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ABSTRACT

Pisolitic limestones of Oligocene to Miocene age occur within the 

Pantano Formation, unnamed lake beds (Tucson Mountains), and the Mineta 

Formation in southeastern Arizona. The limestones are lacustrine depos

its of partially recrystallized microcrystalline calcite containing lo

cally abundant allochems. The allochemical constituents consist largely 

of abundant pisolites, varying amounts of broken fragments of pisolites, 

and moderately abundant pelletoids; they are distributed randomly within 

a lime mud-supported fabric. The pisolitic structures are found to be 

algal/organosedimentary in origin, largely based on knowledge of dynamic 

formative processes. Periodic agitation, perhaps due to storm activity, 

was sufficient to overturn the pisolites frequently within the otherwise 

low- to moderately low-energy environment.

Diagenetic effects are moderate to extreme, beginning with re

crystallization of the micritic calcite to more coarsely crystalline an- 

hedral calcite and to bladed calcite. Subsequent silicification occurred 

in which chalcedonic quartz replaced both micritic and recrystallized 

calcite, commonly in radially-oriented fibers. Commonly both stages of 

diagenesis developed around the perimeters of pisolites and within the 

pisolites, along their interior laminations.
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INTRODUCTION

Statement of Purpose

Pisolitic structures are recognized within portions of the 

sedimentary rock record and provide valuable indicators in the recon

struction of depositional and diagenetic histories. While the majority 

of such structures appear in limestones, they are also recorded in opa

line siliceous spring and geyser deposits (Walter, 1976), bauxites, 

laterites, and dolomites (Dunham, 1969). Renewed interest has devel

oped within the past ten years as a result of Dunham's (1965, 1969) 

recognition that some of the material, previously identified as algal 

stromatolites and oncolites, is actually caliche formed within the va- 

dose zone. This realization has led to a reexamination of material pre

viously assumed to be simply algal in origin. While these laminated 

structures can develop in several environments, differences in the 

microstructure of the pisolites, as well as in the overall fabric of 

the lithologic unit, allow the investigator to distinguish among the 

various categories of pisolites. In the case of marine and lacustrine 

forms, inferences can be drawn with respect to energy conditions during 

deposition; whereas from the vadose forms, indications may be seen of 

degrees of development of ancient soil horizons.

The following investigation of pisolitic limestones in Pima and 

Cochise Counties, Arizona, is designed to provide a detailed field and 

petrologic study of these limestones, establish the mode of formation
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of the pisolitic structures contained within the limestones, and deter

mine the environment of deposition of these rocks.

Location

Tertiary pisolitic limestones have been recognized in three ma

jor localities in Pima and Cochise Counties, Arizona (Figure 1): 1) in

the Pantano Formation immediately north and south of Interstate 10, be

tween Tucson and Benson, in Secs. 31 and 33, T. 16 S., R. 17 E. (Rincon 

Valley and Empire Mountains Quadrangles) and SEk Sec. 3 and NE% Sec. 10, 

T. 17 S., R. 17 E. (Bnpire Mountains Quadrangle); 2) in unnamed lake 

beds in the southeasternmost extent of the Tucson Mountains, immediately 

east and west of Cardinal Avenue and south of Valencia Road, in Secs.

16 and 17, T. 15 S., R. 13 E. (Cat Mountain 7.5' or NE$s San Xavier Mis

sion 15' Quadrangle); 3) in the Mineta Formation along Mineta Ridge, on 

the southwest side of Canada Atravesada wash, east of Tucson, in Secs. 

10, 14, 15, 23, and 24, T. 13 S., R. 18 E. (Redington Quadrangle).

Previous Investigations

The Pantano Formation has received limited attention during 

larger or reconnaissance studies, with little or no detailed examina

tion of the limestone units in question. The name Pantano was first 

used about 1912 by C. F. Tolman in studies done for the U. S. Geologi

cal Survey. Brennan (1957) further defined and described the beds as 

a formation and presented a type section. Metz (1963) added more de

tailed description and study of the clastic units of the type section 

along Interstate 10. The name Pantano Formation was not adopted by

2
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the U. S. Geological Survey until 1970 when T. L. Finnell published a 

note on the five mapping units he employed in mapping the Empire Moun

tains Quadrangle (Finnell, 1970, 1971). Finnell (1970, p. A35) included 

the limestone in his mapping unit 2, along with mudstones and conglom

erates , as "olive-gray partly oolitic sandy argillaceous limestone."

The detailed petrology of the Pantano Formation has not as yet been re

corded in the literature.

The Cardinal Avenue beds were first identified by W. H. Brown 

(1939, p. 743), who described them as "unnamed Tertiary lake beds(?)." 

While he raised some interesting questions about the mode of formation 

of the pisolitic structures and the stratigraphic relationships, these 

have received no further attention in the literature. The Arizona Bureau 

of Geology and Mineral Technology includes this locality in a broader 

study of the Tucson Mountains area (in progress), but that study will not 

include detailed petrology of the lake beds.

The Mineta Ridge area was described and mapped by R. T. Chew 

(1952, 1962). D. W. Clay (1970) made a detailed stratigraphic and petro

logic study of the Mineta Formation on Mineta Ridge; his mapping units 

included limestones. As studied by Clay, the Mineta Formation limestones 

contain similar pisolitic carbonate material of approximately the same 

age as the Pantano Formation. Clay's results and a number of his thin 

sections were employed for comparison in the present study.

Field and Laboratory Methods

The partial sections listed in Appendix A were measured using 

a Brunton compass and tape. Samples were collected for laboratory
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analysis from outcrops east of Cardinal Avenue (Tucson Mountains) and 

from measured sections and scattered outcrops both south and north of 

Interstate 10 (Pantano Formation). A map of the limestone of the lake 

beds (Tucson Mountains) was prepared using aerial photographs and field 

measurements.

Laboratory study included petrographic, palynological, and or

ganic carbon analysis. Standard petrographic and thin section staining 

techniques were employed, using 115 thin sections, including 28 thin 

sections of the Mineta Formation limestone received from D. W. Clay.

The palynology processing procedure consists of standard treatment with 

HC1, HF, ZnClg, Schulze solution (KClOg and HNOg), and KOH. Amoco Pro

duction Company, Denver, Colorado, provided analyses of the pollen. The 

petroliferous limestone from the lake beds (Tucson Mountains) was sam

pled and analyzed for organic matter by Exxon Research Company (H. W. 

Peirce, personal communication, 1978). Organic carbon content of sam

ples from the Pantano Formation was determined by Amoco Production Com

pany by thermal evolution analysis, in which the sample is heated and the 

evolved hydrocarbon products are measured at progressive stages.

Carbonate terminology follows that of R. L. Folk (1974). Rock 

colors are in accord with the Rock Color Chart (Goddard and others, 1951). 

Bedding thicknesses are classified according to.R. L. Ingram (1954).



DEVELOPMENT OF PISOLITES

Nomenclature

The term pisolite (pisolith) is used throughout the literature 

as a large and general category, intentionally not bearing any genetic 

significance, and designating those sedimentary clasts which are sub- 

spherical, laminated structures with cores composed of detrital- or 

bio-clasts. According to Dunham (1969, p. 183), this category contains 

all grains "of unspecified origin, larger than 2 mm, and having concen

tric structure." The genetic types included within the pisolites result 

from both organo-sedimentary and exclusively sedimentary processes, and 

develop within both environments of deposition and of diagenesis.

The various types of pisolites are given names specific to the 

environments in which they develop, with these labels carrying definite 

connotations regarding their origins: hot springs— geyserite (Walter,

1976); caves——speleothems (Thrailkill, 1976); vadose zone— vadose piso

lites, calcrete, or caliche (Read, 1976); upper weathering zone on lime

stone exposures— caliche (James, 1972); marine or fluvio-lacustrine 

environments— oncolites or stromatolites (Monty, 1977). Of these, the 

calcrete (caliche) and stromatolite (oncolite) terminology is most cen

tral to the present study, necessitating further definition of these 

terms.

The most thorough recent study of caliche and caliche-forming 

processes is that of L. H. Gile and associates, who have studied the 

desert soils near Las Cruces, New Mexico (Gile, 1961; Gile, Peterson,

6
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and Grossman, 1965, 1966). Gile and others (1965, p. 74) found "accumu

lations of authigenic carbonate" to be "common in soils of arid regions" 

and the carbonate forms "prominent layers in which the morphology is 

determined by the impregnating carbonate." The prominent carbonate 

layers were named K horizons. Later Gile and others (1966, p. 359) 

cited caliche and calcrete as examples of the "K horizon" or "authigenic 

carbonate horizon of many desert soils." Birkeland (1974, p. 6) suc

cinctly defined the K horizon as:

A subsurface horizon so impregnated with carbonate that its 
morphology is determined by the carbonate. Authigenic carbon
ate coats or engulfs all primary grains in a continuous medium 
and makes up 50 per cent or more by volume of the horizon.
The upper-most part of the horizon commonly is laminated. If 
cemented, the horizon corresponds with some caliches and 
calcretes.

According to Read (1976, p. 56), who worked on the arid west 

coast of Australia near Shark Bay, "calcrete" is now essentially synon

ymous with caliche. Calcrete exists both as laminations coating clastic 

material and as laminar sheets, with the coated clasts being equivalent 

to pisolites.

Stromatolite and oncolite are terms employed specifically with 

respect to those pisolites formed by organo-sedimentary processes, as a 

result of algal activity. The term Stromatolithi was introduced by 

Kalkowsky (1908, cited in and translated by Monty, 1977, p. 17) to en

compass those "limestone masses showing a fine, more or less planar, 

layered structure." Kalkowsky included, within this category, those 

forms occurring "not only as simple regular and laterally continuous 

banks, but also as better individualized masses, perfectly delimited
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heads." Current usage limits the definition further to explicitly re

quire the structures to be algal in origin, for example the definition 

by Logan, Rezak, and Ginsburg (1964, p. 69):

Algal stromatolites are laminated structures composed of 
particulate sand, silt, and clay-size sediment, which have 
been formed by the trapping and binding of detrital sediment 
particles by an algal film. A diversity of form is produced 
by the interaction of the algal film, detrital sediment, and 
physical environmental factors; stromatolites may be columnar, 
club-shaped, undulose, or spheroidal in form.

The term Oncolithi (oncolite) was introduced by Pia (1927, cited in 

Johnson, 1961) as a separate category to contain Kalkowsky's free stro

matolite heads, and was designated by Pia as equal in rank with the 

Stromatolithi under a "Section" heading, Spongiostromata. The latter 

term has received little use in the literature, although the term onco

lite has become well established, subsequently employed as a sub-category 

of stromatolite (Logan and others, 1964). Oncolites, according to 

Ginsburg (1960), commonly are less than 10 cm in diameter, exhibiting 

some variation in form, ranging from spheroidal to ellipsoidal biscuits, 

with occasional flattened discs.

"Pseudo-oncoids" has been suggested by Dahanayake (1977, p. 340), 

as a category for those "globular algal bodies (algal nodules) of cor

responding size ranges which lack the laminations and the concentric 

structure." If one included similar material of sizes smaller than 2 

mm, this category would be equivalent to Wolf's (1965, p. 141) "algal 

pellets and grains." Wolf (1965, p. 141) designated these terms for 

any "angular to round detrital particles composed of biogenic algal cal- 

cilutite, which is mainly dense or grumous, and possibly some
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algal-bound fine d e b r i s T h e i r  algal origin is substantiated by the 

gradational transition that Wolf (1965, p. 147) notes from "pellets" 

through "grains" to "corresponding algal biolithite structures." De

spite the use of the term "pellet", it does not appear to be Wolf’s 

intention in any way to imply the usual connotations according to Folk's 

(1974, p. 161) use of pellet in reference to fecal material from "worms 

or other invertebrates."

Historical Review of 
Recognition of Pisolites

Pisolitic structures have been recognized throughout Europe from 

at least as early as 1649, in the form of Cenozoic calcareous nodules 

(Monty, 1977). Considerable interest was generated regarding pisolites 

and the nature of their origin in the 1800’s and early 1900’s, beginning 

with Steele's (1825) description of the structures, and gaining momentum 

in the late 1800's. Twenhofel (1919) indicates that several early 

studies report pisolitic and sheet-like laminar structures (which he 

terms "coenoplase") throughout the sedimentary geologic record. For 

example, significant work had begun on Precambrian occurrences in Hud

son's Bay and the Lake Superior Region, within the Lake Superior type 

Iron Formations. Investigation of pisolites had also begun in the Car

boniferous of Great Britain and the Silurian and Ordovician of Scandi

navia, as well as the Pennsylvanian and Permian of Kansas and Oklahoma 

(Twenhofel, 1919).

A wide range of hypotheses were advanced about the genetic his

tories of the lithified structures. A number of these theories, and
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those workers who proposed them, are compiled in Table 1 from citations 

in Monty (1977).

Concurrent with the early investigation of lithified laminar 

structures, botanical attention was being directed toward recent occur

rences of calcareous concretions from rivers, fresh and salt water lakes, 

and hot springs (Monty, 1977). However, no serious connections between 

the geological and botanical investigations had been presented prior to 

studies by Wieland (1914) and Walcott (1914). They both noted the role 

of the blue-green algae in the formation of recent laminated deposits 

and the similarity of form between these and the lithified structures. 

Walcott (1914, p. 101) concluded that probably the "same simple types 

of algae were the active agents in depositing . . . Collenia, Newlandia, 

Camasla, Kinneyia, Weedia, Greysonia, and Copperia.11 The majority of 

these forms are hemispherical stromatolites, with some examples of Col

lenia being oncolitic. Following this initial use of modern analogues 

in 1914, fresh water algal models of deposition were extensively em

ployed, as in the significant contributions by Bradley (1929) and 

Eardley (1932).

Black's (1933) study of algal structures from intertidal envi

ronments brought another important shift in emphasis. His presentation 

of recent intertidal marine algal stromatolites provided an alternative 

model of deposition that allowed those units that appeared to be of 

marine origin, on the basis of other sedimentary and stratigraphic data, 

to cease being forced into a fluvio-lacustrine model. Subsequent to



Table 1. Early Hypotheses for the Origin of Pisolites 
__________ (Monty, 1977)._______________________________

Hydrozoa 1913 Rothpletz

Protozoa 1890 Matthew
1906 Gurich

Stromatoporoids 1906 Seely
1909 Grabau
1911 Steinmann

Sea plants, or lower 1883 Hall
vegetal organisms 1908 Kalkowsky

Inorganic concretions 1908 Reis
1909 Linck
1919, 1921 Holtedahl
1928 Voss
1931 Seward
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Black’s work, the emphasis has transferred almost exclusively to inter

tidal marine models (Monty, 1977), although the fluvio-lacustrine models 

are employed where supportive data indicate their use is appropriate 

(Weiss, 1969).

Consideration of the inorganic interpretations of pisolitic 

structures has received renewed interest following Dunham's (1965) and 

Thomas' (1965) independent reinterpretations of the pisolitic limestones 

of the Capitan reef of New Mexico and Texas. Based on this alternative 

of a diagenetic rather than depositional model, the Capitan reef piso

lites were considered vadose weathering products, i.e., caliche. Sub

sequent studies have devoted great attention to differences in processes 

of formation of oncolites and caliche that might be reflected in their 

structures.

Formation of Oncolites

Oncolites are the depositional result of organo-sedimentary 

processes, in which detrital sediment including lime mud is trapped and 

bound by algal film in successive layers, producing laminated structures 

(Logan and others, 1964). The laminations that develop are commonly 

sub-concentric, although they may be discontinuous around the oncolite. 

The nuclei may consist of either clastic or organic debris, including 

micritic intraclasts and detached fragments of stromatolitic material. 

Commonly the cores are "smaller oncoids, ooids, bioclasts or algal re

mains" (Dahanayake, 1977, p. 339).

Appreciation of the intense effect of the physical environment 

on algal structures began with the work of Black (1933), in which he
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noted the consequences of both tidal scour and storm activity on stro

matolites. Continuing with Ginsburg (1960) and Logan and others (1964), 

as well as more recent studies, stromatolites and, in particular, onco- 

lites came to be viewed as sedimentological objects and environmental 

indicators, rather than simply as fossils. Logan and others (1964) have 

emphasized the role of mechanical forces, especially wave and current ac

tion, along with the principal requirement of having at least periodic 

movement in order to produce the laminations around the nuclei. Ginsburg 

(1960) also noted the role of organic activity in the periodic overturn

ing of the oncolites, although this is a much less common cause of move

ment. Because oncolites are subjected to overturning during growth.

Wolf (1965) considered them to be allochthonous grains, as opposed to the 

autochthonous nature of all other stromatolitic structures. Periodic 

movement of the oncolites is at times reflected in some asymmetry in the 

growth pattern, in which elongation of laminations may occur. At times, 

the elongation appears as an alternation of growth in random orientations, 

and occasionally simply from side to side (Ginsburg, 1960).

Some investigators, for example Cloud and Semikhatov (1969), 

Maslov (1956), and Semikhatov (1976), favor biontic control of morphology 

and consider it possible to do long-range biostratigraphic correlations 

within the Proterozoic. Most of the stromatolite biostratigraphy falls 

within what Monty (1977) describes as the Russian school, which largely 

discounts morphologic studies based on the effects of energy levels or 

storm and tidal activity. According to Semikhatov (1976, p. 337), "most 

of the modern concepts in stromatolitology originated in the U.S.S.R. in
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Maslov's works." Even so, they acknowledge that stromatolites are com

munities of organisms and that especially the oncolitic forms reflect a 

response to local environmental factors. That these forms are not truly 

individual fossil types, but rather communities, has long been a matter 

of record (Johnson, 1961, p. 205). Large numbers of algal species are 

also known to be involved within individual modem occurrences (Ginsburg 

and others, 1954, unpublished, cited in Logan and others, 1964) and may 

include such forms as Entophysalis, Schizothrix, Plectonoma, and Micro

coleus (Logan, 1961, p. 521).

Classification of Oncolites

The classification of oncolites follows two major systems: 1)

binomial nomenclature (currently considered "form genera") that was em

ployed extensively from the late 1800's through the early 1960's; and 

2) symbolic.letter designations and formulae based on geometric config

urations, as developed by Logan and others (1964). Lamination types 

have also been distinguished by Black (1933) and more recently by 

Dahanayake (1977).

Binomial classification, according to the Linnean system, was 

first used for oncolites and other stromatolitic forms with the expecta

tion that they represented individual fossil forms: When their charac

ter as form genera became apparent, the binomial classification was - 

continued in the vernacular sense. The Oncolithi include:

Osagia Twenhofel (1919)
Ottonosia Twenhofel (1919)
Gouldina Johnson (1940)
Leptophycus Johnson (1940)
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Shermanophycus Johnson (1940)
Stylophycus Johnson (1940)
Cryptozoon Hall (1883, cited in Wieland, 1914, p. 239)
Collenia undosa Walcott (1914)

According to Johnson (1961, p. 206), this system has been maintained as 

"convenient niches and labels to be used in sorting and naming fossils 

of this kind" until a more suitable system could be devised.

In 1964, Logan, Rezak, and Ginsburg devised a system of naming 

stromatolites, including oncolitic forms, based on their geometric con

figuration and indicative of their processes of formation. With respect 

to spheroidal structures (SS), three modes were distinguished: Mode I

(inverted, stacked hemisphereids); Mode R (randomly stacked hemispher- 

oids); and Mode C (concentrically stacked spheroids) (Figure 2, after 

Logan and others, 1964, p. 76). While movement is essential to the for

mation of all three modes, differences in energy levels and frequency of 

movement are reflected. The SS-C type requires nearly continual motion 

in order to develop the truly concentric growth pattern, whereas the 

SS-R type requires frequent alternation of very high and very low energy 

levels, with the structure lying in different positions after each agi

tation. The SS-I type needs less frequent agitation (Logan and others, 

1964, p. 81) and can be formed by "spalling-off of the tops of SH 

(stacked hemispheroid) stromatolites during storms." The fragments sub

sequently develop the new "SH structure" on the upward surface. Compound 

forms are also observed and demonstrate changes in the energy levels 

within the physical environment (Logan and others, 1964).



MOD E 1 MOD E C MOD E R

stacked
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concentrically
stacked
spheroids

randomly
stacked
hem Ispheroids

Figure 2. Spheroidal Structures 
1964, p. 76).

in Oncolites, Type SS (after Logan and others.
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Black (1933, p. 175-176) classified recent lamination types, 

pointing out that the differences in laminations represent some response 

to environmental change on a "recurrent or rhythmic" basis. Dahanayake 

(1977) has classified lamination types of ancient oncolites: Lm (micrit-

ic laminations); Lg (grumose laminations); Lo (organism-bearing lamina

tions); and M (algal mesh). He also notes that bioclasts may be present 

within the laminations as well as forming nuclei. Two basic forms of 

nuclei are distinguished (Dahanayake, 1977, p. 339) in which "simple" on

colites possess single nuclei, while "compound" oncolites contain nuclei 

composed of a union of "entire oncoids or their fragments."

The Problem of Caliche

A striking similarity exists on a superficial level between on

colites and vadose pisolites (caliche). Dunham (1965, 1969) and Thomas 

(1965) demonstrated the need for more detailed examination of these 

structures, in order to distinguish between them. Because such occur

rences had in the past often simply been assumed to be algal in origin, 

at least a portion of the pisolitic deposits throughout the geologic 

record may have been misinterpreted (Dunham, 1969).

Recent studies of modern occurrences (Dunham, ,1969; Dimroth,

1976; Read, 1976) demonstrate that some differences in the formative pro

cesses are reflected in differences of both macro- and micro-structure. 

Care must be taken in the use of some details, for similar structures 

may, in some cases, result from radically divergent processes. For ex

ample, the tubules developed as molds of root hairs in soil-forming 

processes commonly appear identical to algal filaments. In most
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occurrences, however, the differences in processes of formation are much 

more straightforward (Read, 1976).

Formation of Caliche

Calcrete, or caliche, is a secondary phenomenon of diagenetic 

character developed as part of the soil-forming processes within arid 

and semi-arid climates. The product is a cryptocrystalline calcite hori

zon, designated the "K horizon" within soil science terminology (Gile 

and others, 1966; Read, 1976). Within soil horizons containing an abun

dant clastic content, caliche development can easily be seen to be a 

gradational process that passes through four stages, exhibiting distinc

tive morphologies dependent on the gravel content involved (Table 2, 

after Gile and others, 1966, p. 348). Where these soil-forming processes 

are active in limestones subjected to subaerial exposure, distinctive 

microscopic textures are produced. James (1972, p. 817, 819) demonstrated 

that weathering of limestones in semi-arid climatic regimes produces 

"surficial, calcareous crust profiles, hard, irregular, subhorizontal, 

calcareous laminae, surrounded by crumbly, chalky carbonate", that may or 

may not be covered with a thin soil layer. Formation of the caliche is 

in situ (James, 1972, p. 820), substantiated by "localization of the 

calcareous crusts within the upper few feet of the vadose zone, . . . 

conformity with the present topographic surface and . . . truncation of 

inclined bedding." The microscopic textures noted by James are the re

sult of both alteration and precipitation. Alteration produces solution- 

ing, brecciation, recrystallization to microspar, micritization, and 

boring. Precipitation yields clotted and pelletoid micrite, needle



Table 2. Stages of Morphogenic Sequences of Caliche, with Diag
nostic Carbonate Morphologies Based on Gravel Content 
(after Gile and others, 1966, p« 348)._______________

Diagnostic Carbonate Morphology
Stage Gravelly Soils Non-gravelly Soils

I Thin, discontinuous 
pebble coatings

Few filaments or faint 
coatings

II Continuous pebble 
coatings, some inter
pebble fillings

Few to common nodules

III Many interpebble fillings Many nodules and inr 
ternodular fillings

IV Laminar horizon over- 
lying plugged horizon

Increasing carbonate 
impregnation

(thickened laminar and 
plugged horizons)

Laminar horizon over- 
lying plugged horizon
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fibers in random and tangential orientations, calcite in flower spar and 

clear spar, coated clasts (consisting of pelletoids, allochems, and brec

cia fragments, i.e., pisolitic structures), coated fractures, laminated 

crusts, and fine tubules (Figure 3, after James, 1972, p. 834).

Reconsideration of inorganic development of ancient pisolitic 

limestones has drawn heavily on such modern occurrences as analogues. 

Evidence of in situ formation is basic to any interpretation of pisolitic 

limestones as caliche. Lack of movement can be demonstrated by the pres

ence of several structural details: vertical asymmetry that can occur 

either upward or downward; perched sediment in the upper portions of the 

laminations; a fitted polygonal fabric possessing downward elongation, 

or the presence of reverse graded bedding (Dunham, 1969).

Distinguishing between 
Oncolites and Caliche

Criteria for distinguishing between oncolitic and caliche piso

lites have been established and are presented in Table 3. Recognition 

of these is primarily based on the identification of those structural 

details that indicate whether or not movement occurred during the devel

opment of the pisolites. Oncolites require nearly constant to at least 

periodic agitation of sufficient magnitude to overturn them (Ginsburg, 

1960). As a result of their growth requirements of light, nutrients, 

and a supply of carbon dioxide (Black, 1933), growth of algae is inhib

ited on the underside as oncolites rest on the substratum (Dunham, 1969). 

Conversely, lack of movement is an integral part of the development of 

caliche, formed in a subaerial near-surface environment by diagenetic
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tangential
needle
fibers

compound
coated

coated
pelletoid

coated
microcrystalline
calcite
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spar

random
needle
fibers

coated
allochem

Figure 3. Sketch of Typical Caliche Fabrics in Limestones (after James, 
1972, p. 834).
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Table 3. Criteria for Distinguishing between Oncolites and Caliche.

Oncolites Caliche
Intact clastic fabric with no 
polygonal fitting (Dimroth, 1976)

Polygonal fitting with downward 
elongation (Dunham, 1969)

No geopetal fabric or perched 
silt

Perched silt inclusions in upper 
portion, forming geopetal fabric 
(Dunham, 1969)

Random elongation of laminations, 
potentially from side to side 
(Ginsburg, 1960)

Vertical elongation of laminations 
(Dunham, 1969)

Graded bedding possible in con
glomeratic storm deposits 
(Dimroth, 1976)

Reverse graded bedding (Dunham, 
1969)

Single fragments of broken onco
lites forming nuclei in a dynamic 
medium (Dahanayake, 1977; Dunham, 
1969)

Non-tectonic fracturing of pisolites 
during development, in situ breed- 
ation with only slight movement of 
any fragments (Dunham, 1969) with 
laminar coatings of internal frac
tures (James, 1972)

Numerous uncoated clastic grains 
(Read, 1976)

Associated elastics are laminated 
(Read, 1976)

Sedimentary structures: imbrica
tion of pisolites (Dimroth and 
Chauvel, 1972) or cross
stratification of pisolitic hori
zon (Zajac, 1974)

Lack mechanical sedimentary struc
tures; possess leach fabrics, 
floored voids, Stromatactis struc- 
tures (Read, 1976)

Lack acicular or flower spar 
calcite

Only in caliche formed on limestone: 
acicular fibers of calcite in ran
dom and tangential orientations; 
flower spar calcite (James, 1972)



processes. Caliche is concretionary in nature, with the laminations of 

the pisolites able to be precipitated concurrently on all sides.

Nearly all textural details in the oncolitic deposits possess 

random orientations, whereas in caliche a strong preferred orientation 

is present, displaying a predominantly downward growth pattern. Sedi

mentary structures can be present in oncolitic rocks, although their 

absence alone is not diagnostic. The in situ development of caliche, 

however, prevents both sedimentary structures and the admixture of sedi

ment (Dunham, 1969). Such an influx of clastic debris in oncolitic lime

stone ought to produce numerous uncoated detrital grains (Read, 1976). 

Fragmented pisolites occur within both types, with micro-structural dif

ferences. The fragments of broken oncolites may be dispersed and serve 

as nuclei for subsequent laminations (Dahanayake, 1977), whereas fragments 

of fractured pisolites in caliche are subjected to only slight movement 

during brecciation. The fractures in caliche commonly are filled with 

laminar coatings, whereas void-filling calcite is common to both types 

of deposits. Within caliche formed on limestone, calcite can also occur 

as acicular fibers in random and tangential orientations and as flower 

spar (James, 1972).
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Environmental Significance

According to Logan (1961), algal structures provide valuable keys 

to the reconstruction of the paleoenvironment, on condition that they 

are considered in light of the associated sedimentary and stratigraphic 

evidence. Logan and others (1964) made great strides in this direction.



providing a study of the energy requirements of several types of onco- 

lites as well as of the sheet-like laminar forms. Current treatment of 

recent occurrences of algal/organosedimentary structures has been al

most exclusively concerned with intertidal marine environments. However, 

as Weiss (1969) points out in his study of oncolites in the lacustrine 

Flagstaff Formation, results from those investigations may be transferred 

as modern analogues for freshwater environments because of the great 

similarity in the requirements for algal growth. Chiefly requisite 

(Weiss, 1969, p. 1115) are "persistent submergence in shallow water, mo

tion of the water sufficient to turn the algal sedimentary bodies repeat

edly, and protection from destructive waves and currents."

According to Dunham (1969), the most important environmental 

interpretation to be deduced from the presence of caliche is the sub

aerial exposure of the rock during diagenesis. Caliche containing vadose 

pisolites strongly indicates an arid to semi-arid climate during the pro

cess of formation. Static formative processes are reflected in the 

marked vertical orientations of micro- and macro-structures in the piso- 

litic limestones.

Table 4 provides a compilation of the primary inferences one may 

deduce from the interpretation of pisolitic structures as either onco

lites or vadose pisolites in caliche.

24
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Table 4. Environmental Significance of Oncolites and Caliche.

Oncolites (Logan and others, 1964) 
Persistent, at least periodic, 
submergence in water

Energy level sufficient to over
turn oncolites repeatedly

Protection from destructive wave 
and current action

Algal growth rate, at least peri
odically, greater than sedimenta
tion rate and rate of grazing by 
predators

SS-C mode: medium to high energy
levels providing continual motion

SS-R mode: frequent alternation
of very high and lower energy 
levels

SS-I: less frequent agitation in
a generally lower energy 
environment

______ Caliche (Dunham, 1969)
Subaerial exposure

Arid to semi-arid climate

In cases of alternation of caliche 
with marine sediments: indication
of fluctuation of relative sea 
level

In cases of lateral restriction of 
pisolites: paleotopographic highs

Compound forms: changes in energy
levels



PISOLITIC LIMESTONE OCCURRENCES

Pantano Formation

The units under study within the Pantano Formation are finely 

crystalline limestone with locally abundant pisolitic structures present 

in lenses and layers. With the exception of minor plant stem frag

ments (?) , the rocks are barren of fossils. The finely crystalline lime

stones that lack pisolitic structures are commonly petroliferous and 

generally devoid of clastic material. Limited amounts of fine- to 

medium-grained non-carbonate clasts do occur, largely in the upper por

tion of a unit, and locally grade into a medium-grained sandstone with 

calcareous cement. The carbonate is thinly to thickly bedded and later

ally continuous over distances as great as 750 ft (228.6 m). Numerous 

faults cut the area, at times confusing the spatial relations and making 

measurable sections rare. Depositional thinning may also account for 

some lateral discontinuity.

Radiometric dates have been obtained from a rhyolite tuff and an 

andesite porphyry within the Pantano Formation. The rhyolite tuff, which 

lies stratigraphically below the limestone, has yielded K-Ar dates of 

36.7 +1 . 1  m.y. (from sanidine) and 32.8 + 2.7 m.y. (from biotite) (Damon 

and Bikerman, 1964). The andesite, known as the Turkey-Track Porphyry 

(Cooper, 1961) yields a K-Ar date of 24.4 + 2.6 m.y. (Finnell, 1970). It 

lies stratigraphically above the limestone. The age of the carbonate is 

therefore considered to be within the range of early Oligocene to early 

Miocene.

26
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The Pantano Formation limestone has yielded pollen assemblages of 

Miocene age. Lists of the palynomorphs present in the limestone samples 

from the Pantano Formation and from the lake beds of Brown (1939) are 

given in Tables 5 and 6. Uniserial filamentous algae are also present 

in both unbranched and sparsely branched form. Organic material extract

ed with the pollen is sheet-like with no cellular structure and is of 

probable algal composition. Minor amounts of carbonized woody material 

occur within the samples. The carbonization levels of the pollen are 

primarily within the pre-generation to early generation stages for poten

tial hydrocarbon generation. The organic carbon content, however, is 

very low, with low volatile and generated hydrocarbon content.

The limestone units are not present in the type section of the 

Pantano Formation (Brennan, 1957; Metz, 1963), although they are exposed 

in adjacent areas both south and north of the highway, within 3000 feet 

to 2 miles distance from the type section. Finnell (1970, p. A35) points 

out that, within the type section itself, several normal faults and at 

least 3 angular unconformities exist. Thus, some portions of the section 

are repeated and other portions are omitted.

The pisolitic limestone units are intercalated within a sequence 

of clastic rocks that is composed of mudstone, fine- to medium-grained 

sandstone, conglomeratic sandstone, and coarse conglomerate, predominantly 

pale yellowish orange (10YR 8/6), moderate yellowish brown (10YR 5/4), 

and pale reddish brown (10R 5/4), and medium to thickly bedded (Figure 4). 

The overall colors of the clastic beds are indicative of an oxidizing 

environment. The surrounding strata exhibit characteristics typical of
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Table 5. Palynomorphs Extracted from Pantano Formation Limestones that 
Lie within the Upper 100 Feet of Finnell’s (1970) Mapping 
Unit 2.

Caryapollenites
Chenopodiaceae
Compositae
Foveotriletes
Gramineae
Lilacidites
Osmundacidites
Perotriletes
Picea
Pinus
Quercoidites
Taxodium
Tricolpites

___ Tricolporopollenites, psilate

Table 6. Palynomorphs Extracted from Unnamed Lake Beds of Brown (1939), 
__________ Tucson Mountains.____________________________ __________________

Chenopodiaceae
Compositae
Osmundacidites
Pinus
Polyporites
Taxodium
Tricolpites

______________________ Tricolporopollenites______________________________
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Pisolitic Limestone Beds in the Pantano Formation. —  
point to limestone beds.

Figure 4. Arrows
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fluvial environments, including moderately abundant cross stratification, 

rapid lateral change in grain size, imbrication of larger clasts within 

the conglomerates, and local channel fills. One occurrence of mudstone 

contains filled mudcracks and may indicate local intermittent ponding. 

This total sequence, including the limestone beds, comprises what Finnell 

(1970, 1971) distinguishes as Unit 2 of the Pantano Formation. He divid

ed the formation into five mappable units, as presented in Table 7 

(Finnell, 1971, p. 2). The pisolitic limestones of this study are 

located within the upper 100 feet of Unit 2, which has a total thickness 

of approximately 500 feet. The limestone is equivalent to Finnell*s 

(1970, p. A35) "partly oolitic sandy argillaceous limestone."

Petrography of the 
Pantano Formation Limestone

The limestones of the Pantano Formation are composed of very 

finely to finely crystalline calcite (average grain size of 3-12p) and 

contain variable amounts of allochems in the form of locally abundant 

pisolites and moderately abundant pelletoids (average size 5-10p). The 

pisolitic limestones most commonly display a mud-supported fabric in 

which the pisolites exhibit random orientation (Figure 5). Locally plant 

stem(?) fragments are aligned subparallel to the bedding plane. Sparse 

clastic debris consists primarily of subangular to subrounded quartz 

grains ranging in size from 15v to 1 mm. Rare plagioclase grains (0.1- 

1 mm in size) are subangular and relatively unweathered (Figure 6).

The pisolitic allochems range in size from 0.5 mm to 3 cm in di

ameter, with most being between 1 mm and 1 cm. Using the Logan and
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Tpc, claystone unit, pale-purplish-red partly gypsiferous claystone,
siltstone, and tuffaceous sandstone; purplish-gray to yellowish- 
brown conglomerate and conglomeratic sandstone at base; a few thin 
tuff beds. About 1,800 feet thick . . .

Tpa, volcanic unit, dark-purplish-gray andesitic flow characterized by 
phenocrysts of plagioclase % to 1 inch long and a few small pheno- 
crysts of pyroxene mostly altered to serpentine in an aphanitic to 
glassy groundmass . . . As much as 50 feet thick . . .

Tpf, fanglomerate unit, reddish-brown massive to poorly bedded conglom
erate; few partings of reddish-brown mudstone and coarse-grained 
sandstone. As much as 2,500 feet thick.

Tpl, limestone-sandstone unit, red and yellowish-gray mudstone, sand
stone, and conglomerate; upper 100 feet contains at least 4 beds of 
olive-gray partly oolitic sandy argillaceous limestone. About 500 
feet thick.

Tpm, mudflow unit, reddish-brown bouldery mudstone and siltstone, con
glomeratic sandstone, conglomerate, and a rhyolitic tuff and da-

_____ citic flow. About 1,600 feet thick.________________________________



32

Figure 5. Pisolitic Limestone Displaying Mud-supported Fabric and
Random Orientations of Pisolites. —  Crossed nicols, 15 X.
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Figure 6 Rare Plagioclase Grain, Relatively Unweathered, 
nicols, 65 X. —  Crossed
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others (1964) classification system, the pisolites are of the modes SS-R 

(spheroidal structure-random stacked hemispheroids) and SS-C (spheroidal 

structure-concentrically stacked spheroids). The SS-R type predominates 

among the larger pisolites. Both compound and simple forms are abun

dantly represented (Figures 7 and 8); simple forms predominate among the 

smaller structures. The pelletoids are unlaminated and are of the type 

described by Wolf (1965).

Individual laminations on the pisolites consist of microcrystal

line calcite, commonly in alternating layers (Figure 9) with different 

grain sizes in each: 1) calcite grains 3y or less in size, layers 10-15p

thick; 2) calcite grains 8-15y in size, layers 25-35y thick. The thinner 

layers of smaller grain size are easily distinguished by their darker 

color, which is probably due to a higher organic content. Laminations 

around the clastic debris are most commonly composed of simple rims of 

microcrystalline calcite with grain sizes of 3y or less. Only rarely is 

a well-developed sequence of laminations present. Laminations of the 

SS-R type are discontinuous and exhibit moderate elongation in random 

directions. Sparse sediment locally is trapped within the laminations, 

but exhibits no preferential orientation. Geopetal structures between 

laminations are absent.

Nuclei of the pisolitic structures commonly are composed of intra

clasts of microcrystalline calcite (average grain size of 2—4y), some of 

which have a pelletoidal appearance (Figure 10). The intraclastic cores 

frequently contain a combination of single fragments of broken pisolites, 

whole pisolites, and minor amounts of detritus. These cores are
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Figure 7. Abundant Compound and Simple Forms of Pisolites. —  Negative 
print, using thin section in photographic enlarger, 7 X.



Figure 8. Detail of Compound Pisolite. —  Located in lower right corner 
of Figure 7. Plane light, 15 X.
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Individual Laminations Alternating between Light and Dark 
Layers of Different Grain Size. —  Plane light, 50 X.

Figure 9.



Figure 10. Intraclastic Nucleus of Microcrystalline Calcite with 
Pelletoid Appearance. —  Crossed nicols, 50 X.
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subrounded to subangular, with their topography reflected in the initial 

laminations; subsequent coating of the pisolites produces a more well 

rounded character. Although the pisolites rarely show evidence of mul

tiple episodes of breakage, microscopic examination indicates the absence 

of internal brecciation.

Recrystallization of microcrystalline calcite preferentially oc

curs along interior laminations and outer perimeters of the pisolites, 

locally replacing nuclei (Figure 11). In some pisolites, nearly the en

tire structure has been recrystallized. Primarily replacement is by 

bladed calcite (50-250p in length, oriented radially). Blocky sparry 

calcite (average grain size of 200-350p) fills rare voids and local 

fractures and appears to be at least secondary in its development. Rare 

dogtoothed calcite is also present and is of a late stage of development. 

Late-stage silicification commonly occurs in the form of chalcedonic 

quartz (fibers of 250-375p in length) replacing bladed calcite. Degree 

of replacement is generally moderate, although layers and lenses of more 

extreme silicification are present throughout the limestone beds (Figure 

12). Because of preferential replacement around the perimeters of the 

pisolites, distinctive spheroidal structures appear on those weathered 

surfaces where siliceous diagenesis has been extreme (Figure 13). Micro

scopic examination indicates that the same pattern is present with moder

ate silicification as well. As suggested by Siever (1962, p. 143-144), 

silica replacement may be linked to sites with greater amounts of organic 

matter, which in this case may be within the darker micritic laminations

and nuclei.



40

Figure 11. Recrystallization of Microcrystalline Calcite, Preferen
tially along Interior Laminations. —  Plane light, 50 X.
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% jM ;
Figure 12. Lenses of Extreme Silicification. —  Weathered surface,

roughly vertical face, lenses subparallel to bedding (photo 
courtesy of Dr. J. F. Schreiber, Jr.).

Figure 13. Spheroidal Structures on Weathered Surface, Produced by Ex
treme Siliceous Diagenesis. —  Dime rests on broken surface 
(photo courtesy of Dr. J. F. Schreiber, Jr.).
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Lake Beds, Tucson Mountains

A pisolitic limestone was first recognized in the southeastern- 

most extent of the Tucson Mountains by Brown (1939). He designated and 

mapped this unit as unnamed Tertiary lake beds (T?l), as part of a geo

logic map of the Tucson Mountains at a scale of 1:62,500. The unit crops 

out along the east and west sides of Cardinal Avenue, directly south of 

Valencia Road in west Tucson and overlooking the San Xavier Mission. The 

beds at the surface consist of finely crystalline limestone, light olive 

gray (5Y 6/1) to dark yellowish brown (10YR 4/2), weathering to yellowish 

gray (5Y 7/2) and light olive gray (5Y 6/1), with locally abundant piso

litic structures (0.5 mm to 4 cm in diameter), limited amounts of slightly 

coated angular carbonate grains (0.2-1 mm), and rare stem(?) fragments. 

Moderate to extreme silicification occurs, with the greatest degree of 

replacement being in- areas with the largest and most abundant pisolites. 

The strata are thin- to medium-bedded, with a thickness of approximately 

7 feet presently observable. A shallow syncline with a maximum dip of 

22° on the beds is present along the northern side of the exposure 

(Figure 14).

The lake bed section is incomplete, with the uppermost limestone 

beds forming the modern erosional surface. From a distance the limestone 

beds have the shape of a large hummock of low relief. The lower portion 

of the section is presently covered, but has been observed in a vertical 

shaft by Brown (1939, p. 743, 744) and by J. E. Kinnison (1958, p. 73) 

and in power and water line trenches by J. S. Vuich, of the Arizona Bu

reau of Geology and Mineral Technology (personal communication, 1977).



EXPLANATION

Qs | Silt, sond, ond gravel

( I T ? l | Lake beds 

| T b f | Biotile rhyolite 

1 Tso | Shorts Ranch andesite

SYMBOLS

.............  Contact

—f-------- Axis of syncline

-L_ Strike and dip of beds
♦  Horizontal beds

.. Rood

SCALE

0
h

100 2 0 0  Meiers___i

250 5 0 0
— I
7 5 0  Feet

Figure 14. Geologic Hap of Tertiary Lake Bed Limestone, Tucson Mountains. —  Orientations of beds 
west of Cardinal Avenue interpreted from aerial photos. w
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The lower portion of the stratigraphic section was described by Brown 

(1939) from his vertical shaft as being interbedded limestone and cal

careous shale, with one or more layers of white pumiceous ash and gypsum, 

thinly to medium-bedded. On the dump surrounding the shaft. Brown (1939) 

and Kinnison (1958) noted abundant simple cyprid ostracods within the 

shale fragments. Brown also found concentric structures, which he sug

gested could possibly be algal in origin, but indicated that none were 

submitted to any algal specialist. In addition, calcareous claystones 

with gypsum lenses were noted by J. S. Vuich (personal communication, 

1977). A minimum thickness of 30 feet is suggested by Kinnison (1958). 

Limited amounts of uranium mineralization also could be seen along frac

tures, although the mineralization is now only observable on rare large 

blocks of disturbed material.

Biotite rhyolite of Brown (1939) occurs directly to the north of 

the lake beds and appears to be in fault contact with the limestone, al

though Brown suggested that the lake beds might be unconformably resting 

on the rhyolite. With respect to the Shorts Ranch Andesite of Brown 

(1939) occurring directly to the west of the lake beds, the surface con

tact is covered, but was observed by J. S. Vuich (personal communication, 

1977) in the utility line trenches. The underlying volcanic material 

appeared weathered at the contact and the overlying carbonate became 

siltier, sandier, and more brown in color as one approached the contact. 

On this basis, one can conclude that the limestone is in depositions! 

contact with the underlying Shorts Ranch Andesite. The andesite is dated 

at 56.8 m.y. (Bikerman and Damon, 1966), supporting the assignment of the



unit under study to the Tertiary. To the south and east the limestone 

is bounded by Quaternary alluvium.

Palynological examination, of samples from the limestone of the 

lake beds, yielded Miocene pollen assemblages, equivalent in age to those 

observed from the Pantano Formation limestone. A list of palynomorphs 

present in the samples is given in Table 6. Organic recovery included 

as much as 30-40% recycled carbonized woody material. The carbonization 

levels of the pollen are primarily in the early hydrocarbon generation 

stage. The larger fragments of organic material are sheet-like with no 

cellular structure, and may be algal in character. This algal(?) mater

ial is very similar to that extracted from the Pantano Formation samples.

Petrography of the Lake Bed Limestone

The limestone of the unnamed lake beds of Brown (1939) is com

posed of partially recrystallized very finely to finely crystalline cal- 

cite (average grain size of 2-10p). Allochems are abundant, primarily in 

the form of pisolites and pelletoids. The pisolites range in size from 

1 mm to 3 cm, with most occurring between 1.5 mm and 1 cm; the pelletoids 

range in size from 10-40y. Local bioclastic fragments are present and 

appear to be plant stems and broken valves of ostracods. The overall 

fabric is mud-supported with only rare grains touching (Figure 15). Al

lochems are distributed in random orientations, except for minimal align

ment of plant stem(?) fragments subparallel to the bedding plane. Very 

sparse silt is also randomly distributed and is composed of subangular 

quartz grains (10-50y in diameter), coated with thin micritic rims (grain 

size 3y or less) but with no developed sequence of laminations.

45
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Figure 15. Lake Bed Limestone Displaying Mud-supported Fabric and 
Random Orientations of Pisolites. —  Plane light, 15 X.
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The pisolitic structures may be classified according to the sys

tem of Logan and others (1964) as primarily of the mode SS-R (spheroidal 

structure-random stacked hemispheroids), although rare SS-C (spheroidal 

structure-concentric stacked spheroids) forms are present among the small
t

pisolites. Simple forms predominate; compound forms are very sparse.

Nuclei of the pisolites are composed almost exclusively of intra

clasts of microcrystalline calcite (average grain size of 3-14p), and 

are subrounded and either elongate or irregular in shape (Figure 16).

Broken fragments of pisolites are absent both as nuclei and as allochems 

within the matrix.

Individual laminations coating the pisolites are most commonly 

composed of microcrystalline calcite (average grain size 2-10p) and are 

discontinuous and crenulate. Locally laminations are elongated (Figures 

17 and 18). The laminations alternate between light layers (30-50p 

thick) and darker layers (12-25y thick). Neither the laminar boundaries 

nor any differences in grain sizes are as sharply defined as in the piso

litic structures of the Pantano Formation. The distribution of the dis

continuous laminations is random, as are the directions of elongation of 

laminations. Little or no abrasion of individual laminations is evident. 

Very sparse subangular quartz silt (10-20y) is occasionally trapped within 

individual laminations in a random pattern, but is not present between 

the laminations nor perched. Geopetal structures appear to be absent 

between laminations.

Diagenesis of the limestone is moderate to extreme in the form of 

recrystallization of micritic calcite to more coarsely crystalline calcite
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Figure 16. Intraclastic Nucleus Coated with Discontinuous, Crenulate 
Laminations. —  Plane light, 50 X.



49

Figure 17. Pisolite Exhibiting Elongation of Discontinuous, Crenulate 
Laminations. —  Plane light, 15 X.

Figure 18. Detail of Elongation of Laminations. —  Located on left side 
of pisolite in Figure 17. Plane light, 50 X.
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and subsequent silicification. Replacement of microcrystalline calcite 

by bladed calcite (average blade length of 60p) occurs preferentially 

along interior laminations and outer perimeters of the pisolites, as well 

as local recrystallization of nuclei. The microcrystalline calcite of 

the matrix exhibits moderate patchy recrystallization to grain sizes of 

15-50y, in the form of anhedral sparry calcite. Sparse blocky sparry 

calcite (100-325p in diameter) also has developed within the matrix. 

Silicification is of a later stage, in some places replacing the bladed 

calcite, and is moderate to extreme in degree. It is most extreme in 

those lenses and layers with the most abundant and largest pisolites.

Where most extreme, several generations of quartz are present in as many 

as five stages of development, alternating between microcrystalline quartz 

and fibrous chalcedonic quartz, with anhedral megaquartz at the center 

(Figure 19). Where silicification is moderate it preferentially occurs 

around the perimeters of pisolites and along interior discontinuous lami

nations (Figure 20). As suggested by Siever (1962, p. 143-144), silica 

replacement may be linked to high organic matter content within sediments. 

In this case, the abundant extreme silicification may be related to the 

relatively high organic content of the limestones, particularly associ

ated with the darker micritic material in the laminations of the 

pisolites.

Mineta Formation

The pisolitic limestones of the Mineta Formation bear striking 

resemblance to the other carbonate materials of this study, and are of 

approximately the same age as the Pantano Formation. Tentative
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Figure 19. Five Stages of Development of Extreme Silicification. —  
Crossed nicols, 50 X.

Figure 20. Moderate Silicification, Preferentially Replacing Calcite 
around Perimeters of Pisolites and along Interior Lamina
tions. —  Plane light, 15 X.
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correlation of the Mineta to the Pantano Formation has been made 

(Brennan, 1957; Metz, 1963; Clay, 1970), primarily on the basis of gross 

lithologic similarities and their stratigraphic relationship with the 

Turkey-Track Porphyry.

The formation crops out along Mineta Ridge, with the limestone 

primarily exposed along the southwest side of Canada Atravesada Wash, im

mediately south of the Bar LY Ranch and extending to Roble Canyon (Chew, 

1952; Clay, 1970). The formation is overlain by the Banco beds, which 

are considered to be Miocene/Pliocene in age (Clay, 1970). The Turkey- 

Track Porphyry intrudes the Mineta Formation (Clay, 1970), and is dated 

at 26.3 + 2.4 m.y. (Damon, 1970, p. 36-37).

Clay (1970) delineates three members within the Mineta Formation: 

1) a lower conglomerate member; 2) a middle limestone member, composed 

of a sequence of limestone interbedded with mudstone; and 3) an upper 

detrital member, containing limestone beds within the upper portion, and 

also containing a jaw fragment of the rhinoceros Diceratherium sp., dated 

as Late Oligocene/Early Miocene (Chew, 1952; Wood, 1959).

The limestone of the middle member is finely crystalline, light 

gray to black, weathering to light and medium gray; pisolitic, with abun

dant veins of calcite; and is thick- to very thick bedded. It is inter

bedded with shale, mudstone, and sandstone. Commonly, faulting has 

occurred subparallel to bedding planes. At Clay's (1970) section 4, the 

total thickness of this member is 472 feet, with limestone representing

173 feet.



The limestone of the upper portion of the upper detrital member 

is finely crystalline limestone, gray to black, weathering to light gray 

and orange. Pisolitic structures are concentrated in distinct beds; 

some stem-like plant fragments display a parallel orientation. Few 

limestone beds are present, are thinly to thickly bedded, and are inter- 

stratified with siltstone and sandstone in a sequence ranging from ap

proximately 15-30 feet thick. Some bedding plane faults are present 

(Clay, 1970).
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Petrography of the 
Mineta Formation Limestones

The limestones of the Mineta Formation are described in detail by 

Clay (1970). They consist of allochemical, microcrystalline allochemi- 

cal, and microcrystalline rocks, containing minor amounts (0-3%) of ter

rigenous constituents. The allochems are composed of abundant pisolites, 

abundant broken fragments of pisolites, and moderately abundant pelletoids 

of probable algal origin, as well as moderately abundant subangular to 

subrounded intraclasts containing combinations of all of these. The dis

tribution of the allochems is patchy and. random, with the exception of 

elongated fragments that are oriented roughly parallel to the bedding 

plane. The terrigenous debris is sparse and is largely silt-size quartz; 

rare feldspar grains are present. The matrix is principally microcrystal

line and sparry calcite, commonly with a mud-supported fabric in which 

rare grains are touching.

The pisolitic structures may be classified according to the sys

tem of Logan and others (1964) as of the modes SS-C (spheroidal



structure-concentrically stacked spheroids) and SS-R (spheroidal 

structure-random stacked hemisphereids). Both simple and compound forms 

are abundant. The pelletoids are of the type described by Wolf (1965).

Individual laminations of the SS-R type are largely discontinu

ous, exhibit moderate abrasion, and alternate between darker micritic 

calcite and layers of recrystallized sparry calcite. The laminations re

flect the topography of the nuclei and are commonly crenulate. Lamina

tions of the SS-C type are continuous and generally smooth, with rare 

crenulate layers. The laminations alternate between light and dark mi

crocrystalline calcite; boundaries between the layers are commonly in

distinct. Geopetal fabrics and perched silts are absent between the 

laminations; there is no evidence of any polygonal fitting of 

laminations.

Nuclei of both SS-R and SS-C types commonly are composed of 

angular to subangular broken fragments of pisolites (Figures 21 and 22) 

and of subangular to subrounded intraclasts of microcrystalline calcite 

(Figure 23). Many of the micritic cores contain broken fragments of 

pisolites, whole pisolites, and pelletoids.

Abundant fracturing is evident on a microscopic scale throughout 

most of the limestone samples, although internal brecciation of the nu

clei and laminations of pisolites is absent (Figure 23). The fractures 

are filled with sparry calcite and do not exhibit any laminar coatings. 

All fractures cut across the allochems, indicating that they are post- 

depositional and tectonic in nature.
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Figure 21. Randomly Oriented Pisolites Containing Nuclei Composed of 
Broken Fragments of Pisolites. —  Plane light, 15 X.

Figure 22. Single Broken Fragment of Pisolite with Additional Lamina
tions. —  Plane light, 50 X.



Figure 23. Pisolites with Intraclastic Nuclei and Exhibiting Post- 
depositional Fracturing. —  Plane light, 15 X.
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Diagenesis of the limestone begins with recrystallization of the 

micritic calcite in patches throughout the matrix and along interior 

laminations and the perimeters of the pisolites. The microcrystalline 

calcite primarily converts to more coarsely crystalline anhedral calcite 

(10-50# in diameter) and rarely to blocky sparry calcite. Subsequent 

silicification occurs, in which chalcedonic quartz replaces both the mi- 

critic and the recrystallized calcite, commonly in radially oriented 

fibers. In some samples, chert nodules were formed (0.5-1.5 mm in 

diameter).

Mode of Pisolite Development 
and Paleoenvironmental Interpretation

The pisolites of the limestones in the Pantano Formation, the 

lake beds in the Tucson Mountains, and the Mineta Formation are of 

algal/organosedimentary origin. This interpretation is based chiefly on 

evidence of dynamic formative processes. Formation of algal pisolites 

demands movement of the structures during their development, whereas for

mation of vadose pisolites in caliche excludes such movement. Details 

of the micro- and macro-structure strongly indicate that the processes 

were dynamic, with at least frequent periodic movement:

1) Random orientations almost exclusively dominate in laminar elon

gation directions, in distribution of discontinuous laminations, 

and in the overall distribution of pisolites within the layers 

and lenses of the limestone.

2) Orientation of plant (?) fragments is subparallel to the bedding 

plane, rather than displaying the vertical orientation typical

of caliche.
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3) Admixtures of sediment appear in varying amounts in all three 

limestone occurrences, but are randomly dispersed within micrit- 

ic matrix and individual laminations with no sign of its being 

perched silt.

4) Within the limestones of the Fantano Formation and the Mineta 

Formation, pisolites contain nuclei composed of single fragments 

of broken pisolites; internal brecciation is absent from the 

pisolites of all three limestone occurrences of this study.

5) The mud-supported fabric of these micritic limestones is intact 

and eliminates the possibility of polygonal fitting of lamina

tions. Fracturing is post-depositional and tectonic in nature, 

with no laminar coating present.

The environment of deposition of the limestone beds of the Fantano 

Formation is lacustrine with low- to moderately low energy levels, sub

jected to periodic high-energy events of short duration. The evidence 

indicates at least intermittent ponding within a fluvial system, in which 

storm activity is recorded. The intercalation of the limestone within a 

thicker clastic fluvial sequence suggests the overall freshwater rather 

than marine environment. The intermittent ponding is indicated by the 

oncolitic nature of the pisolites, requiring shallow submergence in water 

at least on a periodic basis. Such ponding is further supported by the 

limited lateral extent of any of the limestone beds and by evidence of 

ponding within the clastic portions of Finnell's (1970) Unit 2 (Tpl).

The micritic character and mud-supported fabric of the matrix point to a
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relatively low energy environment, although the SS-C type pisolites 

among the smaller structures demand at least sufficient energy to keep 

them in relatively constant motion. The SS-R type pisolites among the 

larger forms provide evidence of periodic higher intensity events. Analy

ses of recent algal structures (Black, 1933; Logan and others, 1964) 

point out that storm activity plays a very significant role in the devel

opment of such structures. Substantial breakage of pisolites and the 

formation of subangular intraclasts, along with the retention of the lime 

muds, supports the model of high intensity storms of short duration.

The limestone of the lake beds of Brown (1939) was deposited in 

a low- to moderately low energy environment. Periodically higher energy 

levels were present and were of sufficient strength to overturn the onco- 

lites and produce small intraclasts. The lacustrine interpretation is 

supported by the stratigraphic relationship to the underlying interbedded 

limestone, calcareous shale containing ostracods, gypsum, and calcareous 

claystones with gypsum lenses. The micritic matrix, displaying a mud- 

supported fabric, strongly suggests a predominantly low- to moderately 

low energy level. The abundance of SS-R type oncolites, coupled with the 

general absence of broken fragments of pisolites, indicates periodically 

higher energy levels. However, the intensity is low enough to preserve 

most oncolitic structures intact. These higher energy events may be 

linked to storm activity.

As analyzed by Clay (1970, p. 88), the Mineta Formation is a 

"sequence of continental sediments deposited on alluvial plains or 

flood-plains with intermittent lakes developing as drainage was impeded."



These lakes produced ripple-marked mudstones and marls, and evaporites, 

as well as the oncolitic limestones. The lacustrine environment of the 

limestones possessed moderately low energy levels much of the time, as 

evidenced by the retention of the lime muds and the open packing within 

the matrix. However, the abundance of both SS-R and SS-C type oncolites 

points to higher energy levels during a portion of the time. Breakage 

of the pisolites and abrasion of the laminations indicate that at least 

some of the storm events were relatively violent.



CONCLUSIONS AND SUMMARY

The present study has considered three occurrences of pisolitic 

limestone in Pima and Cochise Counties, Arizona, in order to determine 

the mode of formation of the pisolites and to interpret the environment 

of deposition of the lithic units containing these structures. The in

vestigation demonstrates that:

1) Algal/organosedimentary deposition is responsible for the forma

tion of the pisolites in the limestones of the Pantano Forma

tion, the lake beds of Brown (1939), and the Mineta Formation. 

These structures may rightfully be called oncolites or spheroidal 

stromatolites.

2) The limestones of these three occurrences developed within lacus

trine environments possessing low- to moderately low energy 

levels. The lakes and ponds were periodically subjected to 

higher energy events of short duration, probably reflecting the 

effects of storm activity.

3) Relatively violent higher energy events are reflected in the 

abundant breakage of pisolites within the Pantano and Mineta For

mations. Within the lake beds of Brown (1939), the intensity of 

storm activity is low enough to preserve most oncolitic struc

ture intact.
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APPENDIX A

MEASURED STRATIGRAPHIC SECTIONS 

Pantano Formation A (PS 8)

Sec. 31, T. 16 S., R. 17 E., Empire Mountains Quadrangle. Section mea
sured on knoll on west side of Davidson Canyon and south of Interstate 
10 in a fault block containing a partial section (with limestone units) 
that lies within the upper 100 feet of Finnell*s (1970) mapping unit 2. 
Bedding attitude: N. 54° E., 71° NW.

Upper contact: covered interval, unmeasured

Unit
No. Description

1 Limestone: yellowish gray (5Y 8/1) to light
olive gray (5Y 6/1); finely crystalline; 
abundant carbonate grains with sparse car
bonate (calcite) coating floating in matrix, 
size range of 3 mm to 1 cm; sparse amount of 
very fine-grained elastics; moderately abun
dant black (Nl) flecks throughout and along 
grain boundaries; medium-bedded.

2 Silt, unconsolidated: yellowish gray (5Y
8/1); calcareous; revealed in shallow exca
vation of the covered surface.

Unit Thickness 
Ft. M.

1.3 0.40

10.5 3.20

3 Limestone, pisolitic: moderate yellowish
brown (10YR 5/4) and medium gray (N5), weath
ering to light olive gray (5Y 6/1) and brown
ish gray (SYR 4/1); finely crystalline; 
moderately abundant pisolites, size range of 
1 mm to 1 cm, floating in matrix, random ori
entation; moderate silicification predominantly 
around pisolites; medium-bedded.

4 Silt, unconsolidated: yellowish gray (5Y 8/1); 15.4 4.69
calcareous; revealed in shallow excavation of 
the covered surface.
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Unit
No. Description

5 Limestone, pisolitic: dark yellowish brown
(10YR 4/2) to light olive gray (5Y 6/1), 
weathering to medium light gray (N6) and 
light olive gray (5Y 6/1); finely crystal
line; abundant pisolites ranging in size from 
0.5 mm to 3 cm, simple and compound forms, 
random orientations; moderate silicification; 
medium-bedded.

6 Silt, unconsolidated: yellowish gray (5Y
8/1); calcareous; revealed in shallow excava
tion of the covered surface.

7 Limestone, pisolitic: medium gray (N5) to
light olive gray (5Y 6/1), weathering to 
grayish black (N2) and grayish orange (10YR 
7/4); finely crystalline; very abundant piso
lites ranging in size from 1 mm to 2 cm; ex
treme silicification surrounds pisolites, 
forming spheroidal structures on weathered 
surface; thickly- to medium-bedded.

Lower contact: siltstone, grayish orange (10YR 7/4)
to yellowish gray (5Y 8/1); very thinly to 
thinly bedded, unmeasured

Unit Thickness 
Ft. H.

8.5 2.59

14.2 4.33

base of 
section

Total thickness of limestone and silt sequence 57.9 feet
17.65 meters
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Pantano Formation B (PS 4)

SEk, sec. 3, T. 17 S., R. 17 E., Empire Mountains Quadrangle. Section 
measured along west side of unnamed wash; partial section (limestone 
units) that lies within the upper 100 feet of Finnell's (1970) mapping 
unit 2.
Bedding attitude: N. 8° W., 35° BE.

Upper contact: covered interval, unmeasured

Unit Unit Thickness
No. Description Ft._____ M.

1 Limestone, pisolitic: light olive gray (5Y 6/1), 4.0 1.22
weathering to medium light gray (N6); finely crys
talline; abundant pisolites, simple and compound
forms, ranging in size from 1 mm to 1 cm, random 
orientations; minor to moderate silicification; 
medium-bedded.

2 Limestone, fetid: medium gray (N5) to medium 8.3 2.53
light gray (N6), stained with pale yellowish brown
(10YR 6/2), weathering medium gray (N5) to medium 
dark gray (N4) with moderate yellowish brown (10YR 
5/4) along fractures; finely crystalline; petro
liferous; abundant black (Nl) flecks throughout; 
minor silicification; no apparent structures; 
thinly-bedded.

3 Limestone, pisolitic: light brownish gray (SYR 2.4 0.73
4/1) and pinkish gray (SYR 8/1), weathering to
medium light gray (N6); finely crystalline; abun
dant pisolites, simple and compound forms, com
monly ranging in size from 1 to 2 cm, with minor 
ones as small as 1 mm, random orientations; near 
base of unit minor flat laminar structures subpar
allel to bedding plane; abundant silicification 
surrounding pisolites and filling cavities; good 
porosity; grading upward pisolites exhibit fewer 
coatings, and in some cases may be considered 
pseudo-pisolites; medium- to thinly-bedded.

4 Limestone, fetid: light olive gray (5Y 6/1) 9.8 2.99
weathering to light olive gray (5Y 6/1); finely 
crystalline; petroliferous; abundant to rare
stem(?) material; minor pisolitic structures 
within upper portion; very thinly- to medium- 
bedded.



Unit
No.
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Unit Thickness
Description Ft.____M.

5 Limestone, pisolitic: light olive gray (5Y 11.9 3.63
6/1) weathering to light olive gray (5Y 6/1);
finely crystalline; abundant pisolites of pri
marily simple form, ranging in size from 0.5 
mm to 1 cm, commonly 0.5 cm; moderate silici- 
fication between pisolites; medium- to thickly- 
bedded .

6 Limestone, fetid: light olive gray (5Y 6/1)
to yellowish brown (10YR 6/2), weathering to 
yellowish gray (5Y 8/1) and grayish orange pink 
(SYR 7/2); finely crystalline; petroliferous; 
abundant to limited amounts of plant (?) frag
ments lying subparallel to bedding plane within 
the lower 2 feet of unit; no observable struc
tures in the upper 12 feet; very thinly- to 
thinly-bedded.

Lower contact: covered interval, unmeasured base of 
section

Total thickness of limestone sequence 50.4 feet 
15.37 meters



APPENDIX B

ORGANIC MATTER ANALYSES 

Pantano Formation (PS 4)

SEk, sec. 3, T. 17 S., R. 17 E., Empire Mountains Quadrangle. Lime
stones sampled along vertical transect of measured section Pantano For
mation B, along west side of unnamed wash; sample unit numbers corres- 
correspond to unit numbers of measured section; partial section (lime
stone units) that lies within the upper 100 feet of Finnell’s (1970) 
mapping unit 2. Analyzed by Amoco Production Company; abbreviated 
column headings are described below.

Sample 
Unit No.

. Bit.-Free 
Org. C Wt.%

Volatile
PPM

Vol./Total 
Org. C

Gen.
PPM

Gen./Vol. 
Free Org. C

1 <.l 28 .09 140 .47

2 .1 24 .04 68 .11

3 <.l 16 .08 40 .20

4 .1 8 .01 80 .11

4 .1 20 .03 52 .09

5 .1 12 .02 168 .34

6 .1 20 .02 52 .06

6 .1 12 .01 100 .09

6 .1 8 .01 80 .07

Categories for column headings:

Bitumen-related and Free Organic Carbon Weight % 
Volatile Hydrocarbon PPM 
Volatile Hydrocarbon/Total Organic Carbon 
Generated Hydrocarbon from Kerogen PPM 
Generated/Volatile Free Organic Carbon
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Lake Beds, Tucson Mountains

SEk NE% sec. 17, T. 15 S., R. 13 E., Cat Mountain 7.5' Quadrangle or 
NEk San Xavier Mission 15' Quadrangle. Sampled and analyzed by Exxon 
Research Company (H. W. Peirce, personal communication, 1978); samples 
of petroliferous limestone from the unnamed lake beds of Brown (1939).

C^5+Bit.
Sample No. TOM Total PPM

1 0.13 28.8

2 0.15 37.9

34.4

C 4 - C 7 Types of
Total PPM Kerogen

0.40 Herbaceous, woody
algal

0.28 Algal, amorphous,
woody

0.04 Herbaceous, woody3 0.15
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