina section.

Bioclasts of often uncertain shelly affinities, a 
wide range of concentrations, and varying degrees of 
fragmentation are found in biomicrites throughout the 
Colina. This fossil "hash" is the dominant faunal 
constituent of the Colina and often shows well developed 
"algal" coatings.

Identifiable, articulated brachiopods are fairly 
common, with spines occasionally attached. Williams (in 
Gilluly, 1956, p. 49) noted that brachiopods are less 
common than echinoid spines and gastopods and are more 
frequently present in the upper part of the formation than
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the lower. Corals, bryozoans, and crinoid stem fragments 
are generally quite rare, but great abundances of 
crinoidal material are present locally. Fusulinids are 
locally important in thin units.

Much of the Colina Limestone consists of sparsely 
to nonfossiliferous micrite, with the upper beds 
significantly more fossi1 iferous. The excellent
silicification of much of the fossil material has resulted 
in a high degree of preservation. Detailed faunal lists 
are available in Gilluly et al. (1954, p. 38-41), Gilluly 
(1956, p. 49-53), and Wilt (1969, p. 51-54).

The Contacts
The contacts of the Colina Limestone with the 

underlying Earp Formation and overlying Epitaph Dolomite 
are both conformable. As originally defined by Gilluly et 
al. (1954, p. 23-24), these contacts are quite arbitrary. 
In the type area, the Earp-Colina contact was positioned 
at the top of the highest orange-red weathering dolomite, 
thereby placing the majority of the terrigenous beds in 
the Earp. Outside the type area, the base of the Colina 
was defined where the interbedded siliciclastics, marls, 
and limestones characteristic of the Earp are superseded 
by the relatively uniform dark limestones of the Colina 
(see Fig. 3). The transition is gradational and, thus, 
without a clearly-defined formationa1 boundary.
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Fig. 3.— Typical Earp-Colina transition (contact) , Hill 
14, Guadalupe Canyon area (section llB--this study). 
Dashed line indicates approximate Earp-Colina contact. 
Note the characteristic Colina ledge-slope topography on 
the left side of the photograph and the anomalously cliffy 
nature on the right.
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The contact with the overlying Epitaph Dolomite is 

also highly gradational, with the transition occurring in 
a zone of variable thickness (up to 10 meters [30 feet], 
more commonly less than 1.2 meters [4 feet] [Gilluly et 
al., 1954, p. 24]). Within this zone, typical Colina 
limestones are interbedded and mottled with Epitaph-like 
dolomite. The amount of dolomite increases upward until 
it passes into massive dolomite. The contact is placed 
immediately below this massive dolomite, thus above the 
highest limestone or mottled dolomitic limestone.

This ideal conformable sequence of Earp-Colina- 
Epitaph is, however, commonly not observed. These 
contacts are often very poorly exposed or covered. 
Additionally, contacts resulting from subsequent faulting, 
intrusion, and erosion have rendered many Colina sections 
incomplete.

The apparent lack of Epitaph at several localities
and the associated conformable Colina-Scherrer contact
have given rise to the "Colina-Epitaph problem". Gilluly
et al. (1954, p. 27) addressed this problem in detail in
response to the observed apparent absence of Epitaph in
the Gunnison Hills. Three possible interpretations were
proposed and evaluated (Gilluly et al., 1954, p. 27):

1. The Epitaph dolomite has been eroded in the 
Gunnison Hills area and the Scherrer formation is 
an overlapping formation younger than the Epitaph.
This interpretation requires an unconformity at
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the base of the Scherrer formation. The base of 
this formation is well exposed on Scherrer Ridge 
but no evidence of angular or erosional 
unconformity noted.
2. The Epitaph dolomite is equivalent to beds in 
the concealed interval between the lower and upper 
parts of the Colina limestone of the Gunnison 
Hills. Lack of exposures of the Epitaph in the 
Gunnison Hills would probably require a change in 
lithology or downfaulting of the ridge-forming 
part of the formation.
3. The lower part of the Epitaph is the 
dolomitized equivalent of beds referred to as the 
Colina limestone in the Gunnison Hills and the 
upper part of the Epitaph is equivalent to part or 
all the Scherrer formation. This would require a 
more rapid change of facies in the Epitaph than is 
indicated in the Tombstone HilIs-Dragoon Mountains area.

Sabins (1957, p. 494) noted the absence of Epitaph 
in the Chiricahua Mountains, with the Scherrer Formation 
conformably overlying the Colina. This situation was also 
reported in the Peloncillo Mountains (Gillerman, 1958) and 
the Waterman Mountains (McClymonds, 1959a, p. 74). Sabins 
(1957, p. 494) supported the third hypothesis of Gilluly 
et a l . (19 54), concluding that the Epitaph is a
dolomitized facies, restricted to the Dragoon Mountains, 
of the upper Colina and lower Scherrer. This "dolomitized 
facies” is substantially more widely distributed in 
southeastern Arizona and adjoining areas of southwestern 
New Mexico and Mexico than this indicates. A 
comprehensive review of the Epitaph's distribution was 
presented by Patch (1969, p. 24-26; 1973, p. 108-109).
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The Gunnison Hills problem was also investigated 

by Bryant (1955, p. 41-44; 1959, p. 40-41). He (1959, p. 
41) assigned the limestone underlying the Scherrer 
Formation in the Gunnison Hills to the upper part of the 
Epitaph (approximately 300 meters [1000 feet] above the 
type Colina Limestone) instead of to the Colina to which 
it was somewhat uncertainly assigned by Gilluly et al. 
(1954, p. 25). This Colina-1ike limestone would, 
therefore, be equivalent to the upper part of the type 
Epitaph in the Tombstone Hills or to higher beds that have 
been eroded from it (Bryant, 1955, p. 44). In addition, 
Bryant (1959, p. 40) assigned 240 meters (800 feet) of 
strata in the Chiricahua Mountains to the Epitaph.

There is no simple answer regarding this sub- 
Scherrer limestone in the Gunnison Hills. Field and 
petrographic observations support the tentative upper 
Colina designation of Gilluly et al. (1954); however, 
similarities to the limestone of the upper Epitaph present 
in the Tombstone Hills type area (see Patch, 1973, p. 111- 
112) and southern Whetstone Mountains (Bryant, 1955, p. 
32, 44) must be noted.

Regardless, the Epitaph is typically considered a 
do1omitized facies of the upper Colina (Tyrrell, 1957, p. 
78-80; Zeller, 1965, p. 51; Greenwood et al., 1970, p. 39; 
Patch, 1973, p. 115). The Colina and Epitaph have been
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treated as a single unit for stratigraphic purposes, with 
division considered useful only for geologic mapping. In 
general, the evidence suggested for regarding the Epitaph 
simply as dolomitized Colina includes: (1) similarities
in the allochems and diagenetic silica features present in 
both, (2) similarities in biotic constituents, with the 
Epitaph fauna, although sparse, being but a slightly 
smaller representative of the upper Colina fauna (Williams 
in Gilluly et al., 1954, p. 41), (3) the dolomite of the 
upper Colina is identical to that of the Epitaph, and (4) 
a highly gradational contact which varies significantly in 
stratigraphic position when traced laterally. Individual 
limestone beds of the upper Colina have been observed to 
pass into dolomite when followed for less than one mile 
(Zeller, 1965, p. 49); the contact clearly crosses 
bedding. This shift in stratigraphic position of the 
Colina-Epitaph contact was also observed in the Tombstone 
Hills (Wilt, 1969, p. 12; Patch, 1973, p. 115) and the 
Guadalupe Canyon area (Dirks, 1966, p. 21). Patch (1973, 
p. 115) presented evidence from the Tombstone Hills 
Epitaph type section thought to favor the Colina 
dolomitized-facies hypothesis.

This single unit concept unfortunately represents 
an oversimplification. The stratigraphic relationships 
are complex, but the evidence supports the Epitaph as a
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dolomitized facies of both the upper Colina and lower 
Scherrer (Gilluly et al., 1954, p. 27; Sabins, 1957, p. 
494; Kottlowski, 1963, p. 64). Apparently, only the lower 
dolomite of the Epitaph (Patch, 1973, p. 110-111) is a 
true Colina equivalent and, therefore, should be included 
with the Colina for stratigraphic purposes. This 
represents the dolomite underlying the thick siltstone 
sequence readily observed at the type area and the Sands 
Ranch area of the southern Whetstone Mountains.

Distribution and Thickness
The Colina Limestone is distributed throughout 

southeastern Arizona, adjoining areas of Mexico, and 
Hidalgo County in southwestern New Mexico. Unfortunately, 
there is a great scarcity of data for Mexico, and 
additional work is of the utmost necessity. Diaz and 
Navarro (1964) were able to apply southeastern Arizona 
nomenclature in northern Chihuahua. However, many 
questions remain regarding the stratigraphy of northern 
Mexico, with a particular need for detailed correlation.

Wilt (1969, p. 32-49) presented a very thorough 
discussion of the distribution of Colina Limestone in 
southeastern Arizona and southwestern New Mexico. The 
present extent of Permian rocks in southeastern Arizona 
(Bryant, 1955, plate 1) is shown in Figure 1. These 
1 imits provide a good approximation for the distribution



32
of Colina Limestone in this area. In addition, Table 2 
contains a comprehensive list of localities of identified 
and studied Colina Limestone sections.

Analyses of Colina Limestone thicknesses and 
overall isopach trends are problematic. As evident in 
Table 2, many of the studied Colina sections are 
incomplete. Faulting has affected much of the strata in 
southeastern Arizona, often making true thickness values 
elusive. Additionally, bedding plane faults are commonly 
difficult to recognize.

Because of the highly variable stratigraphic 
position of the Colina-Epitaph contact, the Colina's 
thickness is largely a function of the extent of Epitaph 
dolomitization. Wilt (1969, p. 12-13, 61) employed this 
contact variability in the Tombstone Hills to help explain 
a difference of 100 meters (325 feet) of thickness for the 
Colina Limestone between Colina Ridge and the adjoining 
southeast ridge. In the Big Hatchet Mountains, a 
difference of 45 meters (150 feet) of Colina thickness was 
explained by variation in the stratigraphic level of 
dolomitization for two measured sections less than one 
mile apart (Zeller, 1965, p. 49).

This problem was addressed earlier in the 
discussion of the Colina contacts. Treating the Colina 
and Epitaph separately for stratigraphic purposes will
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yield inaccuracies in isopach work and related basin 
analyses. It is essential to determine what portion of 
Epitaph to include with the Colina for these purposes. As 
previously stated, perhaps only the lower dolomite in the 
type area (Patch, 1973, p. 110-111) and its equivalents in 
other Epitaph sections should be included.

Butler (1969, fig. 36; 1971, fig. 6) lumped the 
Colina and the entire Epitaph together when isopach 
mapping in southeastern Arizona and adjacent areas of New 
Mexico and Mexico. In addition, Butler (1969, p. 32) 
warned against drawing conclusions regarding the geometry 
of the Pedregosa basin from Epitaph thickness without the 
inclusion of Colina values. This appears to be an 
oversimplified explanation to a complex problem. 
Additional stratigraphic work is needed on both these 
units to resolve existing difficulties.

Problems associated with isopach work are 
compounded by a lack of data, as complete measured 
sections of Colina are quite scarce. However, Table 2 
represents a relatively complete list of available 
thickness values.

Age
The lack of an age diagnostic Colina fauna has 

made the assignment of an exact age difficult. Knight 
(in Gilluly et al., 1954, p. 39-40), through careful
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analysis of the Colina gastropod assemblage and 
correlation to other gastropod bearing Permian strata of 
the Southwest, considered the Colina to be of Wolfcampian 
age. The presence of Ompha1otrochus obtusispira in the 
Colina was a very important, and perhaps principal, factor 
in drawing this conclusion. It was strengthened by other 
observed Colina gastropods; however, Knight noted several 
elements of the gastropod assemblage that suggested a 
younger age.

Williams, in the same publication (p. 40), found 
the brachiopods of the Col ina to suggest ages of 
Wolfcampian or younger— many suggesting post-Wolfcampian 
more than Wolfcampian. In addition, he reported the 
tentative identification by A. K. Miller of a Leonardian 
ammonite, Perrinites, collected from the upper Colina. 
Based on this information, Williams (in Gilluly et al., 
1954, p. 41) assigned an age of Wolfcampian and Leonardian 
(?) to the Colina Limestone.

With the report of an additional ammonite of the 
same genus, Perrinites hi1 1 i, from the Chiricahua 
Mountains, Sabins (1957, p. 494-495) further substantiated 
the Leonardian age for the upper portion of the Colina. 
This ammonite is believed to occur no lower than the base
of the Leonardian Stage.

" Fusulinid (order Fusulinida [see Haynes, 1981])
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data from the Colina are unfortunately very scarce and 
somewhat inconclusive. Previous reports of Colina 
occurrences of this stratigraphically useful group of 
foraminifera are infrequent, commonly problematic, and not 
as useful for age determinations as one might hope.

Williams (in Gilluly, 1956, p. 50) reported the 
common occurrence and relatively wide stratigraphic 
distribution of fusulinids in the Colina. Unfortunately, 
the collections were lost, and these fusulinids have not 
been relocated and described. Hayes and Landis (1965, p. 
30) collected fusulinids in the Mule Mountains from 
material they considered to be three feet above the base 
of the Colina; however, Ross (1973, p. 892) regarded 
their find to be from a limestone typical of the middle 
Earp Formation, which is lying in fault contact with the 
Colina. Wolfcampian fusulinids were collected near the 
base of the Colina in the Pedregosa Mountains (Epis, 1956, 
p. 113). Diaz and Navarro (1964, p. 74) noted the 
presence of fusulinids in the Colina of the Sierra de 
Palomas, but neglected to provide details. Finally, 
Lodewick (1970, p. 49) erroneously cited the presence of 
Leonardian Colina fusulinids from the Big Hatchet 
Mountains. In actuality, Zeller (1965, p.49) reported 
these fusulinids from the Concha Limestone and noted the 
absence of Colina fusulinids.



The findings of Dirks (1966) perhaps represent 
the most reliable and significant Colina fusulinid 
discoveries to date. Dirks (p. 22) reported a number of 
thin fusulinid zones from his two partial Colina sections 
on Hill 14 in the Guadalupe Canyon area of the 
southeastern corner of Arizona. In addition^ he 
specifically noted (p. 23) the presence, of Parafusulina, 
which first appears 100 meters (320 feet) above the base 
of the formation. This represented important 
verification of the somewhat tentative Leonardian age 
assignment for the upper beds of the Colina Limestone.

Additional work (this study) on the fusulinids of 
Dirks' Hill 14 sections has yielded interesting results. 
Samples collected approximately 90 meters (300 feet) above 
the Earp-Colina contact from near the base of Dirks' unit 
ten in his measured section I-A (section 11B of this 
study— see Appendix figures B-ll and D-12) contained 
Endothyra sp., Staffella spp.# Nankinellaf?) sp., perhaps 
other staffellid genera, and Schwagerina sp. (Ross, 
written communication, 1983).

Ross (same reference) identified several species 
of Schwagerina and at least one species of a primitive 
Parafusulina from a second group of samples. The 
Parafusulina species was reported as not closely similar
to early Leonardian species in the Glass Mountains or
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Nevada succession. These samples were collected 
approximately 60 meters (200 feet) below the eroded top 
of the Colina from the basal portion of unit six of Dirks' 
measured sect ion I-B (section 11A of this study— see 
Appendix figures B-ll, D-ll, D-llb, and D-llc). The 
abundant Epitaph-like dolomite in the upper beds of this 
section indicate that this eroded top is stratigraphically 
only slightly below the missing Colina-Epitaph contact 
(Dirks, 1966, p. 22). Ross concluded that the second 
collection contained a fauna that suggests a probable 
early Leonardian age.

At this point, it is important to note the 
existence of evidence indicating the possibility of a 
time-transgressive nature for the Colina Limestone, with 
an eastward younging into Hidalgo County, New Mexico. In 
general terms, this situation has been well documented for 
the Horquilla Limestone and Earp Formation of southeastern 
Arizona and southwestern New Mexico (Williams in Gilluly 
et a 1., 1954, p. 35, 38; Bryant, 1955, p. 123-124; 
Gillerman, 1958, p. 33-35, 37-38; Zeller, 1960, p. 149; 
1965, p. 41, 4 8-49; Rea and Bryant, 1968, p. 809; 
Lodewick, 1970, p. 49; Kottlowski, 1971, p. 441). The 
younger Earp and Horquilla ages in the Big Hatchet 
Mountains of southwestern New Mexico are the most commonly 
cited evidence supporting this determination.
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Rea and Bryant (1968, p. 809) stated:

In southeastern Arizona, the Earp is late 
Virgilian to middle or late Wolfcampian in age, 
becoming younger eastward where, in southwestern 

• New Mexico, Zeller (1965, p. 48) reported a late 
Wolfcampian to early Leonardian age for the formation.

In actuality, Zeller's Leonardian call was tentative. 
Zeller (1965, p. 49) reported that although the age of the 
upper Earp contact is imprecisely known, it is probably 
about the same throughout the region. In effect, the 
Horquilla-Earp contact clearly youngs markedly to the 
east, whereas the Earp-Colina contact is more poorly 
understood and may actually represent an approximately 
isochronous boundary (see Thompson, et al., 1978, table 
1).

Despite the conclusions of Zeller (1965) and 
Thompson et al. (1978) and a severe paucity of detailed 
age control, the possibility of some eastward younging of 
the Earp-Colina contact should not be overlooked. A 
comparison of age assignments for this contact throughout 
southeastern Arizona and southwestern New Mexico tends to 
support this contention. Recent work by the Correlation 
of Statigraphic Units of North America (COSUNA) Project 
group of the American Association of Petroleum Geologists 
(Lindberg, 1983) suggests a younger age for this contact 
in the Big Hatchet Mountains area than for the Sonoita 
region of southeastern Arizona. This boundary represents
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a facies change and apparently reflects different ages at 
different localities (Ross, 1973, p. 892).

The upper boundary of the Colina Limestone is also 
thought to be diachronous, with the upper Colina of 
eastern Cochise County postdating that of the Whetstone 
Mountains (Tyrrell, 1957, p. 72). The Wolfcampian and 
Leonardian(?) age assignment for the Colina of central 
Cochise County (Williams in Gilluly et al., 1954, p. 41) 
versus either late Wolfcampian or Leonardian for the 
Colina of the Big Hatchet Mountains (Zeller, 1965, p. 49) 
demonstrates a general eastward decrease in age. The 
interpretations of Zeller (1965, p. 50) and Greenwood et 
al. (1970, p. 39) that Sabins (1957) found most of the 
Colina in the Chiricahua Mountains to be of Leonardian age 
advanced this conclusion. However, this is inaccurate, as 
Sabins (1957, p. 494-495) did find at least the upper part 
of the Colina to be Leon a r d i a n , but noted the 
impossibility of accurately locating the Wolfcampian- 
Leonardian boundary.

Additional work is reguired to tighten the age 
control of the Colina. However, the scarcity of age 
diagnostic fossils will make this difficult.

Correlation
Colina Limestone sections throughout southeastern 

Arizona and adjoining areas are correlatable based on
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litholcgic and paleontologic similarities and 
stratigraphic position. The Colina can be correlated with 
time-equivalent units on a regional scale through the use 
of paleontological data. A recent correlation of 
stratigraphic sections of southeastern Arizona and 
southwestern New Mexico with sections distributed 
throughout the southwestern United States was completed 
for the Southwest/Southwest Mid-continent Region 
correlation chart (Lindberg, 1983) of the COSUNA Project.

F i g u r e  4 r e p r e s e n t s  a s u m m a t i o n  of 
chronocorrelations for Desmoinesian through Leonardian 
strata of a broad area of the southwestern United States 
and northern Mexico. It includes localities in northern, 
east-central, and southeastern Arizona; southwestern New 
Mexico; and the "classic" Permian of West Texas and 
southeastern New Mexico. Since the age control of the 
Colina is relatively weak, correlations are approximate 
and tentative. The wide range of publication dates for 
the references used in compiling this chart was included 
to reveal some historical insight into the nomenc1atura1 
evolution of this region.
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ENVIRONMENT OF DEPOSITION 

Regional Paleoqeoqraphy
Early Permian deposition in Arizona was controlled 

by a network of large-scale positive and basinal tectonic 
features. The distribution of the major sedimentation- 
influencing elements is represented in Figure 5. The data 
presented in this figure were derived from numerous 
sources, with an emphasis on the work of Blakey (1980) for 
the northern Arizona region. Since age control is a 
limiting factor, some generalization was necessary 
regarding the timing and coexistence of these features. 
The following discussion will highlight those areas 
particularly relevant to our understanding of the Early 
Permian Pedregosa basin and Colina Limestone deposition. 
The early Leonardian pa1eogeographic and tectonic setting 
of Arizona is shown in Figure 6.

The paleoequator provided in Figure 5 represents 
the late Paleozoic equator presented by Toomey and Babcock 
(1983, fig. 1-2). This position is in close agreement 
with recent continental reconstructions for Permian time 
(e.g., Scotese et al., 1979; Smith et al., 1981) and 
indicates an equatorial setting for southern Arizona 
during the Early Permian.

42
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Fig. 5.— Early Permian tectonic elements. Data from 
many sources, especially Blakey (1980).
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Fig. 6.— Paleogeographic and tectonic setting during 
early Leonardian time. Blank areas represent regions of 
poor data or uncertain pa1eogeography. Blakey (1984), his 
fig. 3.
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The Early Permian pa1eogeography and tectonic 

setting of the region located between east-central and 
southern Arizona remains unresolved. The problem is 
compounded by the absence of known Permian rocks in a gap 
of at least 100 miles— hereafter referred to as the 
"Permian gap"— in the intervening region between the 
southernmost outcrops of the Plateau Permian and the 
northernmost Permian outcrops of the Basin and Range 
(Bryant, 1955, p. lie? Peirce, 1976, p.50 and fig. 7)
(Fig. 5). For this reason, it is difficult to evaluate 
the Permian stratigraphic continuity between the Colorado 
Plateau region and southeastern Arizona. This absence can 
be variably interpreted as a product of either 
nondeposition associated with a tectonic high or 
postdepositional erosion.

Particularly relevant to any interpretation of 
this stratigraphic gap is the relationship between the 
Colina Limestone and the time-equivalent lithologies of 
the southern Colorado Plateau region. Most significantly, 
this time-equivalent material includes the "Fort Apache 
limestone" of Stoyanow (1936). The Fort Apache has since 
been subjected to rather extensive nomenclature! revision 
in the literature, for example: (1) the Fort Apache
Member of the Supai Formation (Gerrard, 1966), (2) the
Fort Apache Member of the Coconino Formation (Elston and
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DiPaolo, 1979), and (3) the Fort Apache Member of the 
Schnebly Hill Formation (Blakey, 1979a, b, 1980, 1984). 
The question remains whether the Fort Apache and Colina 
reflect laterally continuous deposition or are merely 
unrelated time-equivalent units. This distinction has 
important implications regarding the presence or absence 
of an Early Permian structural high in the "Permian gap" 
region.

A seaway extending northward from the Pedregosa 
basin to the Holbrook basin of east-central Arizona has 
been proposed for Colina time (Butler, 1971, p.74). This 
hypothesis supports an interpretation of the Fort Apache 
Member as simply a tongue of the Colina Limestone and 
necessitates a shelf area, as envisioned by Ross (1973, 
1978) and Blakey (1980), in the region of the "Permian 
gap". Therefore, it is necessarily implied that the 
absent Permian strata in question is the product of 
subsequent erosion rather than nondeposition— a view held 
by Bryant (1955, p. 112). Blakey (1979a, 1980) noted the 
presence of laterally continuous units of Pennsylvanian 
age extending across this gap and supported (1980, p. 254) 
the conclusion of Ross (1973, p. 905) that post-Paleozoic 
erosion removed Permian rocks from this "shelf area". The 
possible existence of an extended Pedregosa seaway is 
indicated by the conclusions of several workers regarding
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the northern limits of the Pedregosa basin. Fetzner 
(I960, p. 1390 and fig. 2) and Peirce (1979, fig. 6) 
proposed extending the Pedregosa basin, during the 
Pennsylvanian, northward into east-central Arizona, 
terminating the basin in the region of the Zuni-Defiance 
positive. This view is sustained by their isopach maps of 
the Pennsylvanian System (Fetzner, 1960, fig. 3; Peirce, 
1976, fig. 6) (see also Peirce, 1979, fig. 3). Blakey 
(1980, p. 253) also theorized on possibly placing the 
Early Permian northern edge of the Pedregosa in the east- 
central Mogollon Rim region.

Alternatively, another possibility exists. During 
Fort Apache time, seas perhaps transgressed into the 
Holbrook basin area not from the south, but rather from a 
more east to southeasterly direction (Gerrard, 1964, 
p.30; Peirce, 1976, p. 52? Elston and DiPaolo, 1979, p. 
138). This possibility is strengthened by the Fort Apache 
Member isopach trends displayed in the maps of Gerrard 
(1964, fig. 10; 1966, fig. 10? 1969, fig. 3) and suggests 
the occurrence of an Early Permian uplift in the "Permian 
gap" of the region located between the Mogollon Rim of the 
southern Colorado Plateau and southeastern Arizona. 
However, the existence, timing, and areal extent of such 
an uplift are moot.

Stoyanow (1936) proposed a Paleozoic positive
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area in central Arizona— Mazatzal land--and later 
suggested that it may have been responsible for restricted 
Early Permian marine communication between southeastern 
and northern Arizona (Stoyanow, 1942, p. 1275). Kazatzal 
land has been viewed by some workers as an important 
sediment source during Coconino-Scherrer time (Sabins, 
1957, p. 496), while Peirce (1976, p. 53) opposed the 
concept of central Arizona as a Coconino sand source. 
Bryant (1955, p. 117) rejected the possibility of 
widespread southeastern Arizona Permian highlands and 
considered Mazatzal land as a contributor of little, if 
any, sediment during this time. However, Peirce (1979, p. 
14), while discussing the Pennsylvanian System of Arizona, 
noted the possibility of a major northeast-trending 
depositional strike in central Arizona during the 
deposition of the Supai and Naco formations; this trend 
may bear some relationship to Stoyanow's Mazatzal land. 
Kottlowski (1971, p. 440) concluded that much of central 
Arizona was uplifted during Late Mississippian and Early 
Pennsylvanian time, while Wilson and Jordan (1983, fig. 
57) surmised a sizable Wolfcampian land area north of the 
Pedregosa basin shelf area. Finally, Peirce and Gerrard 
(1966, p. 1, 9) determined that evaporites of the upper 
Supai Formation (Early Permian) were generated from marine 
waters that periodically transgressed north to
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northwestward to the subsiding Holbrook basin across an 
active tectonic zone. This structural zone was thought to 
have been coincident in trend and position, at least in 
part, with the southern extension of the present Mogollon 
Rim.

This history of tectonic activity in central 
Arizona is poorly understood and a matter of controversy. 
The sparse Paleozoic sedimentary record has heightened the 
uncertainty, with erosion having removed much of the 
Paleozoic strata (McKee, 1982, p. 56). Additionally, the 
fluctuating positive and negative nature of this region, 
as interpreted by McKee (1982, p. 56), has further 
compounded its enigmatic character. However, McKee (p. 
56) inferred that this region, during Pennsylvanian and 
Early Permian time, had neither strongly negative or 
consistently positive character. This area, which he 
referred to as the "Arizona sag", was believed to have 
been a marine barrier during Morrowan and Atokan time, but 
covered by shallow marine waters during the Virgilian and 
possibly again during Wolfcampian time (McKee, 1982, 
p.56) .

Perhaps most conclusively, studies of the 
Pennsylvanian-Permian Earp Formation (Rea and Bryant, 
1968; Lodewick, 1970) in southeastern Arizona strongly 
indicate the presence of a late Paleozoic Arizona uplift
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in the Winkelman-Superior region of the "Permian gap". 
Rea and Bryant (1968, p. 809) argued that the eroding Naco 
Formation in this area supplied the chert pebbles observed 
in the early to middle Wolfcampian red chert-pebble 
conglomerate of the Earp in southeastern Arizona. This 
area of eroding Naco Formation has been referred to as the 
"Naco highlands" (Lodewick, 1970, p. 66; Butler, 1971, p. 
74 and fig. 5) and has been considered a possibile 
expression of tectonic activity along the northwest
trending Deming Axis (Lodewick, 1970, p. 71; Butler, 1971, 
fig. 5; Peirce, 1976, p. 53). Regarding the Deming Axis, 
Peirce (1976, p. 53) stated:

...relative highs along the Deming Axis of Turner 
(1962, p. 59) may have been undergoing erosion in 
at least Early Permian time. This axis is between 
the present south margin of the plateau and the 
axial position of the Pedregosa Basin in Permian 
time as envisioned by Butler. The full extent of 
its influence on stratigraphic continuity between 
the plateau region and southern Arizona in Permian 
time is not known.

Lodewick (1970, p. 69) maintained that apparently during 
Virgilian time tectonic pulses initiated uplift of the 
Naco Formation. In addition, it was concluded that the 
resulting highs were present during the Wolfcampian and 
were tectonically rejuvenated during this time (Lodewick, 
1970, p. 66, 69).

Clearly, the stratigraphic relationships between 
the Colorado Plateau and southeastern Arizona are poorly
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understood, particularly in regard to the Permian. The 
evidence indicates that this region was a shallow shelf 
during Pennsylvanian and possibly Early Permian time, with 
periodic tectonic activity resulting in a more positive 
structural expression. Similarly, Ross (1973, p. 887), 
while investigating the Pennsylvanian and Early Permian 
depositional history of southeastern Arizona, determined 
that the "Mogollon inner shelf" was frequently emergent. 
As defined, this shelf includes the area in the vicinity 
of the present Mogollon Rim.

The Earp and Horquilla formations of southeastern 
Arizona have been successfully correlated into the 
Mogollon Rim region (Ross, 1973, 1978), thus demonstrating 
the continuity of Pennsylvanian strata across the "Permian 
gap". However, Blakey (1980, p. 241) concluded that only 
a small portion of the Supai and Naco actually intertongue 
and that most units of the two groups are truncated and 
separated by unconformities of regional extent. Only the 
Wescogame Formation of the Supai Group and the Earp 
Formation of the Naco Group, both of Virgilian age, are 
part of the same continuous unit (Blakey, 1979a, p.103; 
1980, p. 246).

These unconformities, along with the evidence 
previously cited, support the concept of late Paleozoic 
emergent areas in the central and "Permian gap" regions of
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Arizona. Unfortunately, the absence of Permian data has 
rendered interpretation of the "Permian gap" region during 
Colina time purely speculative. The isopach patterns of 
the Fort Apache Member do, however, suggest that perhaps 
these units were not laterally continuous, thus supporting 
the possibility of an Early Permian uplift within the 
region devoid of Permian strata.

Southwestern Arizona remains an area of equally 
enigmatic Permian paleogeography. Bryant (1955, p.117) 
reported that southwestern Arizona has no known Permian 
rocks in place, while Bryant and McClymonds (1961, p. 
1328) noted that no proven Permian rocks had yet been 
reported west of Koht Kohl Hill (located just west of the 
Waterman Mountains). McKee (1967, p. 207 and fig. 73), 
however, discussed the occurrence of three isolated 
localities of Permian strata in southwestern Arizona. 
Finally, an absence of Paleozoic rocks in extreme 
southwestern Arizona and adjacent portions of California 
was recently identified (Stone et al., 1983, p. 1136).

The apparent dearth of Permian strata within this 
region of Arizona raises, once again, the question of 
presence or absence of a notable Early Permian positive in 
southern Arizona. Schuchert (1910, p. 470) stated, "The 
history of southern California, northern Baja California, 
and western Arizona is very obscure, but geologists
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surmise that this region was land throughout the greater 
part of the Paleozoic and possibly until the Pennsylvania 
(sic).11 This structural high was named the "Ensenada 
positive element" (Schuchert, 1910, p. 470 and pi. 49). 
Ross (1973, fig. 3) hypothesized a possible southwestern 
Arizona uplift during the Pennsylvanian and Early Permian.

Additional authors have also speculated on the 
occurrence of such an uplift. Paleozoic deposition in 
southeastern Arizona was interpreted to have been bordered 
on the southwest by the "Ensenada positive area" (Sabins, 
1957, p. 469), while McKee (1982, p. 55) viewed it as 
likely that a landmass, therein referred to as "Ensenada 
land", existed in the southwestern corner of Arizona 
during the deposition of the Supai Group. McKee (1951, p. 
488, 491) concluded, despite eradication of the 
sedimentary record by erosion and metamorphism, that the 
"Ensenada Positive Area", a significant landmass, existed 
in southwestern Arizona during Pennsylvanian and Permian 
time and resulted in reduced sedimentation in that area. 
Finally, it has been suggested either directly or 
indirectly that southwestern Arizona was a notable 
contributor of Early Permian siliciclastic sediment 
(McKee, 1967, p. 213? Stone et al., 1983, p. 1144).

The poor Permian record of southwestern Arizona 
may reflect the presence of an Early Permian structural
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positive in this region. Bryant (1955, p. 112), however, 
attributed the lack of Permian strata to subsequent 
erosion rather than nondeposition. The unfortunate state 
of the Permian record in this region has rendered 
interpretation difficult and uncertain.

The late Paleozoic Florida uplift (Fig. 5) was 
discussed by Kottlowski (1958) and therein named the 
"Florida islands". This uplift, during Wolfcampian time, 
was described as an area of low islands and hills which 
contributed only minor amounts of sediment to the south, 
southeast, and southwest (Kottlowski, 1958, p. 84). 
Kottlowski (p. 86) postulated a similarly low, subaerial, 
but enlarged, Florida islands positive area for the 
Leonardian. Presently, Wolfcampian rocks rest 
unconformably on strata of pre-Pennsylvanian age, a 
relationship interpreted to be the result of Late 
Pennsylvanian or Early Permian uplift and erosion 
(Thompson et al., 1978, p. 340). Toomey and Babcock 
(1983, p. 4) concluded that Pennsylvanian rocks were 
either not deposited over the "Florida Platform" or were 
subsequently eroded during the Early Permian. Finally, 
Greenwood et al. (1970, p. 43) discussed "Florida Islands" 
of Late Pennsylvanian and Wolfcampian age. This was, 
according to Kottlowski (1970, p. 17), the time of most 
extensive Florida uplift erosion.
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The paleogeography and depositional setting of 

southeastern Arizona during Colina time will be discussed 
in detail in later sections, with particular emphasis 
placed on the Pedregosa basin. As a consequence of the 
enigmatic status, as previously discussed, of the regions 
immediately north and west and the paucity of data from 
Mexico, the actual limits of the Pedregosa basin are 
poorly known. Additional complications exist because the 
basin and its limits have been ambiguously defined. 
Numerous authors have briefly addressed the nature and 
location of the basin limits (e.g., Wilson et al., 1969, 
p. 89; Ross, 1973, 1978; Peirce, 1976, p. 48; Thompson et 
al., 1978, p. 340-341; Blakey, 1980, p. 253; Dickinson, 
1981, p. 118); however, these limits remain virtually 
unknown. Figure 7 presents Dickinson's (1981) 
interpretation of the Pedregosa basin's position and its 
relationship to other tectonic elements present during the 
late Paleozoic in the southern Cordillera.

Isopach (Butler, 1971; Greenwood et al., 1977;
Peirce, 1976, 1979) and facies analysis of the
Pennsylvanian-Permian shelf area of southeastern Arizona 
indicate that it was intimately associated with, and 
indeed part of, the Pedregosa basin. Because of a lack of 
data for the regions to the north and west, extending the 
limits of this shelf beyond southeastern Arizona is
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Fig. 7.— Paleotectonic map of southern Cordillera, mid- 
Carboniferous to mid-Triassic, 325-225 myBP. Dickinson 
(1981), his fig. 4.
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problematic, particularly for the Permian. For these 
reasons, the concept of a "central Arizona shelf" (Ross, 
1973, 1978) is rejected. Instead, it is more appropriate, 
regardless of the various definitions of the Pedregosa 
basin in the literature, to consider the southeastern 
Arizona shelf as part of the Pedregosa basin and to refer 
to it as the "Pedregosa shelf".

Pedregosa Basin 

Historical Perspective
The Pedregosa is an enigmatic basin of uncertain 

timing and origin. Initially, Kottlowski (1958, p. 83) 
proposed the "Pedregosa trough", described as a northwest
trending trough of thick carbonate deposits. Later, it 
was described as the Pedregosa "basin" (Kottlowski, 1959, 
p. 149; 1960, p. 152) on the basis of a thick accumulation 
(as much as 760 meters [2500 feet]) of Pennsylvanian 
strata, chiefly dense limestone. Kottlowski (1960, p. 
152) interpreted the basin to have extended from the 
Gunnison Hills southeastward to the Pedregosa and Big 
Hatchet mountains, continuing into northern Sonora. The 
basin limits were later more precisely, but arbitrarily, 
drawn where Pennsylvanian rocks are 600 meters (2000 feet) 
or more thick (Greenwood et al., 1977, p. 1449). As 
defined by these authors (op cit.), many questions
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remained regarding the basin's position in time and space 
and its role in Phanerozoic deposition.

Of particular interest is the relation of the 
Pedregosa basin to the Sonoran geosyncline. McKee (1982, 
p. 56) stated:

A negative belt persisted in southeastern Arizona 
during all of Paleozoic time, but was especially 
active in the Pennsylvanian. It appears as a 
prominent feature on isopach maps of the region 
and is generally recognized as the northern end of ' 
a geosyncline that trended northwestward into 
Arizona from Mexico. .

Although the nomenclature is quite variable, this 
geosyncline is generally referred to as the "Sonoran" 
geosyncline (e.g., McKee, 1951, p. 485; 1982, p. 56; Pye, 
1959, p. 5). The Pedregosa basin, despite significant 
nomenclatural inconsistency, is now typically considered 
to be the northwestern extension or embayment of this 
large northwest-trending geosyncline (McKee, 1967, fig. 
72; Lopez-Ramos, 1969, fig. 2; Wilson et al., 1969, fig. 
3; Kottlowski, 1971, p. 431, 446) (see also Peirce, 1979, 
p. 9; McKee, 1982, p. 56). Notable confusion exists, 
however, regarding the actual timing of the Pedregosa.

The stratigraphy of the Pedregosa basin has often 
been discussed in terms of large portions of Phanerozoic 
time (e.g.. Greenwood, 1970a; Kottlowski, 1971; Greenwood 
et al., 1977; Thompson et al., 1978). Although a common 
and somewhat traditional practice, this approach is casual
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and problematic. Ambiguities have arisen through the use 
of the term Pedregosa basin in a geographic sense rather 
than as an actual depositional entity.

The true Pedregosa basin is only a late Paleozoic 
feature. For example, McKee (1967, p. 209) described the 
Pedregosa as a large Pennsylvanian and Permian basin, 
while Greenwood (1970b, p. 63) suggested Late 
Mississippian-Early Pennsylvanian basin formation. Ross 
(1978, p. 197; 1979, p. 44) considered Pedregosa
subsidence to have initiated during latest Desmoinesian to 
early Missourian time. Greenwood et al. (1970, p. 43) and 
Kottlowski (1963, fig. 2; 1971, fig. 1) referred to a late 
Paleozoic Pedregosa basin, while Greenwood et al. (1977, 
p. 1456) specified late Desmoinesian initiation of 
subsidence. Wengerd (1969, p. 201; 1970, p. 91) discussed 
a p re-Pennsylvanian Sonoran geosync line and a 
Pennsylvanian and Permian Pedregosa basin. Schupbach 
(1973, p. 82) determined a Late Pennsy 1 vanian-Wolfcampian 
age for the Pedregosa basin. In addition, Schupbach (p. 
85-86) concluded that the basin had not yet developed 
during the lower Horquilla of the Big Hatchet Mountains 
and ended with the deposition of the Earp Formation. 
Finally, Dickinson (1981, p. 118 and fig. 4) regarded the 
Pedregosa basin and related tectonic elements as 
Pennsylvanian and Early Permian in age.
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Trends apparent on Paleozoic isopach maps (e.g., 

Kottlowski, 1963, 1971; Greenwood et al., 1977) support 
the concept of a late Paleozoic Pedregosa basin. Thick 
Mississippian through Permian stratal sequences are 
present in a well-defined northwest-trending basin 
extending from southeastern Arizona-southwestern New 
Mexico into adjoining areas of Mexico. Kottlowski (1970, 
p. 16) also noted that thick Mississippian, Pennsylvanian, 
and Permian deposits occur in the "Pedregosa basin".
, Mississippian isopach maps of Armstrong and Mamet (1978, 
fig. 1) and Armstrong et al. (1980, fig. 1) show thick 
accumulations of strata in a well -developed basin labeled 
the Pedregosa (see also Kottlowski, 1971, fig. 7). The 
isopach maps of Peirce (1976, fig. 5; 1979, fig. 2) also 
indicate a pronounced Mississippian basin in southeastern 
Arizona. Regardless, the inclusion of Mississippian 
strata as a part of actual Pedregosa basin deposition 
requires further work for substantiation. Pre-Pedregosa 
basin Paleozoic deposition in this area was controlled by 
a less well-defined, but similarly trending, northwestern 
extension of the Sonoran geosyncline. The resulting pre- 
Mississippian stratigraphic thicknesses are significantly 
less than those of Pedregosa deposits.

Tectonic Setting
The tectonic setting of the Pedregosa basin is
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poorly understood and seldom addressed in detail. In 
general terms, it has been described as a fault-bounded 
(Toomey and Babcock, 1983, p. 4), asymmetric stuctural 
basin (Wilson, 1970, p. 25). However, questions exist 
regarding the spatial and temporal positions of the basin 
within the tectonic and depositional framework of 
southeastern Arizona, as well as its possible relationship 
to the Sonoran geosyncline and Chihuahua Trough. In terms 
of plate tectonic theory, the Pedregosa represents a basin 
of puzzling intracratonic and intraplate position—  
described as an autogeosyncline by Kottlowski (1965, p. 
141). Recent advances (Ross, 1978, 1979; Kluth and Coney, 
1981; Dickinson, 1981) have, however, helped to better 
explain its plate tectonic setting. Since post-Paleozoic 
geologic events have greatly obscured the record, 
conclusions regarding Pedregosa basin genesis and history 
are speculative.

The Paleozoic of southeastern Arizona was marked 
by an extended period of relative cratonic stability 
(Coney, 1978, p. 285); however, Pennsylvanian-Permian 
tectonic activity was apparently more varied and complex 
than that which preceded it in the early Paleozoic 
(Peirce, 1976, p. 48).

While the inferred northwest-trending seaway 
across southern Arizona implies some structural 
control through much of the Paleozoic, the data 
from the Permian suggest that those structural



controls became pronounced and were apparently 
activated in the late Paleozoic (Titley, 1976, p.
79) .

This northwest-trending "grain" had an influence on 
patterns of both Paleozoic and Mesozoic deposition in 
southern Arizona and, although less developed during the 
lower Paleozoic, was particularly conspicuous during late 
Paleozoic and Mesozoic time (Titley, 1981, p. 88). Peirce 
(1976, p. 53) also found that during the Permian, as 
during other parts of the Paleozoic, northwest trends were 
present. Schupbach (1973, p. 84) suggested that the 
northwest lineation of southwestern New Mexico and 
southeastern Arizona might reflect basement faulting.

Pennsylvanian and Permian tectonic features of the 
southern Colorado Plateau and vicinity had been 
sporadically active since the Precambrian and were 
rejuvenated by late Paleozoic tectonism in the western 
United States (Blakey, 1980, p. 242). Deposition in 
southeastern Arizona during the Pennsylvanian and Early 
Permian was apparently affected by vertical crustal 
adjustments occurring at this time (Ross, 1978, p. 195). 
Ross (1973, p. 893) interpreted a complicated history of 
deposition resulting from repeated movement along a 
complex set of fault blocks in the region of the Pedregosa 
basin outer-shelf/basin-facies transition during most of 
Pennsylvanian and Early Permian time. With the exception
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of possible discrepancies regarding Mississippian 
deposition, the above findings agree quite well with the 
Pedregosa basin time-constraints as discussed previously. 
Additionally, there is excellent concurrence with the 
genetic theories for the Pedregosa basin presented by Ross 
(19 7 8, 1979) , Kluth and Coney (1981), and Dickinson 
(1981).

Ross (1978, p. 197; 1979, p. 44) was able to 
relate a number of major structural features, including 
the initiation of Pedregosa basin subsidence, to the 
widespread tectonic activity resulting from the collision 
of Laurasia and Gondwana during the late Paleozoic 
Ouachita-Marathon orogeny. The Pedregosa, along with 
numerous other cratonic basins (e.g., Orogrande, Delaware, 
and Midland) and uplifts (e.g., Florida, Pedernal, Diablo, 
Central Basin platform, and Matador), was tectonically 
active from late Desmoinesian/early Missourian through 
early Wolfcampian time (Ross, 1978, p. 197, 199; 1979, p. 
44). By the late Wolfcampian, tectonic activity decreased 
abruptly in these basins and uplifts, as well as in the 
Ouachita-Marathon erogenic belt (Ross, 1978, p. 199; 1979, 
p. 44).

Kluth and Coney (1981) noted a similar 
relationship between the Ouachita-Marathon orogeny and 
intracratonic deformation. This deformation produced the
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Ancestral Rocky Mountains and other related features over 
a large area of the western United States (Kluth and 
Coney, 1981). The distribution and timing of these 
resulting features can be observed in Figure 8, with 
Pedregosa basin subsidence included. Kluth (written 
communication, 1983) specified the Pedregosa as a marginal 
cratonic foreland basin related to the Marathon part of 
the Appalachian-Ouachita-Marathon orogeny. Intraplate 
deformation occurred when a peninsular cratonic projection 
along the irregular southern continental margin of North 
America was pushed northwestward as the collision of North 
America with South America-Africa progressed (Kluth and 
Coney, 1981, p. 13). Large-scale, rapid cratonic 
deformation ceased during Wolfcampian or Leonardian time 
(Kluth and Coney, 1981, p. 11). Little is known regarding 
the presence and effect of exotic terranes caught up in 
the collision (Kluth, written communication, 1983).

Dickinson (1981, p. 118) also presented the idea 
of Pedregosa basin genesis resulting from collision- 
induced intraplate deformation under stesses 
preferentially directed by pre-collision Ouachitan margin 
irregularities. Figure 7 illustrates the basin's 
position, as defined by Dickinson (1981), and its southern 
termination at the Ouachita system. Bridges (1970, p. 32) 
concluded, in agreement with Dickinson's hypothesis, that
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the Pedregosa joins or becomes part of the Ouachita system 
at its southeastern termination. The basin developed 
within a belt of platform sediment cover that had 
previously closed around the nose of the transcontinental 
arch (Dickinson, 1981, p. 118). Dickinson (1981, fig. 2) 
did not indicate a Sonoran geosyncline in this pre- 
Pedregosa (precollision) platform, but did note (p. 117) 
difficulties associated with interpretation as a 
consequence of tectonic overprinting in Arizona and the 
paucity of Paleozoic data from Mexico. In addition, 
Blakey (1980, p. 242-243) determined that collision
generated forces were responsible for activation of 
crustal weaknesses in the southern Colorado Plateau 
region.

Isopach data (e. g., Kottlowski, 1963, 1971;
Greenwood et al., 1977) for southeastern Arizona and
adjoining areas indicate that collision-related cratonic 
deformation may have initiated in this area as early as 
Mississippian time. The significantly increased 
thicknesses and well-defined basinal trend support this 
hypothesis. The deformation apparently occurred in the 
northern cratonic extension of a pre-existing, northwest
trending structurally-controlled marine embayment or 
geosyncline. The collision-suturing truncated the 
southern portion of this probable Sonoran geosyncline and
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yielded pronounced structural reactivation and a related 
dramatic increase in subsidence in the basin north of the 
collision orogen, thus generating the Pedregosa basin. It 
appears that pre-Pedregosa basin Paleozoic deposition was 
controlled by the geosync line; however, the lack of data 
for Mexico and the region's complex and poorly understood 
tectonic history have rendered the existence and character 
of the Sonoran geosyncline difficult to evaluate. 
Regardless, Lopez-Ramos (1969, p. 2402) considered what he 
termed the "Paleozoic geosyncline", which appears to be 
equivalent to the Sonoran, as a probable continuation of 
the Ouachita geosyncline. Schupbach (1973, p. 84) 
concluded that the Pedregosa basin graded southward into 
what he called the "Chihuahua Trough", a term generally 
reserved for a Mesozoic tectonic feature. This trough was 
thought to possibly have been a foredeep of the Ouachita- 
Marathon geosyncline (Schupbach, 1973, p. 84). Wilson 
(1975, p. 169) also described the "Chihuahua-Pedregosa" as 
a late Paleozoic foredeep basin.

Perhaps analogies can be drawn to the collision- 
related Permian Basin tectonic activity in the region of 
an ancestral Tobosa basin. In West Texas and southeastern 
New Mexico, the late Paleozoic Permian Basin was 
superimposed above the early Pa1eozoic Tobosa basin 
(Dickinson, 1981, p. 118). Greenwood (1970a, p. 105)



noted similarities in the environmental histories and 
structural evolutions for most of the Paleozoic in the 
regions of the late Paleozoic Pedregosa and Permian 
basins.

The existence of collision-related Mississippian 
Pedregosa basin tectonics remains suspect. Ross (1978, p. 
195) suggested rapid convergence of northwestern Gondwana 
(South America) and the southern and southeastern edges of 
western Laurasia (North America) during Mississippian, as 
well as Pennsylvanian and Early Permian, time. In 
concurrence, Gutschick and Sandberg (1983, p. 82) 
discussed a proto-Ouachita orogeny which affected the 
southern margin of Mississippian North America and 
resulted from a convergence of the South American plate 
that culminated in a latest Pennsylvanian continental 
collision. Notably, Kluth and Coney (1981, p. 10) stated, 
"The tectonic pattern of uplifts and basins that dominated 
Pennsylvanian time in the west-central United States 
already had started to emerge sometime before earliest 
Pennsylvanian." One should not overlook, however, the 
possibility that Mississippian Pedregosa activation was a 
response to the Late Devonian-Mississippian Antler event, 
although Coney (1983, p. 85) indicated that Antler effects 
were felt only in Nevada.

Finally, although of a vastly different tectonic
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setting, the Mesozoic Chihuahua Trough was very similar to 
the Pedregosa basin and Sonoran geosyncline in trend and 
spatial position (compare Fig. 7 and Dickinson [1981, fig. 
7]). Wilson (1970, p. 24) described a deep-water Early 
Permian trough to the west of the Diablo Platform on the 
eastern margin of the Pedregosa basin. This trough was 
thought to perhaps represent an elongate basin extending 
northwestward out of the foredeep of the Marathon uplift 
and a possible ancestor of the Jurassic and earliest 
Cretaceous trough in Chihuahua (Wilson, 1970, p. 26). 
Therefore, it is proposed that the similarities in the 
positions of the Pedregosa basin and the Sonoran 
geosyncline to that of the Chihuahua Trough may suggest 
even later reactivation of the structures responsible for 
the geosyncline or elongate embayment of Paleozoic age.

Recent studies of relevance to Pedregosa basin 
tectonics include Goetz and Dickerson (1985), Ross and 
Ross (1985a, 1986), Kluth (1986), and Armin (1987). Most 
notably, Armin (1987, p. 42) argued, "Subsidence of the 
Pedregosa foreland basin was presumably caused by 
downflexure under northward-verging thrust sheets in the 
Chihuahua region during the Ouachita orogeny." He further 
suggested, "Downflexure of the Pedregosa foreland basin 
evidently caused flexural forebulging and subaerial 
exposure of large areas cratonward." Specifically, Armin
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attributed Wolfcampian conglomerates in the Earp Formation 
of southeastern Arizona to forebulge tectonism peripheral 
to the Pedregosa foreland basin. Perhaps the uplift in 
the central/"Permian gap" region believed to be present 
during Colina time as proposed earlier in this discussion 
was a vestige of this flexural forebulging.

Section Descriptions
As previously mentioned, 12 sections of Colina 

Limestone in southeastern Arizona were carefully analyzed 
and described. These sections include: 1) the East Hill 
area of the central Waterman Mountains in the vicinity of 
McClymonds1 (1957) measured section of the upper member of 
the Andrada Formation— McClymonds (1959a) later described 
this material as Colina (section 1 of this study), 2) the 
Dry Canyon area of the southeastern Whetstone Mountains in 
the vicinity of Tyrrell's (1957) section 5B (section 3 of 
this study), 3) the Sands Ranch area of the southern 
Whetstone Mountains south of Bryant's (1955) section 7-A 
(section 4 of this study), 4) two sections in the Scherrer 
Ridge area of the Gunnison Hills in the approximate 
vicinities of the lower and "questionable" upper Colina 
Limestone sections of Gilluly et al. (1954) (sections SB 
and 5A of this study, respectively), 5) two sections in 
the Tombstone Hills— the type section on Colina Ridge 
proximal to Wilt's (1969) section 2 and a section on
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southeast ridge to the southeast of Wilt's section 3 
(sections 6 and 6' of this study, respectively), 6) the 
Barren Hills of the Sulphur Springs Valley in the area of 
Dolloff's (1975) section BH 5 (section 9 of this study), 
7) two sections in the Paramore Crater area of the San 
Bernardino Valley (Fig. 9) (sections 10A and 10B of this 
study), and 8) two sections on Hill 14 in the Guadalupe 
Canyon area of the southeastern San Bernardino Valley in 
the areas of Dirks' (1966) sections I-A and I-B (sections 
11B and 11A of this study, respectively).

A less-detailed study was made of three additional 
sections: l) the Total Wreck Ridge area of the eastern 
Empire Mountains proximal to Butler's (1969) Colina 
Limestone section (section 2 of this study), 2) the Colina 
exposure immediately east of Warren in the southeastern 
Mule Mountains (section 8 of this study), and 3) the Naco 
Hills area of the southwestern Mule Mountains to the north 
of Bryant's (1955) section 5 (section 7 of this study). 
The locations of all 15 sections are shown in figures B-l 
through B-ll of Appendix B. As an additional aid to 
further study, a list of relevant published geologic maps 
is provided in Appendix C. In several instances, section 
offsets were necessary to maintain exposure quality and/or 
to avoid faults. It should be noted, however, that 
section 5B appears to contain a portion of repeated
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Fig. 9.--Photograph of the section 10A/10B locality 
(looking north), Paramore Crater area, San Bernardino 
Valley.
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section. The repeated portion is indicated on Figure D-5.

Graphic representations of the 12 sections studied 
in detail are presented in figures D-l through D-12 of 
Appendix D. Where possible, these sections were tied into 
those measured by previous workers. Although these 
columns are somewhat schematic and generalized and 
thicknesses are approximate, they contain significant 
detail as a product of thorough field and petrographic 
observation. The Dunham (1962) classification of 
carbonate rocks proved to be the most logical choice for 
lithologic representation in these figures. The Colina 
Limestone(?) designation for section 5A from the Gunnison 
Hills has been addressed in an early discussion.

The exposures south of Paramore Crater in the San 
Bernardino Valley (sections 10A and 10B) have been 
variably mapped by previous workers (Earp and Horquilla 
formations [Cooper, 1959] and questionable Horquilla 
Limestone [Drewes, 1980]). The exposure (topographic 
expression) and lithologic characteristics (including the 
faunal and overall allochem composition) and the patterns 
of diagenetic silica all strongly indicate, however, that 
this material is Colina.

It should also be mentioned at this point that 
Appendix D Figure D-8 (section 9) was constructed without 
the aid of thin sections. As a consequence, small-scale
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features difficult (to impossible) to view with a hand 
lens (e.g., pellets) may have been missed. This is also 
the case for the described sections that included 
petrographic analysis; although the thin-section coverage 
was extensive, absolute coverage would be impossible. A 
further caveat is necessary; the original ARS thin- 
section staining was, unfortunately, of very poor quality. 
Therefore, although several thin sections were restained 
with greater success and other criteria for dolomite 
recognition (petrographic relief, rhombic euhedral 
crystallinity, sucrosic textures, weathering 
characteristics, and HC1 tests) were employed, the 
possibility of missed dolomite exists.

Finally, several comments regarding the Colina 
section in the Total Wreck Ridge area of the eastern 
Empire Mountains are warranted. Pervasive, low-grade, 
contact metamorphism associated with the emplacement of 
the adjacent Tertiary Sycamore Stock has rendered 
interpretation of the depositional and normal diagenetic 
processes associated with this section nearly impossible. 
For example, Butler (1969, p. 25) noted, "Only one small 
unidentified gastropod was found in the entire section. 
Low-grade contact metamorphism may have obliterated any 
fossils that were present." Despite the metamorphic 
modification of this section, however, the stratigraphic
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position and topographic expression are diagnostic of the 
Colina Limestone.

Unfortunately, the Empire Mountain section is a 
source of very little sedimentological data. Both this 
study and Butler (1969) found this section to be 
essentially devoid of allochems and dominated by calcium 
carbonate with marble textures, abundant calc-silicate 
metamorphic minerals, and dolomites suggestive of a 
hydrothermal origin (see Lovering, 1969). Additionally, 
both studies revealed a ubiquitous light color for the 
Colina of the Empire Mountain section, a characteristic 
decidedly atypical of the Colina Limestone of other areas. 
Undoubtedly, this "lightening" represents thermal loss of 
organic carbon in association with the emplacement of the 
stock and the resulting contact-metamorphism-related 
carbonate recrystallization. Of importance, however, is 
the presence of at least two, thin, highly-weathered, 
massive (alabaster-type) gypsum beds within this section.
Although the gypsum beds are poorly exposed and marked

. . .  . 1 ■

by prominent gullies, they represent the only occurrences 
of bedded gypsum in the Colina Limestone known to this
author.



Lithofacies

General Statement
The Colina Limestone stratigraphic sections 

described in this study (Appendix D) are distributed over 
a wide area of southeastern Arizona (Fig. 1). The 
sections occur within exposed fault-block ranges resulting 
from late Cenozoic Basin-and-Range extensional tectonism 
and are separated by relatively broad valleys with thick 
late Cenozoic basin-fill deposits (Scarborough and Peirce, 
1978). Because of the lack of deep drilling in 
southeastern Arizona, little is known about the Colina in 
these intermontane basin areas. Colina exposures are 
closely enough spaced, however, that the existing gaps do 
not preclude a systematic study of lateral variations in 
the character of the formation.

Unfortunately, however, the abundance of 
incomplete sections, as well as the lack of marker 
horizons and age control, makes highly detailed interrange 
correlation and lithofacies mapping difficult. 
Nevertheless, after careful examination of the described 
sections, general lateral and vertical lithofacies 
variations and patterns become obvious. These lithofacies 
and their general distribution will be discussed in the 
following sections.

Prior to these discussions, however, the need for
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palinspastic reconstruction must be addressed. The 
signature of Laramide compressional orogenesis in 
southeastern Arizona and, specifically, the presence or 
absence of regional overthrusting as a consequence of this 
tectonic activity have been hotly debated in recent years. 
The proponents of a continuation of the regional 
overthrust system of the Cordilleran erogenic belt into 
Arizona and New Mexico favor major tectonic transport of 
large-scale thrust sheets in this region (including 
lateral movements of probably greater than 100 km) (e.g., 
Drewes, 1978, 1981). Alternatively, other workers
have proposed that deformation in southeastern Arizona in 
response to Laramide compressional stresses is manifested 
in the form of local reverse and thrust faults with net 
slips significantly less in magnitude (Davis, 1979). In 
an important recent study, Dickinson (1984) raised serious 
questions regarding the existence of regional thrust 
plates in southeastern Arizona by reinterpreting a fault 
supposedly representing an exposed segment of a major 
regional thrust of the Drewes model as, instead, a low- 
angle normal fault of mid-Tertiary age.

The complete resolution of this long-standing 
debate is a prospect for the future and is certainly well 
beyond the scope of this study. The structural/tectonic 
data do, however, appear to support an interpretation of
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Laramide features in southeastern Arizona as local 
structures rather than regional deformation with large- 
scale offset. Additionally, as will be demonstrated, the 
present distribution of Colina facies does not include 
juxtaposed lithologic contrasts that would, in the absence 
of a palinspastic correction, place unreasonable 
constraints on a realistic depositional model. On the 
contrary, there is a sedimentologically "logical” 
distribution which argues strongly against significantly 
allochthonous Colina Limestone. For these reasons, 
palinspastic reconstruction was deemed as not possible 
and, indeed, not necessary.

Micritic
F i n e l y - c r y s t a l 1 ine calcium carbonate is 

undoubtedly the most prevalent lithologic constituent of 
the Col ina Limestone. As suggested by the "dominance of 
dense limestone" noted by Gilluly et al. (1954, p. 24), 
this fine "matrix" is, with relatively few exceptions, 
ubiquitous in the exposed Colina of southeastern Arizona. 
It will be demonstrated, however, that included allochem 
fractions vary significantly in concentration and 
composition both vertically and laterally within the 
formation.

For the sake of simplicity, the terra micrite (a 
contraction of microcrystal 1 ine cal cite) will be used for
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this material, but will include both micrite- (1-4 
microns) and microspar-sized (4-30 microns) carbonate as 
defined by Folk (1959, 1962, 1965). In light of the
difficulty in distinguishing micrite from microspar in the 
field, this decision is certainly justified. Additional 
justification derives from Dunham's (1962, p. 113) 
inclusion of both micrite- and microspar-sized material in 
the "mud" category of his carbonate classification scheme 
(i .e ., the classification used in the columnar 
representations in Appendix D).

Finally, given that both micrite and microspar in 
the Colina Limestone represent, with quantitatively minor 
exceptions, a product of diagenetic modification 
(1ithification) of an initial fine-grained carbonate- 
sediment precursor, "lumping" the two together is the 
logical option. This is especially the case in a study 
with more of an emphasis placed on the deposition of 
carbonates than their diagenesis. Noteworthy and 
contrasting views of micrite/microspar genesis are, 
however, contained in Folk (1965, 1974a) and Lasemi and 
Sandberg (1984). Only relatively minor amounts of this 
finely-crystal1ine material in the Colina have resulted 
from either endolithic-algae-related micritization of 
allochems or, possibly, degrading neomorphism (inversion 
and/or recrystallization [Folk, 1965, 1974b]).
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The source(s) of the original lime mud is a 

fascinating story in itself. Recent lime muds are 
dominated by clay-sized aragonite needles which are 
thought to be the modern analog of the micrite of ancient 
carbonate rocks (Blatt et al.# 1980, p. 460). The major 
controversy over the origin of these muds has centered on 
the relative roles of biochemical and physicochemical 
nonskeletal precipitation versus mud production via 
biological and mechanical breakdown of skeletal 
carbonate— plant and animal (see Neumann and Land [1975] 
for review). Prior to the more recent studies on modern 
lime muds, the nonskeletal models dominated opinion. 
While some advocates of nonskeletal precipitation 
maintained that bacteria play a vital role in the 
precipitation of aragonitic mud, either directly or 
indirectly, as a consequence of their metabolic processes 
and decomposition (Drew, 1914; Greenfield, 1963), others 
suggested that direct purely-inorganic precipitation could 
yield the majority of lime mud observed in modern 
sediments (Cloud, 1962).

However, soon after Lowenstarn's (1955) observation 
that the postmortem disaggregation of common marine 
calcareous algae gives rise to aragonite needles very 
similar to those of modern muds, "bandwagon" support of 
benthic calcareous algae as the dominant mud source
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developed and has continued to present. The widespread 
acceptance of this model has been, in part, predicated on 
the geochemical evidence. For example, Lowenstam and 
Epstein (1957) argued that the carbon and oxygen isotopic 
compositions of aragonitic needles in Bahamian carbonate 
mud are consistent with an algal source for this sediment 
and are inconsistent with an inorganic origin. In 
addition, budget studies in south Florida and the Bahamas 
of modern sediment production by codiacean calcareous 
green algae, such as Penicillus and Halimeda, have shown 
that they are, quantitatively, major mud producers 
(Stockman et al., 1967) and, in fact, generate volumes 
more than adequate to account for the mass of aragonitic 
mud deposited in the basin of study (Neumann and Land, 
1975). The excess algal -derived aragonitic fines are lost 
from the basin as a consequence of suspended off-bank 
transport and become a substantial portion of the deeper- 
water periplatform sediment (Neumann and Land, 1975).

This somewhat lengthy discussion of lime-mud 
sources was undertaken because of the unique problems 
associated with Paleozoic micrites and micritic units. 
Specifically, although calcareous green algae are 
presently a major aragonite-needle mud source, Flugel 
(1982, p. 120) noted, "On the whole, ...calcareous algae, 
which are morphologically and systematically comparable to
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those Recent green algae which provide aragonite needles, 
are not known until the Upper Triassic (Boueina), and more 
abundantly not until the Lower Cretaceous." Additionally, 
Wilkinson (1979, p. 524) suggested that green algae were 
probably not important carbonate producers during the 
Paleozoic.

The importance of algal mud production in the past 
should not, however, be completely discounted. "Codiacean 
algae and red algae are known as far back as the 
Ordovician, and it seems likely that some of them had 
fragile skeletons" (Stockman et al. 1967, p.647). In
addition, Stockman et al. (1967, p. 647) concluded that 
the lack of recognizable fossil algal fragments in ancient 
fine-grained limestones (such as the Colina) should not be 
regarded as evidence against an algal source, since 
complete spontaneous disintegration of fragile green algae 
has resulted in an absence of recognizable skeletons even 
in R e c e n t  sediments. This is, perhaps, an 
oversimplification; identifiable sand-sized algal 
fragments, such as the Halimeda sand described by Neumann 
and Land (1975), are not uncommon in modern sediments. 
The propensity of these fragile skeletons for 
disaggregation could, however, have easily obscured the 
abundance of algal-derived sediment in the ancient record.

It should be noted that the depositional
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conditions hypothesized for the Colina Limestone and many 
other Paleozoic micritic units are very similar to those 
of the warm, shallow-water environments in which 
calcareous green algae thrive today. However, the 
possibility of a sizeable contribution of mud-sized 
carbonate sediment as a result of breakdown of other 
plant, as well as invertebrate, taxa with fragile 
hardparts should not be overlooked for either the Colina 
or Paleozoic units in general. Furthermore, in a recent 
reinterpretation of Bahamian whitings and revival of the 
nonskeletal precipitation model, Shinn et al. (1985) 
suggested that whitings represent precipitation from 
seawater rather than the commonly accepted interpretation 
of bottom sediment stirred up by the activity of bottom
feeding fish. Although the work of Shinn et al. (1985) is 
preliminary, w e 1 1 -documented examples of modern 
precipitation exist (e.g.. Wells and Tiling, 1964). 
Perhaps the possibility of nonskeletal precipitation in 
the past should not be completely ignored.

Clearly, the debate over the dominant source(s) of 
lime mud, both modern and ancient, remains open. The 
situation is further complicated by the masking effects of 
diagenesis associated with the conversion of the original 
mud to micrite. Indeed, there is even some uncertainty 
regarding the primary mineralogy of Paleozoic carbonate
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muds. The possibility of calcite-dominated Paleozoic 
muds, in contrast to the predominantly aragonitic modern 
equivalents, is real (Sandberg, 1975; Wilkinson, 1979).

Micrite is abundant in all the Colina Limestone 
stratigraphic sections investigated in this study. The 
carbonate lithologies in the Colina range from allochem- 
free micrites to packed allochem-rich units with grain- 
supported fabrics. The content of micrite matrix in these 
lithologies ranges from essentially 100% to trace amounts 
(see photomicrographs of Appendix D). There are also rare 
grain-supported lithologies completely devoid of 
identifiable micrite matrix. •

Because of diagenetic alteration, an exact 
interpretation of the sparry calcite in the grain- 
supported material is difficult. Although readily 
recognizable primary cement textures are lacking, it is 
likely that much of this spar represents neomorphosed 
carbonate cement; however, significant pseudospar (the 
coarsely-crystal 1 ine [>30 microns] neomorphic end product 
of lime-mud diagenesis [Folk, 1965]) may be present.

Both the Colina micrites (allochems lacking) and 
the micritic al lochem-containing units (which display a 
wide range of allochem concentrations) occur as laterally 
continuous beds of essentially even thickness with no 
indication of mud-bank or mound development. Although
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micrite is abundant throughout the Colina, there is, in 
several of the sections studied (sections 6, 6',9, and a 
combined section 11A and 11B), an observable increase in 
allochem content (especially fossils) in the upper 
portions of the formation. In very general terms, the 
allochem-free micrites, as well as micritic units with 
sparse allochem contents, that dominate the lower Colina 
of these sections pass upward into significantly more 
allochem-rich lithologies with varying micrite 
concentrations. Other sections display a more uniform 
vertical distribution of micrite-rich biomicrudites 
(section 1 and the upper and lower Colina of a combined 
section 5A and 5B).

The situation is complicated by the presence of 
fine-grained pellets and peloids. Peloids represent 
micritic grains of uncertain origin, while pellets are 
fecal grains distinguished as such primarily from the 
nature and uniformity of their size and shape. As 
previously discussed, these fine-grained micritic 
allochems are not detectable in the field. Although 
nonallochem micrite is very abundant, petrographic 
analysis revealed the existence of numerous peloids and 
pellets in material described as "micrite matrix" in the 
field. Additionally, with the aid of extensive 
petrography, Dolloff (1975) noted abundant pellets in the
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Colina Limestone section of the Barren Hills. Therefore, 
descriptions based entirely on field observations may be 
missing included micritic allochems.

Thin-section coverage was notably sparse for 
lithologies described in the field as micrite (i.e., 
allochems lacking). The existing thin sections of this 
material and descriptions by previous Colina workers do 
reveal, however, that essentially allochem-free micrites 
are present and are likely very abundant (e.g., Fig. D-lOe 
of Appendix D).

This raises another interesting question— is the 
absence of pellets in these micrites real or rather an 
artifact of post-depositional loss? Neumann and Land 
(1975, p. 768) found that soft pellets in the Bight of 
Abaco, a semirestricted marine lagoon on Little Bahama 
Bank, readily disaggregate and return to the fine fraction 
of the lagoonal sediment. The cemented pellets in their 
study area are, however, more resistant to disaggregation 
and are usually associated with the high-energy 
environments of the bank margin.

Shinn and Bobbin (1983, p. 612) observed, during 
artificial compaction experiments on carbonate sediment 
cores, that pellets were completely obliterated in soft 
muddy sediment, while cemented and semicemented pellets 
were found to be less susceptible to compaction. They
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further concluded (Shinn and Bobbin, 1983, p. 613), 
"...the presence of well-preserved pellets is an 
indication of complete or partial syndepositional 
hardening of the pellets or of pervasive lithification of 
the sea floor to form a true rock."

The magnitude of compactional or disaggregational 
loss of soft pellets and peloids from the original Colina 
sediment is impossible to evaluate. The possibility does 
exist, however, that the original Colina Limestone 
sediment may have initially been significantly more 
allochem rich. For example, Figure D-2d of Appendix D 
does appear to display a suggestion of compactional 
"coalescing" of peloids. It is obvious from this 
discussion, those to follow, and previous Colina studies 
that, although dominated by micrite, the Colina Limestone 
exhibits significant lithologic heterogeneity.

Bioclastic
Throughout this text, the term "bioclast" is used, 

as defined by Wilson (1975, p. 9), "to designate a 
fragmental particle derived from breakdown of any sort of 
calcareous shell, test or skeleton, regardless of whether 
the breakdown was mechanical or caused by organic agents." 
Although whole, or nearly whole, invertebrate material is 
present in the Colina Limestone (e.g., gastropods, 
brachiopods, and rugose corals), the majority of the



fossil material consists of bioclasts— both identifiable 
and of uncertain affinity (see photomicrographs of 
Appendix D). Clearly, the preponderant constituent of the 
bioclastic fraction is shelly fossil "hash". Because of 
significant neomorphic modification, the taxonomic 
affinities of the shell "hash" are typically difficult to 
evaluate? however, brachiopods and gastropods are likely 
major contributors.

Shell "hash" is common throughout the Colina 
Limestone of southeastern Arizona. However, as suggested 
in the micrite discussion, several of the studied 
localities show a general increase in fossil material in 
the upper portions of the Colina, while, in contrast, 
other sections display a more uniform distribution of 
fossils throughout the vertical extent of the formation. 
These observations also apply specifically to the shell- 
rich fossil "hash".

Echinoderm material is also quite common in the 
Colina. In general terms, echinoderms are typically very 
prone to disarticulation. The organic material binding 
the individual skeletal elements during life decays upon 
death. This generally results in rapid, spontaneous, 
postmortem disarticulation of echinoderm skeletons and, 
except under conditions of rapid burial, a lack of 
complete skeletons in the record (Dodd and Stanton, 1981,

88
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p. 96). Relatively intact echinoid spines and, to a far 
lesser degree, interambulacral plates are seen throughout 
the Colina of southeastern Arizona. For example, a thin, 
but particularly noteworthy, horizon of echinoid material 
is present in section 10A (see Fig. D-9c of Appendix D). 
Here, a well-developed preferred orientation is displayed 
by the spines.

Pelmatozoan fragments are locally very abundant in 
the Colina. Although crinoid columnals are of only minor 
importance in the majority of the Colina described in this 
study, a local accumulation of great abundance exists. 
Specifically, section 11A contains a thick sequence of 
crinoid-rich biomicrudites. The crinoid fragments consist 
predominantly of individual columnals with a relatively 
strong suggestion of postmortem abrasion (figs. D-lld and 
D-lle of Appendix D); however, articulated stem segments 
of moderate length are not uncommon. Additionally, a thin 
zone with well-preserved, long articulated stem segments 
is contained in section 10A (Fig. D-9a of Appendix D). 
Bryozoan fragments constitute an additional, but minor, 
component of the bioclast fraction.

With the exception of the possible abrasion 
associated with the crinoidal material of section 11A, the 
bioclasts of the Colina typically appear devoid of 
significant, observable abrasion effects. This is
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certainly not surprising given the great quantities of 
lime mud postulated for the original Colina sediment. The 
abundance of mud suggests an overall low energy 
environment and, as a consequence, a paucity of high- 
energy, transport-related abrasion and mechanical breakage 
of the fossil material. In the absence of noteworthy 
mechanical breakdown, one is left with the dilemma of 
trying to explain the observed high degree of 
fragmentation of relatively resistant invertebrate 
hardparts in the Colina Limestone. The remaining choices 
appear to be compactional and/or biological processes.

In Holocene carbonate environments, much of the 
breakdown of organic hardparts is a product of biological 
activity (Wilson, 1975, p.9). Folk (1974b, p. 173)
attributed the occurrence of broken, but not rounded, 
shells in calm-water environments to the "crunching" 
activities of predator organisms. Finally, Wilt (1969, p. 
77) noted, "The large amount of broken, but not abraded, 
fossil hash in the Colina Limestone indicates that bottom 
scavenging organisms of many kinds were very abundant."

Although, in the strict sense, it would probably 
not be correct to call the products bioclasts, the 
possible role of compactional fragmentation must also be 
addressed. In recent decades, an almost dogmatic 
acceptance of noncompaction in carbonates has been deeply
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entrenched in the popular opinion of the "carbonate 
community". For example, while commenting on the 
1ithification of carbonate mud, Bathurst (1975, p. 504) 
noted:

Slightness of compaction is indicated by the 
absence of crushing of delicate tests, the 
scarcity of drag or penetration effects among 
rigid allochems in a micritic matrix, and the 
general similarity between the intergranular 
matrix of micrite and the intragranular raicrite 
occupying body chambers.

A relative absence of fossil breakage in ancient micritic 
carbonates has, in particular, long been used as evidence 
against compaction (Shinn et al., 1977, p. 21). In the 
absence of compaction, however, one is faced with the 
necessity of explaining the diagenetic conversion of fine
grained carbonate sediments (typically with initial 
porosities of 40% to 70%) to "tight" micrites (with 
porosities of only a few percent) entirely by means of 
cementation (Shinn et al., 1977, p. 23).

Recently, however, Shinn et al. (1977) and Shinn 
and Robbin (1983) observed only minor fossil breakage as a 
consequence of experimental compaction of muddy carbonate 
sediment. These experiments resulted in thickness 
reduction of 50% or more. In general, breakage was most 
common amongst shells in contact or within coarse sand, 
but was uncommon for those "floating" in a lime-mud 
matrix. In addition, Shinn and Robbin (1983, p. 600) also
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observed that rotation of shells and Halimeda plates 
toward the horizontal had occurred during compaction. The 
overall importance of compactional breakage in the Colina 
Limestone is unknown and is likely greater in grain- 
supported lithologies. However, given the results of 
Shinn et al. (1977) and Shinn and Robbin (1983), the 
abundance of micrite in the Colina, and a general lack of 
any preferred shell orientation, breakdown via biological 
activity is favored. In addition, the signature of 
syndepositional, biological breakage would be vastly 
different than that of compactional fragmentation 
occurring during burial. Current-related transport and 
the activities of benthic organisms (e.g., burrowing) 
would result in a "scattering" of the fragments formed 
during deposition, while compactional stresses would yield 
breakage of the individual fossil elements of the sediment 
with an absence of post-breakage dispersion of the 
resulting fragments. Observations of the Colina Limestone 
support the former as an explanation for the abundance of 
fragmental particles contained therein and reveal a 
paucity of fossil breakage as caused by compaction.

Bioclastic material in the Colina Limestone occurs 
in sequences of varying thickness and fossil 
concentration, including thin fossil-rich zones in 
otherwise micrite-dominated portions of the section. The
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existence of these thin bioclast-rich horizons, some of 
which show grain support, suggests the possibility of 
storm deposition in the Colina. Perhaps episodic high- 
energy influxes of coarse fossil debris into areas 
normally typified by deposition of sparsely fossiliferous 
muds were a consequence of storm-generated currents. A 
distinct lack of fossils in the sequence below a possible 
storm deposit would suggest transport of bioclasts into 
the site rather than concentration of in situ bioclasts by 
the winnowing of the mud matrix (see Specht and Brenner, 
1979). The occurrence of mud in these layers may 
represent incomplete winnowing of fines in a mud-rich 
environment or, perhaps, waning-phase infiltration of fine 
sediment (Kreisa and Bambach, 1982). However, although 
the effects of postdepositiona1 bioturbational mixing are 
not known, there is a lack of evidence for the latter 
(e.g., spar-filled shelter porosity).

Indeed, the occurrence of storm beds in the Colina 
is purely speculative. Alternating fossil-rich and 
fossil-poor sequences may simply reflect longer-term 
changes in depositional conditions, but this seems 
implausible for the very thin horizons. Additionally, 
sharp transitions from fossil-rich to fossil-poor zones 
are occasionally observed in the Colina (figs. D-lOf and 
D-lld of Appendix D). These may represent the initial
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erosional phase of a storm event (Seilacher, 1982) or 
waning-phase deposition of fines on the bioclast-rich 
basal portion of the tempestite. Size grading was not 
observed in the Colina. Sharp lithologic transitions can, 
however, also result from, or be accentuated by, later 
pressure-solution processes. Finally, as a note of 
caution, Seilacher (1984, p. 51) emphasized that 
tempestite features are generally less pronounced in 
calcareous deposits than in their siliciclastic 
equivalents because of the strong diagenetic overprint in 
carbonate rocks.

The recognition and identification of fossil 
material, including bioclasts, in the Colina Limestone is 
greatly aided by the commonly observed silicification of 
these allochems. Often, this replacement is highly 
selective and pseudomorphous in character and perhaps 
reflects "the well-known, but poorly understood, 
association of organic matter and silica" described by 
Keene (1975, p. 445). Reports of selective nucleation of 
replacement silica in organic-rich materials such as 
fossils, peloids, ooids, burrows, and stromatolites are 
common in the literature (e.g., Jacka, 1974; 1977, p. 191; 
Thompson and Jacka, 1981, p. 27). The strong tendency for 
silica to adsorb onto organic matter has been considered 
critical in understanding this relationship (Siever,
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1962). It is suggested, in the case of fossil 
silicification, that the organic matrix associated with 
biomineralization in most organisms may also act as a 
template capable of fixing silica during diagenesis 
(Holdaway and Clayton, 1982; Lyons, 1987).

Complexing between dissolved silica and the 
protein-rich matrix within the hardparts would result in 
selective replacement of the allochem with a high degree 
of fine-scale replication of original detail. Aspects of 
this model are quite similar to those proposed by other 
workers to explain silica permineralization of wood (Leo 
and Barghoorn, 1976) and biomineralization of diatom 
frustules (Hecky et al., 1973). The requisite concomitant 
removal of the original calcium carbonate during silica 
emplacement and the timing of the overall replacement 
process are not well understood.

As a final, but speculative, note of support for a 
matrix-mediated diagenetic silicification model, 
silicification of echinoderm material (crinoid and 
echinoid) in the Colina is almost invariably confined to 
the margins of the skeletal elements, with monocrystal 1 ine 
calcite preserved in the interiors (figs. D-6b, D-9b, D- 
9d, and D-lle of Appendix D). The margins are, as 
suggested by several authors (Towe, 1967; Pilkington, 
1969), essentially the only portion of echinoderm elements
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with a notable organic matrix. Apparently, the matrix is 
lacking in the mature portion of the stereom as a result 
of r e m o v a l  d u r i n g  some sort of m a t u r a t i o n  
(recrystallization) process (Towe, 1967; Pilkington, 
1969).

The intimate association between dolomite and 
silica present in figures D-7e and D-7f of Appendix D 
suggests a striking cause and effect relationship between 
silicification and dolomitization (Jacka, 1974; Lyons and 
Vahrenkamp, 1985). Specifically, the dolomite observed in 
this sample is confined entirely to areas of 
silicification. Euhedral dolomite rhombs are particularly 
well developed in the silicif led portions of echinoderm 
fragments. These rhombs are in optical continuity with 
the unreplaced portions of the calcite monocrystal and 
display a radial arrangement somewhat reminiscent of the 
pore network contained initially within the high- 
magnesium-ca1cite stereom of echinoid spines. The silica 
within the echinoderm material consists of small radiating 
spherulites and sheaths of length-slow chalcedony.

The existing dolomite/silica relationship is 
interpreted to represent dolomitization as a product of 
silicification. More specifically, silicification of 
original high-magnesium calcite resulted in mobilization 
and redistribution of magnesium and, as a consequence,
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concomitant local dolomitization of unreplaced calcium 
carbonate. The evidence indicates, therefore, that the 
magnesium needed for dolomitizaton was, at least in part, 
locally derived and that dolomitization occurred before 
neomorphic stabilizaton of high-magnesium to low-magnesium 
calcite (Jacka, 1974; Lyons and Vahrenkamp, 1985).

Evaporites
The distribution of known bedded evaporite 

deposits in the Colina Limestone is limited to a few thin, 
poorly-exposed gypsum beds in the Total Wreck Ridge area 
of the Empire Mountains (section 2) (Butler, 1969; this 
study). Galbraith (1959, p. 129) also noted the existence 
of gypsum in the Empire Mountains, having described three 
beds "from 5 to 50 feet thick" in the upper part of the 
Andrada Formation. Although these thicknesses appear to 
be somewhat excessive, Galbraith's (1959, p. 129) brief 
discussion suggests that this gypsum may occur within the 
undifferentiated Colina equivalent. Despite the paucity 
of bedded evaporites, there are, however, several 
additional indicators that suggest greater than normal 
salinities in the southeastern Arizona portion of the 
Pedregosa basin during at least part of Colina time. 
Principal among these are the fairly common silica 
pseudomorphs after, perhaps, sulfate minerals.

Lath-shaped silica pseudomorphs are fairly
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abundant in the Colina and most often occur in small 
patches of randomly oriented crystals (figs. 10 and D-2c) 
or in burrow-shaped aggregates (Fig. D-8a). Examples of 
the former are best seen in section 3 in the southeastern 
Whetstone Mountains and in the vicinity of section 4 in 
the southern Whetstone Mountains, while the burrow-shaped 
aggregates are best developed in a thin zone in the Barren 
Hills (section 9). Note that the individual pseudomorphs 
commonly consist of an outer region of silica and a 
central core of carbonate. Although accurate measurements 
were difficult with the somewhat primitive contact 
goniometer employed in this study, preliminary 
determinations of interfacial angles and the overall 
crystal habit of the pseudomorphs strongly suggest barite 
as the replaced mineral. It is believed that the burrow
shaped aggregates may reflect precipitation in a burrow 
cavity. Occasionally, the crystals are observed in 
radiating bundles (Fig. D-2a of Appendix D). The presence 
of barite, although not completely understood, may 
indicate elevated sulfate concentrations during certain 
episodes of Colina deposition.

Additional, but somewhat less abundant, silica 
pseudomorphs consist of tabular to discoid crystals, 
perhaps representing silica replacement of gypsum (figs. 
11 and 12). Figure 11 also contains an example of moldic
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Fig. 10.— Silica pseudomorphs after barite(?), collected 
in the vicinity of section 4, Sands Ranch area, southern 
Whetstone Mountains. Hollow nature of pseudomorphs 
suggests incomplete si1icification and later selective 
weathering.
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Fig. 12.— Photomicrograph of silica pseudomorphs after 
gypsum(?). Collected in the vicinity of section 6, 
Tombstone Hills. Possible length-slow chalcedony 
observed. Scale bar equals 1 mm, crossed nicols.



102
porosity with pore geometries very similar to the general 
forms of the silica pseudomorphs after gypsum(?) described 
above. Molds were observed occurring with, or in close 
proximity to, the pseudomorphs. It is likely that these 
molds are the product of gypsum dissolution.

A general overview of the distribution and 
abundance of these features is obtainable from the 
stratigraphic sections of Appendix D. Finally, section 4 
contains several thin zones with irregularly-shaped chert 
masses possessing petrographic characteristics akin to the 
microflamboyant quartz of Milliken (1979) and the 
flamboyant spectral extinction of Chowns and Elkins (1974) 
(Fig. D-3g of Appendix D). Although these quartz textures 
were described by the authors from silicified evaporite 
nodules, X-ray diffraction analysis of Colina samples 
failed to reveal the presence of remnant evaporite.

The common occurrence of length-slow chalcedony in 
the Colina Limestone may be an additional indicator of 
evaporitic depositional conditions. Folk and Pittman 
(1971) noted the ubiquity of length-slow chalcedony in 
association with evaporites or evidence for vanished 
evaporites and, as a consequence, hypothesized that this 
variety of authigenic quartz characterizes silicification 
in highly basic or sulfate-rich environments. In this 
study, petrographic analysis of select silica pseudomorphs
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after barite(?) revealed chalcedony consisting exclusively 
of the length-slow variety (Fig. D-2c of Appendix D). 
Similarly, Keene (1975, p. 442) found length-slow 
chalcedony replacing barite in a deep-sea dolomitic 
porcellanite. Additional, but minor, length-slow 
chalcedony was also observed in the Colina in the 
replacement silica of the pseudomorphs after gypsum(?), 
while more noteworthy occurrences were described from 
silicified fossil material (Fig. D-7d of Appendix D).

Further examples of fossil replacement by length- 
slow chalcedony have been .reported in the literature 
(Jacka, 1974; Hatfield, 1975; Folk, 1975). In each of 
these studies, however, an absence of associated 
evaporites was noted. In response to silicified-fossil 
examples. Folk (1975) concluded that length-slow 
chalcedony restricted to replaced fossils without 
additional associated evidence for evaporitic conditions 
should be used with caution. Clearly, the significance of 
length-slow chalcedony is not completely understood. 
However, the occurrence of this variety of quartz in the 
silica pseudomorphs of the Colina Limestone may further 
support an interpretation of silicified sulfate minerals.

Euhedral, doubly-terminated, authigenic quartz 
crystals were observed at a number of localities included 
in this study (see photomicrographs of Appendix D and
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figs. 13 and 14). The crystals are almost always less 
than 1 mm across (i.e., dimensions perpendicular to the c- 
axis); however, the widths are quite variable, and larger 
crystals are occasionally observed (widths of several 
millimeters). The lengths of the crystals also vary, and 
some crystals display substantially greater length-to- 
width ratios than others.

The euhedra frequently contain abundant carbonate 
inclusions, which, as revealed by X-ray diffraction and 
staining, are dominated by unreplaced calcite essentially 
identical to the micrite comprising the matrix, although 
dolomite in lesser amounts appears to be present in some 
of the crystals analyzed. In some instances, these 
inclusions display either a well-developed zoned 
distribution or, instead, occur as large cores of 
unreplaced carbonate (figs. D-3h and D-7k). The crystals 
are most commonly observed as tightly packed masses (Fig. 
D-3h), disseminated in a micrite matrix (Fig. D-7k), or as 
an insoluble residue along stylolites (Fig. D-3i). The 
crystals have random orientations and generally occur 
separate from each other? however, intergrowths were 
observed.

A l t h o u g h  the euhe d r a  are t y p i c a l l y  a 
quantitatively minor constituent of the Colina, two 
noteworthy exceptions exist. Specifically, section 4 in
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Fig. 13.--Scanning electron micrograph of euhedra1, 
doubly-terminated, authigenic guartz crystals. Pitted 
terminations may reflect dissolution of carbonate 
inclusions during acid removal of the crystals from the 
host rock. Collected at section 61, southeast ridge, 
Tombstone Hills. Leftmost bar equals 100 micrometers.
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Fig. 14.--Scanning electron micrograph of euhedra1, 
doubly-terminated, authigenic quartz crystals. Note 
apparent crystal intergrowth. Collected in the vicinity 
of section 4, Sands Ranch area, southern Whetstone 
Mountains. Leftmost bar equals 100 micrometers.
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the southern Whetstone Mountains and section 6* on 
southeast ridge in the Tombstone Hills both contain 
crystal-rich zones near the base of the formation. The 
euhedra-rich interval of section 6* contains two laterally 
continuous horizons of crystals, a lower horizon with a 
patchy distribution of crystals (Fig. D-71) and an upper 
horizon displaying a somewhat more even, continuous 
distribution (Fig. D-7m). As a final note, the doubly- 
terminated euhedral quartz analyzed from the Colina is 
devoid of observable quartz nuclei and, therefore, 
evidence for overgrowth authigenesis.

Several authors have suggested that growth of 
these euhedra is favored by hypersaline conditions (Grimm, 
1962; Germann, 1968, p. 493; Friedman, 1980, p. 71). This 
conclusion is, perhaps, based on the relatively common 
association between these crystals and evaporite minerals. 
For example, reports of doubly-terminated quartz crystals 
within gypsum are present in the literature (e.g., Tarr, 
1929; Nissenbaum, 1967). Interestingly, Nissenbaum (1967) 
observed zonar anhydrite inclusions in idiomorphic quartz 
crystals found in gypsum; this pattern was interpreted to 
represent growth lines. In addition, the famed "Herkimer 
diamonds" from the Little Falls Dolomite (Late Cambrian) 
of New York State are associated with vugs thought to be 
molds of evaporite nodules (Friedman, 1980, p. 71).
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The relevance of the these occurrences to the 
Colina euhedra, as well as limestone examples in general, 
is not entirely clear. Although nodule-shaped crystals 
patches are present in section 6' (Fig. D-71), evidence 
for vanished evaporites is lacking. For example, X-ray 
diffraction of euhedra from these nodule-like patches, as 
well as from several other Colina crystal localities, 
failed to reveal the presence of evaporite inclusions. 
This was confirmed by petrographic observation. It may be 
possible to argue that evaporite quantities are below the 
detection capabilities of standard X-ray diffraction 
techniques and that the existence of sulfates has been 
obscured by later replacement by calcite. The use of 
Colina authigenic, doubly-terminated quartz euhedra as 
salinity indicators must, however, be done with extreme 
caution.

The faunal character of the formation is the 
final, and perhaps most telling, indicator of possible 
elevated salinities during Colina deposition. Although 
much of the Colina is fossiliferous to some degree and 
very fossil-rich beds are not uncommon, the overall 
species diversity is arguably quite low. For example. 
Wilt (1969, p. 77) noted, "The rarity of corals and 
fusulinids in the Colina may indicate that the ocean 
waters were not well circulated and that they were
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possibly of a slightly higher salinity than normal marine 
waters." In general terms, reduced species diversity may 
reflect hypersaline depositional conditions (Friedman, 
1980, p. 74).

In spite of the fact that the abundance of 
unidentifiable bioclastic material renders any 
interpretation regarding diversity difficult and tenuous, 
observations in the Colina suggest a domination by a 
relatively small number of animal groups and, as 
recognized by Wilt (1969), reveal notable faunal absences. 
In addition, the existence of abundant fossil-poor Colina 
may further indicate salinity-related controls on benthic 
and pelagic community development. At this point, 
however, one should not preclude the possibility that 
other factors may also have contributed to the paucity of 
calcareous fauna in these nonfossiliferous micrites and 
the overall low species diversity present in the 
formation. This argument, including further discussions 
on salinity, will be pursued in detail later in the text.

Oncolitic
Oncoids (oncolites), in the traditional sense, are 

coated grains formed by the trapping and binding of 
sediment by filamentous blue-green algal coatings. 
Specifically, the mucilaginous sheaths of the copious 
algal filaments act as effective sediment traps. The
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trapped sediment is bound as a consequence of further 
filament growth, with a net result of accretionary growth 
of the oncoid. These organosedimentary structures are 
closely related to stromatolites in that the two represent 
morphological variations of the same trapping and binding 
mechanism. In contrast to the algal grain-coatings of 
oncoids, however, stromatolites form from algal mats on 
the sediment surface.

In addition to inducing sediment accumulation, 
certain modern and ancient oncoid- and stromatolite
forming species show evidence of calcification. This 
calcium carbonate precipitation occurs during the life of 
the algae, perhaps as a by-product of photosynthetic 
activity, and generally results in a network of tubiform 
calicified filament sheaths with a high preservation 
potential, such as those well displayed in Girvanella. 
These calcified sheaths, although not always observed, are 
probably the most unequivocal evidence for blue-green 
algal participation in oncoid formation; because of rapid 
postmortem decay, noncalcified algal filaments are rarely 
preserved.

From a biological standpoint, the previous 
discussion represents a very traditional and simplified 
view of oncoids and stromatolites. Continued use of the 
term blue—green algae, although commonly done, would be an
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informal and misleading approach. In addition, adoption 
of the other common name for this biological group, 
cyanophytes, although still widely accepted (e.g., Riding, 
1983), would also mean treating the group as a class or 
division of algae (Stanier and Cohen-Bazire, 1977, p. 
226). Recent studies, however, have challenged the 
assumption of an algal affinity. The cellular properties 
of blue-green "algae", which are unlike those of any other 
algal group, have been recognized as prokaryotic, and the 
group has been reclassified as cyanobacteria (see Stanier 
and Cohen-Bazire [1977] for discussion). This 
reclassification as bacteria is gaining momentum (e.g., 
Krumbein, 1979) and is now commonly found in a geological 
literature once pervaded by references to an algal 
affinity.

Perhaps for the sake of simplicity , Peryt (1983, 
p. 273) classified oncoids as a group of algally (red 
algae excepted), cyanobacteria1ly, and bacterially coated 
grains. The systematics of the oncoid-forming taxa in the 
Colina are essentially unknown. Observations of calcified 
sheaths were very rare. Nevertheless, it is likely that 
cyanobacteria played a critical role in oncoid formation. 
One hesitates, however, without further biological 
analysis to discount the possibility that other encrusting 
organisms were involved in the accretion of Colina
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oncoids. For example, oncoids consisting of intergrown 
cyanobacteria and encrusting foraminifera are certainly 
well known from the late Paleozoic (e.g., Osagia).

Colina oncoids, as is typical of most, generally 
display wel1-developed, irregularly- (but more or less 
concentrically-) laminated micritic coatings. The sizes 
and coating thicknesses vary significantly, with diameters 
ranging from 1 mm or less to a maximum of about 1 cm (see 
figures of Appendix D). Envelope thicknesses range from 
many times larger than the nucleus to thin (superficial) 
coatings. Nuclei are commonly observed and appear to 
consist exclusively of fossil material. The concentric 
laminae are typically discontinuous, and composite 
oncoids, although rare, are present (Fig. D-9e of Appendix 
D). The shapes are also highly variable, covering the 
spectrum from subspherical morphologies to irregular 
elongate forms which closely reflect the shape of the 
oncoid nucleus.

The internal character of Colina oncoid coatings 
has been strongly modified by diagenesis, particularly by 
a neomorphic overprint. Oncoid si1icification is 
relatively common and typically selective, with 
silicification patterns ranging from complete 
pseudomorphous replacement of oncoids (Fig. D-la of 
Appendix D) to selective pseudomorphous replacement of
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oncoid fossil nuclei. In addition, perhaps the most 
commonly observed pattern consists of selective 
replacement of oncoid coatings (figs. D-la and D-7c). 
Preferential replacement of oncoids may be a consequence 
of dissolved silica's affinity for organic matter and the 
higher organic contents of the coated grains relative to 
the surrounding matrix carbonate. In particular, the 
organic-rich nature of the bacterial laminae may explain 
the pattern of selective coating silicification 
beautifully represented in Figure D-7c. Finally, a thin 
zone of heavily phosphatized ooids and oncoids is present 
in the vicinity of section 4 in the southern Whetstone 
Mountains (figs. D-3a through D-3e of Appendix D). These 
features will be addressed further in the ooid discussion 
of this chapter.

Oncoids are quite common in the Colina Limestone, 
having been observed in every section herein described 
(see figures of Appendix D). The abundance of oncoids, 
however, varies greatly from section to section. Although 
it is difficult to recognize an overall pattern to the 
distribution of these grains, there is a very general 
suggestion of lower concentrations in the easternmost 
portion of the study area. In contrast, the most notable 
accumultations of oncoids were described from more western 
localities, specifically sections 1, 6, and 6', and, to a
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lesser degree, from sections 3 and 4. The lithologies 
associated with oncoid occurrences also vary 
significantly, but typically are rich in allochems.

As noted by Peryt (1977, p. 61), cyanobacteria1 
oncoids are regarded as indicators of shallow-water 
environments. They are, in part, restricted to shallower 
water depths by the photosynthetic nature of the bacteria. 
Peryt (op cit.) also concluded that the oncoid size 
reflects the turbulence of the depositional setting— the 
bigger the forms, the greater the inferred turbulence. In 
addition, the uniformity in coating thickness and the 
general nature of the laminations are both indications of 
depositional conditions. In simple terms, envelopes of 
uniform thickness with essentially continuous concentric 
laminae indicate persistent movement and agitated 
conditions (Dahanayake, 1983, p. 384). Conversely, 
environments characterized by prolonged periods of 
tranquility with only intermittent episodes of agitation 
typically give rise to infrequent grain rotation and, as a 
consequence, oncoids with discontinuous laminae and 
coatings of nonuniform thickness.

Peryt (1983, p. 273) suggested that oncoids 
derived form high energy conditions are typically 
subspherical, rounded, and well laminated, while those of 
lower energy systems display more irregular morphologies
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and a less-developed lamination. Finally, it has also 
been pointed out that oncoids may be important indicators 
of low rates of sedimentation (e.g., Peryt, 1983, p. 273), 
perhaps because of the extended periods of exposure at the 
sediment/water interface necessary for accretion of thick 
oncoid coatings.

Despite the notable neomorphic modification of the 
internal structure of Colina oncoids, a generally 
concentric, but discontinuous, lamination is discernable 
in the majority of these grains. This discontinuous 
character combined with the typically irregular shapes and 
nonuniform envelope development around the nuclei, as well 
as the relatively small sizes, suggest that oncoids of the 
Colina Limestone formed under predominantly quiet-water 
conditions. Furthermore, the commonly observed thin 
coatings and, as a result, small diameters may indicate 
fairly rapid deposition of Colina sediment. The largest, 
most highly developed Colina oncoids observed during the 
course of this study were described from the Waterman 
Mountains (section 1) (Fig. D-ld), perhaps suggesting 
slightly greater agitation in that portion of the basin.

Siliciclastic
In very general terms, two end-members exist for 

intimately associated carbonate and siliciclastic 
sediments in deposits of shallow-shelf environments.



Specifically, the two sediment types occur as either 
textural mixtures (commingled siliciclastic and carbonate 
sediments commonly referred to as "mixed") formed by any 
of a number of mixing processes (see Mount [1984] for 
review) or, in contrast, interstratified sequences of 
relatively "pure" carbonate and siliciclastic sediments.

Siliciclastic sediments in the Colina Limestone of 
southeastern Arizona occur as both distinct siliciclastic- 
dominated units and HCl-insoluble fractions in carbonate- 
dominated lithologies ("mixed" sediments). Acid-insoluble 
material in most Colina carbonates is typically a very 
minor constituent and very fine grained. This sediment 
may represent an influx of suspended fine-grained 
siliciclastics and/or, perhaps, an eolian contribution 
into areas otherwise dominated by carbonate deposition. 
It is not clear at this point, however, whether the 
typical siliclastic component represents an essentially 
constant flux of sediment into the site of deposition or, 
instead, sporadic contributions (perhaps at the "distal 
ends" of storm events) which became mixed as a result of 
infaunal biological activity. Perhaps both processes were 
important. The influx of siliciclastic material was not, 
however, sufficient to inhibit voluminous carbonate- 
sediment production.

Table 3 contains (concentrated-HCl) insoluble-

116
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Table 3.— Nonlaminated Colina carbonate samples— HC1- 
insoluble residue and Xrray diffraction (XRD) data.

Sample Lithology
fLocation]3

HCl-insoluble 
Residue (wt. %)

Residue
Mineralogy"

SB210-1 micrite 1.3 — — —
[10B]

WM112-4
[1]

sparse
biomicrudite

9.2 qtz and illite
WS507-1
[3]

fossiliferous
micrite

9.8 qtz and illite
TH408-17C
[6]

sparsely fossil
iferous micrudite

2.5+
SE307-6 micrite 2.7 ———
[6']

MM318-7
[4]C

sparse biomicnte 4.7
*WM113-6

[1]
sparse
biomicrudite

4.1 qtz and illite
SB208-4 
[ 10A]

sparsely fossil
iferous micrudite

6.0 qtz and illite
GH125-7 micrite 5.2 — — —
[5B]

WM112-3
[1]

oncolxtic packed 
biomicrudite

9.7T qtz and illite
BH1220-1
[9]

micrite 1.8
3.0

qtz and illite
MM413-4 micrite 2.8 qtz and illite
[4]GH1214-4a sparse biomicnte 7.9 qtz and illite
[5A]

GH125-16 micrite 4.2 ———
[5B]

GC416-22 micrite 2.6 qtz and illite
[ HB]

“refers to Colina section localities of this study 
"based on XRD determinations 
^possible upper Earp
*significant amount of silicified allochems present 
+minor amount of silicified allochems present
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residue weight percent data from a representative sampling 
of Colina micrites and biomicrites. Clearly, the values 
are quite low. X-ray diffraction data are also presented 
for these insoluble fractions? these data suggest that 
quartz and illite are the dominant noncarbonate 
mineralogies in Colina limestones. However, the acid 
digestion (performed with concentrated HC1) may have 
significantly altered the clay mineralogies of the 
samples.

In contrast to the relatively low volumes of 
siliciclastic sediment observed in most Colina carbonates, 
units displaying a conspicuous (often silty) lamination 
are often notable exceptions. These laminated units, 
although rare, show a wide range in HCl-insoluble-residue 
concentrations. The values presented in Table 4 from a 
comprehensive sampling of Colina laminated units range 
from those typical of the nonlaminated lithologies of 
Table 3 to percentages many times greater. Figures D-5a 
and D-5b of Appendix D display an extreme case of 
interlaminated carbonate and siliciclastic sediments. 
From a depositional standpoint, these laminated strata 
are enigmatic. They may, however, represent episodic 
influxes during storm events of nearshore siliciclastic 
sediment into areas of predominantly carbonate deposition. 
The importance of lamination will be addressed further in
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Table 4.--Laminated (and cross-laminated) Colina 
carbonate samples— HC1-insoluble residues.

Sample
(Location)

Wt. % HCl-insoluble Residue

GC416-16
(section 11B)

14.37

GC329-1
(section 11A)

1.98

MM413-18
(section 4)

40.63

GC416-9
(section 11B)

9.34

GC416-24
(section 11B)

2.26

WS126-7
(section 3)

6.30

SB209-7
(section 10B)

2.26

WS506-4
(section 3)

15.02

WM113-10
(section 1)

9.16

GH125-11
(section 5B)

6.68

Arefers to Colina section localities of this study
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a later discussion.

Well-exposed, relatively-pure siliciclastic beds 
within the Colina are also rare (see stratigraphic 
columns of Appendix D). Where observed, these lithologies 
typically range from siltstones to fine-grained sandstones 
and often show an internal lamination and/or cross
lamination. In addition, poorly-exposed sandstones, 
siltstones, and shales are also present, but minor.

It is likely that covered intervals (i.e., 
completely devoid of outcrops) within the Colina represent 
siliciclastic units that are substantially less resistant 
to weathering than the thick-bedded carbonates. This 
implies that siliciclastic-dominated lithologies are more 
common than suggested by outcrop data. This conclusion is 
confirmed by Colina readouts in the Tombstone Hills. 
These exposures, which afford a unique opportunity to 
study extremely "fresh" Colina, were described in detail 
by Wilt (1969, her sections 5aR and 5bR) and were found to 
contain fairly abundant siliciclastic sediment, including 
sequences of alternating shale and micrite. Of particular 
interest, thin red shale intercalations were observed 
within a zone of nonfossil iferous dark gray micrite (Fig. 
15). Nevertheless, siliciclastic beds are still 
relatively minor compared to the abundant carbonate beds 
of the Colina and the siliciclastics of the underlying
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Fig. 15.--Roadcut of Colina Limestone, Route 80, 
Tombstone Hills (in the area of Wilt's [1969] section 
5aR). Note the red shale intercalations within a zone of 
nonfossiliferous dark gray micrite.
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Earp Formation. In fact, Gilluly et al. (1954, p. 23-24) 
placed the Earp-Colina contact where the "interbedded 
sandstones, shales, marls, and limestones characteristic 
of the Earp formation pass over to the relatively uniform 
dark limestones of the Colina." The cyclic 
carbonate/siliciclastic deposition recognized within the 
Earp Formation had clearly ceased by Colina time.

Late Paleozoic cyclic sedimentation occurred on a 
global scale (Ross and Ross, 1985b) and is commonly 
attributed, at least in part, to ecstatic sea-level 
fluctuations linked to the waxing and waning of Gondwanan 
glaciation (e.g., Crowell, 1978; Veevers and Powell, 
1987). The resulting transgressive-regressi ve 
depositional sequences are synchronous (Ross and Ross, 
1985b) and well represented in North America, including 
the classic cyclothems of the Midcontinent (Heckel, 1986) 
and the cyclic upper Paleozoic strata of the southwestern 
United States (Wanless and Patterson, 1952; Wilson, 1967; 
Elam and Chuber, 1972; McKee, 1982, p. 184-186; Goldhammer 
and E 1m o r e , 1984; Mack and James, 1986). Earp
sedimentation in southeastern Arizona, although 
undoubtedly linked to glacial eustasy, was perhaps 
strongly influenced by local tectonism (Ross, 1973; Annin, 
1987).

The lack of a glacio-eustatic signature in Colina
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sediments appears to reflect the Early Permian diminution 
and eventual cessation of major Gondwanan glaciation 
described by Veevers and Powell (1987). It is possible, 
provided contemporaneous late Paleozoic tectonism in 
southeastern Arizona did not obscure eustatic effects, 
that wel 1 -constrained ages for the end of Gondwanan 
glaciation and cyclothemic deposition in other areas may 
yield a fairly accurate age for the Earp-Colina contact. 
If, in fact, this contact (i.e., the Colina transgression 
and the associated change in depositional patterns) 
resulted from the termination of major Gondwanan 
glaciation, the degree of isochroneity may reflect the 
nature and overall rate of deglaciation. This approach, 
however, may be a gross oversimplification; additional 
work on the upper Earp and the Earp-Colina transition is 
essential, and a possible overprint derived from other 
sources of eustatic sea-level fluctuation must be 
considered (e.g., variations in rates of sea-floor 
spreading). Finally, the overall picture may have been 
greatly complicated by an autocyclic overprint on glacio- 
eustatic allocyclicity as a consequence of Earp delta-lobe 
shifting (see Lodewick [1970] for a discussion of Earp 
delta processes).

In summary, siliciclastic sediment is a 
comparatively minor component of the Colina Limestone.
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The relative paucity of siliciclastics in the Colina and 
the general distribution of these lithologies are apparent 
in the stratigraphic sections of Appendix D. The 
assertion of Wilt (1969, p. 69) that, compared to the type 
section, siliciclastics are more abundant in the more 
northern exposures of the Colina Limestone in southeastern 
Arizona is supported by the notable quantity of silty to 
sandy units in section 5B in the Gunnison Hills. In 
addition, the slightly atypical abundance of siliciclastic 
sediment observed in section 11B of the Guadalupe Canyon 
area and the greater amount of Colina siliciclastic 
material in New Mexico (as suggested by Wilt [1969, p.69]) 
may all reflect the proximity of the Florida uplift, a 
potential source of noncarbonate sediment. Finally, a 
pattern for the distribution of grain sizes within the 
siliciclastics of the Colina is not obvious; however, a 
coarser nature was observed by Wilt (1969, p. 69) for the 
sediment of the more eastern localities; this perhaps also 
relates to the position of the sediment source(s).

Oolitic
Ooids are a major allochem in the limestones of 

the Colina. Although not nearly as ubiquitous as fossil 
material, oolitic horizons were observed at many of the 
sections herein described. Colina ooids are generally 
spherical to ellipsoidal grains of sand size; however, all
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grains in the Colina thought to be the product of the 
typical ooid mode of formation (i.e., accretionary 
"inorganic" precipitation in shallow high-energy 
environments) were classified as ooids without regard to 
their size. The common practice of placing dimensions on 
the definition of ooid was not exercised, thereby 
maintaining the genetic significance of the term.

All traces of the original internal structures of 
the grains (i.e., a radial or tangential crystal fabric) 
have almost invariably been erased postdepositionally, 
largely as a consequence of the intense diagenetic 
overprint. Indisputable nuclei are very rarely observed; 
however, vestiges of an original concentric lamination 
were, in some cases, recognized (e.g.. Fig. D-6a). The 
diagentic processes involved include neomorphism, 
silicification, dolomitization, and phosphatization.

In addition, many ooids exhibit partial to 
complete micritization. Grain replacement by micrite in 
the Colina is believed, at least to a large degree, to be 
linked to syndepositional activity of endolithic algae. 
Partial micritization has resulted, in many instances, in 
well-developed micrite envelopes, while more extensively 
micritized ooids often have the appearance of peloids (see 
photomicrographs of Appendix D). Furthermore, in thin 
section many Colina ooids display cores or "rings" of
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micrite which closely mimic the overall shapes of the 
grains (see photomicrographs of Appendix D). The micritic 
cores may represent peloidal nuclei upon which ooid 
accretion initiated. However, it is possible that the 
ring and core patterns are the expression of: l) a complex 
interplay of selective neomorphism and micritization 
and/or 2) interrupted ooid formation followed by a 
sequence of micritization and resumed accretion of the 
ooid cortex. The recognition of heavily micritized 
grains as ooids, as well as those displaying significant 
diagenetic effects, is predicated on their textural 
characteristics, specifically size, shape, and sorting. 
Although there are exceptions to the "rule" that considers 
micritization to be a shallow-water indicator (see Hook et 
al., 1984), the abundance of micritized ooids probably 
reflects the shallow depositional setting of the Colina 
Limestone of southestern Arizona.

Dolomitized ooids are a particularly noteworthy 
and relatively common observation in the Colina. This 
dolomitization has often been strikingly selective and has 
given rise to replacement patterns that include aggregates 
of euhedral rhombs, hypidiotopic to xenotopic textures, 
and coarse single-crystal replacement. These styles of 
dolomitization are readily observed in figures D-6f, D-6h, 
and D-9f of Appendix D. Also present in the Colina
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Limestone (e.g., section 6 on Colina Ridge) are sand—sized 
clusters of what appear to be dolomite crystals, but with 
significantly less-spherical morphologies than those just 
discussed. Classification of these "grains" as ooids is 
tenuous.

Phosphatized ooids, although of minor volumetric 
importance, are also present within the Colina Limestone 
of southeastern Arizona. These were observed, along with 
phosphatized oncoids, in a thin zone in the vicinity of 
section 4 in the southern Whetstone Mountains. Although 
chemical analyses have not been performed, petrographic 
and X-ray diffraction data strongly suggest apatite 
replacement of calcium carbonate.

Petrographically, the replacing mineral is a 
brownish color in transmitted plane-polarized light, while 
appearing essentially isotropic under crossed nicols 
(figs. D-3b through D-3e of Appendix D). Also, note the 
existence of small, apparently cubic (isotropic) crystals 
confined to the areas of phosphatization (Fig. D-3e of 
Appendix D). These crystals are thought to be fluorite 
and are believed to be a product of remobilization of 
fluorine derived from the fluorapatite of the replaced 
allochems. X-ray diffraction data are not conclusive, but 
seem to indicate that the authigenic mineral replacing the 
allochems is amorphous. This observation, combined with
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the petrographic data, suggests that the mineral would 
perhaps best be regarded as cellophane. However, 
reactions with the concentrated HC1 during removal of the 
allochems from the host rocks prior to x-ray diffraction 
may have resulted in modification of the original 
mineralogy— additional work is needed.

Finally, silicification of ooids is a very 
commonly observed phenomenon in the Colina. This 
replacement is t y p i cally selective and highly  
pseudomorphous in character (Fig. D-12d of Appendix D). 
The presence of protein-matrix material within the ooids 
(Mitterer, 1972; Mitterer and Cunningham, 1985) may play a 
vital role in this manner of replacement. As in the model 
suggested for silica replacement of fossil material, this 
matrix may be capable of tempiating silica precipitation 
and yielding a high degree of allochem replication. In 
very general terms, silicified ooids occur both isolated 
and in tightly packed, irregularly-shaped (often nodule
like) m a s s e s  and a p p e a r  to be d o m i n a t e d  by 
microcrystal 1 ine quartz (i.e., less than 20 microns). In 
some instances the silica replacement is not complete, 
with quartz confined to the outer margins of the 
individual ooids.

Careful analysis of the distribution of oolitic 
facies within the Colina Limestone of southeastern Arizona



reveals a pattern strongly linked to the overall 
depositional setting of this region during Colina time. 
Although the exact geometry and lateral extent of 
Pedregosa basin shelf sedimentation in Arizona is poorly 
known for this time period, in general terms, there is a 
complete absence of ooids at those localities thought to 
be closest to the edge (inner-shelf region) of the basin 
(Fig. 5) (i.e., the sections of the Waterman Mountains and 
Gunnison Hills).

In the more central portion of the shelf (sections 
3, 4, 6, 6', and 9), ooids are abundant, but are generally 
associated with large volumes of micrite— either in 
matrix-supported or micrite-rich grain-supported 
lithologies. These observations reflect the abundance of 
mud present at these 1 agoonal settings during the 
deposition of the oolitic facies. Micrite-free oolitic 
horizons were, however, also occasionally observed in this 
region.

Finally, several sections described from the very 
southeastern corner of Arizona (sections 10A, 10B, and 
11B) contain significant sequences of micrite (mud) -free, 
packed oolite. Section 11B contains a particularly thick 
sequence with well-developed cross-laminations.

This pattern of facies is thought to represent the 
transition from platform-margin to lagoonal deposition.
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The oolitic grainstones of sections 10A, 10B, and 
especially 11B reflect deposition proximal to the high- 
energy outer shelf in a setting analogous to that of 
modern ooid formation. In this shallow environment 
(Newell et al. [1960. p. 481], in their study of Bahamian 
sands, suggested water depths of less than six feet as 
optimal for ooid formation), ooids may have formed and 
then accumulated in migrating cross-stratified shoals; 
however, the existence of voluminous mud in these 
sections, including micritic oolite, suggests that these 
areas were actually transitional between the mud-dominated 
deposition of the back-shoal lagoon and the sand-dominated 
environment of the shelf margin. It is possible that the 
grainstones represent tongues of the margin shoals 
extending in a shelfward direction.

The occurrence of micrite-rich oolitic lithologies 
(e.g., oomicrites) in the "central" shelf region are also 
believed to be a consequence of shelfward transport of 
platform-margin ooids. The abundance of mud would appear 
to preclude ooid formation in this region unless 
postdepositional infaunal activity of the benthos yielded 
mixing of sandy and muddy facies. More likely, however, 
the ooids were transported into the lagoonal mud-rich 
environments as a product of tidal and/or storm current 
processes. For example, Folk (1962, p. 83) noted:
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Intramicrite and oomicrite indicate by their very 
composition that they should be considered as 
textural inversions. Most rocks containing 
intraclasts and ooids are well winnowed and 
cemented with spar, because the generation of 
these two allochem types requires vigouous current 
action, which generally is strong enough to wash 
out any lime mud in the environment. Oomicrite 
and intramicrite are much less common because they 
represent a paradox— allochems are produced in a 
high-energy environment and then deposited in a 
low-energy environment. Thus, they are 
characteristic of a transition belt between 
environments of these two energy levels, and form, 
for example, where oolites or intraclasts on a 
shoal area or bar are washed over into protected 
lagoonal areas by storms.

Of additional relevance, Newell et al. (1960, p. 485)
stated, based on their studies of Bahamian oolitic sands:

...there seems to be a gradual net migration of 
oolite bankward. This conclusion is supported by 
the distribution of oolitically coated grains, 
which extend much farther bankward than seaward 
between the cays. This is probably to be 
explained by the fact that the transporting effect 
of storm waves is greater toward the Bank than 
away from it, and flood-tide currents are 
generally more vigorous than those of the ebb 
tides.

Finally, Harris (1979, p. 1) suggested, "But because ooids 
form in current-swept areas with dynamic morphology, they 
can accumulate in conditions quite different from those in 
which they were generated."

Shelfward transport of platform-margin-shoal ooids 
into the muddy areas of the shelf lagoon was likely an 
important process during Colina deposition. This 
interpretation would help explain the frequent association 
of ooids and micrite recognized in the C o 1 ina.
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Additionally, the reality of this transport is 
corroborated by paleocurrent data, albeit approximate, 
derived from poorly-developed cross-laminations in an 
oomicrite horizon at the type section in the Tombstone 
Hills which indicate transport of ooids from the southeast 
(i.e., the region of the proposed ooid shoals). In 
summary, despite the severe postdepositiona1 modification 
of Colina ooids, these important environmentally- 
diagnostic grains are identifiable through thoughtful use 
of textural criteria and yield valuable insight into the 
overall depositional setting of the Colina Limestone.

Biofacies and Ichnofacies
Patterns associated with the distribution of body 

fossils and trace fossils in the Colina Limestone of 
southeastern Arizona warrant further discussion. As 
stated by Gilluly et al. (1954, p. 38) and previously 
discussed in this text, in several Colina sections there 
is a general increase in the amount of fossil material in 
the upper Colina compared to the lower portions. In more 
specific terms, the distribution patterns of several 
Colina taxa will be addressed in greater detail.

The only well-documented Colina fusulinid 
occurrences above the basal beds in southeastern Arizona 
have been described from the Guadalupe Canyon area 
(sections 11A and 11B) in the very southeastern corner of
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the state (Dirks, 1966? this study). The restriction of 
fusulinids to this region during deposition of the Colina 
may reflect the proximity of the shelf margin and the more 
open-marine conditions of the adjacent deep basin compared 
to the somewhat restricted environment of the shallow 
Colina lagoon.

The only noteworthy possible stromatolitic 
laminations observed during the course of this study were 
found in two very thin horizons in the Tombstone Hills 
(sections 6 and 6'). Figure D-7g of Appendix D is from 
the more stromatolite-like of the two occurrences. Note 
the suggestion of fenestral porosity; this is, perhaps, 
the product of organic-mat decay. Irregular "eyes" (spar- 
filled vugs— birdseyes) are also present in this sample. 
These may be related to burrowing activity or early- 
diagenetic gas generation during bacterially-mediated 
oxidation of organics. It should also be noted, however, 
that these proposed stromatolite beds are not unlike 
laminated calcretes, which are often somewhat difficult to 
distinguish from stromatol itic laminations (Read, 1976). 
In addition, the environmental significance of the thin, 
somewhat tentative, Colina stromatolites is unclear? one 
hesitates to hypothesize intertidal settings based on such 
limited evidence.

Crinoidal material is a widespread, but typically
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quite minor, component in the Colina of southeastern 
Arizona. The thick sequence of crinoid-rich strata in 
section 11A in the Guadalupe Canyon area is a notable 
exception. These strata, which occur in the upper part of 
the Colina and overlie the oolitic grainstones previously 
discussed, are also thought to reflect the proximal nature 
of this locality to the high-energy platform margin.

The crinoid-dominated lithologies occur in 
laterally continuous beds with no observable indication of 
bank or mound development. Apparently, these beds 
represent crinoid "thickets" which thrived in the vicinity 
of the high-energy, we 11-circulated shelf-margin region. 
As with the oolitic material in this area, the large 
quantity of mud present may suggest a position 
transitional between the platform edge and lagoon; 
however, it may also relate, in part, to the ability of 
pelmatozoans to baffle current energy. The transition 
upward from ooid-rich to crinoid-rich environments 
reflected in the combined section 11A and 11B is thought 
to be the product of a slight increase in water depth in 
this area during Colina time (recall that ooid formation 
is favored by extremely shallow conditions). This 
deepening may have been caused by local tectonic 
adjustments; however, a slight eustatic rise in sea level 
during this time period is indicated by the "coastal-
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on lap" curve of Vail et al. (1977, fig. l), but is not 
recognized in the curve of Hallam (1984, fig. 5). The 
existence of ooids stratigraphically high in several of 
the sections of the "central" shelf area (sections 4, 6, 
and 9) suggests that ooid formation persisted on the shelf 
margin through the duration of Colina deposition and that 
the transition evident in the Guadalupe Canyon area 
probably reflects, at least in part, somewhat local 
changes.

As noted by Bryant (1968, p. 39-40), the large 
gastropod of the genus Ompha1otrochus (Fig. 16) is "almost 
wholly confined" to the Colina in southeastern Arizona. 
Ompha 1 otrochids are not, however, distributed uniformly 
throughout the vertical and lateral limits of the Colina, 
but rather are restricted to high population densities in 
specific portions of the Colina Limestone. The most 
notable abundances of Ompha 1 otrochus encountered during 
this investigation were observed at section 6* in the 
Tombstone Hills, section 9 in the Barren Hills (Dolloff 
[1975], during her investigation of the Barren Hills, 
mapped an Ompha1otrochus zone in the Colina), and section 
8 near Warren in the southeastern Mule Mountains. In 
addition, a brief reconnaissance of the large Colina 
exposure just south of the Tombstone Hills in the northern 
Mule Mountains revealed significant concentrations of
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Fig. 16.— Silicified Omphalotrochus/ section 8, Warren 
area, southeastern Mule Mountains. Cross-sectional view 
parallel to the axis of coiling. Beekite-type 
silicification present.
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Omphalotrochus. This distribution of omphalotrochids 
suggests an environment within the relatively central 
portion of the Colina lagoon as the optimal habitat for 
these gastropods.

On a diagenetic note, it is in association with 
silicified omphalotrochids that b e e k i t e - t y p e  
silicification is best developed in the Colina. In fact, 
this pattern of silicification in the Colina is confined, 
with the minor exception of an occasional beekite- 
containing silicified rugose coral, to Omphalotrochus. 
Beekite rings, or beekite "discs" as they are referred to 
by Schmitt and Boyd (1981), consist of concentric rings of 
diagenetic silica (figs. 17 and 18). Petrographically, 
the Colina beekite silica occurs in the form of 
spherulites of length-slow chalcedony distributed 
throughout the silicified regions of the shell (Fig. D-7d 
of Appendix D). Present within the silica are portions of 
remnant, gastropod skeletal calcium carbonate and smaller 
carbonate inclusions (Fig. 19). The existence and 
distribution of spherulites (compared to inward growth 
from a void wall) and the presence of included carbonate 
support a replacement origin for the highly species- 
specific Colina beekite-ring structures (i.e., essentially 
simultaneous dissolution of calcium carbonate and 
precipitation of silica— no significant void develops).
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Fig. 1 7 .--Sca nning  e l e c t r o n  m i c r o g r a p h  of 
ompha 1otrochid-gastropod, beekite-type si1icification. 
Collected in the vicinity of section 11B, Guadalupe Canyon 
area, southeastern San Bernardino Valley. Leftmost bar 
equals 100 micrometers.
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Fig. 18.— S c a n n i n g  e l e c t r o n  m i c r o g r a p h  of 
ompha 1otrochid-gastropod, beekite-type si1icification. 
Collected in the northern Mule Mountains. Leftmost bar 
equals 100 micrometers.
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Fig. 19.— Photomicrograph of high magnification view of 
remnant calcium carbonate (note strong ARS stain) within a 
beekite-silicified Ompha1otrochus shell. Note the 
presence of smaller carbonate inclusions at the margin of 
the beekite chalcedony. Collected at section 61, 
southeast ridge, Tombstone Hills. Scale bar equals 0.1 
mm, crossed nicols.
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This finding is in agreement with the replacement 
conclusion of Holdaway and Clayton (1982) for beekitized 
fossils, but is contrary to the void-filling precipitation 
model of Schmitt and Boyd (1981). As a final note, 
Ompha 1 otrochus silicification is often incomplete, with 
silica concentrated at the margins of the shell.

Recognizable, unequivocal trace fossils within the 
Colina of southeastern Arizona are quite rare. There are 
numerous examples of burrow-like silica masses (knots) 
within the Colina; however, identification of many of 
these features as diagenetically modified biological 
traces is highly speculative and probably incorrect. 
Nevertheless, a number of the Colina Limestone sections 
studied during this investigation contain prominent 
horizons of what would have to be described as silicified 
burrows (sections 4, 61, 7, 9, 10A, 10B, and 11B). 
Generally, these horizons are thin (less than .5 meters 
thick), appear to be laterally continuous, and are quite 
densely packed with burrows (Fig. 20).

In most cases, the burrows consist of single 
shafts perpendicular to bedding (figs. 20 and D-12a); 
however, the burrows of section 6' on southeast ridge 
display a simple branching pattern (Fig. D-7h). The 
carbonate host lithologies associated with the burrows are 
invariably rich in ooids. Typically, the silicified
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Fig. 20.--Silicifled burrow horizon, section 7, Naco 
Hills area, southwestern Mule Mountains. Note lens cap in 
photograph for scale.



burrows consist of an outer "shell" of silica with a inner 
core of carbonate (Fig. D-9h). This pattern is 
tentatively thought to represent selective silicification 
of an organic-rich burrow lining. The carbonate center is 
simply the neomorphosed carbonate-sediment burrow fill.

Commonly, the outer shell (tube) of silica has a 
nodose appearance reminiscent of the exterior of the 
pelleted lining of Ophiomorpha, a fossil crustacean 
burrow. The simple, single vertical-shaft pattern of the 
Colina burrows would, however, certainly preclude 
classifying them as Ophiomorpha, but as in the case of 
Ophiomorpha, the addition of pellets may have helped to 
stabilize the burrow in the sandy (ooid-rich) sediments. 
The suggestion of pellets is, nevertheless, highly 
tentative; the degree to which the silicification process 
has replicated the original characteristics of the burrows 
is not known.

Because of the relatively poor age control for the 
Colina and difficulties associated with interrange 
correlation, it is not known if any of these Colina burrow 
horizons are correlative. The infaunal community 
development implied by these burrow horizons does, 
however, suggest that they represent significant breaks in 
sedimentation during Colina time.

143
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Physical and Chemical Conditions of Deposition
With the detailed facies analysis of the Colina 

Limestone of southeastern Arizona presented in the 
preceding sections as background, it should be possible to 
synthesize the existing sedimento1ogica1, biological, and 
geochemical data to form a realistic picture of the 
physical and chemical conditions associated with Colina 
deposition. The great abundance of lime mud in the 
original Colina sediment suggested by the present ubiquity 
of micrite indicates a low-energy Colina lagoon with 
currents, on average, incapable of winnowing fine 
sediment. However, as discussed, several observations 
(including the presence of cross-stratified siliciclastic 
and carbonate lithologies, possible storm-related fossil 
layers, current-aligned bioclasts [Fig. D-9c of Appendix 
D], and sheIfward transport of ooids) indicate episodic 
and/or periodic intervals of increased system energy 
(storm and/or tidal processes). In general terms, there 
is evidence for increased energy towards the shelf margin.

The water depths present in southeastern Arizona 
during Colina time are believed to have been quite 
shallow. Ooid formation is favored by extremely shallow 
water (nearly intertidal), and deep-water sources of large 
volumes of lime mud are not known. The Colina Limestone 
in this region displays none of the characteristics
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typical of deep-water carbonates (see Wilson [1969] for a 
discussion of these characteristics). The water depths 
for most of the Colina lagoon were probably on the order 
of several to tens of meters. Unequivocal evidence for 
intertidal deposition is lacking, and no indications of 
supratidal settings were observed. However, the 
occasional laminated, nonfossiliferous horizons observed 
within the Colina, particularly the dolomitic examples, 
are somewhat suggestive of intertidal/supratidal 
lithologies.

Determinations concerning the salinity conditions 
of Colina waters are somewhat problematic. Several lines 
of evidence reviewed in the evaporite discussion earlier 
in this text strongly suggest elevated salinities during 
Colina deposition. However, the lack of abundant 
evaporites in the Colina and the absence of evidence for 
supratidal processes, as well as the existence of fossils 
in much of the formation, preclude the possibility of 
large-scale desiccation and significantly greater than 
normal salinities. Nevertheless, the Colina fauna is 
somewhat restricted and micritic beds essentially devoid 
of fossils were observed.

It is concerning these essentially fossil-free 
(and what commonly also appear to be allochem-free) 
micrites that interesting questions arise. If these
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micrites, which are particularly abundant in the lower 
Colina at a number of localities, are a consequence of 
elevated salinities, why are they lacking in the sections 
that were presumably most removed from exchange with the 
open ocean to the southeast during deposition (i.e., in 
the sections of the Waterman Mountains and Gunnison 
Hills)? Surprisingly, these sections exhibit an 
essentially uniform vertical distribution of abundant 
bioclastic material, yet they occupy positions where the 
highest salinities should have developed.

It is possible, however, that a (fluvial) influx 
of fresh water at the basin edge could account for the 
paleontological indications of more-normal salinities in 
this region. In addition, the fossil-free micrites may 
have resulted from other factors unrelated to salinity. 
Perhaps high sedimentation rates in the central portion of 
the lagoon inhibited well-developed benthic communities. 
Furthermore, the possibility of reduced water-column 
dissolved oxygen will be addressed. It should be noted, 
however, that several of the possible indicators of 
elevated salinities (silica pseudomorphs after sulfate 
minerals and authigenic quartz euhedra) are almost always 
associated with a dearth of fossil material.

To summarize with respect to salinity, it is 
believed that the ooid shoals hypothesized for the shelf
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margin during deposition of the Colina Limestone may have 
restricted circulation across the margin (a situation 
observed by Harris [1979] in the Bahamas) and resulted in 
greater than normal salinities in the back-shoal lagoon. 
An arid Permian climate (and the associated high levels of 
evaporation) is well documented for the southwestern 
United States (Peterson, 1980). A slight increase in 
water depth in the Guadalupe Canyon area (sections 11A and 
11B) and the concomitant transition from ooid to crinoid 
sedimentation may have resulted in improved circulation, 
reduced salinities, and, therefore, the commonly more 
fossiliferous nature of the upper Colina compared to the 
lower portions in southeastern Arizona.

Interestingly, Colina carbonates are almost 
invariably nonlaminated. This observation certainly 
applies to a l 1ochem-free micrites. The absence of 
lamination in these micrites is supported by X- 
radiographic analysis. With the exception of the oolitic 
examples, the rare laminated carbonates observed during 
this investigation generally are micrite-rich and lack 
allochems. Additionally, they often, but clearly not 
always, contain greater than average siliciclastic 
fractions.

The absence of laminations in fossil-rich strata 
is a product of infaunal activity, however, the paucity of
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laminations in very sparsely fossiliferous to fossil-free 
units is puzzling. Several reasonable hypotheses exist. 
It is possible that the textural and/or mineralogical 
variations necessary in sediment for a recognizable 
lamination are not present in a uniform sequence of 
allochem-free lime mud. For example, Shinn and Bobbin 
(1983, p. 604) found laminations at a locality in Florida 
Bay to consist mostly of foraminiferal tests. Therefore, 
the existing laminated micrites may be a product of 
intermittent influxes of siliciclastic sediment, above the 
normal minor background accumulation, into the area of 
lime-mud deposition.

Nevertheless, an additional possibility exists. 
Fossil-free micrites without laminations may be a 
consequence of bioturbational obliteration of the 
lamination by soft-bodied burrowing organisms in the 
absence of a calcareous fauna. Additional petrographic 
analysis of these micrites may reveal an abundance of 
pellets--a vestige of this organic activity. Perhaps 
pulses of increased siliciclastic sedimentation stifled 
the infaunal activity and allowed for the preservation of 
a lamination. Of additional relevance, mottled 
dolomite/1imestone units are not uncommon in the Colina 
and are thought to possibly reflect partial biogenic 
mixing of sediments with different susceptibilities to
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dolomitization.

In modern lagoonal lime-mud environments, such as 
Florida Bay, the destruction of laminations is due, in 
large part, to the abundance of marine grasses. Shinn and 
Bobbin (1983, p. 603) found laminations in Florida Bay in 
areas characterized by rapid deposition and a lack of 
grasses. Marine grasses were not, however, a factor 
during Colina deposition. Seagrasses first appeared 
during the Late Cretaceous (Eva, 1980, p. 231); Paleozoic 
lagoons must, therefore, have differed greatly from their 
modern counterparts. In addition to the absence of grass- 
related modification of sedimentary structures, 
environments missing the organic-baffle capabilities of 
seagrasses would require particularly weak currents for 
mud accumulation to be possible.

On a speculative note, the essentially fossil-free 
(typical ly allochem-free), nonlaminated, possibly 
bioturbated micrites and the fossil-rich biomicrudites of 
the Colina are strongly reminiscent of the dysaerobic and 
aerobic biofacies of Rhoads and Morse (1971), 
respectively. This implies that micrites lacking 
bioclasts resulted from reduced water-column dissolved- 
oxygen conditions capable only of sustaining a soft-bodied 
infauna. Perhaps, in the deeper portions of the back- 
shoal lagoon, oxygen exchange was limited between the



atmosphere and the somewhat stagnant waters below wave 
base. It is within this region that dysoxic conditions 
developed and lime muds with a negligible calcareous fauna 
would have accumulated. The abundance of bioclasts and 
scarcity of fossil-free micrites in the sections of the 
Waterman Mountains and Gunnison Hills may reflect a 
shallower depositional setting with continuous, well- 
oxygenated sedimentation above wave base for these 
apparently slightly more nearshore localities. It is, 
however, very uncertain whether restricted circulation in 
such a shallow area of deposition could have resulted in 
reduced dissolved oxygen, but if it were possible, the 
somewhat greater abundance of fossils in the upper Colina 
may indicate improved circulation or more complete water- 
column mixing during late Colina time.

Finally, the laminations observed in the oolitic 
grainstones of the Colina relate to restricted biological 
activity as a consequence of the high environmental stress 
associated with the sediment dynamics of a high-energy 
ooid system. In general, however, there does appear to be 
a relationship between lamination and the siliciclastic- 
sediment content in the Colina Limestone of southeastern 
Arizona. Because of this relationship, interpreting the 
spectrum of Colina lithologies ranging from highly 
fossiliferous units to fossil-free nonlaminated micrites
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and, finally, to fossil-free strata with laminations as 
merely responses to increasing salinity or decreasing 
dissolved 02 would be unrealistic. It is clear from the 
above discussion that there is no simple explanation for 
the sedimentological and biological character of the 
Colina. The existing characteristics are likely a product 
of a complex combination of factors, and conclusions 
regarding the overall conditions of deposition are, at 
best, speculative.

Probably the most striking and diagnostic 
characteristic of the Colina Limestone of southeastern 
Arizona is the tremendous volume of dark gray to black (on 
fresh surface) limestones. This observation, along the 
general tendency for the 1imestones to be a much lighter 
color on the weathered surfaces, was noted by Bryant 
(1968, p. 39). Similarly, Gilluly et al. (1954, p. 24) 
stated:

The most characteristic lithologic feature of the 
Colina limestone is the dominance of dense 
limestone that appears very dark gray to almost 
black on fresh fracture. The field name adopted 
for the formation was "the black limestone" which 
emphasizes its most conspicuous distinction. 
Similar beds are locally found in other formations 
of late Paleozoic age but elsewhere are rarely 
more than a few feet thick. It seems safe to 
conclude that in central Cochise County any 
continous section of dense limestone that is dark 
gray to black on freshly fractured surfaces and is 
as much as 25 feet thick is part of the Colina 
limestone.

In addition, the limestones of the Colina generally emit a
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moderate to very strong fetid (H2S) odor upon striking or 
treatment with HC1. It is these characteristics that have 
led previous authors to suggest the Colina Limestone as a 
fair (Thompson et al., 1978) to good (Greenwood et al., 
1977, p. 1465) possible petroleum source bed.

Although the above generalizations regarding 
Colina color and degree of fetidness typically hold true, 
there are variations in these characteristics on both the 
local and regional level. For example, lighter-colored 
(fresh surface) limestones are observed, and, on a 
regional scale, the darkest, most-fetid limestones are 
concentrated in section 1 in the Waterman Mountains, while 
the sections in the very southeastern corner of the state 
tend to display limestones with fresh surfaces somewhat 
lighter in color than average, often with shades of brown 
present.

Geochemically, the color and degree of fetidness 
of Colina carbonates represent an intriguing problem. It 
is obvious from the data of Table 5 that Colina 
lithologies are strongly depleted in total organic carbon 
(TOC). These data derive from a representative sampling 
of "dark" Colina limestones, with one "light-colored" 
sample (SB 210-1) included for comparison. Clearly, these 
values lie well below the 0.20% average organic-carbon 
content for Phanerozoic limestones determined by Gehman
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Table 5.— Colina Limestone total organic carbon (TOC) 
and total iron data.

Sample Lithology
fLocation!a

Color
(Fresh Surface) m FeM al

SB210-1 micrite It. brownish gray 0.03 0.0445
[10B] to brownish gray

WM112-4
[1]

sparse
biomicrudite

grayish black 0.12 0.11
WS507-1
[3]

fossiliferous
micrite

dark gray 0.05 0.0045
TH408-17C sparsely fossil- olive black 0.04 0.13
[6] iferous micrudite

SE307-6
(6']

micrite dark gray 0.03 0.0330
MM318-7 
[4 ]"

sparse biomicrite dark gray 0.13 0.0048
WM113-6 sparse grayish black 0.08 0.10
[1] biomicrudite

SB208-4 sparsely fossil- medium dark gray 0.04 0.15
[ 10A] iferous micrudite

GH125-7
[5B]

micrite dark gray 0.04 0.12
WM112-3
[1]

oncolitic packed 
biomicrudite

dark gray 0.14 0.0035
BH1220-1
[9]

micrite dark gray 0.04 0.0965
0.05 0.064

MM413-4
[4]

micrite grayish black 0.09 0.0835
GH1214-4a
[5A]

sparse
biomicrite

dark gray 0.06 0.18
GH125-16
[5B]

micrite dark gray 0.04 0.14
GC416-22
[HB]

micrite medium dark gray 0.03 0.0705

"refers to Colina section localities of this study 
"possible upper Earp
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(1962) and the 0.30% organic-carbon lower limit for 
carbonate-type source beds suggested by Tissot and Welte 
(1984) .

It would seem, therefore, that the Colina 
Limestone of southeastern Arizona does not represent a 
likely petroleum source. One should not discount the 
possibility that the Colina is a spent source rock ("a 
source bed that has completed the process of oil or gas 
generation and expulsion" [Barker, 1979, p. 108]) from 
which significant volumes of hydrocarbons have been 
released. However, given the present TOC values and an 
assumption of typical percent carbon loss as a consequence 
of thermal C02 and hydrocarbon generation, it is unlikely 
that the Colina represents an important oil or gas source. 
Nevertheless, an additional, and possibly important, 
explanation for the extremely low TOC values of Table 5 
relates to the fact that the samples were taken at the 
surface of subaerially-exposed, fault-block ranges where 
meteoric processes prevail and significant organic-carbon 
oxidation is likely. These values may, therefore, 
represent minima and may be notably lower than those of 
deeply buried Colina. It is also possible, however, that 
the original organic content of the Colina lime-mud- 
dominated sediment was low, perhaps, in part, reflecting 
the absence of seagrasses during the Paleozoic.
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Despite the several suggested explanations for the 

lack of organic carbon in the Colina, one is still left 
with the need to explain the preponderance of dark-colored 
limestones. Contrary to the widely-accepted notion that 
dark gray to black colors are always synonymous with high 
organic-carbon contents, the Colina data reveal that very 
little organic carbon in necessary to impart these colors. 
Additionally, it is likely that the color associated with 
a given concentration of organic carbon (kerogen) is 
strongly linked to the thermal maturation state of the 
sample (Peters et al., 1977; Lyons, 1988). In simple 
terms, the greater the thermal effects, the greater the 
generation of hydrocarbons and other volatiles and the 
closer the organic matter (kerogen) approaches the dark- 
colored, carbon-rich end-member residue (i .e., 
carbonization). Although these effects may also be 
important in shales, fundamental differences between 
limestones and shales, such as clay contents ("Where the 
organic material is adsorbed by the clay, its color is 
diluted by the clay, and where the organic material is 
free [such as in calcium-rich environments], the color of 
the rock in darker." [Hostermari and Whitlow, 1981, p. 
334]) and the degrees of transparency of the constituent 
minerals, may account for the extremely low volumes of 
organic carbon in limestones, compared to shales,
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necessary to impart dark gray to black colors.

In conclusion, the dark colors typical of much of 
the Colina are thought to be the consequence of thermally 
very mature, carbon-rich organics. This degree of thermal 
maturation is supported by the conodont color alteration 
index (CAI) work of Wardlaw and Harris (1984), who found 
Paleozoic rocks throughout much of the Pedregosa basin 
region of southeastern Arizona to have thermal potential 
for gas. Furthermore, Wardlaw and Harris delineated a 
large area in the region of the Pedregosa basin with 
extremely high CAI values (>4.5), suggesting that 
graphitization may also have been an important process. 
These results are not surprising given the generally high 
heat flow of the Basin and Range province in Arizona and 
the abundant post-Paleozoic intrusive and extrusive 
igneous activity in southeastern Arizona.

The data of Table 5 indicate that iron is a 
relatively minor chemical component of the Colina 
Limestone. In preparing these samples for analysis, every 
effort was made to avoid ferric-oxide-containing fractures 
and other obvious areas of oxidized iron. In most cases, 
these efforts were quite successful. The mineralogies of 
the iron-containing phases within the analyzed portions of 
the samples remain uncertain. It is likely that there is 
some contribution from iron oxides; however, a large
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percentage of the iron probably resides in pyrite. The 
low pyrite concentrations suggested by these total iron 
values are not unusual for the iron-limited conditions 
typical of carbonate environments, where the input of 
detrital iron minerals is insufficient to bring about 
appreciable formation of pyrite (Berner, 1970, p. 18; 
1984, p. 608). In fact, many of the Colina iron values in 
Table 5 indicate possible pyrite concentrations (assuming 
most of the iron is in the form of pyrite) roughly on the 
order of those revealed in the iron and sulfur data from 
carbonate sediments of Florida Bay reported by Berner 
(1972, table 3).

SEM analysis of a Colina insoluble residue did 
verify the presence of pyrite. Additionally, preliminary 
sulfur analyses performed at Yale University suggest that 
the majority of the sulfur present in the Colina is 
reduced, IN HCl-insoluble, and inorganic. Interestingly, 
the total sulfur value for sample WM112-3 (approximately 
0.079%) is significantly higher than would be predicted 
from the total iron value (0.0035%), assuming all the 
sulfur is tied up in pyrite. This relationship indicates 
either an error in the total iron value or the presence of 
a noteworthy HCl-insoluble, S-bearing phase(s) in addition 
to the iron sulfide. The sulfur content was measured by 
several different techniques and is thought to be quite



accurate.
However, even with these analyses, the source of 

the strong H2S odor remains an enigma. It is clear that 
sulfur loss during HC1 digestion is negligible, yet the 
H2S odor emitted during this process is obvious, it is 
herein proposed that strong fetid odors associated with 
fracturing and acid treatment are a consequence of the 
release of H2S trapped in submicroscopic inclusions within 
the rock, either in a gas phase or as dissolved H2S in 
water-rich inclusions. The apparently low concentrations 
(and possibly reactivities) of the contained iron would 
allow for the prolonged stability of hydrogen sulfide, 
which, under higher iron conditions, normally reacts to 
form iron sulfides.

H2S is plentiful in modern carbonate muds, such as 
those in Florida Bay (Berner, 1966; 1970, 18). This 
hydrogen sulfide is produced in the sediment during early 
diagenesis as a result of bacterial sulfate reduction, 
generally initiating only sligh t l y  below the 
sediment/water interface; in the process, organic carbon 
is oxidized. For example, Ginsburg (1957, p. 88) observed 
in Florida Bay, "...only the topmost fraction of an inch 
is light in color, and there is a strong and persistent 
odor of hydrogen sulfide for as much as 8 feet, from the 
surface to the rock floor." Therefore, the trapping of

158
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this gas implies that lime-mud lithification may have 
initiated very early in the burial history of the 
sediment. It should be noted, however, that H2S has been 
detected in Florida in waters from porous limestones as 
much as a thousand feet below the surface (Ginsburg, 1957, 
p.88). Nevertheless, in addition to the hydrogen sulfide, 
significant quantities of HC03~ are also produced during 
sulfate reduction, suggesting a possible relationship 
between sulfate reduction and early cementation processes. 
Without further work, however, the above hypothesis is 
purely conjectural.

Early in this study, it was thought that both the 
dark gray to black colors and the fetid odors commonly 
described from Colina carbonates were the result of a 
highly unusual, long-term persistence of acid-volatile 
iron monosulfides ("FeS") (i.e., since the Permian). 
Typically, these fine-grained, poorly-crystallized, 
metastable pyrite precursors constitute the black and gray 
pigments common to modern sediments, while organic 
pigments are responsible for the color in ancient 
sediments (Berner et al., 1979, p. 1345). The conversion 
of iron monosulfides to pyrite is generally early and 
complete. H2S is liberated when "FeS" is treated with 
HCl, while pyrite, in contrast, does not react with HC1. 
However, the preliminary sulfur analyses, as well as the
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fact that the dry HCl-insoluble residues of Colina samples 
are as dark as (if not darker than) the original rocks, 
strongly suggest that the Colina dark colors are a 
consequence of small amounts of very carbon-rich organic 
material and the fetid odors derive from trapped 
inclusions of early-diagenetic, pore-water H2S.

Summary of the Depositional Environment 
The transition in southeastern Arizona from the 

mixed marine/nonmarine deposition of the Earp Formation to 
the marine Colina Limestone reflects a Wolfcampian 
transgression resulting from a eustatic rise in sea level 
and/or regional subsidence (perhaps a further consequence 
of the Ouachita orogeny to the south). In general terms, 
the Colina Limestone of this region was deposited in a 
shallow muddy lagoon on the northern shelf of the late 
Paleozoic Pedregosa basin; sedimentation is thought to 
have essentially kept pace with subsidence. In spite of 
the fact that there is evidence for periods of increased 
current energy (related to storm and tidal processes), the 
system was dominated by low-energy depositional 
conditions. The existing data suggest that Colina 
carbonate sedimentation occurred entirely in subtidal 
settings. Siliciclastic units are of limited abundance 
and are generally too poorly exposed to permit 
depositional interpretations.



The presence and distribution of ooids within the
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Colina lagoonal micrites, the general facies patterns, 
and, specifically, the lithologic and biologic character 
of the Colina in the Guadalupe Canyon area indicate that 
deposition in the southeastern corner of Arizona occurred 
proximal to a high-energy platform margin. This margin 
was apparently characterized by abundant ooid-shoal sands 
and crinoidal c o m m u n i t i e s ; however, nowhere in 
southeastern Arizona is there evidence for development of 
Colina biohermal structures.

The ooid shoals appear to have restricted 
circulation across the platform margin. The resulting 
limited access with the open ocean to the southeast, 
combined with the arid climate of the region, are believed 
have been responsible for elevated salinities in the 
Colina lagoon (as suggested by the restricted fauna and 
the mineralogic evidence, albeit meager, for high- 
sal inity/e vapor itic conditions). Furthermore, reduced 
dissolved-oxygen concentrations may have developed in the 
deeper portions of the Colina lagoon as an additional 
consequence of restricted circulation. In any event, the 
generally more fossiliferous nature of the upper Colina, 
in comparison to the lower beds, indicates improved 
circulation by late Colina time.

Despite the absence of Colina bioherms in
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southeastern Arizona, Early Permian Tubighytes-bearing, 
phylloid algal platform-margin mounds are present in the 
upper Horquilla Limestone of the Big Hatchet Mountains of 
southwestern New Mexico (Zeller, 1960, 1965; Wilson,
1975). Although the uppermost beds of the Horquilla in 
the Big Hatchet Mountains are of late Wolfcampian age 
(Zeller, 1960, p. 149, 154; 1965, p. 41) and the Colina 
may be somewhat diachronous, it is doubtful that the 
Horquilla "reef" facies of the Big Hatchet Mountains and 
the Colina lagoonal environment of southeastern Arizona 
coexisted. More likely, the existence of these Horquilla 
algal-plate mounds is reflected in the presence of the 
phylloid algae reported by Dirks (1966, p.ll) from the 
lower Earp of the Guadalupe Canyon area of southeastern 
Arizona.

Ross (1973, fig. 17) proposed significant 
Horquilla and Earp carbonate "banks" in the southeastern 
corner of Arizona, while other authors (Blakey, 1980, fig. 
14; Wilson and Jordan, 1983, fig. 57) have extended 
Wolfcampian "reefs" or "banks" unrealistically far onto 
the Pedregosa shelf area of southeastern Arizona. 
Undoubtedly, the structures of the Big Hatchet Mountains 
are the best-documented examples of carbonate buildups in 
the region. The full extent of Early Permian platform- 
margin bioherms in the southeastern Arizona-southwestern
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New Mexico region is very poorly known; for example, it is 
not known if any existed synchronous with Colina shelf 
sedimentation in southeastern Arizona.

Wilson (1974, p. 812) considered the Pennsylvanian 
and Early Permian phylloid-algal sheIf-margin buildups of 
the southwestern United States to be examples of 
"downslope-mud accumulations". In this model, the mounds 
develop on the foreslope of the shelf margin with upslope 
calcarenite accumulations (Wilson, 1974, p. 811). Perhaps 
the ooid-rich and crinoidal lithologies of the Colina in 
the Guadalupe Canyon area represent the upslope facies, 
and the Colina-equivalent phyl 1 old algal mounds have not 
yet been discovered. Regardless, the presence of a thick 
"reefal" sequence in the Big Hatchet Mountains does help 
substantiate the interpretation of the Colina facies of 
the Guadalupe Canyon area as products of deposition in the 
vicinity of a platform margin. It is interesting to note 
that, like the carbonates of section 11A and 11B, the 
lower ("subreef") beds of the Horquilla in the Big Hatchet 
Mountains area are rich in oolitic and crinoidal 
limestones (Zeller, 1960, p. 151).

The position of the platform margin during 
deposition of the upper Horquilla in southwestern New 
Mexico is further constrained by the recognition of a 
Horquilla deep-marine basin facies in two wells drilled
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adjacent to the Big Hatchet Mountains in New Mexico (see 
Zeller [1965, p. 116-118] for a description of the Humble 
No. 1 State BA well and Thompson [1977] for the KCM No. 1 
Forest Federal well). This Horquilla deep-water area 
within the Pedregosa basin was designated the "Alamo Hueco 
basin" by Zeller (I960, p. 151) (see Zeller [1965, p. 42- 
45] and Greenwood et a 1. [ 197 7] for additional
discussions). An adjacent basin facies thought to be 
equivalent in age to the shelf sediments of the Colina 
Limestone is not known to this author, but will likely be 
identified with additional work (deep drilling) in Mexico.

Finally, dolomite is found throughout the vertical 
and lateral limits of the Colina Limestone of southeastern 
Arizona. It is particularly abundant in the upper beds of 
the Colina, where Epitaph-like dolomites of the Colina 
pass gradationally upward into the Epitaph Dolomite. The 
thick (often red) siltstone unit of the Epitaph (see 
Patch, 1973; Bryant, 1955, section 7-A) and the dolomites 
of the upper Colina and at least the lower Epitaph (i.e., 
below the siltstone member) (see Patch, 1973) are 
interpreted to reflect a Leonardian repressive phase 
following deposition of a thick sequence of "Colina-type" 
sediment. This implies that at least the lower portions 
of the Epitaph are indeed a dolomitized facies of the 
Colina. As proposed by Patch (1973), this dolomitization
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event can perhaps best be explained with the seepage 
refluxion model of Adams and Rhodes (I960). The gypsum 
deposition within the Epitaph (Bryant, 1955; Tyrrell, 
1957) was probably a result of regression-related 
restriction and evaporite precipitation and was likely 
responsible for Mg-rich (relative to Ca) dolomitizing 
brines. The present distribution of Epitaph Dolomite in 
southeastern Arizona may reflect the overall bottom 
topography of the basin. Specifically, do1omitization 
appears to have occurred in the "low" portion of the shelf 
where the hypersaline marine waters ponded and evaporites 
precipitated.

Relating the do1omitization to a single major 
withdrawal of the Leonardian sea in southeastern Arizona 
is a simplification and strictly conjectural; however, the 
Colina trangression, followed by a late Early Permian drop 
in sea level, is well represented in the "coastal-onlap" 
curve of Vail et al. (1977, fig. 1). These features are 
not, however, observed in the eustatic curve of Hallam 
(1984, fig. 5), which displays a continuous drop in sea 
level for the duration of the Permian. Rather than 
relating the dolomitization to global-scale processes, it 
may be more reasonable to imagine local effects, such as 
tectonically-induced changes in circulation patterns, as 
causal factors. Without further stratigraphic.



petrographic, and geochemical studies of the Epitaph and 
Colina dolomites, little more can be said. Nevertheless, 
field observations of major variations in the 
stratigraphic level of dolomitization, even at very local 
scales, fully support the model of hypersaline brines 
refluxing from an evaporitic lagoon.
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APPENDIX A

ROCK-EVAL PYROLYSIS RESULTS FOR SAMPLE BH1220-1

, yl \ (mg/gxn) s2 S3(mg/gm) (mg/gm) (%x
0.02 0.04 0.41 431

PI HI . 01Si/(S1+S2) (ioo s2/toc ) (IOOS3/TOC
0.33 80 820
*see Table 5
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APPENDIX B

SECTION LOCATIONS

R 9 E

Scale In Feet

Fig. Location of Colina Limestone section
1. East Hill area, central Waterman Mts., Arizona.
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Fig. B-2.--Location of Colina Limestone section
2. Total Wreck Ridge area, eastern Empire Mts.,
Arizona.
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Fig. B-3.— Location of Colina Limestone section
3. Dry Canyon area, southeastern Whetstone Mts.,
Arizona.
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Fig. B-4.— Location of Colina Limestone section
4. Sands Ranch area, southern Whetstone Mts.,
Arizona.
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Fig. B-5.— Locations of Colina Limestone sections
5A and 5B. Scherrer Ridge area, Gunnison Hills,
Arizona.
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Fig. B-6.— Locations of Colina Limestone sections
6 and 6*. Tombstone Hills, Arizona.
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Fig. B-7.— Location of Colina Limestone section
7. Naco Hills area, southwestern Mule Mountains,
Arizona.
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Fig. B-8.--Location of Colina Limestone section
8. Warren area, southeastern Mule Mts., Arizona.



T
 -

19
 S
176

Sqieretop Hills Quad.

3000 6000

Scale in Feet

Fig. B-9.--Location of Colina Limestone section
9. Barren Hills, Sulphur Springs Valley, Arizona.
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Fig. B-10.— Locations of Colina Limestone sections 
10A and 10B. Paramore Crater area, San Bernardino 
Valley, Arizona.
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Fig. B-ll.— Locations of Colina Limestone sections
11A and 11B. Hi l l  14, Guadalupe Canyon area,
southeastern San Bernardino Valley, Arizona.
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APPENDIX D
SECTION DESCRIPTIONS
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Fig. D-l.— Colina Limestone (partial [?]) section 1
East Hill area, central Waterman Mts., Arizona.
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Fig. D-la.--Photomicrograph of silicified oncoids, 
section 1. Note: in some instances the coatings are 
selectively silicified. Scale bar equals 1 mm, crossed 
nicols.

Fig. D-lb.— Calcitic "patches" with associated euhedral 
quartz crystals occurring within a dolostone, section 1. 
Lens cap included for scale.
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Fig. D-lc.— Photomicrograph of shell-rich wackestone to 
packstone, section 1. Note the drusy-mosaic (void
filling) sparry calcite on the right side of the 
photograph. Scale bar equals 1 mm, crossed nicols.

Fig. D-ld.— Field photograph of oncoid-rich bed, section
1 .
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Fig. D-2.--Colina Limestone section 3--Dry Canyon
area, southeastern Whetstone Mts., Arizona.
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Fig. D-2a.--Stellate aggregate of silica pseudomorphs 
after barite(?). Collected in the vicinity of section 3.

Fig. D-2b.--Photomicrograph of pe 1 let-rich lithology, 
section 3. Note the uniformity in grain size. Scale bar 
equals 1 mm, plane-polarized light.
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Fig. D-2c.— Photomicrograph of silica pseudomorphs after 
barite (?), section 3. Note the calcite centers and 
length-slow chalcedony. Scale bar eguals 1 mm, crossed 
nicols.

Fig. D-2d.— Photomicrograph of compacted (coalescing) 
peloids (intrac1asts[?]), section 3. Scale bar equals 
1 mm, plane-polarized light.
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Fig. D-3.--Colina Limestone section 4— Sands Ranch
area, southern Whetstone Mts., Arizona.
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D E V E L O P E D  M IC R IT E  E N VELO PES, H E A V Y  D IA C E N E T IC  O V E R P R IN T  
*  PELLETS PRESENT

EUHEDRAL Q U A R TZ CRYSTALS, SUPERFICIAL^) OOIDS  

PS (T O  WS)

SILICA PSEUDOMORPHS AFTER B A R ITE (?)(E .C ., SEE F IG . 1 0 )
LAMINATED, POORLY EXPOSED 

"SILTSTONE, CALCAREOUS, DOLOMITICU), POORLY EXPOSED

MOSTLY COVERED, MINOR OUTCROPS OF SILTSTONE AND 
SILTY LIMESTONE

CALCAREOUS, SILTY NEAR BASE, POSSIBLE SILICIFIED EVAPORITES 
(HOWEVER, XRD SHOWED NO  TRACE OF EVAPORITES), POSSIBLE 

LCROfLAMBOYANT QUARTZ (MILLIKEN, 1979)

LA
UHC

lW<\ai I‘ALLOCHEM-RICH, MICROFLAMBOYANT QUARTZ PRESENT(f) (F IG . D - 3 G )

MS T O  WS; PELCHDAL; EXCELLENT AUTHIGENIC, DOUBLY TERMINATED,
EUHEDRAL, Q UARTZ CRYSTALS----- INCLUDING CONCENTRATIONS ALONG
STYLOLITES AND TIGHTLY PACKED "PATCHES' (F IG . D - 3 H )
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Fig. D-3 continued.

... ir...
Comments

r
1 ̂  y

-  MS TO WS, PELOIDAL

AUTHIGENIC EU HE ORAL QUARTZ CRYSTALS DISSEMINATED AND
CONCENTRATED ALONG STYLOLITES (F IG . D - 3 1 )

-CALCAREOUS

COLINA

WS TO  PS, PELOIDAL. EU HE ORAL QUARTZ CRYSTALS
TA BU LA R T O D IS C O ID  M O LD S  A N D  S IL IC A  P S E U D O M O R P H S  AFTER

GYPSUM C?) (E .G .,  
SEE F IG . 1 1 )

7 / /  S 7

/ / / vr

c x0

SECTION OFFSET

PROBABLE EARP—COLINA CONTACT (CONFORMABLE)

POSSIBLE INTRACLASTS

CALCAREOUS

VERY FINE-GRAINED SANDSTONE

EARP(?)

SANDSTONE, CROSS-STRATIFICATION, POORLY EXPOSED 

LAMINATED DOLOMITE, SILICIFIED EVAPORITES(?)

LOW  FOSSIL CONTENT 

RED SHALE
LAMINATIONS PRESENT 
LAMINATED DOLOMITE

ABUNDANT COVER. 

MOSTLY POOR 

EXPOSURES

PREDOMINATELY" 

COVERED W ITH  

MINOR, POOR 

OUTCROPS

SILTSTONE TO  VERY FINE-GRAINED SANDSTONE

SANDSTONE, LAMINATIONS AND CROSS-STRATIFICATION PRESENT

*  THE UPPER PORTION OF THIS HAS BEEN MAPPED 

AS COLINA (HAYES AND RAUP, 1968); HOWEVER,

THE LITHOLOGIES AND EXPOSURE CHARACTERISTICS 

SUGGEST THAT IT IS ALL EARP.
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I » 1 K *
Fig. D-3a.— Polished slab of heavily phosphatized ooids 

and oncoids (black grains). Note the unreplaced allochems 
in the lower portion of the photograph. Collected in the 
vicinity of section 4. Smallest divisions on the scale 
are 1 mm.
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Fig. D-3b.--Photomicrograph of phosphatized ooids and 
oncoids. The apatite is characterized by a brownish 
color. Collected in the vicinity of section 4. Scale bar 
equals 1 mm, plane-polarized light.

Fig. D-3c.— Crossed-nicols view of Fig. D-3b. Note the 
isotropic nature of the apatite. Scale bar equals 1 mm.
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Fig. D-3d.--Photomicrograph of phosphatized oncoids. 
Collected in the vicinity of section 4. Scale par equals 
1 mm, plane-polarized light.

Fig. D-3e.— Photomicrograph of phosphatized ooids. Note 
the small, cubic (fluorite[?]) crystals within the areas 
of phosphatization. Collected in the vicinity of section 
4. Scale bar equals 1 mm, plane-polarized light.
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Fig. D-3f.--Photomicrograph of oolitic packstone, 
section 4. Note the abundant micritic "cores", cortical 
"rings", and envelopes. Scale bar equals 1 mm, crossed 
nicols.

Fig. D-3g.— Photomicrograph of possible microflamboyant 
quartz (see Milliken [1979]), section 4. Also similar to 
the flamboyant spectral extinction of Chowns and Elkins 
(1974). Scale bar equals 1 mm, crossed nicols.
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Fig. D-3h.- -Photomicrograph of euhedra 1, doubly- 
terminated, authigenic quartz crystals, section 4. Note 
the high 1ength-to-width ratios and the "cores" of 
unreplaced calcite. Scale bar equals 1 mm, plane- 
polar i^edlight.

m I*

m

l +  .A

Fig. D-3i.--Photomicrograph of authigenic euhedral 
quartz crystals concentrated (probably as an insoluble 
residue) along a stylolite, section 4. Scale bar equals 
1 mm, crossed nicols.
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Fig. D-4.— Colina Limestone(?) (partial) section 5A
Scherrer Ridge area, Gunnison Hills, Arizona.

Scherrer Comments
CONFORMABLE C O N T A C T

'•NODULAR' LIMESTONE (F IG . D - 4 A )  

N C O LIT IC  PS 
SILTY INTERBEDS

T H IN , LA M INATED, SILTY, D O L O M IT IC (? )

A L L O C H E M -R IC H  

WS (T O  PS)

/
/

> ' c '

/

> •;;;
- 1?

) u
#

P E L O ID -R IC H , P INK W A V Y  P A R TIN G S , F O R A M S , 
E C H IN O D E R M  FR A G M E N TS

A L L O C H E M -R IC H  WS (T O  PS), 

A B U N D A N T  BIO CLASTIC  MATERIAL

/ ^
c

s '

c c
J,

J

r j
f
CH C H CH
czr <£7
J

covered

THIS SECTIO N IS D O M IN A TED  

BY DARK (FRESH AND WEATHERED 

SURFACES), FETID, FO SSIL-R ICH W S.



Fig. D-4a.--"Nodular" 1imestone--possib1e pressure 
solution phenomenon, section 5A. Lens cap for scale.
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Fig. D-5.--Colina Limestone (partial) section 5B-
Scherrer Ridge area, Gunnison Hills, Arizona.
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Earp

S1LCA ALONG 
FRACTURES

FORAM.—RICH

Comments

DIP SLOPE,
POOR
EXPOSURES

WS TO  PS, DOLOMITIC

SILTSTONE TO  FINE-GRAINED SANDSTONE, LAMINATIONS AND 
CROSS-LAMINATIONS PRESENT

CALCAREOUS

VERY SILTY, DOLOMITIC, POSSIBLE INTRACLASTS 

SILTY LAMINATIONS

INTERLAMNATED SILTSTONE AND MICRITIC CARBONATE (F IG . D - 5 A  A N D  
D - 5 B ) ,  POSSIBLE S O F T -S E D IM E N T  D E F O R M A T IO N  FEATURES,

CALCAREOUS D O L O M IT IC

VERY DOLOMHTQ PREVALENT SILIQFICATION OF ECHINCXD MATERIAL

I FOSSIL-RICH, ABUNDANT ECH1NOID MATERIAL IJ_
POSSIBLE SILICA PSEUDOMORPHS AFTER BAR1TE(0

SILTSTONE, VERY DOLOMITIC, CROSS-STRATIFICATION PRESENT

PS (TO W S), A B U N D A N T  PELOIDS

DARK (FRESH AND WEATHERED 

SURFACES), FETID, BIOCLAST-RICH 

PS (TO  WS)

STRUCTURAL DEFORMATION, 

REPEATED SECTION

CONFORMABLE CONTACT



197

Fig. D-5a.--Inter1aminated siltstone and micritic 
carbonate, section 5B. Possible soft-sediment deformation 
features.

Fig. D-5b.--Photomicrograph of Fig. D-5a material, 
section 5B. Scale bar (lower right corner) equals 1 mm, 
crossed nicols.
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Fig. D-6.— Colina Limestone section 6 (type section)—
Colina Ridge, Tombstone Hills, Arizona.

Epitaph
*1+0 + %

s s /

(byQV
x-JZg 2 <s>*g

&efhfhj)6 k

<2)^ O <9 <9 k7 0 ̂ <9
'oTimpMaMsM

Ap &CD
cd c h  &  a  o  a>

0 ~ Q  CD &  (*5

%V J
X  L-D

( T D  ^  V -

©<Sj c <S)<

i<r> x-xu

Comments
CONFORMABLE CONTACT
sMS TO WS: AUTHGENIC, DOUBLY TERMINATED, EUHEDRAL, 
QUARTZ CRYSTALS

FOSSIL-RICH, MOTTLED DOLOMITE/DOLOMT1C LIMESTONE

W5 TO PS, STRONG DIACENETIC M ODIFICATION OF OOIDS  
VERY ONCOLIT1C

D O LO M IT IC  MOTTLES PRESENT
O O L IT IC  CS (F IG . D - 6 A ) ,  PREVALENT M IC R 1 T IZ A T IO N  OF O O ID S

ORIGINAL INTERNAL FABRIC OF O O ID S  HAS BEEN DIAGENETICALLY
OBLITERATED, D O L O M IT IZ E D  O O ID S
A LLO C H E M -R IC H

SILICA PSEUDOMORPHS AFTER BARITE(?)

H IGHLY FRACTURED T O  BRECCIATED

POSSIBLE O O ID S  

D O L O M IT IC  MOTTLES
CS (T O  PS), HEA VY D IA C E N E T IC  O V E R P R IN T , C O M P O S IT E  O O ID S  
PRESENT, WELL DE V E LO P E D  M IC R IT E  ENVELOPES  

sDOLOMTE MOTTLES PRESENT, POSSIBLE OOIDS
“PS OR CS, STRONG DIACENETIC OVERPRINT, D O L O M IT IZ E D  O O ID S  
O OlDSm

ocxDsm
DOLOMITIC MOTTLES

MUCH COVER,
MODERATELY POOR EXPOSURES

v/̂ vy

SIUCA PSEUDOMORPHS AFTER BARITE(?)

PELLETSC?) PRESENT

FOSSIL-RICH PARTIALLY SIUQFIED ECHINCHD SPINES (F IG . D - 6 B )

)W S T O  PS, O NCO LITIC  

MS

ONCOLITIC!?), SILICIFICATION ALONG STYLOLITES (F IG . D - 6 C )  

FO SSIL-R ICH, DO LO M ITIC !?)
PS (T O  WSX POSSIBLE IN TR A C LA S TS , PELLETS(?) PRESENT, 
PROBABLE O M P H A L O T R O C H ID  G A STR O PO D StoCuw,CNEOUS S,LL
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Fig. D-6 continued.

I
I
I

W m
cimj U S c
J  S' S' S'

Comments

PELLETSm PRESENT, EXCELLENT INTRACLASTS OBSERVED (FIG . D - 6 D ) ,  
DOLOMITIC MOTTLES, OMPHALOTROCHIDS, MINOR ONCOIDS(?)

LAMINATED (F IG . D - 6 E ) ,  H IG H  S IL IC LA S TIC  C O N TE N T(? )

LAMINATED, SILTY(?), POORLY EXPOSED 
^FISSILE SILTSTONE OR SHALE, POORLY EXPOSED 
-VERY THIN, POSSIBLE STROMATOLITIC LAMINATIONS 
SlLTY(?)

POOR
EXPOSURES

y EUHEDRAL QUARTZ CRYSTALS, SO M EW HAT C LO TTE D  (STRUCTURE  
GRUMELEUSE) APPEARANCE

G RO SS-LA M IN ATIO NS, O O ID -R IC H , INTENSE DIAGENETIC 
M ODIFICATION OF OOIDS

. . . - •

rr\ m  /'•') a i

f i {
C H cH CH

T T -C T ^ T T ^ T "

V  V -V

s* ^

G- V-1
,r. T

V
CH

Earp

MICRIT1ZED OOIDS PRESENT, WELL DEVELOPED MICRITE ENVELOPES, 
STRONG DIAGENETIC OVERPRINT, D O L O M IT IZ E D  O O ID S  PRESENT 
(F IG . D - 6 F )

PARTIALLY LAMINATED, SILICICLASTIC-RICH(?)

WS (T O  PS), SILICIFIED A N D  D O L O M IT IZ E D  O O ID S  PRESENT (F IG S . D - 6 G  
TH R O U G H  D - 6 J ) ,  C R O S S -L A M IN A T IO N S  O B S E R V E D * DIAGENETIC 
M O DIFICATIO N OF OOIDS

PROBABLE SILICA PSEUDO MORPHS AFTER BARITE(?) (F IG . D - 6 K )  M O ST
OCCUR IN B U R R O W -S H A P E D  AGGREGATES

*

IGNEOUS SILL, POOR OUTCROP  
MS TO  WS

-  MOSTLY COVERED

FIVE APPROXIMATE PALEOCURRENT 

DIRECTIONS FROM OOLITIC

CROSS-STRATIFICATION: N65W
N 70W
N23W
N2E
N21W

KXDRLY EXPOSED SANDSTONE, FINE-GRAINED, CALCAREOUS

MINOR BURROW -SHAPED AGGREGATES OF SILICA PSEUDOMORPHS 
AFTER BARITE(T)

CONFORMABLE CONTACT
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Fig. D-6a.--Photomicrograph of oolitic grainstone, 
section 6. Note the vestiges of the original concentric 
lamination of the ooid cortex material. Scale bar equals 
1 mm, crossed nicols.

Fig. D-6b.--Photomicrograph of a partial ly silicified 
echinoid spine, section 6. Note the preferential 
replacement along the margin of the bioclast. Scale bar 
equals 1 mm, crossed nicols.
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Fig. D-6c.--Photomicrograph of si 1icification along a 
stylolite, section 6. Textural characteristics of the 
quartz strongly suggest precipitation of the silica along 
the stylolite rather than accumulation of a quartz-grain 
insoluble residue. Scale bar equals 1 mm, crossed nicols.

Fig. D-6d.--Photomicrograph of probable intraclasts 
within the sparry-calcite(cement) -filled internal cavity 
of a gastropod, section 6. Scale bar equals 1 mm, crossed 
nicols.
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Fig. D-6e.--Laminated micritic unit, section 6. Note 
the vertical (perpendicular to bedding) stylolite and the 
dark color of the fresh surface exposed in the upper 
portion of the photograph.

Fig. D-6f.— Photomicrograph of oolitic sample with heavy 
diagenetic overprint, section 6. Note the strong ARS 
stain and the dolomitized ooids (including single-crystal 
replacement). Scale bar eguals 1 mm, plane-polarized 
light.
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Fig. D-6h.— Photomicrograph of do 1 omitized ooids, 
section 6. Note the strong ARS stain and the relatively 
coarsely crystal 1ine, anhedral replacement dolomite. 
Scale bar equals 1 mm, crossed nicols.



205

Fig. D-6i.— Photomicrograph of silicified ooids, section 
6. Note the incomplete, selective, and highly 
pseudomorphous nature of the replacement. Scale bar 
equals 1 mm, plane-polarized light.

Fig. D-6j.--Photomicrograph of silicified ooids (same 
sample as Fig. D-6i), section 6. Note the predominance of 
microcrystal 1ine quartz. Scale bar equals 1 mm, crossed 
nicols.
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Fig. D-6k.--Photomicrograph of probable silica 
pseudomorphs after barite(?), section 6. Note the 
replacement by length-slow chalcedony. Scale bar equals 
1 mm, crossed nicols.
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Fig. D-7.— Colina Limestone (partial) section 6'—  
southeast ridge, Tombstone Hills, Arizona.

covered Comments

DOLOMITia?), ECHINODERM-RICH

PELCMDS, ABUNDANT PROBABLE PELLETS, NUMEROUS LARGE ONCOIDS  
(FIGS. D - 7 A  AND D -7 B )

II

-  POOR EXPOSURES

i
FO R A M -R IC H , E C H IN O D E R M  FRAGMENTS

ONCOLITIC, PELLETS(?) PRESENT, NUMEROUS LARGE FOSSILS, 
OMPHALOTROCH1D GASTROPODS OBSERVED

POOR EXPOSURES

WS (T O  PS), SELECTIVE SILIGFICATION OF ALGAL (BACTERIAL) COATINGS 
(F IG . D - 7 C ) ,  POSSIBLE INTRACLASTS PRESENT

PELLETS(?) PRESENT, OMPHALOTROCHIDS, O N C O ID - AND PELOID-RICH, 
COILED NAUTILOID OBSERVED

O N C O ID —RICH
PS (T O  WS), PELLETSm PRESENT, GASTROPODS INCLUDING ABUNDANT
OMPHALOTROCHIDS. MINOR EUHEDRAL QUARTZ CRYSTALS AND SILICA
PSEUDOMORPHS AFTER BARITE(T), ABUNDANT LARGE FOSSILS
(WHOLE AND FRAGMENTS), PERVASIVE FOSSIL SIUOFICATION
(FIG S. D - 7 D  THRO UG H D - 7 F ) ,  PROBABLE INTRACLASTS TOP OF RIDGE
PRESENT

PELOID- AND ONCOID—RICH, F O R A M -R IC H

BENCH CONTINUED 
I
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Fig. D-7 continued.

Comments
DOLOMITIC

LAMINATIONS PRESENT, SILTY(?)

POSSIBLE STROM ATOLITIC LAMINATIONS (F IG . D

THE LOWER PORTION OF THIS SECTION  

IS DO M INATED BY FO SSIL-PO O R  MS W ITH  

ONLY MINOR COVERED INTERVALS.

SIUOFIED BURROWS(0, IRREGULARLY-SHAPED CHERT NODULES,
SILIOFIED C O D S  PRESENT, INTENSE DtAGENETKI MODIFICATION OF C O D S

PROMISE NT SIUOFIED BURROW HORIZON (F IG . D - 7 H ). INTENSE DIAGE NET1C 
MOOinCATlON OF C O D S , S ILIC IF IED  O O ID S  PRESENT

II
DECREASED SLOPE 

_  ANGLE (BENCH), 
ABUNDANT  

COVERED 

INTERVALS,
POOR EXPOSURES

W5 (TO PS* AUTHCENK, DOUBLY TERMINATED, EUHEDRAL, QUARTZ CRYSTALS; 
CROSS—LAM NATIONS OBSERVED; PYR1TE CUBES; CO DS ARE AT LEAST PARTIALLY 
DOLOMTIZED

NODULAR0€RT (F IG . D - 7 1) INQUONGSMALL, IRREGULAR NODULES; 
S ILIC IF IC A TIO N  ALO NG  FRACTURES

IRREGULAR, CARBONATE-RICH, NODULAR OERT; *

BURROWS(?)
SANDSTONE, VERY ONE—GRAINED, DOLOMITIC, QUARTZOSE, 
POORLY EXPOSED

SILICA PSEUDOMORPHS AFTER BARITEffl, *

PS TOGS. P E L O ID -R IC H  
WS TO  PS (F IG . D - 7 J )

RUB8LY, POOR EXPOSURES

*
MNOR SILICA PSEUDOMORPHS 
AFTER BARITE(7* SHJOFICATION 
ALONG FRACTURES

TW O LATERALLY CONTINUOUS ZONES OF 
AU THCIM Q  DOUBLY TERM NATE D, EUHEDRAL 
QUARTZ CRYSTALS (FIG . D - 7 K ,  ALSO SEE

- FIG . 1 3 ) -----A LOWER ZONE WITH CRYSTALS
CONCENTRATED IN NODULE—SHAPED PATCHES 
(F IG . D - 7 L )  AND AN UPPER ZONE WITH A 
MORE EVEN DISTRIBUTION WITHIN THE ZONE 
(F IG . D —7M )

CONFORMABLE CONTACT
*  WAVY BEDONar) SURFACES-----OFTEN WITH SEjOCLASTTC PARTINGS

(PRESSURE SOLUTION MODIFICATION OF BEDDING PLANE SO)
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Fig. D-7a.--Photomicrograph of oncoid-rich lithology, 
section 6*. Note the gastropod and echinoderm nuclei, the 
preserved mud-filled microporosity of the echinoderm 
fragments, and the recrystallization fabric of the 
gastropod shell. Scale bar equals 1 mm, crossed nicols.

k' V

___  __vL x . ________________________________ ,___Fig. D-7b.— Photomicrograph of large oncoid, section 6'.
Note the shel 1-fragment nucleus and the thick 
bacterial(?)/mud coating. Scale bar (lower right corner) 
equals 1 mm, crossed nicols.
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Fig. D-7c.--Photomicrograph displaying selective 
silicification of an oncoid coating, section 6*. Note the 
unreplaced calcite nucleus. Scale bar equals 1 mm, crossed nicols.

Fig. D-7d.— Photomicrograph displaying beekite-type 
si1icification in a replaced omphalotrochid gastropod 
(cross-sectional view), section 6'. Note the spherulites 
of length-slow chalcedony. Scale bar equals 1 mm, crossed 
nicols.
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Fig. D-7e.--Partially silicified echinoderm fragment, 
section 6'. Note the euhedral dolomite rhombs within the 
silicified portion of the bioclast; also note the area of 
unreplaced calcite monocrystal within the bioclast (strong 
ARS stain). Scale bar equals 1 mm, plane-polarized light.

Fig. D-7 f. - -Photomicrograph of a partial ly silicified 
echinoderm fragment (high-magnification view of a portion 
of the Fig. D-7e bioclast) , section 6'. Note the euhedral 
dolomite within the replacement quartz. Scale bar equals 
0.1 mm, crossed nicols.
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Fig. D-7g.--Hand specimen displaying possible 
stromato1itic laminations, section 6'. Note the wavy 
nature of the lamination, the suggestion of fenestra1 
porosity, and the presence of sparry-ca1 cite bleds 
(birdseyes).

appears perpendicular to bedding), section 6'. Note the 
simple branching pattern and the suggestion of 
oversilicification (silicification beyond the margins of 
the burrows). Divisions on the upper scale bar equal 1cm.
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Fig. D-7 i.--Nodular chert, section 6*. Note the 
predominance of microcrystalline quartz, the incomplete 
replacement at the nodule margin, the ca1cite-filied 
fractures, and the calcite/chalcedony fillings of possible 
large dolomite-rhomb molds. Bar=l mm, crossed nicols.

Fig. D-7j.— Photomicrograph of shell-rich wackestone to 
packstone, section 6'. Note the absence of original 
internal shell structure in the bioclasts. Scale bar 
equals 1 mm, crossed nicols.



Fig. D-7k.--Photomicrograph of euhedra 1, doubly- 
terminated, authigenic quartz crystals disseminated in a 
predominantly micrite matrix, section 6'. Note the zoned 
distribution of carbonate inclusions within the crystals. 
Scale bar equals 1 mm, plane-polarized light.
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Fig. D-71.— Field photograph of nodule-shaped patch of 
euhedral, doubly-terminated, authigenic quartz crystals, 
section 6'.

Fig. D-7m.--Laterally continuous zone (parallel to 
bedding) of euhedral, doubly-terminated, authigenic quartz 
crystals, section 6'. Note the uniform dissemination of 
crystals within this zone.
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Fig. D-8. 
Barren Hills, 

GLANCE
CONGLOMERATE! 
(CRETACEOUS)

Colina Limestone (partial) section 9 
Sulphur Springs Valley, Arizona.

Comments
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PS (T O  GS), VERY OOLITIC

MS (T O  WS), QUESTIONABLE OOIDS, IRREGULAR 
SILICA ’ RINGS' (APPEAR FRACTURED-CONTROLLED)

WS (T O  PS), OMPHALOTROCHIDS 

PS (T O  WS), OMPHALOTROCHIDS

WS (T O  PS), SLIGHTLY DOLOMITIQ?), OMPHALOTROCHIDS 

OMPHALOTROCHIDS

WS (TO  PS), NUMEROUS OMPHALOTROCHIDS, SILICA ’ RINGS'
SLIGHTLY DOLOMITIQ?), SMALL FOSSIL FRAGMENTS PRESENT

DOLOM ITIQ?), OMPHALOTROCHIDS, ABUNDANT SMALL FOSSIL FRAGMENTS, 
’ PATCHES' OF DISARTICULATED SILICIFIED ECHINOID SPINES

-D O L O M IT IQ ? ), MINOR OMPHALOTROCHIDS, POORLY EXPOSED. 
SMALL FOSSIL FRAGMENTS

ABUNDANT FOSSIL FRAGMENTS, CRINOIDAL, DOLOMITIQ?) MOTTLES, 
MINOR OMPHALOTROCHIDS

WS (TO  PS), OMPHALOTROCHIDS, DOLOMITIQ?) MOTTLES, ABUNDANT 
SMALL BldCLASnC MATERIAL

SMALL BIOCLASTIC MATERIAL

PROBABLE OOIDS
SILICA ’ RINGS', SILICA ALONG STYLOLITES

OOIDS

DOLOMITIQ?)

WS (TO  PS), IRREGULAR SILICA ’ RINGS' AND NODULES 

SILICIFIED OOIDS PRESENT

psm, ooiDsm, PEioosm
WS OR PS, PROBABLE OOIDS, DOLOMITIC OOIDSL?) 

PS ORGS, ABUNDANT OOIDS

PS (TO  WS), PROBABLE OOIDS AND/OR PELOIDS, BURROW-SHAPED 
AGGREGATES OF SILICA PSEUDOMORPHS AFTER BAR1TE(?)
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Fig. D-8 continued.
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JL.

/  /  /zr
V_/

'"THIN LAMINATED ZONE

S B H
■ z

f ̂  ^  %
CH f  

^  C H  f

£ ~J?> •al

C? o  ®  Ors

£ £ _ £ 3
W-?

"Zr̂F

DOLOMTK37)

Comments}
DOLOMITIC, OOIDS(?) (INTENSE DIAGENET1C 
MODIFICATION (DOLOMITIZATIONt?))

POSSIBLE OOIDS (INTENSE DIACEhtTIC MODIFICATION)
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Fig. D-8 continued.
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MINOR LAMINATIONS PRESENT; SILICA PSEUDOMORPHS AFTER
BARITEC?)----- B U R R O W -S H A P E D  AGGREGATES AND THIN,
FLAT (PARALLEL T O  BEDDING) PATCHES
SILICA PSEUDOMORPHS AFTER BARITEU) PRESENT

D O L O M IT IC m , A B UND ANT SMALL BIOCLASTIC MATERIAL, 
PARTIALLY SILICIFIED CRINOIDAL MATERIAL PRESENT 
CRINOIDAL PS, D O L O M IT IC , C R IN O ID  S IL IC IF IC A TIO N  OBSERVED  
CONFORMABLE C O N T A C T S ) *

*D O L L O F F (1 9 7 5 ) DESCRIBED THIS AS A 

SLUMP C O N T A C T .

W IT H  THE A ID  OF EXTENSIVE PETRO GRAPHIC ANALYSIS, 

DOLLOFF( 1 9 7 5 ) DESCRIBED A B U N D A N T PELLETS T H R O U G H O U T  

M U C H  OF THIS C O LIN  A S E C T IO N .

RELATIVELY SPHERICAL, S A N D -S IZ E D  AGGREGATES 

OF DO LOM ITE CRYSTALS ARE C O M M O N  IN THIS SECTION . 

THESE ’ G RAINS ' ARE T H O U G H T  T O  PERHAPS REPRESENT 

D O L O M IT IZ E D  O O ID S .
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Fig. D-8a.--Hand specimens of burrow-shaped aggregates 
of silica pseudomorphs after barite(?), section 9.
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Fig. D-9.--Colina Limestone (partial) section 10A-- 
Paramore Crater area, San Bernardino Valley, Arizona.

covered Comments

LONG ARTICULATED CRINCHD STEMS (FIGS. D - 9 A  AND D -9 B )

BRYOZOANS AND ABUNDANT PARTIALLY SILICIFIED 
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PELLETAL PS (T O  W 5) (F IG . D - 9 G )

PELLETAL(?)

1 SILICIFIED BURROW HO RIZO N (F IG . D - 9 H ) ,  INTENSE O O ID  
NEOMORPHISM A N D /O R  M IC R IT IZA T IO N

SILTY LAMINATIONS

O CUD 
( p O O SILICIFIED OOIDS PRESENT

SILICA 'R ING S'----- (HOLLOW) NODULE-LIKE IN THREE

DIMENSIONS (FIG. D -9 1 )

covered
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Fig. D-9a.--Field photograph of a bedding plane with 
numerous long, articulated crinoid stem segments, section 
10A. Note the partial silicification.

Fig. D-9b.--Crinoid-rich hand specimen, section 10A. 
Note the preferential silicification of the margins of the 
crinoid columnals— monocrystalline calcite is preserved in 
the interiors.
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Fig. D-9c.--Bedding plane with abundant partially 
silicified echinoid spines and, to a lesser degree, 
interambulacral plates, section 10A. Note the preferred 
orientation of the spines. Arrow points due north and is approximately 16 cm long.
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Fig. D-9d.--Photomicrograph of a sample from the 
echinoid-rich bed in Fig. D-9c, section 10A. Note the 
partial ly silicified echinoid spine and the bryozoan 
encrustation. Scale bar equals 1 mm, crossed nicols.

Fig. D-9e.--Photomicrograph of oncoid-rich lithology, 
section 10A. Note the large composite oncoid. Scale bar 
equals 1 mm, plane-polarized light.
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Fig. D-9f.--Photomicrograph of dolomitized ooids, 
section 10A. Note the strong ARS stain and the rhombic 
nature of the dolomite. Scale bar equals 1 mm, plane- 
polarized light.

\
Fig. D-9g.— Photomicrograph of pellet-rich packstone to 

wackestone and associated nodular chert, section 10A. 
Note the "ghosts" of pellets within the silicified 
portion. Scale bar equals 1 mm, crossed nicols.
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Fig. D-9h.— Bedding-plane view of silicified burrow 
horizon, section 10A. Note that the silica is generally 
confined to an outer shell, while the interiors are 
dominated by calcite.

Fig. D-9i.— Bedding plane with "rings" of silica, section 
10A. "Rings" are (hollow)nodule-like in three dimensions.
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Fig. D-10.--Colina Limestone (partial) section 10B-- 
Paramore Crater area, San Bernardino Valley, Arizona.
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Fig. D-10a.--Photomicrograph of oolitic packstone, 
section 10B. Ooids are heavily dolomitized. Note the 
prevalent, well-developed micrite envelopes. Scale bar 
equals 1 mm, crossed nicols.
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Fig. D-lOc.— Photomicrograph of bioclast-rich packstone, 
section 10B. Note the coarse recrystallization fabric 
present in several grains. Scale bar equals 1 mm, crossed 
nicols.
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Fig. D-lOd.--Photomicrograph of silicified ooids, 
section 10B. Note the replacement of the ooids by 
microcrystalline quartz and the occurrence of probable 
chalcedonic quartz in the inter-ooid regions. Scale bar 
equals 1 mm, crossed nicols.
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Fig. D-10e.--Photomicrograph of al lochem-free mudstone 
(micrite) , section 10B. Scale bar equals 1 mm, crossed 
nicols.

Fig. D-lOf. —  Photomicrograph of an essentially al lochem- 
free mudstone and the subjacent packstone, section 10B. 
Note the sharp contact between the two lithologies. Scale 
bar equals 1 mm, crossed nicols.
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Fig. D-ll.--Colina Limestone (partial) section 11A—  
Hill 14, Guadalupe Canyon area, southeastern San 
Bernardino Valley, Arizona.
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RICH IN DOLOMITE RHOMBS
W 5 T O  PS, ABUNDANT CRINOID FRAGMENTS
MINOR FUSULINIDS

FOSSIL-RICH, ABUNDANT FUSULINIDS (DESCRIBED BY ROSS-----SEE TEXT)
(FIGS. D -1 1 B  AND D -1 1 Q , DOLOMITIC

WS TO PS, DOLOMITIC, VERY CRINOIDAL (ENCRINITE IN PLACES)

MS TO WS (FIG. D —11D)

WS (TO PS), VERY CRINOIDAL (FIG. D -1 1 E )

FOSSIL-RICH, CRINOIDAL, NUMEROUS ECH1NCHD SPINES AND PLATES, 
RELATIVELY LONG CRINOIDAL STEM FRAGMENTS PRESENT 

•MS TO WS

MOTTLE^DOmNtiTE/LIMESTONE, ABUNDANT DOLOMITE RHOMBS IN 

MOTTLED DOLOMITE/LIMESTONE

THE PELMATOZOANS IN THIS SECTION 

TYPICALLY DISPLAY A HIGH DEGREE 

OF DISARTICULATION AND ABRASION, 

ALTHOUGH ARTICULATED STEM SEGMENTS OF 

MODERATE LENGTH ARE PRESENT.

*  MUCH COVER, POOR EXPOSURES
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Fig. D-lla— Photomicrograph of Colina dolostone, section 
11A. Note the euhedral, rhombic nature of the dolomite. 
Scale bar equals 0.1 mm, plane-polarized light.
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Fig. D-llb.--Fusulinid-rich hand specimen (polished 
slab), section 11A. See the "Age" section of the text for 
Ross's description of this fauna.

Fig. D-11c.--Photomicrograph of the fusul inid-rich 
material of Fig. D-llb, section 11A. Scale bar equals 
1 mm, plane-polarized light.
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Fig. D-lld.— Field photograph of mudstone to wackestone 
and the overlying crinoid-rich (heavily silicified) 
wackestone to packstone, section 11A. Note the sharp 
transition between these two lithologies.

l i thology, section 11A . Note the a b u n d a n t  
monocrystal 1ine-caIcite bioclasts and the selective 
silicification of the margin of the large bioclast. Scale 
bar equals 1 mm, crossed nicols.
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Fig. D-llf.— Photomicrograph of euhedral dolomite rhombs 
"floating" in nodular chert, section 11A. Scale bar 
equals 0.1 mm, plane-polarized light.
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Fig. D-12.--Colina Limestone (partial) section 11B-- 
Hill 14, Guadalupe Canyon area, southeastern San 
Bernardino Valley, Arizona.
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Fig. D-12 continued.
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OOLITIC GS, COMPOSITE OOIDS AND BRYOZOAN NUCLEI PRESENT, 
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WSO, C O D S (a  STRONG DIAGE NETIC OVERPRINT, 
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:

Fig. D-12a.--Field photograph of silicified burrow 
horizon (as it appears perpendicular to bedding), section 
11B.

Fig. D-12b.--Photomicrograph of oolitic grainstone, 
section 11B. Note the well-developed micrite envelopes 
and the deformed ooids. Scale bar equals 1 mm, crossed 
nicols.
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Fig. D-12c.--Field photograph of siliciclastic-rich 
cross-laminated unit, section 11B. Note the lens cap for 
scale.
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Fig. D-12 d.— Hand specimens with silicified ooids, 
section 11B. Note the highly selective and pseudomorphous 
nature of the replacement. Also note the atypically large 
grain sizes present (particularly in the top specimen).
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