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ABSTRACT

A previously little-known sequence of Mesozoic 
sedimentary rocks is located in the southern Waterman 
Mountains of Pima County, Arizona. Relatively uncomplicated 
structure and lack of metamorphism make this an ideal place 
to study a section of this age. Variegated red and white 
conglomerates, sandstones, and siltstones rest disconformably 
upon Permian age limestone. The middle of the sequence 
consists of purple volcaniclastic conglomerates and 
sandstones with some interbedded andesitic volcanics. These 
are overlain, possibly disconformably, by white and pink 
conglomeratic coarse arkosic sandstone. This is followed by 
a sequence of fine-grained olive and gray sandstones, shales, 
and thin, dark, somewhat fetid limestones containing 
occasional pelecypod and charophyte fossils. Principal 
environments of deposition include alluvial fans, braided 
streams, and lakes. The entire sequence appears correlative 
with the Recreation Redbeds and Amole Arkose of the Tucson 
Mountains.
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CHAPTER 1

INTRODUCTION

This thesis was undertaken to help in the ongoing 
study of the relationships between various Mesozoic units in 
Southeastern Arizona. The section in the Waterman Mountains, 
while previously reported only briefly (McClymonds, 1957), 
had not been studied in detail, or often visited by workers 
interested in the regional Mesozoic stratigraphy. This seems 
surprising, given the proximity to Tucson and ease of access. 
The area offers an intriguing and significant stratigraphic 
sequence, which is nevertheless limited enough to lend itself 
to study within the scope of a thesis project. I have 
attempted to describe the lithologic and stratigraphic 
characteristics of the rocks and to present the most likely 
correlation with other known formations in the area.

Previous Work
The only attempt at a comprehensive study of the 

Waterman Mountains was that of McClymonds (1957, 1959). 
Although primarily concerned with the structure and Paleozoic 
stratigraphic sequence, he mentioned rocks of possible 
Cretaceous age, which he recognized as resembling those of 
the Tucson Mountains. The field trip map of McClymonds, 
Page, and Haynes (1959) has proven quite reliable, and has
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2
been a valuable guide in locating outcrops for this project. 
Risley (1983) visited the area in connection with his study 
of the Tucson Mountains, and commented upon the similarity of 
certain rocks on the north flank of the Watermans to the 
Amole Arkose in his area of study.

Location and Access
The Waterman Mountains are located 50 km west- 

northwest of Tucson, arid just two to five km southeast of the 
currently abandoned ASARCO Silver Bell copper mine (Fig. 1). 
The principal area of this study is two km south of the main 
mass of the Watermans proper, in sections 5,6,7, and 8 of 
T. 13 S., R. 9 E. The Watermans, along with the Silverbel 1 
Mountains to the north and the Roskruge Mountains to the 
south, form the western boundary of the Avra Valley, a major 
agricultural center of the area. The Tucson Mountains are 
easily visible 30 km east across the valley. Access is by 
the paved Avra Valley Road, running west from Interstate 10. 
Two good gravel roads run south from the pavement, and 
connect with a network of once-graded mining roads (Fig. 2). 
Access is excellent to the entire study area by two-wheel- 
drive truck, except in the rainy months of July and August.

Local History and Mining Activity 
The study area is located 8 km SSE of the Silverbell 

Mine, a fairly major open pit copper porphyry operation, 
owned by ASARCO, which was temporarily abandoned in 1984 due
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5
to low copper prices. The central mass of the Waterman 
Mountains is made up of Waterman Peak, also known as Silver 
Hill, where the two mines of the 19th century Waterman Mining 
District produced about 25,000 tons of ore. Production of 
copper, lead, zinc, silver, and gold was valued at $655,000. 
Within the study area, two prospects, the Penny claim and 
Squabble Mine, have small waste piles, a few shallow shafts, 
and evidence of minor underground work. Green secondary 
copper mineralization is associated with both. Dozens of 
small prospects dot the area. Virtually all are within the 
purple volcaniclastic and volcanic sequence, and minor green 
copper staining is usually found. The entire area is crossed 
by white quartz veins, which have no visible relationship to 
the mineralization. The roads were graded at least once, 
probably in the early to mid 1950's. Several drill holes and 
bulldozed prospects, not associated with any surface mineral
ization, probably also date from the 1950's. .

The only cultural feature in the area not directly 
associated with mining activity is the abandoned foundation 
of Lord's Ranch. This belonged to Charles H. Lord (1832- 
1884), Tucson's first general merchant, and later postmaster, 
banker, and Territorial Auditor.

With the exception of a few patented mining claims, 
all the land is public, under federal or state jurisdiction. 
Some ranching leases are in effect, and evidence of recent 
cattle ranching is occasionally encountered.



6
Climate and Topography

The Waterman Mountains are located in the Sonoran 
Desert, and climate, vegetation, and topography are all 
typical of the region. Temperature ranges from warm to hot, 
with mild winters, and summer daytime temperatures that 
regularly exceed 110 F. Rainfall averages about 25 cm per 
year, falling mostly during the violent thunderstorms of July 
and August. Vegetation is dominated by the giant saguaro and 
other cactuses, mesquite, palo verde, creosote bush, and 
seasonal grasses and herbs. Between the large shrubs, almost 
all of which have thorns, the ground is mostly bare, and 
outcrops are well exposed (Fig. 3). Wildlife is abundant, 
with birds, rodents, and reptiles common, and occasional 
large mammals such as deer and javelina.

Elevations range from 600 meters in the central Avra 
Valley to just under 1200 meters at the crest of the Waterman 
Mountains. The main area of study is in relatively gentle 
hills and ridges, and pediment and bajada slopes covered with 
alluvium, at elevations of 730 to 800 meters. All of the 
outcrops of Recreation Redbed equivalent are on well exposed 
hillsides. The Amole Arkose equivalent is always found 
topographically low, and outcrops are mostly limited to the 
banks of the sandy arroyos, which are incised one to five 
meters below the bajada surface (Fig. 4).



Figure 3. Topography and vegetation..
Typical Sonoran desert vegetation in the foreground, 
with sparse vegetation on low hills in the middle 
distance. Waterman Peak forms the high point on the 
horizon.

Figure 4. Arroyo exposure.
This is the wash just north of the limestone ridge, 
where measured sections B and C are located. The crest 
of the ridge is formed by the Concha Limestone just 
above the major thrust fault, which is located at the 
base of the cliff. The Amole Arkose equivalent is well 
exposed in the banks of the wash.
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Figure 3, Topography and Vegetation.

Figure 4. Arroyo Exposure.
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Method of study

After preliminary field reconnaissance using the map 
of McClymonds, Page, and Haynes (1959) as a guide, mapping 
began on maps and air photos. The only topographic map is 
the 1959 USGS Silverbell Peak Quadrangle, 15 minute series. 
This was enlarged to the more appropriate mapping scales' of 
1:24000 and 1:12000 for field and office use. Excellent 
color air photos, flown in 1984, are available from the USGS, 
at a scale of approximately 1:24000. Maps and photos were 
brought into registration by means of a Bausch and Lomb 
stereo zoom transfer scope, and as much photo data as 
possible was transferred to maps. Most of the faults in the 
area are easily plotted in this way, although individual 
outcrops are too small to recognize. Field observations of 
beds, contacts, and faults were periodically added to a set 
of master maps. Mapping is not the principal goal of this 
study, but must be undertaken due to the many fault offsets 
and other structural complications.

Field work consisted of pedestrian traverses of all 
areas of significant outcrop, plotting structural orienta
tion, and detailed observation of lithology, stratigraphic 
relationships, and sedimentary structures. Several hundred 
samples were collected, and about one hundred were cut for 
thin sections. Sixty sandstone specimens were point counted 
under a petrographic microscope. Many limestones were 
studied by acetate peels, rather than thin sections.
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Photography

From the beginning of this project, photography was 
conceived as an integral portion of the descriptive process. 
Black-and-white was selected for the ease of printing two 
images per page, and because it clearly illustrates the 
sedimentary structures which are of key importance in this 
thesis. All photos were made with a 35mm single lens reflex 
camera, with Kodak Panatomic-X and Plus-X films. The paper 
is Ilford Multigrade, pearl finish, which is conveniently 
available in 8-1/2-by-ll-inch sheets. A homemade printing 
easel was constructed to frame two 3-1/2-by-5-inch image 
windows per page.



CHAPTER 2

REGIONAL FRAMEWORK

Several mountain ranges in southeastern Arizona 
contain thick sequences of Mesozoic rocks. The nonmarine 
Cretaceous sequences of the Tucson, Sierrita, and Empire and 
Whetstone Mountains are possibly analogous to the rocks of 
the Waterman Mountains. The Triassic and part of the 
Jurassic systems are represented in the Santa Rita and 
Sierrita Mountains, and in several ranges within the Papago 
Indian Reservation.

Tucson Mountains
The work of Risley (1983), Brown (1939), and Mayo 

(1966a, 1966b, 1967) has described the Amole Arkose. Colby 
(1958) described and measured the Recreation Redbeds. The 
Amole Arkose is considered Early Cretaceous based on 
nonmarine fossils, while the Recreation Redbeds are closely 
post-dated by a crosscutting igneous plug dated at 155 my, or 
mid-Jurassic (Shafiqullah et al 1980). In places the Amole 
Arkose may rest conformably on the Recreation Redbeds (Mayo 
1966a), but most frequently the contact is a fault or angular 
unconformity (Risley 1983). The Recreation Redbeds are at 
least 800 meters thick (Colby 1958), and the thickness of the 
Amole Arkose is perhaps as great as 1525 meters (Mayo 1967).

10
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Lithologically, the sedimentary package of the Waterman 
Mountains is very similar to the Recreation Redbeds and Amole 
Arkose as seen in the Tucson Mountains.

Roskruge Mountains
In the Roskruge Mountains, just to the south of the 

Watermans, Bikerman (1965) reports a sequence of arkosic 
sandstones similar in many respects to the Amole Arkose of 
the Tucson Mountains. The sequence contains a sill or flow 
with a recalculated date of 110 +/- 5 my.. The Cocoraque 
Formation of Heindl (1965) is located less than 10 km south 
of the study area. It is described as consisting principally 
of arkosic sandstones, and is presumed related to the Amole 
Arkose based upon similar lithology. In my one visit to the 
area, the Cocoraque appeared to be more metamorphosed and 
better indurated than the rocks of the Watermans. In con
trast, the rocks of the Amole Arkose and Recreation Redbeds 
of the Tucson Mountains , which are about three times as far 
from the Watermans, are very similar indeed.

Sierrita Mountains
The Angelica Arkose of the Sierritas is described by 

Cooper (1971) as consisting of about 5000 feet of drab 
arkosic rocks, including a basal conglomerate member, a 
middle arkose and siltstone member, and an upper arkosic grit 
and conglomerate member. The Angelica generally has been 
thought correlative with Amole Arkose and Bisbee Group rocks
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of southeastern Arizona, based on similarity of lithology and 
stratigraphic position.

Papago Indian Reservation
The Papago Indian Reservation is immediately west of 

the study area, and extends southward as far as the Mexican 
border and westward for about 100 km. Within this huge area, 
Haxel et al (1980), have reported on the Mesozoic rocks. 
Jurassic plutonic rocks, as well as andesitic flows, volcanic 
breccias and conglomerates, and conglomerates, sandstones, 
and si1tstones are found. In the Comobabi Mountains, 
approximately 40 km southwest of the Watermans, the Sand 
Wells Formation is of late Jurassic or Cretaceous age. It 
consists of nearly 2000 meters of volcanic breccias and 
flows, sandstone, siltstone, mudstone, and conglomerate, with 
a basal conglomerate. It is intertonguing with and underlain 
by andesite porphyry flows. Based on this description, the 
rocks of the Sand Wells Formation are probably very similar 
to those described herein, and the relationship between the 
two should be further investigated.

Santa Rita Mountains
Most of the rocks of the Bisbee Group in the Santa 

Rita Mountains are of nonmarine origin. Drewes (1971) has 
reported faunal evidence of occasional marginal marine 
conditions in the Willow Canyon, Apache Canyon, and 
Shellenberger Canyon Formations on the northern flank of the
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Santa Ritas. This is approximately 90 km southeast of the 
Waterman Mountains, and is the closest reported occurrence of 
marine rocks in the Cretaceous. A Cretaceous section 
estimated to be 10,000 feet thick is reported on the west 
side of the range by Anthony (1951). It consists of arkoses, 
quartzites, and shales, and is partially marine, at least 
near the top, based on oysters from thin limestone beds.

Whetstone and Empire Mountains
The nonmarine rocks of the Bisbee Group in the 

Whetstone and Empire Mountains have been described in detail 
by Schafroth (1965) and Archibald (1982). The Willow Canyon, 
Apache Canyon, and Shellenberger Canyon Formations contain 
arkosic, conglomeratic sandstones, multi-colored shales and 
siltstones, and thin, dark limestones, all of which resemble 
lithologies found in the Amole Arkose equivalent section of 
the Watermans. Schafroth (1965) reports and illustrates 
discoidal "algal colonies" which strongly resemble the silica 
nodules described later in this report.

The Whetstone Mountains are a bit beyond the Empires, 
and more evidence of marine conditions is found with 
increasing distance to the southeast. There is evidence of 
fresh to brackish conditions in the Apache Canyon Formation, 
with some charophyte fossils consisting of the stems only 
(Archibald, 1982). A few beds in the overlying Shellenberger 
Canyon Formation are apparently truly marine, with fish teeth 
and oyster fossils.
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Silver Bell Mountains

More than 5000 feet of possibly Cretaceous rocks, 
consisting of conglomerate, red shale, and arkosic sandstone 
are present in the Silver Bell Mountains, but are badly 
disrupted by faulting and the mineralization associated with 
ore emplacement (Richard and Courtright 1966). Much of the 
area is inaccessible due to mining operations, but a brief 
reconnaissance of some outlying exposures indicates that the 
suspected Cretaceous rocks are indistinguishable from the 
Recreation Redbed equivalent of this study. Three Tertiary 
formations, the Claflin Ranch, Silver Bell, and Cat Mountain, 
are described. No rocks of this age are evident in the study
area.



CHAPTER 3

STRATIGRAPHY

The overall similarity of the rocks of the Waterman 
Mountains to those of the Tucson Mountains is striking. The 
section may be divided into "Recreation Redbed equivalent" 
and "Amole Arkose equivalent" units. In addition, two 
sandstone units of unknown stratigraphic position, and 
possible allochthonous origin, are included with the 
Recreation Redbed equivalent. The descriptions in this 
chapter are based on a composite of traverses through the 
units. No single exposure contains all of the features.

Bounding Units
Wherever a base is seen, the redbed sequence is 

underlain by the Permian (Guadalupian) Concha Limestone, a 
medium gray, massive, fossiliferous and often silicified 
marine limestone. No angular unconformity is evident, al
though at least 60 million years may be represented by the 
missing section (Upper Permian, Triassic, Lower Jurassic). 
Locally, evidence of a paleokarst surface is present. Tubes 
(sinkholes?) up to several meters deep into the limestone are 
filled with pink silt and brecciated limestone. Variation in 
thickness of the basal conglomerate (0-60 m) may represent 
relief on the limestone surface. The thinly-bedded

15
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Rainvalley Formation, which conformably overlies the Concha, 
is not seen, although it crops out on the north flank of the 
Watermans, just 3 km away (Vaag, 1984).

No pre-Quaternary rocks younger than the olive 
lacustrine beds of the Amole Arkose equivalent are seen, as 
the olive rocks are always fault juxtaposed with older rocks, 
or disappear under the Quaternary alluvium of the bajada 
surface. This is in contrast to the Tucson Mountains, where 
the Amole Arkose is overlain and protected by the Tucson 
Mountain Chaos and the Cat Mountain Rhyolite.

Recreation Redbeds Equivalent
A total thickness of at least 1600 meters of mostly 

red and purple elastics is believed equivalent to the 
Recreation Redbeds. The lower portion consists of arkosic 
sands, conglomerates, and red siltstones and mudstones. This 
grades upward into volcanic sandstones and conglomerates, 
finally giving way to purple volcaniclastic conglomerates and 
volcanic rocks. A 700-meter unit of fine massive red sand
stone of possibly allochthonous origin is also found within 
this sequence.

Cobble Conglomerate
Lying immediately upon the Concha Limestone is a 

pebble to cobble conglomerate, varying in thickness from 
virtually zero to 60 meters, and averaging two to five 
meters. Most of the cobbles are well rounded quartzite.
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Chert cobbles, some containing limestone, are derived from 
the common silica nodules in the underlying unit. Clasts are 
usually supported by coarse arkosic sandstone matrix, 
although some portions of the conglomerate are clast- 
supported. All the quartzite cobbles are microfaulted, with 
offsets of a few millimeters. Dozens of faults may occur in 
a single cobble. Occasionally a lens of sand lies directly 
upon the limestone, with conglomerate above. Thickness 
variation of the conglomerate probably reflects local relief 
on the limestone surface, with the occasionally very thick 
outcrops representing channel-fill deposits. In many cases, 
cobbles weather free of the matrix, and form a dense pavement 
on the surface, so that the outcrop extent is clearly 
delineated, even though the indurated bedrock is not exposed 
(Fig. 5). The cobble conglomerate has not been found except 
in the presence of the adjacent limestone, and conversely, 
nearly all outcrops of the limestone have at least a few 
cobbles on the surface, if not good conglomerate outcrop 
(Fig. 6).

The cobble conglomerate was probably deposited in 
alluvial fans and braided stream beds on the exposed 
limestone surface. The large, well rounded cobbles evidently 
underwent considerable transport and may have weathered out 
of some older sedimentary deposit, rather than representing 
single-generation transport and weathering. The topography 
may have been similar to the modern Basin and Range province,



Figure 5. Cobbled surface.
Bajada surface, immediately adjacent to Concha Limestone 
outcrop. This is typical of many areas where the cobble 
conglomerate is revealed by a cobbled surface, rather than solid outcrop.

Figure 6. Cobble conglomerate outcrop.
Imbricated large cobbles resting directly upon Concha 
Limestone.
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Figure 6. Cobble Conglomerate Outcrop
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with fault-block mountains flanked by alluvial fans, giving 
way to bajada and braided stream channels, and possibly 
playas in the central valleys.

Variegated Red Siltstone and Sandstone
The next several hundred meters above the cobble 

conglomerate consists of variegated red and gray siltstone, 
mudstone, and sandstone, and several one- to five-meter 
conglomerate beds (Fig. 7,8). Red mudstone and siltstone is 
the dominant lithology, and the entire outcrop area is easily 
recognized both on the surface and on air photos due to the 
intense color. Typical color ranges from grayish red (10 R 
4/2), through moderate red (5 R 5/4), to grayish purple red 
(10 RP 4/2). All colors are based on field comparison in 
sunlight with the Munsell colors of the GSA rock-color chart. 
Several beds of white to pink sandstone are prominent, and 
serve to show the crossfaults on air photos, which would 
otherwise be cryptic due to lack of color contrast. Within 
the mudstones, color is variable, with red often altered to 
pink, gray, or grayish green, all within a few meters. No 
correlation significance is placed upon color, as all colors 
other than red are local and discontinuous.

Several, perhaps two or three, conglomerate beds are 
encountered in the bottom few hundred meters of the unit, 
although the actual number is not clear due to faulting. 
These conglomerates are distinctly different from the basal 
unit. Maximum grain size is smaller, with only pebble and



Figure 7. Interbedded red siltstone and pink to tan 
fine-grained sandstone.
Central cliff approximately 1 meter high.

Figure 8. Platy weathering in red shale.
Cactus in foreground approximately 12 cm. high.



Figure 7. Interbedded Red Siltstone and Pink to 
Tan Fine-Grained Sandstone.

Figure 8. Platy Weathering in Red Shale.
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small to medium cobble material present. No faulted cobbles 
are seen. The conglomerates are mostly matrix-supported, and 
contain abundant red jasper and red and pink mudstone clasts. 
Little lateral continuity of beds is seen, mostly due to 
faulting, but perhaps also because the conglomerates 
represent localized channel deposits within an overall fine
grained depositional regime .

Near the top of this unit, one bedding plane is seen 
with small interference ripples on a silty surface. Vague 
traces, resembling feeding trails, also occur. This shows 
the presence of at least occasional standing water in shallow 
mud pans. No evaporite minerals or significant thicknesses 
of continuous flat-bedded mudstones, which might represent 
true playa development, are seen. The general depositional 
environment was dominated by fluvial, probably braided 
stream, conditions.

About three hundred meters up from the base of the 
redbed section, and clearly above the last of the arkosic 
conglomerates, a particularly distinctive igneous pebble 
conglomerate bed is found. It is a speckled red and pink 
granule to pebble conglomerate, with a matrix of dark red 
mudstone and clasts of red and pink mudstone and pink 
volcanic fragments. Upon weathering, the color contrast 
between dark matrix and light clasts is quite striking, and 
this lithology is easily recognized in alluvium up to several 
km from the outcrop. It is evidence of a change from the
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arkosic and partially volcaniclaStic sands below to a 
sequence becoming ever more dominated by volcanic input.

In the eastern half of the study area, the next two 
units are not seen, and the red siltstones gradually give way 
to the purple volcaniclastic conglomerate. In that area, the 
total thickness of the Recreation Redbed equivalent is about 
700 m.

Massive Red Sandstone
In the western portion of the study area, a unit of 

red, very fine grained, massive monotonous sandstone is 
encountered next up section. It is a clear, pure red in 
color, and distinctly less purple in the field than the red 
siltstones described above. Color ranges from pale moderate 
red (5 R 5/3) to moderate reddish brown (10 R 4/6). Its true 
stratigraphic position is unclear, for the contact may be a 
thrust fault. Structural orientation of units either side of 
the contact is similar and nearly vertical, but there is no 
unequivocal interbedding. Within the unit are three blocks 
of gray limestone, probably the Concha, measuring tens of 
meters long and one to three meters thick (Fig. 9). Contacts 
are abrupt and parallel, and represent thrust faulting which 
preceded the block-faulting and rotation of the unit to its 
current near-vertical orientation. The top of the unit is 
equally abrupt and probably faulted.

Bedding is almost never seen, and several joint sets 
obscure whatever bedding is found. Estimates of strike and



Figure 9. Limestone wedge.
The thin limestone wedge is completely encased in fine
grained red sandstone. It is apparently bounded by 
thrust faults.

Figure 10. Weathering on fine-grained red sandstone 
outcrop.
Field of view approximately 2 m wide at center.
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Figure 10. Weathering on Fine-Grained Red 
Sandstone Outcrop.
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dip must be based upon patterns of outcrop weathering which 
may represent bedding, although modification by jointing can 
rarely be entirely ruled out. No sedimentary structures are 
seen, and the environment of deposition is unclear. The 
extremely good sorting, fine grain size, and red color may 
favor eolian deposition (Fig. 10). The total thickness of 
300 m may include repeated section due to the thrusting.

Salmon Pink Sandstone
In apparent fault contact with the massive red sand

stone is an isolated outcrop of extremely well indurated, 
fine-grained and well sorted salmon pink to light orange 
sandstone (5 YR 7/2 to 5 YR 6/4, occasionally 10 R 5/4). It 
is characterized by well defined, cross-bedding, which is 
highlighted by dark streaks of heavy minerals along some 
planes. Most of the cross-bedding is of low angle, in sets a 
few tenths of a meter thick. Extremely blocky weathering and 
broken outcrop cause difficulty in tracing individual sets to 
their limits, but apparently both tabular and wedge shaped 
sets are present. A few sets, however, have amplitudes of 
two to three meters, and lateral extent of at least ten 
meters. These large sets suggest the existence of at least 
occasional eolian conditions in an otherwise fluvial 
depositional environment (Fig. 11, 12,). Including the 300 m 
of salmon pink sandstone, the composite thickness of all 
units to this point is at least 1400 m.



Figure 11. Salmon pink sandstone outcrop. 
View approximately 1.5 meters high.

Figure 12. Tabular cross-beds in salmon pink sandstone. 
View approximately one meter high.
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Figure 11. Salmon Pink Sandstone Outcrop.

Figure 12. Tabular Cross-Beds in Salmon Pink 
Sandstone.
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Purple Volcaniclastic Conglomerate

Interfingered with and above the red variegated 
sequence is a unit of purple, reddish brown, and purple gray 
conglomerates and sandstones, with occasional interbedded 
purple volcanic rocks. This is the thickest single lithology 
present, and is probably at least 900 m thick, although no 
single continuous section is seen. The upper and lower 
portions contain appreciable sandstone, but the middle half 
is almost entirely conglomerate and thin volcanic units. The 
conglomerate contains clasts from pebble to small boulder 
size, with medium to large cobbles being most common (Fig. 
13). A light purplish gray sandstone matrix is often 
present. The rock is usually very well indurated, and 
weathers by breaking along joints which cut individual 
clasts. In a few places, clasts stand out in relief, but 
they rarely weather free. Most of the ridges and hills in 
sections 7 and 8 are held up by beds of unusually coarse 
conglomerate, and the northwest trend of the hills in those 
sections is essentially the direction of strike of the nearly 
vertical beds. Bedding is cryptic, and nearly impossible to 
determine in a small outcrop, but the megascopic outcrop 
pattern reveals strike. Dip can usually be measured to 
within ten degrees or so at best, as no bedding planes are 
seen.

Occasional small outcrops of dark purplish red 
andesitic volcanic rocks are found interbedded with the



Figure 13. Purple volcaniclastic conglomerate.

Figure 14. Sandstone of the purple volcaniclastic unit.
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Figure 14. Sandstone of the Purple 
Volcaniclastic Unit.
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conglomerate. They cannot be traced for great distances 
laterally, and form no more than a few percent of the total 
rock volume. These have a grbundmass of dark reddish purple, 
with plagioclase phenocrysts ranging is size from 1 to 5 mm.

The lower hundred meters of this unit is generally 
sandy, with occasional conglomerate lenses (Fig. 14). The 
contact is gradational with the underlying red variegated 
unit. This is one of the few contacts in the area which is 
well exposed and clearly sedimentary in nature. At the 
outcrop near the Penny Claim where this gradational relation
ship is seen, there is no evidence of the existence of the 
red monotonous sandstone or the salmon pink sandstone. This 
may be considered further evidence for their allochthonous 
nature, although the disappearance of such thick units might 
be explained by facies changes in a distance of less than 
three kilometers.

The upper quarter of the volcanic las tic unit is also 
sandy, with a few conglomerate lenses. The overall color is 
purplish brown to occasionally dark chocolate brown. The 
nature of the upper contact is not fully established, but 
this unit is generally overlain by the fine grained beds of 
the Amole Arkose equivalent. In many areas the contact is 
covered, with no outcrop at all for meters to a few tens of 
meters. Occasionally the purple conglomerate and olive sands 
are seen only a meter apart, but with no exposed contact. At 
the location of section A, sparse outcrops below the base of
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the measured section maintain the same structural orientation 
in an apparent gradational contact between the upper sands of 
the volcaniclastic unit and the lower olive sands. It is 
assumed that the olive unit or its associated arkoses follow 
depositionally the top of the purple volcaniclastics, with 
little or no disconformity. At this particular outcrop, 
there is only minor coarse conglomeratic sandstone 
interbedded with the fine grained olive sandstones.

There is little evidence useful for modelling 
depositional environments in this unit. The presence of 
large, angular clasts of mineralogically unstable, plagio- 
clase-rich volcanic rock suggests weathering and deposition 
in an arid climate. The poor sorting of the conglomerate 
suggests short transport and rapid deposition. Once again, 
alluvial fans and braided streams seem to be likely 
environments.

The total thickness of all units believed to be 
equivalent to the Recreation Redbeds is 2300 m, or 1600 m if 
the fine-grained monotonous red sandstone and salmon pink 
sandstone are not part of the sedimentary package.

Amole Arkose Equivalent
The Amole Arkose equivalent consists of two major 

subunits, the lower coarse arkosic sandstones, and the upper, 
olive to gray, fine grained sandstones, shales, and lime
stones. There is some interfingering between the two.
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Lower Arkosic Sandstones

Approximately two hundred meters of coarse and 
conglomeratic arkosic sandstones form the lower portion of 
the Amole Arkose equivalent. Color ranges from white to pale 
grayish orange (10 YR 8/4) to pink. No single continuous 
unfaulted sequence has been found, but at least one hundred 
meters of apparently continuous sequence has been seen, and 
perhaps 300 m or more would result if the various patchy 
outcrops were totalled. Grain size ranges from medium sand 
to granules, with common matrix-supported conglomerate 
lenses. Clasts are pebbles to small cobbles, and include 
quartzite, white vein quartz, chert, and purple igneous rock 
fragments, as well as sandstone and mudstone chips (Fig. 15, 
16). Many of the quartz clasts are well rounded, indicating 
long transport or multi-generation reworking, while the 
igneous clasts and sedimentary rock fragments are generally 
angular, indicating local sources. No cobbles have been 
encountered that clearly resemble the faulted cobbles of the 
basal conglomerate, so perhaps local uplift had not exposed 
it, or the faulting is a stratigraphically localized 
phenomenon which occurred after this unit was deposited.

Outcrops of this rock type are frequently faulted or 
poorly exposed, and none was selected as suitable for 
detailed measurement. Thickness estimates are based upon 
paced sections. Lithology remains fairly constant through 
any given exposure, so this unit is not further subdivided.



Figure 15. Pebbly sandstone.

Figure 16. Matrix-supported cobble conglomerate.
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Figure 16. Matrix-Supported Cobble Conglomerate
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One exposure which is apparently low in the sequence 

contains pink to light grayish red sandstones which resemble 
those of the purple volcaniclastic unit. Higher in the unit, 
colors are more white to light orange, which is similar to 
the yellow and olive grays associated with the fine grained 
olive beds above. The main exposures of this unit are 
located in the west half of section 6, just north of the 
limestone ridge. Outside the main study area, a particularly 
well-exposed section of this unit may be found in Cocio Wash, 
in the NW quarter of S. 19 of T. 12 S., R. 9 E. Because of 
its remote location and lack of adjacent units, it cannot be 
placed in context.

Fine-Grained Olive and Gray Rocks
In gradational contact above the coarse arkosic beds 

is a sequence of at least 200 meters of dominantly fine
grained sandstone, interbedded with shales and thin 
limestones. The prominent color of these rocks is olive gray 
to yellow gray (5 Y 4/2-6/2-8/4) for the sands, but in some 
outcrops pink to grayish red is seen. Shales are medium to 
dark gray to olive gray, except for red in the same outcrop 
containing red sandstones, suggesting that the red is a 
localized secondary pigment alteration. The limestones are 
all medium to dark gray.

Most sandstones are fine-grained, well sorted, and 
flat-bedded, although ripples are not uncommon. The only 
other bedform in the fine-grained sands is a single set of
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tabular-planar cross-strata with an amplitude of 30 cm. 
Occasional cross-cutting channels of coarse to slightly 
pebbly arkosic sands have common trough cross-bedding. They 
clearly resemble the arkosic sands in the underlying unit, 
except for a yellower color.

On many weathering surfaces the exposed tops of the 
parallel laminated sands are covered with parting lineations. 
In several cases, a bed of 30 to 50 cm of flat laminated 
sandstone is terminated by a few centimeters of rippled sand, 
indicating currents waning from an upper into a lower flow 
regime. In one case where many planes of parting lineation 
are well exposed in a single bed, all lineations are 
extremely parallel, suggesting fairly rapid deposition by a 
single current event.

Interbedded with the fine sandstones are gray to 
olive and brown shales, totalling about half the 
stratigraphic thickness. In measuring sections, most covered 
intervals are assumed to be shale, although some good 
outcrops are present in the banks of arroyos (Fig. 17). Most 
shales are thinly bedded and fissile. They weather into 
piles of fingernail-sized chips, which are indurated enough 
to form part of the sediment load in adjacent dry washes.

Thin limestones are interbedded with the shales, 
forming no more than one percent of the stratigraphic 
thickness. Because they are resistant and most outcrops are 
nearly vertical, they often stand up as small ridges a few



Figure 17. Mixed sandstone, shale, and limestone outcrop.

Figure 18. Typical thin limestone.



34

Figure 17. Mixed Sandstone, Shale, and 
Limestone Outcrop.

Figure 18. Typical Thin Limestone
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centimeters above the surrounding shale surface, and so are 
easily spotted from a distance (Fig. 18). The limestones are 
medium to dark gray, and range in thickness from one to'ten 
centimeters, with one unusual outcrop being nearly a meter 
thick. Perhaps two dozen individual limestones are present. 
They offer the only marker beds among the various measured 
sections. With one exception, correlations are based upon 
number and spacing of beds, rather than distinctive 
individual characteristics.

Limestones are not distributed randomly within the 
overall lacustrine depositional sequence, but are found in 
distinct groups. Two to five limestones will be found within 
a stratigraphic interval of one to ten meters. Generally, 
little coarse sand is included. Silica nodules may be 
present, but not within or immediately adjacent to a 
limestone bed.

Most of the limestones are micritic, and many contain 
pelecypod shell debris. They are slightly fetid upon 
breaking, and more so with the addition of acid. Combined 
with the extremely fine-grained and flat-bedded sandstones, 
the limestones are compelling evidence for lacustrine 
conditions. They must represent occasional conditions of 
clear, calm water, with minimum clastic input. Outcrops are
too limited to allow any paleogeographic reconstruction of
the lakes, but the limestones may represent central lake 
areas which were free from terrigenous influx for significant
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periods. The algal laminated limestones and those with rich 
charophyte remains suggest shallow water on the order of 
centimeters to not more than a few meters.

The minimum thickness of 200 m is based on measured 
stratigraphic section A. North of the limestone ridge, 
discontinuous outcrop stretches about 3 km across most of 
section 6 and the south half of section 5. If this does not 
merely represent multiple repitition of the same 
stratigraphic interval, a thickness of 1000 m or more may be 
postulated.

Measured Sections
Within the Amole Arkose equivalent, six stratigraphic 

sections were measured with compass and tape. All are 
located on the geologic map (Fig." 19, in pocket). Section A 
is located south of the limestone ridge, in the upper plate 
of the thrust (Fig. 21). It is the thickest section. It 
contains less coarse arkosic sandstone than the others, and 
may represent a more distal portion of the lake. All other 
measured sections are north of the limestone ridge and below 
the thrust, in highly faulted and discontinuous outcrops. No 
section represents the complete stratigraphic sequence, but a 
single distinctive limestone (the "speckled limestone") is 
present in four of the five, making correlation possible. 
Sections B and C are located in a major dry wash north of the 
limestone ridge, and diverge up-section from a common base in 
two directions at a bend in the wash (Fig. 22).
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Sections D, E, and F are located in minor drainages 

on the steep northern flank of the limestone ridge (Fig. 23). 
They are parallel, about one hundred meters apart, and 
represent essentially the same stratigraphic interval. They 
are intended to show lateral variations in lithology and 
deposition. In general, they show little variation in basic 
rock type. Even in this short distance, faulting has made 
bed-to-bed correlation impossible, except for the frequent 
occurrence of the speckled limestone marker. No outcrop or 
series of correlatable outcrops could be found upon which to 
investigate lateral variations over a longer distance.

A composite stratigraphic section of the entire 
Mesozoic sequence (Fig. 24) was constructed using measured 
sections, paced sections, and thicknesses derived from mapped 
outcrop extent and orientation. It is not as precise as the 
measured sections, as it combines the maximum mapped or paced 
thickness of each unit described. There is no implication 
that the maximum figure for all units may be found at any 
single traverse. In fact, no traverse can be derived which 
covers all units in the correct stratigraphic order.
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CHAPTER 4

PETROGRAPHIC ANALYSIS

In the field, the sandstones fall naturally into five 
broad groups. These practical working divisions also form 
petrologic units which serve to differentiate rock types when 
studied in detail. The thin carbonates also have visible 
differences in the field which are confirmed by petrographic 
analysis.

Clastic and Igneous Rocks
The five natural divisions of sandstones noticed in 

the field are, in normal stratigraphic order: sandstones of 
the redbed unit; clean, very fine red sandstones of the 
allochthonous units; sandstones and conglomerates of the 
purple volcaniclastic unit; coarse arkosic sandstones; and 
fine-grained olive sandstones. These are distinguished in 
the field by stratigraphic position, color, associated 
lithologies, gross mineral composition, and grain size. Upon 
detailed thin-section analysis, the differences prove to be 
real and significant for classification purposes.

Sandstones of the Recreation Redbed Equivalent
The sandstones of the redbed unit are varying shades 

of white, pink, and light to medium red, with redder and 
darker color associated with finer grain size and increasing

43
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clay content. Grain size is highly variable, ranging from 
very fine to very coarse sand. The large-cobble conglomerate 
at the bottom of the section, and three or more small-cobble 
conglomerates above belong to this rock type, and grains of 
all intermediate sizes are found in the conglomerates. Sedi
mentary structures are rare in these sandstones, and consist 
of crude planar-bedding and occasional cross-bedding, and 
rare rippled surfaces. Most conglomerate exposures have a 
crude pebble stratification and some hints of imbrication.

Except in the basal unit, volcanic rock fragments are 
present throughout, increasing in concentration upward. 
Since this unit is gradational with the overlying volcani- 
clastic beds, this is to be expected. Presence of volcanic 
fragments is also highly dependent upon grain size, with 
highest concentrations in the very coarse sandstones and 
pebble conglomerates. Most of the volcanic clasts are very 
fine grained to felsitic, appearing almost like chert in thin 
section. Those samples selected for thin section analysis 
contained little quartz. However, field observations did 
include substantial quartz-bearing sandstone, particularly in 
the lower portions of the unit. Apparently volcanic activity 
began some time after deposition of the basal faulted-cobble 
conglomerate, and became more prominent with time, until the 
entire depositional system was flooded with volcanic debris, 
yielding the purple volcaniclastic rock unit.
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Volcaniclastic Sandstone and Conglomerate Unit

The purple volcaniclastic unit is the thickest litho
logic unit encountered in this study. It is almost entirely a 
light reddish purple to medium grayish purple conglomerate, 
with interbedded sandstones and volcanic rocks. In places, 
there is a complete transition from volcanic flow, to 
weathered volcanic, to reworked and transported volcanic 
conglomerate, to volcaniclastic sandstone, with no clear 
boundaries between rock types. Grain size ranges from fine 
sand through large cobble conglomerate, with large pebble to 
small cobble conglomerates dominant. Bedding is very poor. 
The coarser rocks show bedding only in occasional vague 
imbrication and overall outcrop pattern. The sandstones have 
planar bedding and small cross beds, usually highlighted by 
heavy mineral concentrations. Bedding is discontinuous, and 
grain size changes are abrupt, with frequent lensing of beds.

Petrographically, the sandstones are very similar to 
those of the redbed unit. Volcanic rock fragments dominate. 
Opaque minerals are common, and many of the volcanic frag
ments are nearly black with magnetite and hematite. In the 
coarser fragments, volcanic textures are easily seen, and 
plagioclase phenocrysts altered to sericite are common. Some 
fine- to medium-grained sandstones are well sorted and 
moderately rounded, with quartz as high as 80 percent of 
total grains. One population of rock types plots nearly 
along the quartz-feldspar side of the QFL triangle (Fig. 21).
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Figure 25. Quartz-Feldspar-Lithic Triangular diagram.
Composite diagram including all sandstones studied. 
Sandstone point-count data have been normalized to 
Q+F+L=100%.
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These are generally the finer-grained sandstones, 

while the coarse and conglomeratic rocks plot nearly in the 
lithic fragment corner of the triangle. The is little to 
differentiate the sands of these first two units on the QFL 
diagram. They are by far the most variable of the sandstone 
types, with individual samples falling all over the triangle, 
avoiding only areas of greater than 80 percent quartz and the 
purely feldspar corner.

The QFL diagram would seem to indicate that the 
sandstones of the redbed unit are more lithic than those of 
the volcaniclastic unit. This is due to an unrecognized bias 
during the collection of samples. In the dominantly fine
grained redbed unit, sandstones for analysis were selected 
from the coarser-grained outcrops, while in the very coarse 
volcaniclastic unit, samples were selected from the finest- 
grained sandstones. All sandstone samples which plotted near 
the lithic pole of the diagram were coarser than those near 
the Q-F side, regardless of lithologic unit. It does not 
appear that there is any significant difference in 
composition between the sandstones of these two units.

Very Fine Red Sandstones
The unit containing the monotonous red fine-grained 

sandstone and the salmon-pink sandstone does not fit neatly 
into the stratigraphy of the overall section, as no sediment
ary contacts are seen. This, combined with evidence of 
thrust faulting within the fine red unit, leads to the
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possibility that this is an allochthonous sliver, with no 
genetic relation to the surrounding units. Petrographically, 
these rocks are also unusual. Quartz forms 84 to 100 percent 
of total grains in each of the three samples counted. Grain 
size ranges from coarse silt to fine sand, and sorting is 
very good. The silts are subangular to subrounded, while the 
fine sand grains are moderately rounded. The siltstones are 
heavily calcite-cemented, and contain substantial sericitic 
matrix in some cases. Grains may be either touching or 
floating in cement and matrix. Corrosion of quartz by 
calcite is common, and much original grain material must have 
been replaced by calcite to account for the frequent lack of 
grain contact. The salmon colored sandstone is cemented by 
quartz overgrowths, the only sample in the entire study which 
had this type of cement.

Coarse Arkosic Sandstones
The coarse arkosic sandstones are found above the 

purple volcaniclastic unit, at the base of the Amole Arkose 
equivalent. They range in color from white to light orange 
and pink. They are almost always pebbly sands to true con
glomerates. Most beds are lensoidal, with common basal 
conglomeratic portions. Large clast types include quartzite, 
chert, fine sandstone, mudstone chips, and fragments of the 
underlying purple volcanic unit. Similar coarse sands, 
usually lacking larger cobbles, are found within the over- 
lying fine olive sands.



49
Quartz makes up 44 to 73 percent, and averages 56 

percent of total grains, with most of the balance being 
feldspar. In clearly identifiable grains, potash feldspar 
strongly dominates plagioclase, but in most samples over 
half, and in one case 85 percent of the total feldspars were 
so strongly sericitized that original composition was unrec
ognizable. Potash feldspar was recognized by staining, while 
grains with any hint of polysynthetic twinning were identi
fied as plagioclase. Lithic fragments were absent in half 
the samples, and made up from 2 to 23 percent of grains where 
present. The difference in lithic content is generally con
trolled by grain size, with only coarse to very coarse and 
pebbly sands containing these grains. Sericitic matrix is 
present in quantities ranging from 2 to 16 percent of the 
total rock. Calcite cement is always present, but is highly 
variable, ranging from 1 to 22 percent of the slide area.

When plotted on the QFL triangle, these sandstones 
form a discrete population just above halfway up the Q-F 
side, and spreading from there directly toward the lithic 
pole.

Fine Olive Sandstones
The fine-grained sandstones and their associated 

interbedded shales make up the bulk of the Amole Arkose in 
the Waterman Mountain study area, and lie generally above the 
coarse arkosic sands. They are mostly planar-bedded, with 
occasional ripple stratification. Bedding is usually thin.
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and the beds are often cut by channels filled with coarse 
arkosic sandstone. The fine-grained sandstones are usually 
olive gray in color, but may be a light rusty orange. In one 
area, they are grayish red, but this seems to be a secondary 
oxidation color of a rock that is otherwise identical to the 
normal olive sandstone. Grain size varies from coarse silt 
to occasional medium sand, but is dominated by very fine to 
fine sand. Sorting is normally fair to good, and most grains 
are subrounded to subangular, with some of the finer samples 
being angular.

Quartz comprises 53 to 85 percent, and averages 69 
percent of total grains, with the rest being feldspar, except 
for two of seventeen samples which contained 1 and 3 percent 
lithic fragments. Where feldspar type is identifiable, 
potash feldspar strongly dominates plagioclase. In all 
cases, however, much of the total feldspar is totally 
sericitized. In most cases about two thirds, and 
occasionally over 90 percent, of the total feldspar is 
unidentifiable. Most lithic fragments are fine sandstones 
and mudstone chips. Sericite matrix is present in most 
samples, and ranges from 1 to 12 percent. Calcite cement is 
always present, in quantities from 9 to 38 percent of total 
slide area. In samples with more than 20 percent or so total 
calcite cement, many of the grains are virtually floating in 
cement. Corrosion of quartz grains is common, and a replace
ment origin of the calcite is evident.
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Limestones

The thin limestones are generally two to ten centi
meters in thickness, and average 4 to 6 cm. They are medium 
to dark gray, and of consistent thickness along strike. They 
are the most traceable beds in the entire study area, fre
quently running for tens of meters along strike, which is 
about the maximum outcrop extent in the Amole Arkose equiva
lent. In the field, they may be divided into five 
categories: structureless micrites, banded and laminated
micrites, fossiliferous wackestones and packstones, limestone 
conglomerates, and a singular bed characterized by white 
blebby patches, useful as a correlation marker.

Structureless Micrites
The structureless micrites range from totally struc

tureless on the scale of a thin section, to vaguely banded on 
a scale of millimeters. They are a dark gray micrite, with 
occasional microspar and rare coarser sparry calcite patches. 
Most contain pelecypod valves, which are usually single or 
broken, but may be found articulated. The shells are 
recrystallized to coarse spar. Most of these rocks contain 
quartz silt grains, but in volumes less than one percent. 
Occasional larger allochems are found, including sand grains, 
micrite intraclasts, and vague darker patches that resemble 
pellets.

The source of the micrite mud is not known. Given 
the size and good preservation of the pelecypod shells, it is
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not likely a mechanical abrasion product. It may be a direct 
precipitate from the water, or it may be a disaggregation 
product of an unknown primary carbonate concentrating 
organism. The charophyte algae would be a reasonable 
candidate for this micrite producer, as their calcified stems 
and oogonia may disaggregate to form considerable volumes of 
micrite. It should be noted, however, that no charophyte 
remains are found in any of the structureless micrites.

Laminated and Banded Micrites
The laminated limestones are generally the thinnest 

encountered, with some as thin as one centimeter, and few 
over three or four cm. Commonly, several thin laminated 
limestones are found separated by shales in an interval of 
less than half a meter. The laminated limestones are less 
fossiliferous than the structureless micrites, but pelecypod 
valves are present in some samples. Some are slightly silty. 
Several samples have micro-stylolites with concentrations of 
dark organic material.

Algal-laminated limestones are characterized by 
alternating color bands varying from 200 microns to two 
millimeters in thickness (Fig. 26). In any given sample, the 
thick dark bands are about half to two-thirds the thickness 
of the light layers. The color contrast between light gray 
and medium to dark gray layers is usually striking and 
abrupt. Individual laminae may be continuous for several 
decimeters in the field, but many are broken and



53
discontinuous on a scale of centimeters. The overall 
impression is that once-continuous layers were cracked and 
separated while only partly consolidated. Both light and 
dark bands are composed of structureless micrite. These 
micrites are undoubtedly of algal origin, and may be 
considered algal laminates. They resemble the algal 
laminated rocks that would be considered supratidal in a 
marine setting. Because no tides can be postulated in a 
lacustrine setting, these are assumed to have originated on 
very shallow wave-washed flats, or just above the shoreline, 
where blue-green algae could grow and bind the carbonate 
sediment. The regular lamination seems to record some type 
of cyclicity. It is unknown whether this reflects an annual, 
seasonal, or some other periodic variation.

The banded micrites are clearly different from the 
algal-laminated rocks. In these, the banding is thicker and 
less distinct (Fig. 27). Banding is on a scale of several 
hundred microns to one centimeter. Banding which is evident 
to the naked eye almost disappears under the microscope, 
because color change is so gradual. Bands are continuous in 
outcrop, usually a few meters. No pelecypods are seen. In 
one sample, a vaguely clotted texture is suggestive of 
pellets. These rocks may be the result of slow fallout of 
micrite sediment in very calm standing water. There is no 
evidence of algal binding of sediment, yet this fine material 
could have been redistributed by minimal current energy.



Figure 26. Algal-laminated limestone. 
Scale bar = 2 cm.

Figure 27. 
Scale bar

Banded limestone. 
2 cm.
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Figure 27. Banded Limestone
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Pelecypod Packstones and Wackestones

Only a few outcrops of pelecypod packstones and 
wackestones are present, in units up to ten centimeters 
thick. They are usually a very light to light gray (Fig. 28, 
29). Broken pelecypod valves form the bulk of the rock 
fabric, with both micrite matrix and coarse sparry cement 
present. Fine quartz sand is occasionally included. The 
pelecypods are totally recrystallized, and very rarely whole 
or articulated. The valves are generally well packed in a 
subhorizontal orientation. The overall coarse grain size and 
oriented packing suggests a moderate-energy environment. No 
outcrop is large enough to establish overall bed dimensions, 
but these may be lenticular bodies representing wave-built 
bars in shallow water. No outcrop was found in a continuous 
sequence suitable for measurement.

Limestone Conglomerate
One isolated outcrop consists of a dark greenish-gray 

sandy micrite-pebble conglomerate. Well rounded subspherical 
micrite clasts are randomly mixed with quartz and occasional 
potash feldspar sand grains, and cemented by coarse sparry 
calcite. The random fabric and excellent rounding of the 
clasts suggests some transport of moderately indurated 
micrite rip-up chips, rather than immediate resedimentation. 
Perhaps a micrite lake bottom was subaerially exposed, dried, 
and cracked, and then reworked by waves as the water level 
rose again.



Figure 28. Pelecypod wackestone. 
Scale bar = 2 cm.

Figure 29. Pelecypod packstone 
Scale bar = 2 cm.
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Figure 28. Pelecypod Wackestone.

Figure 29. Pelecypod Packstone.
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Speckled limestone marker bed

This extremely distinctive limestone has been recog
nized in at least four outcrop localities, and is the only 
bed useful for field correlation between sections. It is 
usually about 15 centimeters thick, and is a medium to dark 
gray, with a thin rusty brown stain at top and bottom (Fig. 
49). It contains up to 40 percent white nodules of coarse 
calcite spar. They range from less than a millimeter to 
several centimeters in size. Their subrounded, blebby shape 
suggests the shape of sabkha anhydrite nodules. The coarse 
sparry calcite in an otherwise micritic rock suggests a 
mineral replacement or cavity filling origin, because there 
is no evidence of recrystallization out in the surrounding 
micrite. If these nodules do in fact represent calcite 
replacement of earlier gypsum or anhydrite, as seems reason
able, this is evidence for occasional hypersaline, evaporitic 
conditions, perhaps as the lake evaporated and reached 
virtual playa conditions. Beyond this, however, there is no 
reason to believe the lake normally experienced conditions of 
extreme salinity.



CHAPTER 5

SEDIMENTARY STRUCTURES

Only a few sedimentary structures are commonly 
encountered in the study area, and most of these are caused 
by variations in depositional flow regime. Planar lamina
tion, ripple stratification, and cross bedding are common in 
the sandstones.

Planar Lamination
Most of the fine-grained sandstones of the Amole 

Arkose equivalent exhibit parallel planar lamination. 
Quantitatively, planar bedding is much more important than 
rippled bedding in the fine sandstones. Individual beds are 
from a few centimeters to a meter in thickness, with lamina
tions on the order of one grain thickness to several 
centimeters. Some laminations are highlighted by the 
increased presence of heavy minerals, but generally the lam
ination is due to grain orientation and sorting (Fig. 30, 
31). In selected sands, mica is concentrated on bedding 
planes. The plane bedded sandstones usually part easily, 
often revealing ubiquitous parting lineations on the exposed 
surfaces. In several outcrops where weathering is particu
larly favorable, a number of parting planes are revealed, all 
with parallel parting lineations (Fig. 32, 33).

58



Figure 30. Planar lamination.
Diameter of film canister top is 3.5 cm.

Figure 31. Planar and low-angle lamination.
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Figure 31. Planar and Low-Angle Lamination



Figure 32. Parting lineation.
Field of view approximately 1.5 meters wide.

Figure 33. Planar-laminated bed capped by ripple surface.
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Figure 32. Parting Lineation.

Figure 33. Planar-Laminated Bed Capped by
Ripple Surface.
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Parting lineations are generally accepted as being a 

result of deposition under lowest upper flow regime 
conditions (Allen 1964, Leeder 1980, McBride and Yeakel 
1963), although there is a possibility that low flow regime 
may be indicated (Potter and Pettijohn 1977, p. 89). Most 
studies have shown, however, that in fine-grained sands, the 
lowest current velocities that will transport bed load will 
immediately begin to form ripples (Mantz 1978, Southard and 
Boguchwal 1973). Commonly, parting lineations are formed^by 
deposition on beaches and on large fluvial sand bars.

The common occurrence of unidirectional parting lin
eations on many bedding planes indicates that sand bodies up 
to a meter thick were deposited by a single current event of 
uniform current velocity and direction. In several cases, a 
bed of thin laminated sand is capped by a rippled layer a few 
centimeters thick, suggesting a waning current which dropped 
into the ripple forming portion of the lower flow regime. 
Individual laminated sand beds up to a meter in thickness are 
separated by shale intervals up to one or two meters thick. 
These shales are typically dark gray to olive gray, fissile, 
and somewhat calcareous. The shale units may each represent 
hundreds or thousands of years of normal lacustrine deposi
tion, while the interbedded sands suggest periodic flooding 
of the system with large quantities of sand and high energy 
for a period of perhaps hours to days.
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Ripple Stratification

Ripple stratification of the fine sandstones is con
siderably less common than planar lamination. As mentioned 
above, it occurs at the top of laminated beds, but this is a 
volumetrieally small occurrence (Fig. 34, 35, 36). Some 
beds, from a few centimeters to over a meter thick, are 
entirely ripple-laminated. This commonly takes the form of 
climbing ripples, indicating a continued sand input under 
conditions of moderate unidirectional current (Fig. 37). As 
with the planar laminated beds, ripple beds are normally 
bounded by laminated gray shale. The only difference between 
the two types of sand bed seems to be in the depositional 
flow regime, due either to different current velocity or 
water depth. Grain size and mineralogy are similar. Both 
types require the occasional input of large quantities of 
sand by unidirectional currents into an otherwise quiet shale- 
accumulating basin.

Cross-Bedding
Cross-bedding is present within several sandstone 

units, but is nowhere particularly common. In the lower 
sandstones of the Recreation Redbeds equivalent, trough 
cross-beds with thicknesses of one meter or so are present, 
but the sands are more commonly massive to crudely bedded. 
The extremely resistant, fine grained sandstone referred to 
as the salmon pink sandstone contains many small sets of both 
trough and tabular cross-beds, and a few sets up to two



Figure 34. Rippled surface.
Single rippled parting surface at top of planar- 
laminated bed.
Rippled surface approximately .5 meters high.

Figure 35. Ripple close-up.
Same ripple surface as illustrated above, with possible 
trace fossil meandering on surface.
Field of view approximately 20 cm wide.
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Figure 34. Rippled Surface.

Figure 35. Ripple Close-Up



Figure 36. Rippled parting surfaces. 
Ripple amplitude approximately 1.5 cm.

Figure 37. Climbing ripples.
Field of view approximately 25 cm wide.
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Figure 36. Rippled Parting Surfaces.

Figure 37. Climbing Ripples.
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meters thick and tens of meters long that may be indicators 
of occasional eolian depositional conditions.

Within the coarse arkoses of the lower Amole Arkose 
equivalent, trough cross bed sets up to two meters thick are 
relatively common. These sands are commonly conglomeratic, 
with channel lag pebbles and cobbles in the lowermost portion 
of a given trough set. These probably represent braided 
stream deposition in an area not far from alluvial fans which 
contributed the large material. The similar coarse arkoses 
found with the fine-grained sandstone are generally less 
conglomeratic, but common pebbles and occasional cobbles are 
present in the bases of most units. These sand bodies take 
the form a cross-cutting channels incised into slightly older 
fine-grained sandstone deposits (Fig. 38). They are up to 
two or three meters thick, and may contain clasts of the 
subjacent fine sandstone, indicating that it was at least 
partially consolidated. These coarse channel deposits may 
represent occasional extensions of braided stream conditions 
out onto what was normally lake bed, or a least lake shore, 
during low stands of the lake.

A set of tabular-planar cross-beds in medium-grained 
sand is found in measured section C. It is surrounded by 
normal planar-laminated sandstone. Rather than grossly 
differing depositional conditions, it may represent a slight 
variation in grain size or current energy, resulting in a 
change of bed form (Fig. 39).



Figure 38. Arkose channel.
Coarse channel material cuts into planar-laminated, fine-grained sand.

Figure 39. Tabular-planar cross-bed set. 
Cross-bed set is 30 cm high.
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Figure 39. Tabular-Planar Cross-Bed Set
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Silica Nodules

Within the shales associated with the fine-grained 
olive sands, a number of beds contain septarian silica 
nodules. These are generally rounded in plan view, with 
dimensions from five to fifty centimeters. Thickness varies 
from three to fifteen centimeters. The most common form 
resembles a Danish pastry in size and shape (Fig. 40, 41). 
The largest nodule recovered whole is 40x28x19 centimeters, 
and weighs 25.5 kilograms. It is apparently a broken remnant 
of a nodule that may have weighed as much as 40 kg. Nodules 
are preferentially located along specific bedding planes, 
although several of these planes are commonly found within a 
few meters of section. On certain particularly rich planes, 
a nodule may be located every meter or two. The best 
accumulations occur in beds that are now nearly vertical, 
where the resistant nodules weather out to stand in high 
relief above the surrounding shale (Fig. 42). The nodules 
are composed of argillaceous microcrystalline silica, with 
coarse sparry calcite filling the septarian cracks.

The surrounding sediments are compacted beneath and 
arched .above the nodules (Fig. 43). This indicates early 
formation and lithification, rather than a later replacement 
origin. The common occurrence of bedding planes rich in 
nodules suggests that they formed during occasional periods 
of favorable geochemical conditions, either on the lake floor 
or during very shallow burial, before the lithification of



Figure 40. Septarian silica nodule. 
Scale bar = 2 cm.

Figure 41. Silica nodule cross-section. 
Scale bar = 2 cm.
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Figure 40. Septarian Silica Nodule.

Figure 41. Silica Nodule Cross-Section.



Figure 42. Large silica nodule in place.

Figure 43. Double nodule in place.
Stacked nodule configuration is not uncommon, 
clear compaction and arching of surrounding beds.
Lower nodule approximately 12 cm long.

Note
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Figure 42. Large Silica Nodule in Place.

Figure 43. Double Nodule in Place.
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surrounding sediment. The sediments containing nodules and 
limestones appear similar, but no limestones are found within 
several meters of the most significant nodule beds.

Similar nodules are found in the Amole Arkose in the 
Tucson Mountains (Showalter 1982). Based on my brief visit 
to the area, they apparently rarely exceed fifteen or twenty 
centimeters in maximum width, and are not as flat as these.

Numerous nodule beds can be found at measured 
sections A and C, but the best location is immediately south 
of the small road at the center of the south half of section 
5. The olive-gray color of the soil or outcrop is usually a 
good indicator of nodule beds.



CHAPTER 6

PALEONTOLOGY

As is commonly the case in continental deposits, few 
fossils are found in the Mesozoic rocks of the Watermans, and 
these are of little value in age determination, although they 
are somewhat useful for environmental interpretation. All 
the fossils in the section are found in the thin limestones. 
Only mollusks and charophyte algae stems are identifiable. 
Although not strictly fossils, oncolites are discussed here 
as well.

Several shale samples were collected, processed, and 
examined for pollen by Dr. Owen K. Davis of the University of 
Arizona. No palynomorphs were found, and at his suggestion, 
the search was abandoned.

Mollusks
Small pelecypod shells are the most common fossil 

remains encountered. These are found firmly cemented in the 
gray limestones. They are commonly one and occasionally two 
centimeters in length, and may be concentrated in a pack- 
stone of disarticulated valves. Less commonly, whole 
articulated shells are found isolated in a micritic matrix. 
The shells are entirely recrystallized to coarse sparry 
calcite. Perhaps one third of the limestones have some
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evidence of pelecypod material, and it is very common in 
twenty percent or so of the beds.

The fossil packstones may represent death assemblages 
of contemporaneous organisms, or they may be stratigraphic 
concentrations of many generations of individuals. It is not 
unreasonable to believe they may represent death assemblages 
of organisms which flourished under occasional extremely 
favorable growing conditions, and which died en masse as 
conditions changed. The two most common groups of modern 
nonmarine pelecypods, the Unionacea and the Pisidiidae, are 
known to reach concentrations as great as 2600 individuals 
per square meter of bottom (McCall and Tevesz 1982).

Charophytes
One outcrop of unusually thick and resistant lime

stone contains large concentrations of charophyte stems. The 
Charophyceae are a class of unusually advanced green algae, 
which may be transitional with the vascular plants. They are 
excellent indicators of fresh-water environments, although 
some modern records from brackish localities are known. Many 
genera have calcified stems and oogonia, which may accumulate 
to form large quantities of sediment. They are particularly 
common in clean, hard water lakes, where thay may form dense 
stands in water up to several meters deep. Charophytes grow 
upright with branching stems, and generally resemble the 
higher plants in gross habit. A charophyte biostratigraphic 
zonation has been worked out for the Cretaceous of Western
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North America (Peck 1957). Specific identification of 
charophytes requires the preservation of the oogonia, or 
reproductive cysts. At this locality, only the stems are 
preserved (Fig. 44). The outcrop is isolated in bajada 
alluvium. No adjacent beds are seen, and it cannot be placed 
in the context of the measured sections.

Oncolites
The same gray limestone unit which contains 

charophytes is even more noteworthy for its concentration of 
oncolites. These are almost spherical, and range in size 
from simple coated sand grains, up to 13 cm in diameter (Fig. 
45, 46, 47). Those most commonly seen at the outcrop are 3 
to 6 cm across, and frequently weather out whole, leaving the 
impression of a ground surface littered with walnuts. A few 
specimens, show growth on one side only, suggesting a period 
of in-place or stromatolitic growth, but most are formed of 
totally concentric layers (Fig. 48). Individual layers are 
rarely as thick as one mm, and are made up entirely of 
micrite. The unusually perfect sphericity of these oncolites 
is not typical of most nonmarine oncolites reported in the 
literature.

The conventional reasoning, as first explained by 
Logan, Rezak, and Ginzburg (1964), is that oncolites are 
simply a detached form of stromatolite, with a sub-spherical 
shape maintained by nearly constant agitation under water. 
Fresh-water oncolites from northern temperate lakes are often



Figure 44. Charophyte stem fossils.

Figure 45. Silicified oncolites.
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Figure 44. Charophyte Stem Fossils.

Figure 45. Silicified Oncolites.



Figure 46. 
Scale bar

Oncolites with sandstone cores. 
2 cm.

Figure 47. Oncolites in sandy limestone. 
Scale bar = 5 cm.
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Figure 46. Oncolites With Sandstone Cores.

Figure 47. Oncolites in Sandy Limestone.



Figure 48. Large oncolite. 
Scale bar = 2 cm.

Figure 49. Speckled limestone.
This limestone is so distinctive that it may be used as 
a correlation marker. See text page 57.
Scale bar = 2 cm.



Figure 49. Speckled Limestone.
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flattenned, rather than spherical, and show little evidence 
of overturning (Jones and Wilkinson 1978). Recent nonmarine 
oncolites are often soft and spongy, chalky, or fenestrate 
(Von der Borch et al 1977). Oncolites are evidence of 
trapping and binding of carbonate sediment by blue-green 
algae, and do not indicate algal production of carbonate.

It is hard to visualize the excellent concentric and 
spherical form of these oncolites as being due to any process 
other than constant agitation, yet the size of the largest 
specimens would not seem to support this. The sparsity of 
published work on ancient nonmarine oncolites makes it 
difficult to find any other similar occurrences.

Trace Fossils
A few cryptic structures are encountered which may be 

trace fossils. These take the form of short, wandering, and 
occasionally simply branching surface traces, found on fine
grained, rippled sandstone surfaces (Fig. 35). They are 
thought to represent trails of feeding epifauna. No vertical 
burrows have been found. No trails are found in the planar 
bedded sandstones, which helps to verify the upper flow 
regime origin of the planar beds. Only when currents had 
waned enough to form ripples, and then for deposition to 
cease entirely, could organisms travel on the bottom. Plant 
impressions are found near the possible trace fossils, 
suggesting a shallow or emergent sediment surface.



CHAPTER 7

STRUCTURE

Most of the Recreation Redbed equivalent section is in 
a single structural orientation, with a northwesterly strike 
and dipping nearly vertical to the south. This entire block 
rests upon Permian limestone, which is in thrust fault con
tact with the Amole Arkose equivalent. The Amole Arkose 
equivalent is broken into many fault blocks of varying orien
tation, and contains several small folds. Because individual 
outcrops are so small, the relationship between faults and 
folds is not clear.

Faults
The most important fault in the immediate study area 

is the thrust fault on the north side of the limestone ridge 
which runs across section 6. It places a thin wedge of 
Permian Concha limestone above the Amole Arkose equivalent 
and a small portion of red siltstone and purple volcani- 
clastic of the Recreation Redbeds equivalent. The Permian 
limestone is hardly deformed, except for a meter or so of 
brecciation right at the fault. The nonresistant red 
sediments immediately below the fault are poorly exposed, so 
the extent of their deformation is unclear. The strati
graphic repetition of this fault is approximately 2000 
meters, counting just the Recreation Redbeds equivalent
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(exclusive of the allochthonous units) and a portion of the 
Amole Arkose equivalent. A similar limestone ridge is found 
1 km north in section 31, and may represent an analogous 
fault.

At least two or three more low-angle faults are 
postulated in the redbed sequence to explain several isolated 
limestone blocks which are tens of meters long and several 
meters thick, undeformed, and superficially conformable 
within the redbed sequence (Fig. 9). The .units of fine
grained structureless sandstone and the salmon pink sandstone 
show no depositional relationship to the other lithologic 
units of the sequence, and may be within an allochthonous 
block bounded by thrust faults. Since a thrust relationship 
cannot be proven, a general fault symbol is used on the 
geologic map (Fig. 19).

The redbed sequence and the limestone ridge are 
offset by cross faults, nearly perpendicular to strike, with 
apparent horizontal offset of tens to a few hundred meters. 
Beds terminate abruptly at the faults, with no significant 
deformation in most cases. Often the faults themselves are 
covered by alluvium, and best found on the air photos. 
Adjacent faults may exhibit opposite sense of movement, so 
that a horst and graben system is revealed if the steeply- 
dipping beds are restored to horizontality. Most, however, 
have an apparent left-lateral offset in their present 
orientation. Restored to horizontality, this becomes a
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series of stepped normal faults with the southeast side 
consistently downthrown. There is no evidence of strike-slip 
movement.

The principal area of exposure of the Amole Arkose 
equivalent is just north of the limestone ridge, below the 
major thrust fault. In this area- dip and strike change 
rapidly, although only a few faults are seen directly (Fig. 
50). This area is assumed to be highly block faulted, but 
folding may be important as well. Nearly all outcrops are 
rapidly lost under alluvial cover. Stratigraphic sections B 
and C, which start from a common base, show a loss of section 
of nearly forty meters in B, although faulting was not 
obvious on first inspection.

It seems significant that the rocks just below the 
major thrust are much more deformed than those above. This 
probably represents deformation in advance of the approaching 
thrust sheet.

Folds
Within the study area, outcrops are small enough that 

complete folds are rarely seen. At the largest continuous 
outcrop of the Amole Arkose equivalent, represented as 
stratigraphic section A, dip and strike remain reasonably 
uniform through 200 meters of section and for a similar 
distance along strike. In the principal area of redbed 
outcrop, strike and dip are consistent for a distance of 2 km 
along strike. Two small but striking folds were observed
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within the Amole Arkose equivalent north of the limestone 
ridge, but both are lost under alluvial cover within a few 
meters, and could not be traced (Fig. 51).

Unconformities
In the Tucson Mountains, the Amole Arkose is some

times conformable and even interbedded with the Recreation 
Redbeds (Mayo 1966a), but elsewhere an angular unconformity 
is seen (Risley 1983). Minor unconformities and diastems are 
noted within the Amole Arkose (Mayo 1966a). In the Waterman 
study area, the relationship between the two units is not 
entirely clear. At Section A, orientation of the purple 
conglomerate of the Recreation Redbed equivalent and the 
olive beds of the Amole Arkose equivalent is similar, and the 
outcrop pattern suggests a gradational change of lithology. 
In the wash just north of the limestone ridge, near the west 
line of section 6, the lower arkosic sandstones of the Amole 
Arkose equivalent contain clasts of purple volcanic and con
glomerate material, similar to the exposure at the Brown 
Mountain unconformity of Risley. At most outcrops where any 
relationship between the two is indicated, the Amole Arkose 
equivalent appears to rest in parallel upon the Recreation 
Redbed equivalent, but no conjecture can be made as to the 
extent of disconformity. Within the fine-grained deposits of 
the Amole Arkose equivalent, one small angular unconformity 
is seen (Fig. 52), but this exposure is of limited extent. 
It may represent local pencontemporaneous deformation.



Figure 50. Fault and fold.
This fault, which is now nearly flat-lying, cuts the 
beds at an angle of 45 to 60 degrees. The bend in the 
beds apears to be a drag fold.

Figure 51. Tight fold.
This impressive, tight fold is found about one hundred 
meters from the fault illustrated above. It is exposed 
in one bank of the principal wash in the area, and 
cannot be traced due to alluvial cover on the bajada 
flat. Height of junior field assistant approximately 
1.1 meters fully extended.
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Figure 51. Tight Fold
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Figure 52. Angular unconformity.
This small angular unconformity is the only structure of 
its type encountered. It is seen in one bank of a minor 
wash, and cannot be traced. Redrawn from a photo.



CHAPTER 8

SUMMARY AND CONCLUSIONS

The Mesozoic rocks at the south end of the Waterman 
Mountains are undoubtedly equivalent to the Recreation 
Redbeds and Amole Arkose of the Tucson Mountains. In 
addition, two lithologic units of unknown affinity, but 
presumably Mesozoic in age, are found within the Recreation 
Redbed equivalent unit.

Correlation and Age
The lower, largely red and purple colored unit is 

correlated with the Recreation Redbeds of the Tucson 
Mountains based upon lithologic similarity and stratigraphic 
position. The fact that it rests upon Permian limestone is 
evidence of Mesozoic age. The Recreation Redbeds are 
accepted as being of Jurassic age, and no new evidence is 
found in this study to change this interpretation. The 
similarities of color, bedding, and the purple volcaniclastic 
conglomerate are so great that the correlation is 
unavoidable.

The two red, fine-grained lithologic units referred 
to herein as the allochthonous units cannot be dated, strati- 
graphica1ly or otherwise. The may be members of the 
Recreation Redbeds equivalent, but the stratigraphic
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relationship is so uncertain, that no probable age or corre
lation is assigned. Their thickness, predominantly red 
color, and possible inclusion of eolian beds is circumstan
tial cause to regard them as Mesozoic, and probably older 
than Cretaceous, based on lack of similar units in the 
Cretaceous of the region.

The fine-grained, largely olive and gray unit is 
correlated without hesitation with the Amole Arkose of the 
Tucson Mountains. Numerous points of similarity, including 
lithology, character of bedding, occurrence of thin 
limestones, charophyte fossils, color, and silica nodules 
point to this conclusion. The only obvious difference is the 
greater degree of metamorphism in the Tucson Mountains.

Original depositional continuity is possible, but 
there may have been virtually identical fluvial and 
lacustrine environments in separate intermontane basins 
separated by several kilometers of intervening mountain 
range. There is more limestone in the Tucson Mountains, 
perhaps suggesting greater distance from clastic input, if 
the age is virtually the same. It is possible, however, that 
the increased limestone is due to the preservation of 
slightly younger beds in the Tucson Mountains, representing a 
more mature source area shedding less alluvial material into 
the basin.

This correlation necessarly implies a further 
correlation with the Lower Cretaceous Bisbee Group rocks to
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the southeast, in accord with generally accepted regional 
practice. As this uncohtrolled correlation, based virtually 
entirely on lithologic character, is extended further from 
datable marine beds, it becomes more tenuous. Nonmarine 
rocks in the Sierrita, Tucson, and Waterman Mountains 
may well represent deposition before, during, and after the 
Aptian-Albian marine transgression of southeastern Arizona.

Depositional Environments
All the rocks studied were deposited under 

continental conditions. The overall setting was a region of 
mountain ranges and basins, possibly, sometimes with internal 
drainage, and perhaps similar to the modern Basin and Range 
province.

The Recreation Redbed equivalent represents 
deposition in largely alluvial environments, consisting of 
alluvial fans, braided streams, alluvial valleys, and perhaps 
occasionally playa lakes. There is very little evidence of 
standing water, escept for a few sets of interference 
ripples. The extremely coarse and often poorly sorted 
material of the basal conglomerate and the purple 
volcaniclastic conglomerate is taken as evidence of alluvial 
fan deposition. The presence of large quantities of volcanic 
material throughout the unit suggests arid conditions. 
Extremely rapid shanges of grain size and bedding type may 
suggest intermittent water transport in ephemeral, or at 
least highly variable braided streams.
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The fine-grained red deposits suggest deposition in 

the valleys, out away from the coarse material of alluvial 
fans. The overall sequence suggests the development of 
alluvial fans along the mountain fronts at the beginning of 
deposition, soon giving way to the deposition of finer 
material as the highlands matured. Volcanism and the 
overwhelming input of volcaniclaStic materials may be 
associated with rejuvenation of the mountains to shed the 
coarse material of the purple volcaniclastic unit. The 
overall upward-fining character of the upper half of this 
unit may represent another episode of gradually maturing 
source areas, the destruction of unstable volcanic materials, 
and resumption of generally finer-grained deposition.

The overlying Amole Arkose begins with a new pulse of 
relatively coarse input, but clast size is smaller than that 
seen in the older beds. Perhaps a new, but less intense 
rejuvenation of the highland areas suplied coarse material 
and sufficient stream gradient to transport it. The coarse 
arkosic and conglomeratic lower member appears to be a 
braided-stream deposit. This fines upward and gives way to 
the thick gray and olive fine-grained upper member. Once 
fine-grained material began to dominate the system, only 
occasional coarse channels cut across, suggesting channel 
migration or occasional floding, rather than renewed input of 
coarse material from the highlands. No further pulses of 
coarse clastic input are seen.
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The fine-grained olive and gray rocks were deposited 

in lakes, lake margins, and adjacent low alluvial valleys. 
Only occasional evidence of high salinity is found, 
suggesting no long periods of internal drainage under arid 
conditions. The great accumulation of fine material may 
represent long periods of uninterrupted lacustrine 
conditions. Overall climate may well have been more humid 
during this depositional interval. The charophyte fossils 
suggest shallow fresh to brackish water and certainly not 
highly saline conditions. The general lack of fossils in the 
shales might imply that bottom conditions were inhospitable 
to life a good deal of the time. On the other hand, the rich 
charophyte bed and pelecypod-rich rocks suggest occasional, 
highly favorable living conditions. Because no overlying 
rocks are found, there is no way to guess how long these 
lacustrine conditions lasted, or how they were terminated.

Suggestions For Further Study 
The rocks of the Waterman Mountains should certainly 

be included in any attempted regional synthesis of Mesozoic 
geology. A detailed correlation with the Tucson Mountains 
might be attempted, but this would be an intricate process 
that would reguire techniques more sophisticated than mere 
physical correlation of measured sections. The sedimentary 
rocks of the Roskruge Mountains, and particularly the 
Comobabi Mountains should be reexamined and compared with 
those of the Tucson and Waterman Mountains. The red
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sediments between the Waterman and Silver Bell Mountains 
might be studied, but mineralization, faulting, and mine 
access would all tend to hinder progress. The presence of 
volcanic material within the Recreation Redbeds equivalent 
opens the possibility of isotopic dating and close age 
control of the unit.

The possibilities for paleontological study in the 
Amole Arkose equivalent have not been exhausted. Palynology 
might be possible, if enough shale intervals could be 
examined. The occasional rich pelecypod and charophyte 
accumulations suggest that the water might have supported 
populations of other organisms, such as ostracodes, which 
should be useful for stratigraphic dating. The occasional 
preservation of vertebrate fossils cannot be ruled out, 
although there is at this time nothing to suggest their 
presence.

Finally, the wide variety of structural complications 
in the study area suggest that it would be appropriate as a 
field trip or class excercise area, and might even support 
structural study at the thesis or dissertation level.
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