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ABSTRACT

Field studies were conducted in and samples of Mid- 
Tertiary volcanic rock were collected from the following 
areas; Tumamoc Hill, Del Bac Hills, Safford Peak, Roskruge 
Mountains, and the Samaniego Hills. Petrographic study in
dicates that the association of these Mid-Tertiary volcanic 
rocks is basaltic andesite, andesite, and rhyolite. The 
combination of petrographic study and the established geo
chronology of the rocks revealed a systematic variation of 
rock types with time. Both rhyolites and basaltic andesites 
occur between 28 m.y. to 20 m.y., andesites trending toward 
rhyodacites occur between 22 m.y. to 14 m.y. and basalts 
occur before and after the andesites.

Petrographic study and X-ray diffraction analysis 
show that the Upper Andesite and the Safford Peak Dacite are 
rhyolites. Further petrographic study establishes that gen
erally rocks termed basaltic andesites are characterized by 
iddingsite rimmed olivine set in a groundmass of plagioclase 
laths (An^g_gg), clinopyroxene and interstitial potash 
feldspar.

Petrologic interpretation of the petrographic 
studies shows that the Turkey Track porphyry and, because 
of their close association, the basaltic andesites were 
derived from a region having a pressure greater than 15

xii
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Kbars and a temperature greater than 1250°C. The fact that 
feldspar pheriocrysts are more alkalic than plagioclase in 
the groundmass of the andesites suggests that these rocks 
resulted from the contamination of silicic magma by a mafic 
magma.

Potassium-argon age determinations for a basalt and 
three andesites in the Samaniego Hills demonstrated that 
their ages are between 22 m.y. to 15 m.y.

Strontium isotopic analyses, rubidium and strontium 
determinations f and whole rock chemical analyses for the 
major rock forming elements provided data with additional 
petrologic implications. Strontium isotopic analyses and 
rubidium strontium data show that the basaltic andesites 
probably resulted from partial melting of a heterogeneous 
crustal source region. Interpretation of both petrographic 
and whole rock chemical data establishes that the depth of 
this source is on the order of 60 kilometers or possibly 
deeper.

Chemical analyses show that the andesites are a re
sult of a partial crystallization process which was inter
rupted at an early stage by contamination by a more mafic 
magma. Strontium isotopic studies indicated the contaminant 
was derived from the mantle. Interpretation of the chemical 
analyses and petrographic observations suggests that the 
andesitic magma could have been obtained from a source



xiv
similar to that of the basaltic andesites but at a water 
pressure in excess of 10 kbars.

Interpretation of chemical analyses suggests that 
the rhyolites also result from a partial crystallization 
process. Strontium 87/86 initial ratios of 0.7085 suggest 
a deep crustal derivation for the rhyolitic magma with 
little or no contamination from superficial crust.



CHAPTER 1

INTRODUCTION

The Nature of Previous Geologic Studies 
Volcanic rocks which crop out in mountain ranges 

of the Basin and Range Province in Arizona have been the 
subject of numerous geologic studies. These studies have 
been mainly concerned with the descriptions of these rocks 
in terms of petrography, gross structural relationships f 
and chemistry. The goals of these investigations have been 
to interpret the data with regard to mechanisms of eruption 
and possible correlation of volcanic formations from one 
area to the next.

In recent years, the most significant and defini
tive studies have been the determination of the apparent 
radiometric ages of these volcanic rocks. These geochrono- 
logic studies have resulted in the demonstration that 
magmatism in the Basin and Range Province is episodic. 
Figure 1 is a histogram showing a result of these studies. 
Details of its construction can be found in Appendix I.
The various aspects of a similar histogram have been dis
cussed by Damon and Mauger (1966). It is obvious that the 
distribution defines two peaks; one corresponding to Lara- 
mide magmatism and the second to the time encompassed by

1
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Figure 1. Histogram of Late Cretaceous—Cenozoic K-Ar dates for hypabyssal 
piutons and volcanic rocks of the Basin and Range Province.



3
the Oligocene and Miocene epochs. Volcanic rocks whose 
ages can be defined as belonging to this Mid-Tertiary age 
distribution are the subject of this study.

Prior to geochronologic studies, geologists were 
unable to determine with certainty whether a volcanic for
mation was of Cretaceous, Oligocene, Pliocene or some other 
age. However, good descriptions of rocks subsequently dis
covered to be of Mid-Tertiary age are available, especially 
for rocks of the Tucson Mountains. Guild (1905) discussed 
the general petrography of andesites and basalts from the 
Tucson Mountains. The first geologic map of the Tumamoc 
Hill area was presented by Tolman (1909). In addition to 
reviewing Tolman's and Guild's work, Brown (1939) described 
andesites in the Safford Peak area. A more detailed geo
logic map and structural interpretation of the Safford Peak 
region was the result of field studies conducted by Imswiler 
(1959).

Recent work in the Tucson Mountain area has been 
geochronological and geochemical in nature, Percious 
(1968a, 1968b) has described in detail the basaltic flows 
cropping out in the Del Bac Hills, which had been described 
generally by Heindl (1959). The potassium-argon chronology 
of the Tucson Mountains has been established and discussed 
by Bikerman and Damon (1966),
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Studies of, similar detail and depth £or Mid- 

Tertiary volcanic rocks in areas surrounding the Tucson 
Mountains are generally lacking. Volcanic rocks in the 
Roskruge Mountains have been mentioned by Heindl (1960). 
Bikerman (1965, 1967, 1968) defined and described Mid- 
Tertiary basaltic and andesitic rocks in the Roskruge 
Mountains. Rocks of Mid-Tertiary aspect crop out in the 
Samaniego Hills area but practically no geologic work had 
been accomplished there. Although thorough descriptive 
studies have been done in adjacent areas by Watson (1964) 
and Briscoe (1967), only a structural reconnaissance study 
had been made of these hills (Feth, 1951).

Geochronologic research by many individuals and 
laboratories (see the list of references for Appendix I, 
for example) has shown that rocks of Mid-Tertiary age crop 
out in the Basin and Range Province in Arizona, New Mexico, 
Nevada, Utah, Southeastern California, and Sonora, Mexico.

Several studies discussing correlation of volcanic 
units from one locality to another have been published. 
Investigations by Taylor (1959) and Halva (1961) have at
tempted to correlate rocks on the basis of their chemical 
composition. Cooper (1961) pointed out the significance 
of the Turkey Track porphyry as a guide to correlation. 
Mielke (1964, 1965) attempted to define the trace element 
chemistry of the Turkey Track porphyry. A few correlation
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studies based on gross structural and stratigraphic rela
tions haye also been done (see for example, Sell, 1968),

To summarize briefly, in the Basin and Range 
Province there existed an episode of volcanism occurring 
during the Oligocene and Miocene epochs. Some of these 
Mid-Tertiary volcanic rocks have been described with regard 
to their petrography and trace element chemistry and at
tempts have been made to correlate them from one locality 
to another.

The Problem
From the preceding discussion it is clear that the 

criteria for a petrographic or comagmatic province have 
been met. The time constraint has been defined as the Mid- 
Tertiary magmatic epoch. Existence of rocks of this age 
over rather broad areas of Southern Arizona and the entire 
Basin and Range Province (see Appendix I) has been demon
strated. It is also clear that little research which places 
constraints upon the petrogenesis of these Mid-Tertiary 
volcanic rocks has been attempted. Thus, the goals of the 
research described here are to place limits on and gain 
insight into possible petrogenetic processes operative 
during the origin and emplacement of the magmas from which 
these rocks crystallized.
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Field Studies

The geographical location of the areas in which 
field studies were carried out is shown in Figure 2, Al
though other areas were visited, the field studies were 
primarily concentrated in the Tumamoc Hill, Del Bac Hills, 
Safford Peak, Roskruge Mountain, and Samaniego Hills areas. 
Aside from the fact that Mid-Tertiary rocks exist in these 
areas, they were chosen with regard for the amount of Mid- 
Tertiary stratigraphy exposed. Consideration was also 
given to their accessibility and proximity to the Geo
chronology Laboratories of The University of Arizona in 
Tucson, Arizona.

The Tumamoc Hill and Del Bac Hills areas were 
accessible via Mission Road, southwest of Tucson, The 
Roskruge Mountains can be reached by Arizona State Highway 
86, then by several unimproved ranch roads. Interstate 
Highway 10 provides the primary access route to the Safford 
Peak and Samaniego Hills areas. The former is reached by 
use of various county roads from the Cortaro Road exit and 
the latter is accessible via the Sasco Road at the Red Rock 
exit from Interstate Highway 10. The Silverbell and Avra 
Valley Roads as well as many unimproved county roads permit 
access to smaller outcrops of Mid-Tertiary volcanic rocks 
throughout the region.



7
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Figure 2. Location map of the area studied.
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0£ pEimasy concern in determining how many areas 

were to be studied was the general petrographic character 
of the Mid^Tertiary rocks in these areas. Rocks of Mid- 
Tertiary age were searched for that were petrographically 
different from those already known. Thus in choosing the 
areas, an effort was made to obtain a rock suite reliably 
representative of Mid-Tertiary volcanism, though not 
necessarily a complete representation.

The goals of the field work were (1) to determine 
which Mid-Tertiary volcanic formations crop out in each 
area and (2) to determine their proper stratigraphic rela
tionships. Geologic maps of a reconnaissance type were 
constructed but the primary field objective was not the 
collection of data for the drafting of a geologic map.
Most of the time spent in the field was in determining the 
Mid-Tertiary volcanic stratigraphy in the Samaniego Hills 
and the Roskruge Mountains. Forty-five days were spent in 
the field between July 1, 1967 and May 1, 1968.

The Tumamoc Hill, Del Bac Hills, and Safford Peak 
areas were selected because of reliable chronology and vol
canic stratigraphy had already been determined. The 
Roskruge Mountains area was chosen because Mid-Tertiary 
rocks have been found there. The Samaniego Hills locality 
was studied because it contained Mid-Tertiary formations 
not found in other areas and good outcrops permitted the
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volcanic stj-a.tigra.phy to be determined reliably, a sample 
of the Mid^Tertiary Ragged Top rhyolite was collected be
cause of its age and petrographic dissimilarity from other 
Mid-Tertiary rocks found.

Laboratory Studies
Standard thin section and microscope techniques 

were employed to describe the petrography of the volcanic 
rock samples collected. Over 100 thin sections were cut and 
examined. Examination of the rocks in thin section per
mitted evaluation of the extent to which secondary processes 
may have altered their chemical composition and permitted 
some petrologic conclusions to be deduced. Rock samples 
having no alteration were then submitted for chemical and 
strontium isotopic analysis. Chemical analyses of rock 
samples for selected trace and major rock forming elements 
were obtained using X-ray fluorescence spectrometry.
Special attention was paid to possible matrix effects 
which may influence the accuracy of chemical analyses ob
tained by this technique. X-ray diffractometer analyses 
were also used to evaluate the mineralogy of the groundmass 
of many of the rocks studied.



CHAPTER 2

VOLCANIC STRATIGRAPHY 

Tumamoc Hill Area
The geologic history of the Tumamoc Hill area has 

been discussed by Tolman (1909). The description given 
here differs in that Mid-Tertiary stratigraphy is empha
sized. Figure 3 is a geologic cross section through the 
Tumamoc Hill area which shows the stratigraphed relations 
between the formations which crop out there. The Mid- 
Tertiary sequence consists of interbedded volcanic and 
sedimentary units which have conformable or only slightly 
unconformable relationships to each other. Because of 
roadcuts and quarrying operations, contact relationships, 
which would otherwise be covered with talus, can be seen 
clearly. Thus the stratigraphic sequence can be reliably 
determined. Taken as a group, the entire Mid-Tertiary 
stratigraphic section rests unconformably on Cretaceous (?) 
and/or early Tertiary igneous rocks and dips 15 to 20 de
grees to the N 30°E,

One of the igneous rocks cropping out beneath 
Tumamoc Hill is the Shorts Ranch andesite, dated by Biker- 
man and Damon (1966) at 56.8 ± 1.7 m.y. At ’’A” Mountain,

10



11

m□
■
EZ)□
W i

Tum am oc H ill basaltic andesite 

T u ff

Coarse grained clastic sediments

" A "  M ountain olivine basaltic andesite

Turkey Track porphyry

Llth lc welded tu ff

Fine grained clastic sediments

Undifferentiated pre-M id-Tertlary rocks

Horizontal scale: 1"  -  1 mile

Vertical scale: 1" ■ 60 0 '

Datum : 2 3 00  ft .  above sea level

Elevation data taken from  U. S. Geological 
Survey San Xavier and Tucson 1 6-m lnute  
quadrangle.

Modified from  Tolm an (1909)

Figure 3. Geologic cross section of the Tumamoc H ill area,
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dull red to gray-green fine grained clastic sediments oyer- 
lie these older igneous rocks.

The first volcanic rock deposited of Mid-Tertiary 
age is a red lithic welded tuff about 15 to 20 feet thick.
As the name implies, this rock is characterized by a dom
inance of rock fragments and has eutaxitic texture. The 
next formation is the Turkey Track porphyry which is char
acterized by large (about 1 inch) phenocrysts of plagio- 
clase and less commonly pyroxene. The formation consists 
of multiple flows and pinches out toward the west from a 
thickness of 150 feet. The Turkey Track porphyry is over- 
lain by a formation which in outcrop is a dark gray to 
black aphanitic olivine basalt up to 150 feet thick. The 
olivine content and the color of this rock belie the fact 
that by chemical and petrographic criteria the formation is 
an olivine basaltic andesite. The darkness of the color of 
the formation varies from place to place as does the de
gree to which olivine has been altered to iddingsite. Since 
characteristic outcrops of this formation are located on 
"A" Mountain, it is here called the "A" Mountain olivine 
basaltic andesite.

Coarse grained clastic sediments overlie this 
olivine basaltic andesite, which was probably subjected 
to erosion. The sediments consist of sand-sized material 
of unknown origin and subangular pebble-sized clasts which
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are fragments of Turkey Track porphyry. Maximum thickness 
of these sediments is about 100 feet at Tumamoc Hill and 
they thin rapidly toward the northeast. Buff to reddish 
gray tuff, described in more detail by Bikerman and Damon 
(1966), overlies these sediments. It is about 100 feet at 
Tumamoc Hill and thins toward the northeast. Pumice frag
ments are common but not particularly abundant and there is 
little textural evidence that indicates flow movement. This 
tuff is overlain at Tumamoc Hill by a few feet of coarse 
clastic sediments similar to those which it overlies.

The youngest volcanic formation in the area crops 
out at the top of Tumamoc Hill and "A" Mountain and it is 
over 200 feet thick. It is a basaltic unit similar to the 
"A” Mountain olivine basaltic andesite stratigraphically 
beneath it but has a lighter gray color, tends to be more 
vesicular, and olivine shows a higher degree of iddingsite 
alteration. It is here called the Tumamoc Hill basaltic 
andesite on the basis of its predominant outcrop on Tumamoc 
Hill.

Del Bac Hills Area
The geologic history and physiographic setting of 

the Del Bac Hills have been discussed by Heindl (1959) and 
Percious (1968a, b). The brief description given here 
relies heavily on the very detailed study of Mid-Tertiary 
rocks in this area by Percious (1968a). Figure 4 shows the
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generalized stratigraphic relationships of the rocks in the 
Del Bac Hills locality.. Unfortunately, the section does not 
show very well the attitudes of the rocks which dip gently 
to the northeast at Black Mountain and at Martinez Hill dip 
northerly about 20 degrees (see Percious, 1968a). Question 
marks on the section reflect the difficulty of accurately 
locating contacts due to talus which covers most of the 
mountain slopes.

The San Xavier conglomerate is the oldest formation 
cropping out in the area and is about 450 feet thick 
(Heindl, 1959). It contains pebble to boulder-sized frag
ments of Cretaceous (?) arkose and fine grained clastic 
sediments Tertiary rhyolite and andesite (Heindl, 1959).

Recent work by Percious has shown that the volcanic 
sequence started with eruption of Turkey Track porphyry 
from dikes preserved under Black Mountain. The largest is 
400 feet wide and over 1 1/2 miles long (see Percious,
1968a) and the associated flows in excess of 75 feet thick. 
Flows designated by Percious (1968a, b) as "B" type basaltic 
andesites were then deposited in the Martinez Hill area to 
a thickness in excess of 200 feet. A roadcut through the 
west end of this hill reveals that coarse clastic sediments 
are intercalated with the uppermost "B" type flows. These 
sediments, which also crop out in other scattered locations 
in the Del Bac Hills, are for practical purposes
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lithologically identical to the coarse clastic sediments in 
the Tumamoc Hill area. The subangular pebble to cobble- 
sized clasts are fragments primarily of Turkey Track por
phyry. The youngest formation consists of a series of type 
"A" basaltic andesite flows at least 350 feet thick and 
caps Black Mountain (Percious, 1968a, b).

Safford Peak Area
Brown (1939) has described the physiographic setting 

and geologic history of the rocks in the Safford Peak area.
A recent study by Imswiler (1959) has resulted in better 
definition of formations which exist there, a more realistic 
estimate of their age, and a more detailed knowledge of 
their structure. The following brief description relies 
heavily on Imswiler1s (1959) study.

Generally, volcanic flows and interbedded sediments 
dip 15 to 20 degrees toward the northeast and are intruded 
by the Safford dacite which forms Safford Peak. Figure 5 
is a generalized geologic cross section through the area.
In the immediate vicinity of Safford Peak, this section 
has been idealized and guided by the view that the Safford 
dacite was intruded along north-south trending fractures 
and was subsequently cut by east-west trending faults.

Imswiler (1959) found that the Safford conglomerate 
rests with angular unconformity on Cretaceous rocks. This
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coarse clastic sediment is composed of sand to boulder
sized fragments of Cretaceous and older rocks in its lower 
member and similar sized clasts of Rillito andesite in its 
upper member. Based on this evidence as well as its reason
ably interpreted potassium-argon apparent age (Bikerman 
and Damon, 1966), the Rillito andesite is considered to be 
extrusive. This andesite is a dense, brown flow rock 
having 2 mm euhedral phenocrysts of biotite and slightly 
larger non-uniform sized feldspar phenocrysts set in a 
brown aphanitic groundmass. Its maximum thickness is about 
400 feet near Safford Peak but it apparently thins rapidly 
toward the southeast. As implied above, it separates the 
two members of the Safford conglomerate which thins from 
500 feet in the northwest to 75 feet near Contzen Pass.

Overlying this conglomerate and interbedded ande
site flow is the Safford tuff whose thickness varies from 
20 to 100 feet. Imswiler (1959) subdivided this generally 
light colored, ashy, poorly consolidated tuff into three 
members on the basis of vesicularity, amount of biotite 
and rock fragment content. Although there is some evidence 
which shows that this tuff may be in part intrusive (Ims
wiler, 1959), it is considered here to be extrusive on the 
basis of its intimate association with sedimentary features 
and its potassium-argon apparent age (see Bikerman and 
Damon, 1966),
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The Contzen pass formation is a vitrophyre 20 to 

40 feet thick which overlies the Safford tuff. Phene- 
crysts of biotite and feldspar in a black glassy ground- 
mass, which weathers to gray, characterize its appearance 
in outcrop. Although its manner of formation is proble
matical, it has most recently been considered to be the 
basal vitrophyre of the overlying Upper Andesite (Bikerman 
and Damon, 1966).

The youngest flow in the area is the Upper Ande
site, a rock having phenocrysts of biotite and feldspar 
set in a red aphanitic groundmass. Locally it exhibits 
good eutaxitic texture which combined with the less welded 
areas gives the rock the appearance of bedding. The present 
topography is cut into this formation, whose thickness is 
in excess of 250 feet (Imswiler, 1959).

The Safford dacite which forms Safford Peak in
trudes the Upper Andesite and is petrographically similar 
to it. Phenocrysts of biotite and feldspar about 2 mm in 
long dimension are set in a dense brown foliated ground- 
mass. A dike cropping out just southeast of Safford Peak 
intrudes Safford tuff and presumably the Upper Andesite 
is probably penecontemporaneous with the intrusion of the 
Safford dacite. This rock has phenocrysts of black biotite 
and, secondarily, feldspar set in a light gray aphanitic 
groundmass and is thus more rhyolitic in appearance.
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JRoskruge Mountain Area

The physiography and general geologic history of 
the Roskruge Mountains have been discussed by Heindl (1960) 
and Bikerman (1965, 1967, 1968). Except for the established 
fact that flows of Mid-Tertiary volcanic rocks crop out in 
the area (Bikerman, 1965, 1967, 1968), little detailed in
formation is available concerning the stratigraphy of Mid- 
Tertiary volcanic rocks. Figure 6 is a geologic cross 
section through part of the area in which Mid-Tertiary 
rocks crop out.

Because of the large amount of talus on hill slopes 
and soil development on some, outcrops which yield defini
tive stratigraphic relationships are not readily available. 
In general, the Mid-Tertiary sequence of volcanic and sedi
mentary rocks unconformably overlies eroded Laramide ash 
flows. The interbedded sediments indicate that the Mid- 
Tertiary rocks dip westward about 15 degrees, a conclusion 
supported by less accurate determinations of the attitude 
of the volcanic flows. The area is broken by several high 
angle faults; the predominant set trends north-south and a 
minor set, which appears to be younger, trends about N 60° 
E.

Stratigraphic relationships between the Mid- 
Tertiary rocks lower in the section can be found in the 
southeastern quarter of section 26, T15S, R9E in the
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Cocoraque Butte quadrangle. At this location, a, weathered 
basaltic rock in which the ferromagnesian minerals have 
been severely oxidized overlies red, fine-grained clastic 
sediments which are assumed to have been derived from the 
weathering of the Laramide ash flows mentioned previously. 
The basaltic formation is less than 50 feet thick in this 
locality but in other places is over 1 0 0  feet thick and 
can be quite vesicular.

About 15 to 30 feet of fine-grained clastic sedi
ments overlie the weathered basaltic formation. These 
sediments are dominantly gray to red mudstones but are also 
characterized by a bed of white coarse-grained clastic 
(sand-sized) sediments about one to two feet thick, which 
often shows concentrations of biotite along certain bedding 
planes. Bikerman (1965) has measured and described a sec
tion of these sediments at another outcrop. About 150 feet 
of badly weathered aphanitic basaltic volcanic rocks over- 
lies these sediments. A red vesicular plagioclase basalt 
whose color indicates that it has also experienced weather
ing overlies these older rocks. In the locality mentioned, 
its thickness is about 1 0 0  feet but at other locations its 
inferred thickness is about 200 feet. At the top of this 
formation on the hill west of the center of section 35, a 
few feet of coarse-grained clastic (sand-sized) sediments 
crop out. Their top is irregular and their thickness is
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variable, thus sediment deposition followed by. erosion has 
occurred. This conclusion is supported by. the fact that 
older formations exhibit weathering which appears unrelated 
to present topography and pinch out in short distances.

A dark gray aphanitic andesitic rock lies on this 
erosional surface. Near its base, this Roskruge aphanitic 
andesite is characterized by platy jointing parallel to 
its base. Its thickness is between 150 to 400 feet, most 
generally about 400 feet. In the extreme northeastern 
corner of section 35, a few feet of coarse grained clastic 
(sand-sized) sediments separates this fine grained basaltic 
formation from a porphyritic hornblende andesite. In all 
other exposures observed, a pyroxene andesite, as thick as 
150 feet, lies between the Roskruge aphanitic andesite and 
the porphyritic hornblende andesite. Texturally, the dark 
gray pyroxene andesite varies considerably, because of 
variation in size of pyroxene phenocrysts (as large as 5 
mm) and amount of vesicules. The black hornblende andesite 
has a maximum thickness of about 250 feet and varies 
texturally depending on the presence or absence of plagio- 
clase phenocrysts. The hornblende phenocrysts are as long 
as 8 mm and when phenocrysts of plagioclase are present 
they are equant grains about 3 mm across. The stratigraphic 
relationship between these two varieties of hornblende 
andesite is not precisely known but the plagioclase variety
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appears to oyerlie the other. For purposes of future 
reference, the hornblende and pyroxene andesites will be 
termed the Roskruge hornblende andesite and the Roskruge 
pyroxene andesite, respectively.

Several low, talus-covered hills two miles north
east of the area shown in cross section consist of Mid- 
Tertiary volcanic rocks. They are dark gray aphanitic 
basaltic rocks which dip westward about 15 degrees. Thin 
section and chemical analysis reveals these rocks to be 
basaltic andesites and here termed the Roskruge basaltic 
andesite. It is difficult to place them with any certainty 
in the stratigraphic sequences just described. As will be 
discussed later, they can tentatively be placed in the 
lower portion of the section. The thickness of these 
flows is in excess of 250 feet.

In addition to the flows described here, Bikerman 
(1965) has described a small, silicic flow at Recortado 
Butte. This ash flow is isolated from the rest of the Mid- 
Tertiary rocks and lies on a surface of Laramide and Cre
taceous volcanic rocks.

It is unfortunate that, because of poor outcrops 
and the rather major influence of faulting, it is not pos
sible to place, with certainty, the formations dated by 
Bikerman (1965) in the stratigraphic column. One of the 
samples dated was collected from a small southwesternmost



hill in the area shown in Figure 6 , For reasons discussed 
in Chapter 4, it is tentatively placed beneath the vesicular 
plagioclase basalt and correlated with the weathered 
basaltic rock described above.

Samaniego Hills Area
The general geology and physiography of the 

Samaniego Hills has been discussed briefly by Feth (1951). 
The stratigraphic column which Feth described was based on 
gross lithologic and textural features. The stratigraphic 
column described below has been constructed with more regard 
for a formation as a petrologic unit. Furthermore, it dif
fers in that two sedimentary formations have been identi
fied and, on the basis of field studies in the adjoining 
Silver Bell quadrangle, the flows on the knobby hill in 
section 31 are placed stratigraphically below the flows at 
Cerro Prieta, Figure 7 is a geologic cross section through 
the area. Generalizations with regard to structure cannot 
be made as accurately for this area as was done for the 
other regions described above. This is due to the deposi
tion of later volcanic flows on an apparently irregular 
topography and the relatively unknown role faulting has 
played. Generally, the sequence of Mid-Tertiary volcanic 
flows and sediments dips about 15 to 20 degrees to the N 20 
to 30°E. There are notable exceptions. At Cerro Prieta,
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the flows and sediments dip 5 to 10 degrees' to the south
west and flows at the knobby hill in section 31 appear to 
be horizontal. The northernmost hills in the area contain 
flows which dip from 5 to 15 degrees to the north.

The oldest formation in the area is composed of 
coarse grained clastic sediments in excess of 75 feet thick. 
Conglomeratic strata interbedded with finer grained clastic 
sediments contain subrounded pebble to cobble-sized frag
ments of older volcanic rocks, granite of presumably Pre- 
cambrian age and, less commonly, quartz monzonite of prob
able Laramide age. The presence of rounded clasts of Shorts 
Ranch andesite defines the age of these sediments as being 
less than 56.8 m.y. and therefore not part of the Claflin 
Ranch Formation (Watson, 1964). Bedding is easily traced 
and in some places sand-sized flakes of biotite often lie 
along these planes. In the Cerro Prieta region, a vesic
ular plagioclase basalt, hereafter called the Cerro Prieta 
basalt, overlies these sediments, but in the southern part 
of the area, a small outcrop of sediments of the same gen
eral character as those described above is overlain by a 
thick sequence (about 550 feet) of fine grained vuggy 
pyroxene andesite flows.

These flows of Samaniego pyroxene andesite in most 
places are very weathered and have stretched vugs usually 
filled with silica, calcite and/or zeolite minerals. The
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groundmass of the hand specimens of this rock are aphanitic 
and in most cases bear small phenocrysts of black pyroxene 
2 to 3 mm long. The weathering causes the flows to have a 
red to brownish color and usually the ferromagnesian min
erals are altered to some varying degrees.

Overlying these weathered andesitic flows are flows 
of biotite latite (Samaniego biotite latite) about 300 feet 
thick. In the southern part of the region where these 
flows are best exposed, a very incompetent, perhaps ashy, 
zone some tens of feet thick occurs at its base. On a 
fresh surface, biotite and feldspar phenocrysts, about 5 mm 
long, as well as an occasional rock fragment are set in an 
alternating black and red groundmass. These colored areas 
of groundmass are elongated parallel to "bedding."

Capping the sequence in the south is a black vesic
ular plagioclase basalt, the Cerro Prieta basalt. This 
rock has small phenocrysts of olivine scattered throughout 
a felted groundmass of medium-sized feldspar laths. Nearly 
spherical vugs are encrusted with calcite and/or zeolite 
minerals. In the region of Cerro Prieta, this formation 
is in excess of 300 feet and its red color indicates that 
oxidation has occurred, probably during weathering.

In the area west and northwest of Cerro Prieta, 
coarse clastic sediments lie on topography cut into the 
Cerro Prieta basalt. These sediments contain subangular
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pebble-sized clasts of this basalt. In the northern part 
of the area these sediments are about 2 0 0  feet thick but 
pinch out at Cerro Prieta, Compared with the earlier 
sediments, they have a much higher abundance of clasts of 
volcanic rocks and although being coarse grained are, on 
a gross scale, much more homogeneous lithologically and 
texturally.

In general the volcanic rocks described above are 
more weathered, mainly oxidation and vug filling, in the 
northern part of the region than in the southern part.
This, combined with the presence of the younger sediments, 
suggests that the northern, part of the area was a basin 
which was eroded and.served as a site of deposition for 
.sediments as well as younger volcanic flows.

The thickness of younger lava flows, which overlies 
the younger sediments, varies rapidly with distance. The 
first volcanic formation deposited is a dark gray aphanite, 
occasionally bearing small phenocrysts of ferromagnesian 
minerals. Its base is characterized by a blocky, rubbly 
zone varying from 10 to 50 feet thick. Jointing, which re
sults in platy fragmentation characteristic of the formation, 
tends to parallel the base but also sweeps into swirls.
Its approximate thickness is 200 feet and it thins to the 
north. Subsequent chemical and petrographic studies suggest
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that this formation he termed the Samaniego aphanitic ande
site,

Overlying the dark gray Samaniego aphanitic ande- 
. site are andesites of variable mineralogy and texture whose 
combined thickness is in excess of 500 feet. The first 
of these andesites is a flow banded rock of limited outcrop 
and varied texture referred to herein as the Sasco flow- 
banded andesite. It is best exposed on a small hill just 
south of the center of section 20, TlOS, R9E, on which the 
old Sasco smelter ruins stand. Here alternating buff 
and dark gray aphanitic bands give the rock a striking 
appearance. Locally these bands thicken and thin and are 
contorted due probably to small convection cells in the 
flow. In the middle of the hill just west of the above 
location only a few feet of this flow banded andesite 
exists. At this second location its banding is no longer 
as uniform, it is more contorted and the dark gray bands 
are much thicker than the lighter bands which are nearly 
absent. Sometimes this andesite occurs as a dark gray, 
dense aphanite having biotite phenocrysts and rock frag
ments as has all the more strikingly banded rock,

A reddish brown andesite overlies the flow banded 
andesite with which it is intimately associated and from 
which it presumably grades, This gradation, or association 
can also be seen at the hill on which the Sasco smelter



ruins stand, A thicker section crops out on the topo
graphic nose which trends southeastward in section 18 of 
the aboye mentioned township and range. Near the contact 
of this reddish brown andesite and the underlying flow 
banded andesite the former andesite is broken possibly 
due to autobrecciation during flowing.

When he saw this flow banded andesite, Dr. Paul E. 
Damon cited a similar appearing flow from the O’Leary 
crater in the San Fransico volcanic field of Northern 
Arizona. The O’Leary flow, according to Damon, has an 
autobrecciated top, as does the one described here, and 
crops out only in the immediate vicinity of its source. 
Spurred by this information the immediate area was again 
searched and the small hill north of the hill on which 
the Sasco smelter ruins are located was found to consist 
of the above mentioned andesite and to have vertical or 
nearly vertical foliation. The data collected in a cursory 
investigation of the attitude of this foliation is sum
marized as follows. The foliation seems to wrap around the 
central and highest part of the hill and is strongly aligned 
with directions of regional faulting, N 60° W and N 75° E. 
Petrographically, the hill is fairly uniform, i.e., flow 
banded andesite; however, at its center is a gray aphanitic 
andesite with occasional phenocrysts of ferromagnesian 
minerals.
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The vertical foliation cannot reasonably be con

sidered as due to readjustment of an originally horizontally 
banded andesite. The coincidence of the foliation trend 
with regional fault directions and the occurrence of similar, 
yet petrographically different (not flow banded) andesite 
around which the foliation bends indicates that this hill 
was a vent from which not only the flow banded andesite but 
also the younger andesites to be described, were erupted.

Younger andesite, which are similar to the central 
core of the above described vent, crop out on the northern
most hills on the area. Due to the large amount of talus 
on the slopes of these hills it is difficult to distinguish 
with certainty the character and location of contacts be
tween formations on the northernmost hill, the andesite 
overlies the youngest of the sedimentary units. This ande
site has 20 to 30 feet of blocky, rubbly debris at its base 
above which is a dense ferromagnesian bearing andesite.
There are also a few rock fragments which appear to be 
surrounded by reaction halos. Where this andesite is in 
contact with the reddish brown andesite associated with the 
flow banded andesite, the zone of debris is much thinner.
The andesite grades vertically into a lighter gray andesite 
characterized by small vugs and phenocrysts of feldspar.

A small lens of a dark gray porphyritic andesite, 
about 1 0 0  feet thick, intertongues with the other flows of
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the andesite. It typically consists of white phenocrysts 
of feldspar, about 2 to 6 nun long, set in a dark gray to 
black, vesicular aphanitic groundmass.

Intertonguing with the younger sedimentary unit 
is a relatively thin, about 50 feet thick, flow of dark 
gray aphanitic rock having weathered ferromagnesian pheno
crysts. It crops out on the northernmost hill of the area 
and pinches out toward the north.



CHAPTER 3

LABORATORY PROCEDURES AND ANALYTICAL TECHNIQUES

Introduction
Several analytical techniques have been employed 

during this study; they include the use of the petrographic 
microscope, the flame photometer, and gas source mass 
spectrometer in the determination of K-Ar apparent ages, 
X-ray fluorescence spectrometry for the determination of 
the concentrations of Rb, Sr, Fe, Mn, Ti, Ca, K, Si, Al,
Mg, and Na, and the solid source mass spectrometer for the 
determination of Sr8 7 /Sr8 6  ratio. With the exception of 
X-ray fluorescence spectrometry, the various techniques 
have had their analytical precision and presumed accuracy 
well established.

Since the aim of this study is to draw certain 
petrologic inferences from chemical data, it is of utmost 
importance to know where the main sources of analytical 
error lie. For this reason, effectively every step of the 
sample preparation and analysis was performed in duplicate.

Collection of Samples
An effort was made to obtain the freshest, most 

unaltered, and unweathered sample reasonably possible.
34
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This frequently meant,, especially in the earlier stages of 
the study, that a thin section had to be cut and examined 
and another trip made to the field to collect the rock 
sample. A 10 pound sledge hammer was employed for the 
sampling of the volcanic rocks. Only rock samples were 
collected whose ferromagnesian minerals appeared fresh, 
which appeared to have a minimum of iron oxidation and a 
minimum of secondary alteration, such as vein filling.

In a few cases these principles had to be compro
mised. Several flows were vuggy or vesicular and often 
had carbonate minerals in them. This problem was effec
tively eliminated by treatment of the crushed sample with 
IN HNO3 , In addition, a few samples were collected which 
exhibited oxidation of iron. These weathered samples, 
however, were the best available and they have been dis
tinguished as such in the subsequent presentation of data. 
Locations of the outcrops from which samples were collected 
are given in Appendix II.

Preparation of Samples
Usually about 5 to 10 pounds of the freshest sample 

available was carried back to the laboratory for prepara
tion and analysis. There, the freshness of the sample was 
re-evaluated and a hand specimen was selected for thin 
sectioning. The sample was crushed using a jaw crusher 
and a small roller crusher. This equipment was, of course,
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thoroughly cleaned before and after samples were crushed 
and about one half of the sample "was used to precontaminate 
the crushing equipment.

The resulting sample, consisting of rock fragments 
smaller than about 1/4 inch, was then washed with water to 
remove the very fine material. For the fine grained rocks, 
most of those analyzed, this washing process presented no 
problem since the individual rock fragments were accurately 
representative of the rock. However, the coarse grained 
rocks, such as the Turkey Track porphyry, and the rocks 
containing biotite, such as the Upper Andesite, were washedv
with extreme care so as to guard against fractionating 
the sample mineralogically and hence chemically.

After the samples were dried, two splits of the 
sample were powdered in a tungsten carbide vial shaken in 
a Pitchford blender mill. Tungsten carbide was used in 
preference to the usual iron vial because it was found 
that a maximum of 0.5 per cent FeO contamination could be 
expected from the iron vial. So far as the author knows, 
no contamination significant to this study was introduced 
by the use of the tungsten carbide vial. Two splits of 
the coarsely fragmented sample were pulverized in order to 
evaluate the statistical variance introduced into the 
analysis by the sampling of this coarse material. Based 
on the more precise Rb and Sr analyses, it was found that



the yia,l of powdered sample could be sampled within an
alytical error. Thus, statistical evaluation of the sampl
ing of the coarsely crushed sample was pertinent since it 
was the largest source of statistical variance in the prep
aratory procedures. The powdered splits of the coarsely 
fragmented sample is subsequently designated in this report 
by the letters a, b, and c for the first, second, and third 
split of this material. The vial of powdered sample was 
then sampled for subsequent chemical analysis.

Samples on which K-Ar dates were determined were 
handled slightly differently. The coarsely fragmented 
sample was sieved and the fragments larger than about 2 mm 
(+9) were used for the analysis. A split of this portion 
was then powdered for further analysis. Since all of these 
samples were uniformly fine to medium grained, this + 9  

fraction still accurately represented the composition of 
the entire rock.

Several different types of sample preparation have 
been used in the past, especially for analysis of the major 
rock forming elements by X-ray fluorescence spectrometry. 
Rose, Adler, and Flanagan (1962) have described the use of 
LagOg as a heavy absorber. Although addition of this 
material to the rock performs its desired function, as 
Welday, Baird, McIntyre, and Madlem (1964) have pointed out; 
it causes the peak height to background ratio to be very

37
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low. As a result excessively long counting times are re
quired to produce the desired instrumental precision. The 
dilution of the sample with lithium tetraborate and its 
subsequent fusion as described by Welday, et al. (1964) as 
well as other techniques have been discussed by Czamanske, 
Hower and Millard (1966). As they point out, the addition 
of this light absorber does not really accomplish the task 
of removing matrix effects.

\ Physical effects may also influence the reliability 
of analysis by X-ray fluorescence spectrometry. Volborth 
(1964) pointed out that there are problems when large flakes 
of biotite are present. Gunn (1961) has shown that when the 
depth of sample analyzed is greater than the particle size, 
the resulting analysis is not dependent on surface irreg
ularities or particle size. As has been shown previously 
(Damon, et al. 1966), the depth of sample analyzed during 
analysis for rubidium and strontium is much greater than the 
particle size. However, for analysis of lighter elements 
this is not the case. Madlem (1966) has given data il
lustrating the approximate errors and limits on grain size 
necessary for the reliable analysis of the major rock form
ing elements. Possible analytical errors due to the biotite 
and grain size effects will be discussed later.

The samples analyzed in this study were not diluted. 
Because of the desire to analyze for certain trace elements
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and light elements such as sodium and magnesium, dilution 
could not be tolerated since it decreases the peak height 
to background ratio. Cursory examination of the grain 
size of several of the powdered samples indicates that the 
grain size is much less than 70 microns and is usually 
about 10 microns. Some biotite grains are as large as 
70 microns.

The powdered samples were briquetted for chemical 
analysis by X-ray fluorescence spectrometry. The briquettes 
were made following generally the procedures of Baird 
(1961). However, details pertinent to this study can be 
found in Damon, et al. (1966). Briefly, about 4 grams of 
rock powder was used for each briquette. Powdered amber 
bakelite was used as a backing and rim for the sample. The 
briquettes were pressed at about 20,000 psi. The resulting 
briquette had a 2 cm diameter by 5 mm deep cylinder of 
sample set coaxially in a cylinder of bakelite 3.7 cm in 
diameter by 8 mm thick. Briquettes made in this manner 
had smooth surfaces and uniform density.

Determination of Potassium-Argon Apparent Ages
The general background and theory of the potassium- 

argon dating method has been discussed in Schaeffer and 
Zahringer (1966). The methodological details pertinent to 
this study have been thoroughly discussed elsewhere
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(Bikerman, 1965; Livingston, Damon, ganger, Bennett, and 
Laughlin, .1967; Damon, et al;, 1967, 1968).

Briefly, samples for potassium analysis were di
gested in teflon crucibles using HF and H2 SO4 , The sample, 
so dissolved, was analyzed using a modified Perkin-Elmer 
flame photometer. The solution was buffered with sodium 
and contained lithium as an internal standard.

The coarsely fragmented whole rock sample for argon 
analysis was baked in a vacuum oven for two days prior to 
its being mounted in the fusion system. The gas released 
by fusing the sample was diluted by a highly enriched Ar3 8  

spike. After the gas was purified by synthetic zeolite, 
hot titanium foil, and copper oxide, it was analyzed by a 
6 inch, 60 degree sector Nier type mass spectrometer 
operated dynamically. Analytical precision of the method 
has been discussed by Livingston, et al. (1967).

Determination of Sr^^/sr^G Ratios 
The various aspects of methodology and analytical 

precision associated with determination of S r 8 ^ / S r 8 8  ratios 
have been discussed elsewhere (see Damon, et al., 1966,
1967, 1968). A brief account of the procedures pertinent 
to this study is given below.

Rock and mineral samples for determination of 
Sr8 ^/Sr8 8  ratios were digested in teflon crucibles using 
HF and HNO3 . The sample was converted to chlorides and
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taken to dryness twice and the HCl solution was taken to 
near dryness a third time. The sample was then diluted 
with 2 0  ml of doubly distilled H2 O and loaded onto ion 
exchange columns of Dowex SOW - X8 . The strontium portion 
of the ion exchange process was taken to dryness,then 
taken up in 2N HCl for loading onto rhenium filaments.

The mass spectrometer used in the analyses is a 
Nier type 6 inch, 60 degree sector instrument having a 
Inghram-Chupka triple filament source configuration.
Usually, three runs of between 12 to 20 ratios were re
corded. The measured values of Sr8 7 /Sr8 6  were normalized 
to a Sr8 8 /Sr8 8 = 0.1194. The E. and A. SrCOg standard 
yields Sr®7 /Sr^^ = 0.7082 on this instrument. Factors 
influencing analytical precision of the method has been 
discussed by Damon, et al. (1967).

,Chemical Analyses by X-ray 
Fluorescence Spectrometry

The use of X-ray fluorescence spectrometry for 
chemical analysis of rocks and minerals has become in
creasingly widespread in recent years. It is generally 
recognized that it can be one of the most precise tech
niques available for this purpose (see Baird, MacColl and 
McIntyre, 1962 and Volborth, 1963, for example). The high 
analytical precision, the rapidity of analysis and the ease 
with which gross errors can be detected and corrected"
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constitute the advantages of the method. Recent develop
ment of high intensity sealed Cr target X-ray tubes, the 
Henke type X-ray tube (see Henke, 1963), and crystals 
having large d spacings have allowed routine analysis of 
elements as light as sodium and fluorine.

Table 1 lists the operation parameters used for 
analysis of the samples for the indicated elements em
ploying a Philips X-ray fluorescence spectrograph. The 
pulse height analyzer was used for the analysis of every 
element. The vacuum required was determined by the limit 
beyond which increased vacuum produced no detectable in
crease in line intensity.

The theory and procedure for the accurate and pre
cise analysis of rubidium and strontium has been discussed 
in Damon, et al. (1966, 1967). Briefly, the method used 
is that described by Reynolds (1963). He showed that the 
intensity of the Compton scattered radiation of the Mo 
K-alpha peak is a measure of the samples mass absorption 
coefficient in the wavelength region in question. Damon, 
et al. (1967) have shown that because of inaccurate know
ledge of mass absorption coefficients for some elements 
and the fairly large mass absorption coefficients of 
materials of geologic interest, the intensity of the Compton 
scattered Mo K-alpha radiation is inversely proportional to 
the samples mass absorption coefficient. These observations



Table 1. Operating Parameters Used in X-ray Fluorescence Analyses

Element
Analyzed

X-ray
Target

Tube
Kv/ma

Entrance
Collimator

Analyzing
Crystal Detector

Detector
Voltage Vacuum

Mo
Compton Mo 50/25 0.005" LiF Scint. 960 No

Sr Mo 50/25 0.005" LiF Scint. 960 No
Rb Mo 50/25 0.005" LiF Scint. 960 No
Fe Mo 50/25 0.005" LiF Flow-Prop. 1475 Yes
Mn Mo 50/25 0.005" LiF Flow-Prop. 1475 Yes
Ti Cr 40/20 0.005" LiF Flow-Prop. 1525 Yes
Ca Cr 40/20 0.005" EDDT Flow-Prop. 1550 Yes
K Cr 40/20 0.005" EDDT Flow-Prop. 1550 Yes
Si Cr 40/20 0 .0 2 0 " Gypsum Flow-Prop. 1625 Yes
Al Cr 50/20 0 .0 2 0 " Gypsum Flow-Prop. 1625 Yes
Mg Cr 50/20 0 .0 2 0 " Gypsum Flow-Prop. 1650 Yes
Na Cr 50/20 0 .0 2 0 " Gypsum Flow-Prop. 1650 Yes
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combined with Bower’s (1959) discovery that the relative 
mass absorption coefficients of two samples is constant in 
the region of the rubidium and strontium radiation, provide 
the basis of a precise and accurate method of analysis for 
rubidium and strontium.

Procedurally, the location of the K lines of ru
bidium, strontium and molybdenum Compton scattered radia
tion on the slope of the continuous radiation from the 
X-ray tube means that backgrounds must be taken on both 
sides of the individual peaks. The backgrounds under the 
peaks were obtained by linear interpolation. The re
sulting ratio of the intensity of the Rb K-alpha or Sr 
K-alpha line to the Compton scattered Mo K-alpha radiation 
plotted versus the concentration of the respective element 
is a straight line which intersects the origin (Damon, - 
et al., 1966).

Comparison between analysis of whole rock as well 
as mineral samples by isotope dilution and X-ray fluores
cence is very favorable. Analysis of 14 whole rock, samples 
have a correlation coefficient by least squares single 
linear regression method of 98.6% for rubidium and 99.9% 
for strontium. A wide variety of minerals, excluding those 
from pegmatites, gives a correlation coefficient of 98.2% 
for rubidium and 99.9% for strontium for 1 1  mineral analyses.
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As discussed previously, analysis of the major rock 

forming elements by. X-ray fluorescence can be of question
able accuracy due to the interaction of characteristic 
X-rays of one element with other atoms. It was pointed 
out that dilution of samples with absorbers could be un
desirable from the standpoint of analytical precision and 
detection of trace amounts of elements. Additionally, 
absorbers do not necessarily produce the desired matrix 
effect correction. There are two types of data treatment 
that have been used for undiluted samples.

The first of these is the empirical parameter 
method. This method assumes that if matrix effects did 
not occur, the calibration curve relating the concentra
tion of the i***1 element, C^, to the line intensity of that 
element, 1 ,̂ can be expressed by an equation of this form

ci = Al + Bi.Ii ,
where Aj_ is the intercept of the straight line with the 
concentration axis and is its slope. Further, it
assumes that matrix corrections are represented by a func-

vtion like 1 + Gj^I*. The above equation then becomes
Ci = Ai + Bi.Iid + j Gijlj), 

where G£j is the interaction coefficient of the j*-*1 ele
ment for the X-radiation of the i*'*1 element and Ij is the 
line intensity of the element. This is an equation
which, with the exception of constants, is the same as
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that given by Lucas-Tooth and Price (1961). It should be 
obvious that the value of the interaction coefficient, G, 
is not only dependent on the fundamental absorption param
eters, such as mass absorption coefficients, but also on 
instrumental parameters which include the sensitivity and 
electronic response of the detection instrumentation. Thus, 
several factors unrelated to the samples composition affect 
the size of the interaction coefficient.

In an effort to test this method, it was assumed 
that the following equation was of the proper form:

ci = Ai + Bj/Ij/exp (Sc^jlj) .
Note that when the first two terms of the series expansion 
of the exponential are considered, this equation is the same 
as that used above. Ideally the calibration curve should 
intersect the origin. Hence, it was assumed that was 
small compared to and could be, neglected. This view is 
supported by some of the calibration curves shown later. 
Thus, Cĵ  = B^'Ii'exp (2 Gjljlj) . Since nine major rock form
ing elements were analyzed, it is apparent that 1 0  standards 
are required to determine the 1 0  unknown quantities for 
each element; that is, and 9 G^j's. A computer program 
was written to numerically evaluate the unknown quantities 
in the above equation, establish calibration curves, and 
compute the concentrations of the various major rock forming 
elements for which analyses were made.
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The computer analysis gave, reasonable results for 

aluminum and silicon concentrations but for several of the 
other elements, the results were clearly unreasonable. 
Several of the samples analyzed gave apparent potash con
centrations of 30 to 40 per cent, manganese oxide concen
trations of several hundred per cent and sodium concentra
tions in excess of 100 per cent. It was clear that this 
method of data reduction introduced obvious inaccuracies 
and hence caused the entire method to be suspect.

The remaining method for the securing of presumably 
reliable chemical analyses is to fit a straight line cali
bration curve to the data by the method of least squares. 
This is essentially the method used by Volborth (1963). 
Compared with the method discussed above, this method of 
least squares results in concentrations having inferior 
precision but has no gross inaccuracy as the former method 
has.

In order to determine reasonable limits for pre
cision of these chemical analyses, it is necessary to know 
the accuracy of the chemical analyses for the standards 
used. To the author’s knowledge, the data regarding the 
replicate analyses of U.S.G.S. standards G-l and W-l as 
given by Stevens, et al. (1960) represents a reasonable if 
not the best estimate of this accuracy. Table 2 indicates 
the standard deviation,. ±QT, and relative error, E, for the



Table 2. Estimated Limits of 
Standards

Precision Due to Uncertainty of Analyses of the

G-l W-l
Precision Criterion 
for Composition of 

Standards
±

(Weight %)
E
(%)

+
(Weight

E
%) (%)

±
(Weight %)

E
(%)

Si02 0.48 0.3 0.33 0 . 6 0.50 —  —

AI2 O3 0.37 2 . 6 0.63 4.2 0.65 — —
Ti02 0.04 15.4 0 . 2 0 18.7 —  — 2 0 . 0

Fe as 
Fe2 0 3

0.28 13.7 0.28 2.5 0.28 —  —

MnO 0 . 0 1 33.3 0.05 29.4 —  — 33.3
MgO 0.13 32.5 0.35 5.3 0.15 to 

0.25
—  —

CaO 0 . 1 2 8 . 6 0.16 1.5 0.15 —  —

Na20 0.23 7.0 0 . 2 0 1 0 . 0 0.25 —  —

k2o 0.39 7.2 0.13 19.4 0.15 to 
0.25

—  —

00



analyses of standards G-l and W-l for the elements perti
nent to this study. This table also contains the criteria 
representing the precision of the chemical analyses of the 
standards which limits the analyses.

Figures 8 , 9, and 10 illustrate examples of typical 
best fit straight line calibration curves as determined by 
the method of least squares. With the exception of iron, 
each of them represents the plot of oxide weight percentage 
versus the intensity of the K-alpha line of that element.
In the case of iron, the intensity of that line of iron was 
divided by that of silicon. The resulting ratio was then 
plotted versus the oxide weight percentage of total iron 
calculated as FeO. The basis for this procedure is 1) 
Holland and Hamilton's (1965) observation that most of the 
mass absorption coefficient for Fe K-alpha radiation is due 
to silicon and 2 ) the fact that it gives a straighten line 
and narrows the spread of the standards from that line.
The +'s and X's in these figures represent points employed 
and not employed, respectively, according to 2 6* criterion 
for the determination of the calibration curves.

The standards and their compositions used for the 
analyses are listed in Table 3. The G-l and W-l analyses 
are those recommended by Fleisher (1965). The analysis of 
TTC (Turkey Track Composite) is from Damon, et al. (1966)
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200-
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2000-

R = 99.9%

Mg 0%

R = 99.2 %
13 ,000 -

Figure 8. Typical calibration curves for NagO, MgO and AlgOg.
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2 5 0 ,0 0 0 -  

|  1 5 0 ,0 0 0 -

5 0 ,0 0 0  -

0 #0

8 0 ,0 0 0  -

R = 99.99%

8 0 , 0 0 0 -

R = 99.9 %

i------- i------- r
4 8  12

Co 0%
Figure 9. Typical calibration curves for SiOg. KgO, and CaO.
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Ti 02 %

2000-

R = 96.6 %

Mn 0 %

R = 99.6%

Fe 0 %

R = 99.5%

1.5

Figure 10. Typical calibration curves for T iO ;. MnO, and FeO.



Table 3. Analyses of Standards Used

St'd Na20 MgO AI2 O3 Si02 k 2o CaO Ti02 MnO FeO
G-l 3.29 0.35 14.08 72.52 5.52 1.36 0.26 0.026 1.70
W-l 2.15 6.52 14.94 52.58 0.63 10.92 1.08 0.17 9.95
TTC 4.42 1.75 17.81 56.17 3.42 6 . 2 0 1.19 0.08 5.78
V-l 2.67 0.42 12.23 76.77 4.57 0.27 0.19 0.007 0.963
V-2 3.90 3.01 17.05 59.05 1.67 5.76 0.75 0 . 0 2 5.22
V-3 3.73 4.08 17.66 53.24 1.52 6.82 0 . 8 6 0.07 7.52
V-4 4.83 0 . 2 2 12.67 v 75.66 3.64 — 0.24 0.033 1.58
V-5 4.26 2 . 6 6 17.53 54.79 2.65 7.65 1.08 0 . 1 0 8.04
V- 6 3.16 2.99 17.58 57.60 1.94 6.04 0.62 0.13 6 . 2 2

V-7 3.87 4.24 16.08 52.12 1.75 7.51 1.63 0.18 9.50
V- 8 4.12 2.97 18.32 57.83 1.60 6.36 6.78 0 . 1 1 6 . 6 8

All numbers are oxide weight per cent.

In
to
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and the regaining standards are from non-x-ray fluores
cence determinations by. Volborth (1963, 1965).

The results of the chemical analyses done in this 
way indicate that there are no gross inaccuracies, in that 
all of the analyses give reasonable concentrations. The 
precision of these analyses are summarized in Table 4. For 
the analyses of Na2 0, MgO, Si02, K2 0, Al^Og, Ti02, MnO, and 
FeO, the precision of the chemical analyses are either 
comparable or slightly higher. In the case of CaO the pre
cision of the analyses were better than that of the stand
ards; hence, the presumed precision of the standards was 
assumed for the unknowns. The source of analytical error 
which is fairly obvious from Table 4 is designated by the 
asterisk. It simply indicates that as far as precision is 
concerned, the X-ray fluorescence method used here yields 
analyses whose precision is comparable to the presumed 
accuracy of the standards.

There have been no direct checks on the accuracy 
of the complete chemical analyses. As is evident from the 
data given in Chapter 7 most of the analyses total approxi
mately 100 per cent. Table 5 gives a comparison of po
tassium analyses by X-ray fluorescence and flame photometry. 
Livingston, et al, (1967) has given the pertinent precision 
and accuracy estimates for the flame photometry method used. 
The comparison indicates that the potassium analyses by



Table 4. Generalized Analysis of Variance

Typical
Analytical
Relative
Error

Presumed 
Relative 
Error in 
Standards

Relative 
Error on 
Calibration 
Curve De
termination

Relative 
Error of Peak 
Height De
termination

Si02 1 .1 % 0 . 6  - 1 .1 % 1 .0 %* 0.4%
AI2 O3 4.5% 2.5 - 4.5% 4.5%* 0 . 8  - 1 .1 %
Ti02 2 0 .0 % 15.0 - 20.0%* 15.0 - 20.0%* 0.5 - 1.0%
FeO 5.0 - 30.0% 2.0 - 15.0% 5.0 - 30.0%* 0.3 - 0.5%
MnO 2 0 .0 % 33.3%* 19.0% 2.0 - 5.0%
MgO 5.0 - 30.0% 5.0 - 30.0% 4.0 - 2 0 .0 %* 3.0 - 15.0%
CaO 2 . 0  - 1 0 .0 % 2 . 0  - 1 0 .0 %* 0.7% 0 . 2  - 0 .8 %
Na20 14.0% 8.5% 1 2 .0 %* 6 .0 %
k2o 5.0 - 10.0% 7.0 - 20.0% 5.0 - 10.0%* 0.5 - 1.0%

*Indicate the predominant source of error in analyses for each element.
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Table 5, Comparison of Potassium Analyses by Flame

Photometry and X-Ray Fluorescence Spectrometry.

Sample No.
Weight % K ......

FP XRF

RLE-27-67 0.846 0.847 ± 0.091
RLE-29-67 3.57 3.52 ± 0.17
RLE-20-68 3.49 3.46 ± 0.16
RLE-27-68 3.02 3.06 + 0.14
RLE-31-68 0 . 8 8 0.847 ± 0.091
JKP-49-66 2 . 0 1 2 . 0 1 ± 0 . 1 0

JKP-50-66 2.48 2.56 ± 0.15
JKP-6 8 - 6 6 1.99 2.05 ± 0.13
JKP-10-67 1.99 2.03 ± 0 . 1 2

MB — 7—64 0.895 0.846 ± 0.076

X-ray fluorescence are apparently accurate - perhaps more 
accurate than the analytical precision implies.

Since the method of data reduction used here is 
essentially that used by Volborth (1963) and Chodos and 
Engel (1961 a, b)r their estimates of accuracy are pertinent 
here. The results of Chodos and Engel (1961 a, b) indicate 
that for Fe as FegOg, CaOf MgO, Ti02 and MnO the mean, and 
for that matter the maximum, deviation of X-ray analyses



57
from wet chemical analysis is less than the estimate of 
accuracy of the standards given in Table 2.

Volborth (1963) has discussed the accuracy of the 
X-ray fluorescence method. He points out the problems with 
accepted gravimetric analyses and presents data to show the 
deviations of the results of X-ray fluorescence from those 
of wet chemical techniques. These deviations generally are 
of comparable magnitude to the estimates of accuracy given 
for the standards in Table 2. A few of the deviations are 
larger but they are not systematically related to analyses 
of a single element. Thus, by this argument based on 
analogy with similar studies, it is clear that the presumed 
accuracy of the chemical analyses obtained by X-ray fluores
cence spectrometry is less than or equal to the estimate of 
analytical precision.



CHAPTER 4

CHRONOLOGY AND CORRELATION OF VOLCANIC FORMATIONS

Chronology
Having described the volcanic stratigraphy of the 

areas studied, it is appropriate now to comment on two 
aspects of their temporal and special relationships. While 
there has been considerable dating of Mid-Tertiary volcanic 
rocks in Southern Arizona, relatively few areas have their 
Mid-Tertiary volcanic chronology worked out in detail. 
Fortunately, three areas which have this volcanic chro
nology established are included in this study: the Tumamoc
Hill, Del Bac Hills, and Safford Peak areas. Table 6 lists 
information pertinent to the potassium-argon dating of 
volcanic rocks not only in these areas but also the general 
region surrounding the Avra Valley.

At Tumamoc Hill, the potassium-argon apparent ages, 
when consideration is given to analytical error, yield a 
simple chronology. That is, there is no reversal of 
apparent ages from the deposition of the Turkey Track 
porphyry at about 28 m.y. to the deposition of the Tumamoc 
Hill basaltic andesite at about 20 m.y. ago. The date on 
the Turkey Track porphyry at the Tumamoc Hill locality is 
statistically identical to the date for the same formation
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Table 6 . Potassium-Argon Ages of Volcanic Rocks in the Areas Surrounding Avra 
Valley ,

Sample No. Rock or Mineral K (%)
Radiogenic 
Argon - 40 X1 0 “ 1 0  m/g

Atmospheric 
Argon - 40 

(%)
Apparent 

Age (m.y.)
Refer
ence

Tumamoc Hill Area:
PED-16-63 Turkey Track

porphyry,
plagioclase

0.695 0.348 65.0 28.0 ± 2 . 6 1 , 2

PED-17-63 "A" Mtn. Basal
tic andesite, 
whole rock

1.565 0.756 43.7 27.0 ± 1 . 2 1 , 2

PED-17-62 "A" Mtn. Tuff, 
sanadine 5.36 2 . 8 6 7.9 29.7 ± 0.9 1 , 2

PED-7b-63 "A" Mtn. Tuff, 
sanadine

5.315 2.45 25.6 25.8 + 0.9 1 , 2

PED-1-62B "A" Mtn. Tuff, 
feldspar

5.06 2.42 23.2 26.6 ± 0.9 1

PED-8-63 Tumamoc Hill 2.67 0.945 74.9 19.8 ± 3.0 1 , 2
Basaltic Ande
site, whole 
rock

U1
VO



Table 6. (Continued) Potassium-Argon Ages of

Sample No. Rock or Mineral K (%)

Del Bac Hills Area:
JKP-9-67 Turkey Track 0.765

porphyry, 
plagioclase

JKP-10-67 Basaltic ande- 1.99
site (B6), 
whole rock

JKP-6 8 - 6 6  Basaltic ande- 1.99
site (Bg), 
whole rock

JKP-49-66 Basaltic ande- 2.01
site (A2), 
whole rock

JKP-50-66 Basaltic ande- 2.48 
site (A1 2 ), 
whole rock

Safford Peak Area:
Rillito Ande- 6.46 
site, tiotite

Radiogenic 
Argon - 40 X10-10 m/g

0.36

0.837

0.876

0.892

1.05

PED-9-63 4.46

Volcanic Rocks

Atmospheric 
Argon - 40 

(%)

33.8

39.2

38.7

32.8 

58.6

29.0

Apparent Refer- 
Age (m.y.) ence

26.3 ± 0.8 3

23.5 + 0.7 3

24.7 ± 0.7 3

24.8 ± 0.7 3

23.7 ± 1.0 3

38.5 ± 1.3 1, 2
<TiO



Table 6. (Continued) Potassium-Argon Ages of

Sample No.
Radiogenic 
Argon - 40

Rock or Mineral K (%) xlO--*-® m/g
PED-10-63 Safford Tuff, 

biotite
6.965 3.06

5 A-2 Contzen Pass 
unit, biotite

6.70 3.11

PED-1-64 Safford Peak 
dacite biotite

7.075 3.10

MB—2—62 Upper Andesite 
biotite

6.505 3.24

Roskruge Mountains Area:
MB—6—64 Basaltic ande

site, whole 
rock

2.905 1 . 2 1

MB-12-64 Basaltic ande
site, whole 
rock

2.575 1.08

MB-13-64 Basaltic ande
site, whole 
rock

1.89 0.52

MB—3—64 Recortado ash 
flow, sanadine

5.34 1.23

Volcanic Rocks

Atmospheric 
Argon - 40 

(%)
51.7 

44.4 

32.9

58.3

39.8 

56.1 

76.0

15.4

Apparent Refer- 
Age (m.y.) ence
25.2 ± 1.4 1, 2

26.0 ± 1 . 2  1 , 2

24.5 ± 0.9 1, 2

27.9 i 1.9 1, 2

23.3 ± 0.7 4

23.5 + 1.4 4

15.6 ± 2.4 4

13.0 ± 0.5 2, 4



Table 6. (Continued) Potassium-Argon Ages of Volcanic Rocks

Sample No 

MB-2-64

MB-7-64

MB-17-64

Samaniego 
RLE-31-68

RLE-27-67

RLE-29-67

Radiogenic Atmospheric 
Argon - 40 Argon - 40 Apparent 

Rock or Mineral K (%) xlO- 1 0  m/g (%) Age (m.y.)

Recortado Dis- 5.10 1.15
tal end,
sanadine
Brawley Wash 0.895 0.17
basalt, whole
rock
Dictograph dike 1.05 0.18
basalt, whole
rock

Hills Area:
Cerro Prieta 0.88 0.34
basalt, whole
rock
Cerro Prieta 0.846 0.266
basalt, whole
rock
Samaniego aph- 3.57 1.318
anitic andesite, 
whole rock

31.0 12.6 ± 0.4

72.1 10.4 ± 1.3

78.3 9.7 ± 1.7

70.3 21.6 ± 1.3

62.0 17.6 ± 0.8

38.6 20.7 ± 0.6

Refer
ence

4

4

4

5

5

5

tnK>



Table 6. (Continued) Potassium-Argon Ages of Volcanic Rocks

Sample No. Rock or Mineral K (%)
Radiogenic 
Argon - 40 X1 0 _ 1 0  m/g

Atmospheric 
Argon - 40 

(%)
Apparent 

Age (m.y.)
Refer
ence

RLE-27-68 Samaniego py
roxene andesite, 
whole rock

3.02 1.07 6 8 . 8 19.8 ± 1.2 5

RLE-20-68 Sasco andesite,
whole rock

Adjacent Areas:

3.49 0.95 93.3 15.2 ± 4.8 5

PED-1-63 Petroglyph Hill 
andesite, bio- 
tite

5.85 2.92 49.9 27.9 ± 1.4 2 , 6

RM-4-63 Ragged Top 
rhyolite, bio- 
tite

6.50 2.91 39.3 25.0 ± 1.0 6

1 Bikerman and Damon, 1966
2 Damon and Bikerman, 1964
3 Percious, 1968a, b
4 Bikerman, 1965, 1967, 1968
5 This work
6 Mauger, Damon and Gilleti, 1965
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in the Del Bac Hills locality. In this latter area, ages 
for basaltic andesites appear to show reversals (Percious, 
1968a, b). However, when the analytical error is con
sidered, they yield essentially the same age, i.e., about 
24 m.y.

With the exception of the Rillito Andesite, the 
volcanic rocks of the Safford Peak area are also essen
tially of the same age, i.e., 26 m.y.

Since there were no potassium-argon dates avail
able, five determinations were made on the rocks of the 
Samaniego Hills, Samples of three formations, RLE-27-67, 
RLE-29-67, RLE-27-68 and RLE-31-68, yield ages of about 
21 m.y. Sample RLE-27-67 showed a large amount of iron 
oxidation; comparison with RLE-31-68, a non-oxidized sample 
of the same formation, suggests that the former sample may 
have been perturbed by weathering to yield the younger age. 
The fifth analysis, although having a large atmospheric 
correction, gives the significant information that the 
Sasco andesite is still in the pulse of Mid-Tertiary magma- 
tism.

In light of the dates obtained for rocks in the 
Samaniego Hills, the apparently simple Mid-Tertiary chron
ology in the Roskruge Mountains suggested by Bikerman 
(1965, 1967, 1968) is brought into a better perspective.
The vesicular plagioclase basalt, the Cerro Prieta basalt,
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found in the Samaniego Hills and dated at about 21 ra,y. 
also crops out in the Roskruge Mountains. Further, in the 
latter area it occurs fairly low in the section of Mid- 
Tertiary volcanic rocks. The Samaniego pyroxene andesite 
which crops out stratigraphically beneath the Cerro Prieta 
basalt in the Samaniego Hills area can be correlated with 
a similar appearing, though weathered, andesite which 
immediately underlies this same basalt in the Roskruge 
Mountains. Unfortunately, subsequent field studies have 
revealed a possible fault which separates the hill sampled 
by Bikerman from the rest of the mountain range. Also, 
his other reliable Mid-Tertiary date on a basaltic andesite 
was on a rock collected from a hill remote from the rest 
of the area and completely surrounded by alluvium. The 
result is that it is not possible to place the flows dated 
by Bikerman in the stratigraphic column of Mid-Tertiary 
rocks with any certainty, it is suggested that the dated 
pyroxene basaltic andesite be correlated with the highly 
weathered basaltic andesites which crop out in N 1/2,
SE 1/4, Sec. 26, T15S, R9E. The other alternative is that 
there are more than one vesicular plagioclase basalt. The 
unique petrographic character of this formation, its 
stratigraphic position relative to the other correlatable 
volcanic formation, and the occurrence of an erosion surface 
on it in both regions suggests the former alternative is
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correct. ^ consequence of this is that many of the Mid- 
Tertiary. volcanic rocks in the Roskruge Mountains are 
younger than 21 m,y. Further geochronologic studies are 
necessary to verify this conclusion.

Correlation
Generalized geologic columns for Mid-Tertiary rocks 

which crop out in the areas studied are shown in Figure 11. 
Based on gross lithologic and petrographic features and 
geochronologic data, only five formations of Mid-Tertiary 
age can be correlated from one area to the next, The San 
Xavier and Safford Conglomerates and the conglomeratic 
sediments which underlie the volcanics in the Samaniego 
Hills area can probably be considered correlative on the 
basis of their similar lithology and stratigraphic positions. 
In the light of the studies of Cooper (1961) and Mielke 
(1964, 1965), the Turkey Track flows at Tumamoc Hill and the 
Del Bac Hills are correlative on the basis of their similar 
petrographic features and ages. The coarse clastic sedi
ments which are intercalated with basaltic andesites at 
Tumamoc Hill and Martinez Hill could be correlated on the 
basis of their identical lithology. However, geochrono
logic data suggest that they are of distinctly different 
ages.

The vesicular plagioclase basalt, Cerro Prieta ba
salt, which crops out in the Samaniego Hills area can be



K-Ar age

19.8

27.3

27.0

28.0

Approximate stratigraphic position sampled for chemical analysis

F o r exp lanatio n  o f the  rock u n it sym bols see Figures 3 , 4 , 5, 6 . and  7.

Tumamoc Hill

38.5 -

Safford Peak

15.2 -
.

1

20.7 —

21.6 —

19.8 -

Samaniego Hills

Figure 11. Generalized stratigraphic columns of die areas studied.
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correlated with that in the Roskruge Mountains. In addi
tion to its obvious petrographic similarities, the correla
tion is also supported by its stratigraphic position. As 
mentioned previously, hypersthene andesite crops out in 
both regions and this formation and the basalt formation, 
Cerro Prieta basalt, bear the same general stratigraphic 
relations to each other in both regions. In both regions, 
this basalt and andesite have been subjected to weathering 
and erosion prior to deposition of later sediments and 
volcanic rocks.

In light of recent geochronologic investigations 
of Mid-Tertiary volcanism in New Mexico, correlation of 
the volcanics in this work can be interpreted in another 
manner. Elston, Bikerman and Damon (1968) have shown that 
Mid-Tertiary volcanics in Southwestern New Mexico consist 
of three sequences; the Datil (pre 30 m.y.) and two sub
sequent series, one represented by rodks dated at 23 to 
28 m.y. and the other those dated 21 to 10 m.y. A similar 
conclusion can be arrived at by reference to Figure 1, in 
that there seems to be three sub-pulses to the Mid-Tertiary 
episode of magmatism. These three series of volcanics are 
separated by coarse clastic sediments.

In the region of Arizona considered in this study, 
the same generalized volcanic-erosional-sedimentation 
cycles can be distinguished. The only representative of
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Datil age yolcanics. in the region studied is the Rillito 
Andesite at SafEord Peak. The youngest group is repre
sented by pyroxene, hornblende and less commonly biotite 
andesites whose maximum age is about 21 m.y. The middle 
group of rocks represent the period 28 to 23 m.y. It is 
apparent that the precise age of the erosional-sedimenta
tion breaks is, at this point, rather arbitrary and that 
their presumed duration, on the basis of ,the radiometric 
dates, is relatively short. However, the apparent wide
spread geographical occurrence of hiatus’ in the eruption 
of volcanic rocks suggests that the time correlation of 
these Mid-Tertiary volcanic-sedimentary sequences is indeed 
valid. There are, however, exceptions to this generaliza
tion. Sediments in the area studied whose age is between 
21 to 24 m.y. have inferred ages of 24 m.y. in the Del Bac 
Hills, between 25 and 20 m.y. at Tumamoc Hill, and 21 m.y. 
in the Samaniego Hills.



CHAPTER 5

RESULTS OF PETROGRAPHIC STUDIES 

Introduction
Thus far the petrographic nomenclature employed 

in this work has been applied to these rocks in previous 
studies. However, some of the names that have been applied 
to these rocks have been based on different systems of 
nomenclature, e.g., hand specimen, thin section, or chemical. 
It is the author’s view that petrographic classification 
must be based on complete knowledge of the essential min
eralogy of the rock. For many of the fine grained rocks 
encountered in this study, it was necessary to analyze the 
rock powder by means of X-ray diffractometer techniques in 
order to accomplish this task. Although this technique is 
a great help in ascertaining the presence of silica min
erals apparently hidden in the groundmass, it does not aid 
in distinguishing borderline cases of basalt and andesite.

In the general geologic literature, the requisite 
mineralogy of a basalt is plagioclase whose anorthite con
tent is greater than 50 per cent and presence of a pyroxene. 
If the rock is too fine grained for the composition of the 
plagioclase to be determined in thin section, there is
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little recourse by which to distinguish basalt from ande
site.

Figure 12 illustrates the system of nomenclature 
used for this study. It was patterned after a similar 
system in Bayly (1968) and is incomplete since it only 
considers the rock types encountered in this study. The 
rocks are classified on the basis of their modal quartz 
percentage and the relative amount of plagioclase to total 
feldspar.

The location, petrographic description and classifi
cation of the samples studied are given in Appendix II. The 
author found textbooks by Kerr (1959), Heinrich (1965) and 
Deer, Howie and Zussman (1966) to be of great help in min
eral identification but there are a few notable points to 
be made concerning this.

Many times the very fine grained nature of the 
rocks permitted determination of plagioclase composition 
only with difficulty, if at all. Whenever possible, the 
composition was determined by both Michel-Levy and Carlsbad- 
Albite twin methods on numerous grains. In some rocks, the 
polysynthetic twinning of the plagioclase was not sharp and 
its composition is at best an estimate. Potash feldspar 
was distinguished from plagioclase by its lack of poly
synthetic twinning and was termed sanidine only if several

71



60%

%
Quartz

10%

0%

Rhyolite Rhyodacite Dacite

1

Trachyte Latite Andesite Basalt

0% 10% 33% 67% 00% 100%
Proportion of plagioclaca in total feldspar

Figure 12. System o f Classification used in this Study.



grains could be found which showed a low 27, . Otherwise, 
the terms orthoclase or potash feldspar were used.

Distinguishing pigeonite from augite is difficult. 
Based on the data of Heinrich (1965), a clinopyroxene was 
identified as pigeonite only if it has 1 ) zAc less than 
36 to 40 degrees and 2 ) if the optic plane was oriented 
normal to the ’{bio} crystallographic plane.

The modal compositions of the rocks as determined 
by 500 to 1000 point counts per thin section are given in 
Tables 7, 8 , 9 and 10.

Generalized Petrographic Observations 
The individual descriptions of the samples col

lected are given in Appendix IX. It is pertinent here >to 
make some generalizations regarding their petrography.

Rock formations from which a number of samples were 
collected have been termed "basaltic andesites" in previous 
studies (see Percious, 1968a, b; and Bikerman and Damon, 
1966, for example). This name essentially refers to a rock 
that is a basalt in terms of its modal mineralogy but is 
chemically an andesite. Coats (1968) has recently reviewed 
the origin of the term and has listed rocks which have been 
described by this term. Such a general definition has per
mitted many different criteria to be used for particular 
cases under this generalization. This view is clearly
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supported by examination of the tabulations presented by 
Coats (1968),

Many of the rocks he lists could just as readily 
be placed in a system of classification based on tholeiite 
and alkali olivine basalt series, such as Joplin (1964) 
presents. Certainly some of them were called basaltic 
andesites long before definitive work on the Hawaiian 
volcanic rocks provided a basis for understanding of rocks 
classed as mugearite, hawaiite, etc.

Rocks of this study that have been termed basaltic 
andesites have the following characteristics. When de
terminable, the plagioclase is usually more calcic than 
An^g. The phenocrysts of olivine are partially altered 
to iddingsite. Clinopyroxene and occasionally olivine are 
scattered throughout the groundmass. Of particular im
portance is the observation that potash feldspar is a common 
interstitial mineral. Generally, the plagioclase is 
slightly less than 90 per cent of the total feldspar in 
the rock. These generalizations are based on examination 
of the coarser grained rocks from the modal analyses in 
Table 7. Given the proper ferromagnesian mineral assem
blage, the basaltic andesites of this study are typified 
by plagioclase of An greater than 45 and the fraction of 
feldspar that is plagioclase is less than but approaching 
90 per cent.



Table 7. Modal Analyses of Basaltic Andesites

RLE
5-67

RLE
26-67

RLE
7-68

RLE
25-68

JKP
49-66

JKP 
6 8 — 6 6

JKP
10-67

Phenocrysts: -

Potash feldspar — ----- ' —— 4.0 26.2 7.0 —

Plagioclase — 19.3 — 15.0 38.8 54.6 —

Clinopyroxene — 7.5 — — 5.0 2 0 . 6 2 0 . 6 —

Orthopyroxene — — — 1.5 — — —
Olivine 

Groundmass:

2.7 5.8 1.5 1 . 8 3.8 5.6

Plagioclase laths
dominate 61.0 47.5 64.6 64.0 — — — 50.4

Clinopyroxene 23.2 1 2 . 6 19.0 — — — 13.4
Olivine — 5.4 — — — — — —

Magnetite 12.9 7.7 1 0 . 8 9.0 1 2 . 6 14.0 15.2
Quartzofeldspathic

" “ “ "

15.4

Typical X-ray diffractometer analysis reveals no detectable silica 
minerals. Appendix III provides an index of samples, volcanic formations, 
and localities.
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Rocks which crop out in the Safford peak area have 

been classed as andesites and dacites (Brown 1939). X-ray 
diffractometer analysis have shown that these rocks con
tain significant amounts of quartz or cristobalite (see 
Table 8 ). Although it is difficult to say with certainty 
that the content of the silica mineral is in excess of 1 0  

per cent, the height of the corresponding peak of quartz 
or cristobalite is equal to or greater than that of the 
feldspar. On this basis then, it is suggested that the 
Upper Andesite (RLE-1,3-68) and the Safford Dacite (RLE- 
4,5-68) are rhyolites and the Rillito Andesite (RLE-33-68) 
is a rhyodacite. These rocks, as well as the Ragged Top 
rhyolite (RLE-32-68) are characterized by phenocrysts of 
potash feldspar and plagioclase (An^Q.^g) set in an 
aphanitic quartzofeldspathic groundmass. Biotite is the 
characteristic ferromagnesian mineral and is abundant.

The third major petrographic class of rocks which 
occur are hypersthene andesites. These rocks, listed in 
Table 9, are characterized by small hypersthene pheno
crysts usually set in a fine grained groundmass of feldspar 
laths. There are two variants from this generality. 
Andesite in the Roskruge Mountains also contains a signifi
cant amount of hornblende so could be called hornblende 
hypersthene andesite (RLE-15,18-68). The other variant 
occurs in the Samaniego Hills area where the groundmass



Table 8. Modal Analyses of Rhyolites

RLE
1 - 6 8

RLE
3-68

RLE
4—68

RLE
5—68

RLE
6 — 6 8

RLE 
3 2—68

RLE
33-68

Phenocrysts:
Potash feldspar 17.3 1 2 . 6 13.2 15.2 9.8 25.5 2 . 8
Plagioclase 2.4. 4.5 4.0 2.4 0 . 6 19.3 3.5
Quartz — — — 2 . 0 0 . 8 — 1.5
Clinopyroxene — 1.3 — — — — —
Biotite 3.6 4.9 4.2 2.4 1.4 1 . 1 3.0
Hornblende 0 . 6

Groundmass: ■

Quartzofeldspathic 75.5 73.3 76.0 77.6 87.0 38.8 80.0
Magnetite 1.3 2.4 1 . 6 0.4 0 . 6 15.3 9. 0

X-ray diffractometer analysis typically indicates that either quartz or, 
more commonly, cristobalite is in amounts presumed to be in excess of 1 0  per 
cent. Appendix III provides an index of samples, volcanic formations, and 
localities.



Table 9. Modal Analyses of Andesites

RLE28-67 RLE29-67 RLE30-67 RLE11-68 RLE13-68 RLE14-68 RLE15-68 RLE18-68 RLE19-68 RLE20-68 RLE27-68 RLE30-68

Phenocrysts: 
Potash feldspar „„ 7.2 6.6 4.6 9.6 6.4 4.1 3.6
Plagioclase 1.6 1.7 1.6 — 4.4 2.8 1.0 1.3 0.5 2.8 — —
Clinopyroxene 3.6 5.9 1.0 — 3.6 3.0 —— 1.1 1.1 2.4 3.2 2.2
Orthopyroxene 8.6 6.9 6.4 — — 8.6 5.4 4.6 2.3 3.6 2.6 7.1 3.8
Hornblende 3.8 2.8

Groundmass:
Plagioclase laths dominate 70.2 70.3 74.5 70.2 78.5 82.5 82.6 75.9 80.8
Quartzo-feldspathic —— — 72.2 —— — 70.6 — —— — 85.8 — — —
Orthopyroxene — — — 5.3
Clinopyroxene — — — 6.7
Magnetite 15.8 15.2 11.6 13.5 15.8 13.4 2.6 3.8 8.0 2.6 11.8 13.2

Appendix III provides an index of samples, volcanic formations and localities.
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tends to be. more gua,rtzofeldspathic and may show a mod
erately intense cristobalite peak on the diffractometer 
chart (RLE-30-67), Thus it appears that these andesites 
trend toward rhyodacites. Another feature of some of these 
andesites, particularly the hornblende hyperthene andesite 
from the Roskruge Mountains, relates to the relative amount 
of plagioclase and potash feldspar in the groundmass and 
phenocrysts (RLE-13,15,18,19-68). In the rocks just cited, 
based on at best rough estimates, the groundmass has a 
greater proportion of plagioclase feldspar than the pheno
crysts. Other rocks are in general too fine grained for 
such a statement to be made.

Table 10 lists the modal analyses of rocks which 
do not fit into these categories or are unique and include 
the Turkey Track porphyry (RLE-22-67), the Cerro Prieta 
basalt (RLE-27-67, 31-68), a latite (RLE-29-68), and a 
vitrophyre (RLE-8-67, 2-68).

It is possible to make a general statement regard
ing the distribution of rock types with time. This dis
tribution is illustrated in Figure 13. The Rillito "Ande
site" is not included and the sloping lines imply a tendency 
to change composition and a dotted line implies their in
creasing scarcity.



Table 10. Modal Analyses of Other Samples

RLE RLE RLE RLE RLE. RLE RLE
8-67 22-67 27-67 29-68 31-68 35-68 2 - 6 8

Phenocrysts:
Potash feldspar 13.2 — — 25.9 —  — 13.0 13.0Plagioclase 6 . 6 42.4 54.0 13.6 55.8 4.0 6 . 6
Quartz — — — — — 1 . 0 —

Orthopyroxene — 1.5 —  — 0 . 2 — 1 . 0 —

Clinopyroxene — — 15.1 1.3 1.4 — 0.9
Biotite 6.4 — —  — 13.6 — 7.0 4.6
Olivine — —  — 14.1 — 22.4 — —

Groundmass:
Quartzofeldspathic — — 40.1 — 38.6 — — —

Vitric 71.3 — — — — — — 72.0 73.9
Clinopyroxene — 5.6 — — — — — — —

Olivine — 4.7 — — — — — —

Magnetite 1.4 5.7 16.3 6.9 15.5 1 . 0 0.5
Other 1 . 1 Trace — -■ — — —

Appendix III provides an index of samples, volcanic formations, and 
localities.
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petrogenetic Implications

There are several important inferences to be drawn 
from examination of particular textures exhibited by some 
of these Mid-Tertiary volcanic rocks. A few are clearly 
due to processes operating at the earth’s surface during 
their eruption. Others must reflect the physico-chemical 
environment from which the magmas were derived and their 
history intermediate between this and their eruption.

Processes operative at the earth's surface are 
represented by the devitrification of glassy material and 
perhaps fragmentation of crystals as noted for several of 
the samples in Appendix II.

It was found that biotite in the Upper Andesite 
(rhyolite) was commonly rimmed by opaque minerals, pre
sumably magnetite. Figure 14 shows this feature. Since 
this feature is not characteristic throughout the forma
tion and since it appears to be more common in the more 
porous or vesicular zones of the rock, it reflects a pro
cess operative at the earth's surface. Williams (1929) 
discussed this same sort of texture and found that he could 
produce it in the laboratory by heating the biotite or 
hornblende rich rock to high temperatures in the atmosphere. 
It is suggested here that the texture of the biotite grains 
is due to partial oxidation of these grains upon their 
encounter with the earth's atmosphere.
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Figure 14. Biotite Grain Rimmed by Opaque Minerals.
(x 40)
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Several other observations place limits on the 

conditions of phenocryst growth. Figure 15 shows the 
typical texture of the ferromagnesian minerals in the 
Turkey Track porphyry. Phenocrysts of hypersthene are 
rimmed by pigeonite which is in turn rimmed by grains of 
iddingsite coated magnesian olivine. It is clear that the 
rock,was capable of crystallizing olivine and equally 
clear that the hypersthene phenocrysts crystallized in an 
environment where hypersthene was stable with respect to 
magnesian olivine. Yoder and Tilley (1962) found that 
orthopyroxene replaced olivine as the liquidus mineral at 
temperatures of about 1200°C and pressures above ID kbars. 
This suggests the ferromagnesian phenocrysts of the Turkey 
Track porphyry began to crystallize in a region where the 
temperature was above 1200°C and the pressure greater than 
1 0  kbars.

Plagioclase phenocrysts in the volcanic rocks 
studied also give clues concerning their genesis. Figure 
16 illustrates the typical plagioclase texture of the Sasco 
andesite. The spatial distribution and uniformity of the 
"dust" ring supports a fairly obvious conclusion. It is 
apparent that the phenocrysts grew until its growth was 
interrupted by an event, perhaps an increase in temperature 
or decrease of pressure, which caused the feldspar to be 
unstable. As a result, its rim started to dissolve.
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Figure 15. Texture of the Ferromagnesian Minerals in the 
Turkey Track Porphyry.
(x 50)
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Figure 16. Texture of a Plagioclase Phenocryst and a 
Composite Grain from the Sasco Andesite.
lx 25)
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Crystallization subsequently occurred to yield what is 
seen. This interpretation is the same as that given by 
Kuno (1950) for a similar texture. Further, other plagio- 
clase phenocrysts do not exhibit the same "dust” ring 
texture. This suggests the possibility of different grains 
representing slightly different geological processes (i.e., 
genesis).

The plagioclase phenocrysts of the Turkey Track 
porphyry also exhibit an interesting texture (see Figure 
17). Small patches of crystalline material essentially 
identical to the groundmass are included as blebs in the 
plagioclase and gives the mineral a honeycomb texture. The 
shape of the blebs suggests a degree of crystallographic 
control and they are typically absent in the outer rim 
area of the phenocrysts. Kuno (1950) has suggested that 
honeycomb texture can arise under conditions similar to 
those described above for "dust" rims. The spatial dis
tribution of the blebs suggests the necessity for the 
entire crystal to become unstable and attempt to dissolve. 
Also, this dissolved material was obviously purged from the 
crystal and replaced by magma which subsequently crystal
lized as groundmass. An alternative hypothesis is that the 
honeycomb areas result from magma becoming surrounded by 
and incorporated into a plagioclase crystal during its
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Figure 17. Honeycomb Texture of Plagioclase from the 
Turkey Track Porphyry.
(x 15)
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growth. This implies that the plagioclase crystals grew 
rapidly.

The large size of the phenocrysts of the Turkey 
Track porphyryr both plagioclase and pyroxene, suggests 
that the latter alternative is preferred. In the initial 
stages and probably during eruption, olivine and the outer 
plagioclase rims were grown under lower pressure, and per
haps more turbulent, conditions than prevailed during 
phenocryst formation. Finally, the groundmass crystallized 
upon eruption onto the earth's surface. It is possible 
that other stages in the crystallization sequence could 
have occurred, however, they are not necessary to explain 
the petrographic observations.

The interpretation of the textures illustrated in 
Figures 18 and 19 is dependent on the conditions in which 
hypersthene is stable and also on the stability region of 
hornblende. In many of the andesites it is clear that 
hypersthene is the liquidus mineral.

Figure 18 is a photomicrograph of a phenocryst 
whose core is hypersthene (black area) and rim is augite 
(white area). To be a liquidus mineral, hypersthene must 
occur either in a rock whose composition is silicic enough 
so that olivine will not crystallize or the system must be 
at an elevated pressure so that olivine will be unstable. 
The average composition of these rocks (see Chapter 7) is



Figure 18. Pyroxene Grain of Hypersthene Surrounded by 
Augite.
(x 90) crossed nicols
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Figure 19. Texture of a Hornblende Phenocryst from an 
Andesite.
(x 45)
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such that projection of their composition onto the anor- 
thiter-diopside^forsterite plane indicates that at atmos
pheric pressure olivine is the liquidus mineral. This 
suggests that elevated pressures caused hypersthene to 
become stable with respect to olivine. Since the pertinent 
system has not been investigated at high pressures by ex
perimental petrologists, it is difficult to say with 
certainty what this elevated pressure is. By analogy with 
the above discussion, it is reasonable to expect it to be 
about 1 0  kbars.

Figure 19 shows a pigeonite rimmed hornblende 
phenocryst and a hypersthene phenocryst from the Roskruge 
hornblende andesite. This texture indicates that pheno- 
crysts of hornblende formed (along with plagioclase) and 
were subsequently embayed and apparently, oxidized. Later, 
pigeonite crystallized around this hornblende. Since there 
is no pigeonite surrounding the plagioclase, this is 
clearly a reaction between a residual liquid which was 
crystallizing hypersthene and the hornblende phenocryst.
It is clear that since hornblende is present the environ
ment was at one time hydrous. Because the stability curve 
of amphiboles in general, and hence hornblende in par
ticular, is relatively insensitive to increases of water 
pressure (see Ernst, 1968 or Yoder and Tilley, 1962), it 
is clear that the dominant cause of the hornblende’s
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embayment was an increase of temperature, Ernst (1968) 
also gives the reactions for the stability curves of 
several amphiboles. In a generalized form, this reaction 
can be expressed as hornblende = magnetite + olivine + 
pyroxene + quartz + water. It is apparent that oxidation 
in the sense discussed previously did not occur. The 
formation of magnetite was simply a result of the reaction 
of hornblende with the melt. The reaction as interpreted ■ 
from the thin section is hornblende + melt = magnetite + 
pigeonite + melt. It is not possible to put well defined 
limits on the partial pressure of water. All that can be 
said with certainty is that it was probably greater than 
2 kbars.

Figure 20 shows an iddingsite rimmed grain of 
olivine rimmed by hypersthene. This basaltic andesite,
RLE-25-68, was the only sample in which a reaction rela
tionship between olivine and the groundmass was found to 
exist. This is the expected relationship for a rock of a 
tholeiitic affinity. The rest of the basaltic andesites 
studied had no such relationship.

Figure 16 shows a composite grain or rock fragment 
composed of plagioclase, augite, hypersthene, and magne
tite. These composite grains or rock fragments are common 
in the more silicic andesites and the rhyolites. The grain 
shown here is not necessarily characteristic because often
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Figure 20. Reaction Relationship Between Olivine and the 
Groundmass.
(x 70)
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the plagioclase of these grains exhibit a honeycomb texture 
and less frequently the grains or fragments are more 
rounded. Occasionally in the rhyolites, the pyroxene of 
the fragment has reacted with the melt to form biotite.
The significant observation is that the mineralogy and 
texture of these grains is compatible with that of the more 
mafic minerals, pyroxene, plagioclase, and magnetite, in 
the rock series. It seems unlikely that derivation of 
these grains or fragments from a source outside of the 
system would result in such a compatible mineralogy and 
texture. The implication of this is that if a portion of 
the magma from which these rocks crystallized was derived 
by partial melting, these composite grains or rock fragments 
may be a sample of the unmelted source.

The only feature that can positively be cited as 
due to contamination are rounded quartz grains which are 
rimmed by augite. These grains are rare and occur in the 
andesites and secondarily, the basaltic andesites.

Summary
Briefly, the conclusions concerning the petro- 

genesis of these rocks can be summarized as follows. The 
close temporal association of the Turkey Track porphyry 
with the basaltic andesites suggests that they have similar 
origins. Based on textural relations of the Turkey Track 
ferromagnesian minerals, the depth at which the Turkey
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Track porphyry began to crystallize was in excess of 30 
kilometers. The interpretation of the texture of the 
plagioclase phenocrysts corroborates this view. The 
presence of hypersthene in the andesites suggests that 
they also began crystallization at a similar depth.

The depth from which these magmas were derived 
in relation to crust-mantle boundaries remains unanswered.

There are suggestions that the andesites may be a 
result of contamination of a relatively silicic melt with 
a more mafic source. This is an unreasonable observation 
if considered in terms of melting a cold mafic rock by a 
hot silicic magma. However, because the andesitic magma 
was probably derived from a depth in excess of 30 kilo
meters , it is reasonable to suggest that the more mafic 
"contaminant" may be material from the earth's mantle. If 
this were true, the energy required for melting the more 
mafic contaminant would be available.

The texture of plagioclase in the andesites sup
ports this view. The "dust" ring texture may very well 
have resulted when a hotter mafic magma mixed with the 
cooler silicic one in which the plagioclase had begun to 
crystallize. The common occurrence of this texture in 
the andesitic rocks suggests that the andesites in general 
fit this contamination or hybridized model.
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The third aspect, and no less significant, is that 

it is possible to restrict the rhyolites, basaltic ande
sites, and andesites to rather definite time "intervals.
In light of the possible origin of the andesites, it is 
interesting to note that basalts were erupted before and 
after the eruptions of andesite. Further, Bikerman (1965, 
1967, 1968) has shown that the 10 m.y. old basalts have 
been derived from the earth’s mantle.



CHAPTER 6

RESULTS OF STRONTIUM ISOTOPIC ANALYSES 

Introduction
Results of strontium 87/86 ratio determinations 

are listed in Table 11 and displayed in Figure 21, From 
the literature, three points of reference can be estab
lished to aid the interpretation of this data. Hedge and 
Walthall (1963) and Faure and Hurley (1963) have shown 
that rocks having a Sr8 ^/Sr®^ = 0.7040 can reasonably be 
interpreted as being derived from the earth’s mantle. 
Secondly, analysis of sea water indicates that its Sr8 ^/Sr8 6  

= 0.7094 + 0.0006 (see Faure, Hurley, and Powell, 1965; 
Hamilton, 1966; and Murthy and Reiser, 1968). Faure and 
Hurley (1963) and Hurley, Hughes, Faure, Fairbairn, and 
Pinson (1962) have also presented data to suggest that 
average sialic crustal material has a Sr8 ^/Sr8  ̂= 0.725 
± 0.005. Recently, Hurley (1968) has suggested that the 
lower continental crust has a Sr8 ^/Sr® 6 = 0,7045 and the 
average crustal Sr8 ^/Sr8  ̂= 0.7090.

Presentation of Data
Considering the data in general, there are three 

self evident points to be made. First, there are no
98



Table 11. Strontium Isotopic Data for Mid-Tertiary Volcanic Rocks

Sample No
K-Ar

Rb(ppm) Sr(ppm) Rb8^/Sr8  ̂ Sr87/Sr88m#n (m.y.) Sr87/Sr86i

Rhyolites
RLE-8-67 WR 286.3± 3.4 371.7+ 2.3 2.231±0.030 0.7094+0.0001 26.0 0.7086RLE-3-68 WR 207.1± 2.2 357.7+ 3.3 1.677+0.024 0.7092+0.0001 28.0 0.7085RLE-4-68 WR 206.0± 2.2 324.0+ 3.0 1.841+0.026 0.7091+0.0001 25.0 0.7085
RLE-6-68 WR 255.8+ 2.5 129.4± 1.2 5.726±0.077 0.7106±0.0001 25.0 0.7086RLE-32-68 WR 224.0+ 2.4 161.7+ 1.6 4.013±0.058 0.711010.0001 27.0 0.7095RLE-33-67 WR 150.7± 1.7 323.0+ 2.8 1.351±0.019 0.7094+0.0001 38.0 0.7087

Andesites
RLE-29-67 WR 127.41 1.8 589.71 3.5 0.62610.010 0.708010.0001 21.0 0.7078RLE-11-68 WR 153.31 1.8 536.81 4.9 0.82710.012 0.708210.0001 20.0 0.7080RLE—13-68 WR 125.41 1.6 549.91 4.2 0.66010.010 0.708510.0001 16.0 0.7084RLE-18-68 WR 122.81 1.6 586.61 4.5 0.606+0.010 0.708810.0001 20.0 0.7086
RLE-19-68 WR 130.61 1.7 537.71 4.2 0.70310.011 0.708710.0001 20.0 0.7085RLE-20-68 WR 135.41 1.7 495.91 3.9 0.79110.012 0.708610.0001 16.0 0.7084RLE-27-68 WR 137.61 1.4 508.11 3.1 0.78410.009 0.708310.0001 20.0 0.7080RLE-29-68 WR 143.01 1.7 657.31 5.6 0.63010.009 0.708310.0001 20.0 0.7081

Basaltic Andesites
RLE-5-67 WR 49.2 + 1.1 611.31 3.8 0.233+0.005 0.709010.0002 27.0 0.7089RLE-22-67 WR 144.31 1.7 535.11 3.9 0.78110.011 0.709310.0001 28.0 0.7090

PL 3.01 0.7 1050.61 7.3 0.008+0.002 0.708910.0001 28.0 0.7089PX 10.21 1.0 18.41 0.9 1.61 10.18 0.709510.0001 28.0 0.7089



Table 11. (Continued)

Sample No. Rb(ppm) Sr(ppm) Rb87/sr86 Sr87/Sr86m ,n
K-Ar 
age 
(m.y.) Sr87/Sr86i

Basaltic Andesites (Continued)
RLE-26-67 WR 78.9± 1.3 724.11 4.3 0.31610.006 0.7083+0.0001 23.0 0.7082
RLE-7-68 WR 59.5+ 1.1 775.21 7.0 0.22210.005 0.7080+0.0001 27.0 0.7079
RLE-9-68 WR 94.4± 1.3 822.91 7.3 0.33210.005 0.7080+0.0001 20.0 0.7079
JKP-50-66 WR 92.7+ 1.6 567.81 5.1 0.47310.009 0.7071+0.0001 24.0 0.7069
JKP-68-66 WR 53.3+ 1.4 788.11 7.0 0.19610.005 0.707810.0001 24.0 0.7077
JKP-1-67 WR 148.11 2.0 531.11 4.8 0.80810.013 0.709410.0001 27.0 0.7091

PL 7.91 0.7 1062.71 6.2 0.02210.002 0.7094+0.0001 27.0 0.7094
MB-6-64 WR 110 650 0.49 10.05 0.7088+0.0002 23.0 0.7086
JEM-1-63 WR 160 ± 3 440 125 1.05 10.06 0.709010.0002 27.0 0.7086
JEM-2-63 WR 165 112 479 116 0.99710.080 0.7092+0.0002 27.0 0.7088
JEM—3—63 WR 129 1 8 483 1 7 0.77310.049 0.709310.0002 27.0 0.7090
JEM-4-63 WR 153 1 6 495 127 0.89510.060 0.709910.0002 27.0 0.7096

Basalts 
RLE-27-67 WR 25.71 1.0 478.91 3.1 0.15510.006 0.706810.0001 21.0 0.7067
MB-7-64 WR 7.41 0.9 517.21 3.3 0.04110.006 0.703010.0002 10.0 0.7030
MB-17-64 WR 47 1 7 574 120 0.23710.036 0.703310.0002 10.0 0.7033

JKP samples from Percious 1968a, b 
MB samples see Bikerman 1965, 1967 
JEM samples from Damon, et al., 1965
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strontium 87/86 initial ratios greater than 0,7095, Since 
these analyses include rhyolites as well as more mafic 
types f this observation suggests that these rocks are not 
the result of contamination of a mafic magma by super
ficial sialic crust. That is, had this contamination oc
curred, one would expect the rhyolites in particular to 
have initial Sr^/Sr®^ ratios approaching 0.725.

Secondly, the initial Sr8 ^/Sr8 6  ratios lie between 
0.704, the presumed value of Sr8 ^/Sr®^ ratios in the 
earth's mantle, and roughly 0.7093, the value of Sr8 ^/Sr8 8  

ratio of sea water. Thirdly, since the initial strontium 
87/86 ratio is a function of the Rb8 ^/Sr8 8  ratio, the Mid- 
Tertiary petrogenetic system is not a single homogeneous 
closed system.

Looking at the data in a more detailed manner, 
several additional points are evident. The analysis of the 
Turkey Track porphyry, samples RLE-22-67, JKP-1-67, JEM- 
1,2,3, 4-63, indicates that this formation has a rather 
uniform Sr8 7 /Sr86£ = 0.7090. The Sr8 7 /Sr8 6  initial ratio 
for mineral separates of the Turkey Track porphyry is, in 
the case of RLE-22-67 PL, PX (plagioclase and pyroxene, 
respectively), 0.7089 and for JKP-1-67 PL it is 0.7094. 
With the exception of JKP-1-67 PL, this data supports the 
conclusion that the magma from which the Turkey Track
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porphyry crystallized was homogeneous with respect to dis
tribution of strontium isotopes and was also closed.

The Mid-Tertiary rhyolites which crop out in the 
Safford Peak area, samples RLE-8-67, 3,4, and 6 -6 8 , have 
an initial Sr^/Sr^® ratio of 0.7086. This suggests that 
these rocks crystallized from a closed magma system. 
Although older than the above samples, the Rillito Andesite 
(rhyolite), RLE-33-68, has the same ratio. The higher 
initial Sr®^/Sr^ ratio of the Ragged Top rhyolite, RLE- 
32-68, suggests that the Mid-Tertiary rhyolites, as a 
group, were an open system or the source from which they 
were derived was heterogeneous.

Analysis of two basalts, MB-7-64 and MB-17-64, 
indicates that magma has been derived from the earth's 
mantle and implies that the physico-tectonic state of the 
earth's crust was such that a deep source could be tapped.

Having established the open-closed and homogeneous- 
heterogeneous aspects of the above rock units, there re
mains the Sr^/Sr®^ data of the andesites and basaltic 
andesites to be interpreted. From Figure 21 it is clear 
that the andesites, basaltic andesites, and one basalt lie 
between the Turkey Track porphyry area and that represent
ing the basalts derived from the mantle. A line fit by 
the method of least squares through all these data points 
(excluding rhyolites) results in a line which explains
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only 6 8 pe% cent of the variance present in the data. On 
a geologic basis, two trends of points can be distinguished. 
The first trend is represented by the shallow dipping line 
and includes only Turkey Track porphyry samples and RLE- 
26-67,7, 9-68, JKP-6 8 - 6 6  and MB-6-64 which are all basaltic 
andesites. The line shown, again by a least squares fit, 
explains 81 per cent of the existing variance in that group 
of points. Another line was fitted to the remaining points, 
including the Turkey Track porphyry analyses and excluding 
RLE-27-67, a basalt. This line explains 89 per cent of the 
variance of the data. Thus, the distinction made on a 
geological basis seems to be statistically justified.

Simple trends like those just mentioned can be due 
to either 1 ) mixing of two sources of rubidium and stron
tium or 2) an isochronal relationship. From the geologic 
occurrence another boundary condition can be imposed. The 
Turkey Track porphyry is older than any of these andesites, 
basaltic andesites, and basalts under discussion here.
Thus on both trends of Figure 21, the Mid-Tertiary magmatic 
system is evolving to lower Sr^/Sr®^ initial ratios and 
lower Rb/Sr ratios. Further, it is clear that had con
tamination been the dominant process for the formation of 
the basaltic andesites, at least 80 per cent contamination 
of a Turkey Track type magma would be necessary to yield 
JKP-6 8 -6 6 . Additionally, the contaminant would have to
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have no rubidium and strontium probably in excess of 1 0 0 0  

ppm and haying an isotopic composition of Sr®^/Sr®^ =
0.7072. Thus, based on the extreme amount and composition 
of the needed contamination, the basaltic andesite trend 
is not due to contamination of a Turkey Track type magma. 
Although the system from which the basaltic andesites were 
derived was closed, the trend of initial Sr^^/Sr^G ratios 
indicates that it was also heterogeneous. Since this 
system was closed, it is further suggested that the trend 
of initial Sr8 ^/Sr8 6  ratios is an isochron. As such, the 
heterogeneous system, from which the basaltic andesites 
were derived, originated (became closed) about 180 m.y. 
ago with an initial Sr8 ^/Sr8 8  ratio of 0.7072.

The second trend contains dominantly andesites. 
Again, the Turkey Track porphyry is older than the ande
sites which are older then the basalts MB-7-64 and MB-17- 
64. Further, the amount of contamination necessary to shift 
a magma having the composition of the Turkey Track porphyry 
to that of the andesites is on the order of 2 0  to 25 per 
cent and, at most, is about 40 per cent for JKP-50-66.
This second trend suggests the contaminant would be a 
basaltic magma derived from the earth's mantle. However, 
it is inconceivable to obtain andesites from a magma re
sulting from the contamination of a basaltic andesitic 
magma with a basaltic magma. The existence of the rhyolites
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mentioned above attests to the fact that silicic magma 
having an initial Sr^/Sr®® ratio of' 0.7086 was generated 
during the Midi-Tertiary magmatic epoch. Thus, it is pos
sible that such a silicic magma existed with which basaltic 
material mixed to yield the hypersthene andesites. An 
estimate of the degree of homogeneity of the subsequent 
hybrid magma produced in this open system can be made.
It is suggested here that this homogeneity may be reflected 
in the abscissal dispersion of the andesite analyses from 
the andesite trend shown in Figure 21. Since RLE-13-68 
and RLE-20-68 are both samples of the Sasco andesite, their 
deviation is probably due to fractional crystallization 
of the same magma. Based on similar stratigraphic position 
and petrography, samples RLE-29-67, Samaniego aphanitic 
andesite, and RLE-11-68, aphanitic andesite from the Ros- 
kruge Mountains, may also reflect fractional crystalliza
tion of the same magma. The remaining sample whose anal
ysis lies to the right of the andesite trend, RLE-27-68, can 
not be interpreted in a similar way because of the lack of 
a corresponding analysis. Thus, the andesite trend of 
Figure 21 is interpreted as representing hybrid magmas 
which resulted from the mixing of a silicic magma and ba
saltic magma derived from the earth’s mantle and which 
subsequently experienced fractional crystallization prior 
to eruption.
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Summary

Combination of this data with the petrographic 
data discussed previously, supports many of the conclusions 
stated then. The rhyolites, with the possible exception of 
the Ragged Top Rhyolite (RLE-32-68), formed from a magma 
which was a system closed with respect to rubidium and 
strontium and which had an initial Sr^/Sr^fj = 0.7085.

The basaltic andesites, with the exception of 
JKP-50-66, all fall on the same trend in Figure 21. This 
compares favorably with their petrographic similarity and 
restricted temporal occurrence. Interpretation of the stron 
tium isotopic data suggests that the basaltic andesites 
were derived from a closed, heterogeneous system.

The andesites fall on a trend that indicates con
tamination of a silicic, perhaps rhyolitic, magma with ba
saltic magma derived from the earth’s mantle. The petro
graphic evidence also indicates that contamination by 
basaltic magma may have occurred. Interpretation of the 
strontium isotopic data suggests that the hypersthene 
andesites crystallized from magmas which experienced some 
degree of fractional crystallization and which were derived 
from the mixing of a silicic magma with a basaltic magma.

In view of the rather strong evidence that magmas 
may have been contaminated with mantle material, the anom
alous samples, RLE-27-67 and JKP-50-66 can be interpreted.
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In the context of the previous discussion, RLE-27-67, 
Cerro Prieta basalt, would be the result of mixing a ba
saltic andesitic magma with mantle derived material. The 
same can be said of JKP-50-66, except the contaminated 
magma was more silicic than the one just mentioned.



CHAPTER 7

RESULTS OF CHEMICAL ANALYSES 

Rubidium and Strontium Data

Introduction
The means by which these analyses were accomplished 

has been discussed previously. The results of the analyses 
for these trace elements are listed in Table 12 and dis
played in Figures 22 and 23. Note that in most cases there 
is good correspondence between the splits analyzed. As 
discussed previously, those which do not agree are the re- 
'suit of error induced by sampling the coarsely fragmented 
material prior to pulverizing. In the case of the Turkey 
Track porphyry (RLE-22-67), the problem is sample inhomo
geneity caused by the plagioclase phenocrysts. For samples 
RLE-1,3,4-68 the problem was due to coarse grained biotite 
and feldspar phenocrysts.

Presentation of Data
Figures 22 and 23 show plots of the Rb/Sr ratio 

versus rubidium and strontium, respectively. Both of them 
show the variation expected in a system undergoing dif
ferentiation, i.e., partial crystallization, or partial 
melting, the reverse of differentiation. There is a little

109
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Table 12. Rubidium and Strontium Concentrations in Mid- 

Tertiary. Volcanic Rocks

Sample No. Rb(ppm) Sr(ppm) Rb/Sr

RLE-5-67a 
b

RLE-8-67a
b

RLE-22-67a
b
c

plag
pyrox

RLE-26-67a 
b

RLE-27-67a
b
c

RLE-28-67a
b

RLE-29-67a
b

RLE-30-67a
b

RLE-1-68 a 
c

RLE—2—6 8 a 
b

RLE-3-68a
b
c

49.2 ± 1.1
48.9 ± 1 . 0

286.3 + 3.4
284.2 + 2.7
135.3 ± 1.9
144.3 ± 1.7
179.8 + 2.1

3.0 ± 0.7
10.2 ± 1.0
78.9 ± 1.3
77.9 ± 1.2
25.7 ± 1.0
24.2 + 1.0
23.3 ± 1.0
126.1 ± 1.5
122.8 ± 1.5
127.4 ± 1.8
125.1 ± 1.6
155.1 ± 1.7
151.2 ± 1.7
213.7 ± 2 . 2
210.6 ± 2.2
271.8 ± 2 . 6
274.0 ± 2 . 6

210.2 ± 2.1
205.1 ± 2.1
207.1 ± 2.2
201.4 ± 2 . 0
206,0 ± 2 . 2

611.3 ± 3.8
610.6 ±4.5
371.7 ± 2.3
369.9 ± 2.7
566.9 ± 3.5
535.1 ± 3.9
422.4 ± 2.8

1050.6 ± 7.3
18.4 ± 0.9
724.1 ± 4.3
733.1 ± 5.3
478.9 ± 3.1
479.3 ± 3.2
485.6 ± 3.3
585.8 ± 3.4
580.2 ± 4.2
589.7 ± 3.5
588.0 ± 3.7
396.1 ± 2.4
395.6 ± 2.9
401.0 ± 2.9
401.6 ± 3.6
396.4 ± 2.9
387.6 ± 5.2
343.5 ± 2.1
372.5 ± 2.8
357.7 ± 3.3
314.9 ± 2.3
324.0 ±3.0

.0805 ± .0019

.0801 ± .0017

.7702 ± . 0 1 0

.7683 ± .0092

.2387 ± .0037

.2697 ± .0037

.4257 ± .0057
,00186± .00067
.554 ± . 061
.1090
.1063

± .0019 
± .0018

. 0537 

.0505 

.0480
± . 0 0 2 1  
± . 0 0 2 1  
± . 0 0 2 1

.2153

.2116
± .0028 
± .0030

.2160

.2128
± .0030 
± .0030

.3916

.3822
± .0049 
± .0051

.5329

.5244
± .0067 
± .0072

.6857

.7070
± .0082 
± . 0 1 2

.6119

.5506

.5790
± .0071 
± .0070 
± .0081

RLE—4—6 8 b 
c

6396 ± .0079 
6358 ± .0090
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Table 12, (Continued) Rubidium and Strontium Concentra

tions

Sample No. Rb (ppm) Sr(ppm) Rb/Sr

RLE-5-68a
b

2 1 2 . 0  ± 2 . 0  
211.9 ± 2 . 1

270.3 ± 1.7 
260.8 ± 2 . 0

.7843 ± .0092 

.813 ± .010
RLE-6 -6 8 a 

b
255.8 ± 2.5 
255.4 ± 2.4

129.4 ± 1.2 
129.2 ± 1 . 8

1.977 ± .027
1.977 ± .033

RLE-7-68a
b

59.5 ± 1.1 
60.0 ± 1 . 0

775.2 ± 7.0 
763.7 +4.9

.0768 ± .0016 

.0786 ± .0014
RLE-8 -6 8 a

b
251.7 ± 2.5 
249.9 ± 2 . 0

23.3 ±0.6
24.3 ± 0.6

10.80 ± .30
10.28 ± .27

RLE-9-68a
b

94.4 ± 1.3 
91.9 ± 1.1

822.9 ± 7.3 
815.7 ±5.1

.1147 ± .0019 

.1127 ± .0015
RLE-10-68a

b
148.6 ± 1.7 
149.4 ± 1.5

551.0 ± 5.0 
556.8 ± 3.6

.2697 ± .0039 

.2683 ± .0032
RLE-ll-6 8 a

b
153.3 ± 1.8 
153.5 ± 1.5

536.8 ± 4.9 
535.4 ± 3.5

.2856 ± .0042 

.2867 ± .0034
KLE-12-68a

b
135.5 ± 1.7 
138.3 ± 1.9

493.3 ± 3.8 
496.7 ± 6.7

.2747 ± .0040 

.2784 ± .0053
RLE-13-68a

b
125.4 ± 1.6 
127.7 ± 1.8

549.9 ± 4.2 
552.3 ±7.4

.2280 ± .0034 

.2312 ± .0045
RLE—14—68a• 

b
140.6 ± 1 . 8  
141.9 ± 2.0

476.6 ± 3.7 
468.8 ±5.3

.2950 ± .0044 

.3027 ± .0055
RLE-15-68a

b
103.8 ± 1.5 
108.2 + 1 . 6

592.9 ± 4.6 
595.1 ± 8.0

.1751 ± .0029 

.1818 ± .0036
RLE—16—68a 153.9 ± 1.9 525.0 ± 4.1 .2931 ± .0043
RLE-17-68a

b
144,7 ± 1 . 8  
146.1 ± 2 . 1

517.4 ± 4.0 
525.2 ± 3.1

.2797 ± .0041 

.2782 ± .0043
RLE-18-68ab

1 2 2 . 8  + 1 . 6
1 2 1 , 8  ± 1 . 9

586.6 ± 4.5 
594.1 ± 3.5

.2093 ± .0032 

.2050 ± .0034
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Table 12, (Continued) Rubidium and Strontium Concentra

tions

Sample No. Rb(ppm) Sr (ppm) Rb/Sr

RLE-19-68a
b

130.6 + 1.7 
133,1 ± 2.0

537.7 ± 4.2 
537.3 ± 3.1

.2429 ± .0037 

.2477 ± .0040
RLE-20-68a

b
135.4 ± 1.7
138.4 ± 2.0

495.9 ± 3.9 
494.5 ± 2.9

.2730 ± .0040 

.2799 ± .0044
RLE-21-68a

b
134.6 ± 1.7 
135.4 ± 2.0

495.6 ± 3.9 
499.4 ± 2.9

.2716 ± .0040 

.2711 ± .0043
RLE-22-68 a 

b
156.1 ± 1.5 
157.7 ± 2 . 2

419.4 ±2.6
412.4 ± 4.6

.3722 ± .0042 

.3824 ± .0068
RLE-23-68a

b
153.9 ± 1.5 
157.2 ± 2.2

379.0 ± 2.4
373.1 ± 4.2

.4061 ± .0047 

.4213 ± .0075
RLE-24-68a

b
175.6 ± 1.6 
173.5 ± 2.4

510.4 + 3.1 
497.0 ± 5.6

.3440 ± .0038 

.3491 ± .0062
RLE-25-68a

b
76.4 ± 1.2 
78.8 ± 1.3

708.8 ± 6 . 0  
702.1 ± 7.8

.1078 ± .0019 

. 1 1 2 2  ± . 0 0 2 2

RLE™2 6 —6 8 a 104.0 ± 1.4 681.5 ± 5.7 .1526 ± .0024
RLE-27-68a

b
135.2 ± 1.7 
137.6 ± 1.4

507.0 + 4.4
508.1 ± 3.1

.2667 ± .0041 

.2708 ± .0032
RLE-28-68a 102.1 ± 1.4 552.9 ± 4.8 .1847 ± .0030
RLE-29-68a

b
143.0 ± 1.7 
146.9 ± 2 . 1

657.0 ±5.6
653.0 ±3.8

.2176 ± .0032 

.2250 ± .0035
RLE-3 0- 6  8 a 

b
108.7 ± 1.5 
107.2 ± 1.3

550.6 ± 4.8 
556.0 ± 3.4

.1974 ± .0032 

.1928 ± .0026
RLE-31-68a

b
20.3 ± 0.9
21.3 ± 1.0

503.1 ± 4.4 
506.3 ± 3.1

.0403 ± .0018 

.0421 ± .0020
RLE-32-68a

b
224.0 ± 2.4
227.0 ± 3.1

161.7 ± 1.6 
166.5 ± 1.2

1.385 ± .020
1.363 ± .021

RLE-33-6 8 a 
b

150.7 ± 1.7 
153.2 + 2 . 2

323.0 ± 2.8 
329.4 ± 2.0

.4666 ± .0066 

.4651 ± .0072
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Table 12, (Continued) Rubidium and Strontium Concentra

tions

Sample No, Rb(ppm) Sr(ppm) Rb/Sr

RLE-35-68a 110.4 ± 1.3 633.6 ± 5.3 .1742 ± .0025
b 108.1 + 1 . 6 647.2 ± 3.6 .1670 + .0026

JKP-26-66a* 99.1 ± 1.7 558.8 ± 5.0 .1773 + .0034
JKP-49-66a* 71.8 ± 1.5 618.9 ± 5,6 .1160 ± .0026

a' 72.4 + 1.3 605.2 ± 6 . 8 .1196 + .0025
b 67.0 ± 1 . 1 605.3 + 3.7 .1107 ± .0019

JKP-50-66a* 92.7 ± 1 . 6 567.8 + 5.1 .1633 ± .0032
a’ 94.2 ± 1.5 563.8 + 6.3 .1671 + .0032
b 90.6 ± 1 . 2 542.4 + 3.3 .1670 ± .0024

JKP-65-66a* 6 6 , 1 + 1.5 674.4 ± 6 . 0 .0980 + .0024
JKP-6 8 -6 6 a* 53.3 ± 1.4 788.1 ± 7.0 .0676 ± .0019

a’ 55.3 ± 1 . 2 770.6 ± 8 . 6 .0718 ± .0017
b 51,2 ± 1 . 0 768.7 ± 4.6 .0666 ± .0014

JKP-74-66a* 62.0 ± 1.5 685.0 + 6 . 1 .0905 ± .0023
JKP-l-67a* 148.1 ± 2 . 0 531.1 ± 4.8 .2789 ± .0045

plag* 7.9 ± 0 . 8 . 1062.9 ± 7.5 .00743+ .00074
JKP-5-67a* 59.1 + 1.5 655.1 ± 5.9 .0902 ± .0024
JKP-10-67a 55.5 ± 1.1 659.0 ± 4.0 .0842 ± .0017

b 54.1 + 1 . 2 646.8 ± 7.3 .0836 + . 0 0 2 1

MB<-7-64a 7.4 + 0.9 517.2 + 3.3 .0143 + .0017
TTC 4/4 144,1 ± 2 . 1 . 511.1 ± 4.5 .2819 + .0048

*Analyses from Percious, 1968a
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more scatter in the gr plot, perhaps a reflection of 
sources having an inhomogeneity of strontium. This view 
is supported by the fact that MB-7-64, a basalt derived 
from the mantle, lies peripheral to the main trend of the 
data.

Interpretation of the data in light of the volcanic 
stratigraphy and geochronology reveals several aspects of 
interest. The rhyolites and rhyodacites of the Safford 
Peak area, in particular, clearly show a partial crystal
lization trend. The order of eruption indicated by these 
samples is: RLE-8-67,2-68,3-68,1-68, RLE-4-68, RLE-5-68,
then RLE-6 - 6 8  and clearly indicates an increase in the Rb/Sr 
ratio with progressing time. When interpreted in the light 
of the results from strontium isotope studies that show 
this rock series essentially form a closed system (except 
for RLE-32,33-68), they definitely are a result of a partial 
crystallization process of a rhyolitic magma.

Similar consideration of the rest of the samples, 
basalts, basaltic andesites, and andesites, does not sup
port this simple view of genesis for all of these rocks.
In the Roskruge Mountains, post 23 m.y, andesites were 
erupted in the order indicated by these samples: RLE-24-68,
RLE-10-68, 11-68, 16-68, RLE-17-68, 19-68, then RLE-15-68, 
18-68. The Rb/Sr ratio decreases with progressing time and 
suggests that the system becomes more basic. This could
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be the result of either progressive partial melting of the 
source or from the mixing of two magmas the more mafic 
becoming more dominant with time. On the basis of Rb-Sr 
data alone, it appears that these andesites may be dif
ferentiates of the earlier basaltic andesites.

The andesites in the Samaniego Hills region have a 
similar though more complex nature than those of the Ros- 
kruge Mountains. The relative age of the flows is indicated 
by the order of the following samples: RLE-27-68, 28-68,
30-68, RLE-29—68, RLE—28—67, 29—67, RLE—12—6 8 , 13—68,
14-68, RLE-20-68, 21-68, RLE-30-67, then RLE-22-68, 23-68: 
The order in which the flows were erupted first shows an 
increase of Rb/Sr ratio. Eruption of the Cerro Prieta 
basalt coincides with the decrease of Rb/Sr ratio. This 
data suggests that a magma was generated, differentiated, 
mixed with a more mafic magma, then continued to dif
ferentiate. The mafic magma with which it apparently 
mixed could represent either contribution of a basaltic 
magma derived from the earth's mantle or one derived by 
a partial melting process in the earth's crust.

At Tumamoc Hill the relative ages of the Turkey 
Track porphyry (RLE-22-67) and the basaltic andesite flows 
(RLE-5-67, 7-68, 9-68) shows a decrease of the Rb/Sr ratio 
with progressing time. This simple relationship suggests 
that these rocks are a result of a partial melting process
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or - a, mixture of two magmas, the proportion of the more mafic 
one increasing with time. The strontium isotopic data, 
discussed previously, shows that it is unlikely that the 
basaltic andesites are a result of contamination of a 
Turkey Track type magma. Thus, the hypothesis that these 
basaltic andesites are a result of partial melting is 
favored.

The "B11 type basaltic andesites of the Del Bac 
Hills (JKP-74^66, 10'-67, 5-67, 6 8 -6 6 , 65-66) show a varying 
Rb/Sr ratio with progressing time. Thus, little definitive 
information is gained about these basaltic andesites from 
Rb/Sr data. The "A" type basaltic andesites (JKP-49-66, 
26-66, 50-66) which has been suggested to have been of a 
different origin (on the basis of strontium isotopic data), 
show a slight increase of Rb/Sr ratio with processing time. 
This could result from either a partial crystallization 
trend or a mixing of two magmas, the more silicic becoming 
more dominant with time.

Summary
The results of rubidium and strontium analyses sup

port the conclusion that the andesites are a result of both 
partial crystallization (in a closed andesitic magma system) 
and the mixing of this magma with a more mafic one, ap
parently derived from the earth's mantle. The partial 
crystallization process is dominant with the mixing of a
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mafic magma superimposed in it. Further, these chemical 
data suggest that the two magmas existed contemporaneously 
and the composition of the rocks erupted at the earth’s 
surface was governed by the fraction of each magma mixed. 
Thus, a simple uniformly increasing or decreasing trend 
does not necessarily need to result.

The basaltic andesites again fall on a systematic 
trend, The Rb/Sr ratio generally decreases with progress
ing time. Thus suggesting a partial melting process.

The rubidium and strontium data also support the 
conclusion that the rhyolites are a result of partial 
crystallization of a silicic magma in a closed system.

Whole Rock Chemical Analyses

Introduction
The methods used to obtain this data were dis

cussed in Chapter 3. The results of the analyses of the 
rocks for the major rock forming elements are listed in 
Tables 13, 14, 15, and 16 along with a modified version of 
the normative mineralogy. The numbers given in these 
tables are an average of analyses of two splits and the 
error assigned is an average standard deviation of the 
two results.



Table 13. Chemical Compositions and Norms of Mid-Tertiary Rhyolites

Sample RLE RLE RLE RLE RLE RLE RLE RLE RLE RLENo. 8 --67 1 - 6 8 2 - 6 8 3-68 4-68 5-68 6 — 6 8 32-68! 33-68 35-681

Si02 65.93 + .72 67.03 ± .73 65.90 ± .72 68.58 1 .76 72.41 1 .78 73.15 1 .79 75.71 1 .8 :3 69.15 1 .76 66.95 1 .74 66.46 1 .72
a 1 2°3 11.34 ± .49 14,47 ± .53 11.08 ± .49 13.16 ± .77 12.46 1 .52 11.65 1 .49 11.51 1 .4!3 . 16.73 1 .55 14.98 1 .54 7.96 1 .80
Ti02 0.62 ± .13 0.61 ± .13 0.60 ± . 1 2 0.61 1 . 1 2 0.35 1 .084 .2961 .076 .2181 .067 .230 1 j. 069 0.70 1 .14 0.56 1 . 1 2

FeO 2.40 ± ■.32 2.45 ± .31 2.42 + .31 2.33 1 .31 1.58 1 .31 1.39 1 .31 1.03 1 .3(3 1.49 1 .33 2.47 1 .33 2.45 1 .31
MnO .060 + .018 . 066± .016 .0561 .015 .0291 .014 .0311 .014 .0391 .014 .0101 .010 .0931 .016 .0571 .014 .0291 .013
MgO 2.07 i . 2 0 0.98 ± .19 2 . 0 0  ± . 2 0 1.17 1 .19 0.42 1 .18 0.41 1 .18 0.14 1 .Ul 0.31 1 . 2 2 0.79 1 .21 1.84 1 . 2 2

CaO 2.46 ± .15 2.26 ± .15 2.57 ± .15 2.03 1 .15 1.73 1 .15 1.33 1 .15 0.7141 .11> 1.08 1 .15 1.99 1 .15 3.43 1 .15
Na20 4.34 ± .56 3.87 ± .53 3.97 ± .53 4.10 1 .54 4.12 1 .54 3.96 1 .54 3.30 1 .41f 5.33 1 .56 5.29 1 .56 2 . 8 8  1 .41
k 2o 3.49 i .18 4.66 ± . 2 1 3.56 ± .18 4.67 1 . 2 1 4.88 1 . 2 2 5.08 1 .23 6.16 1 .2 it 5.91 1 .24 4.93 1 .21 1.75 1 . 1 2

Total 92.71 96.40 92.16 96.68 97.96 97.31 98.79 100.32 i 98.16 87.36
q 22.65 21.82 24.68 23.01 28.56 31.50 35.63 13.00 13.18 40.69or 20.40 26.80 20.93 26.58 27.38 28.63 34.30 33.11 27.95 10.63ab 38.56 33.82 35.47 35.47 35.13 32.03 24.91 45.39 45.58 26.60an 1.14 8.13 1.89 3.58 1.04 —  — —  — 4.05 2.47 3.70wo 5.47 1.39 5.40 3.06 3.56 3.15 1.67 0.52 ' 3.51 6.90hy 10.72 7.00 10.60 7.27 3.76 2.55 0.49 3.55 6.15 10.47il 1.07 1.03 1.04 1 . 0 2 .58 .49 .36 0.38 1.17 1 . 0 0ac — — — — — —  — — - 1.65 2.64 — — . —

Fe/Mg . 52 1.13 .54 .87 1.72 .89 .06 2.48 1.35 .60



Table 14. Chemical Compositions and Norms of Mid-Tertiary Andesites

Sample RLE
No. 28-67

RLE
29-67

RLE RLE RLE RLE RLE RLE30-67 10-68 11-68 13-68 15-68 17-68

Si02 61.09 1
A12°3 13.88 1
TiQ2 0.90 1
Feo 4.35 1
Mno .0981
Mgo 3.14 1
Cao 4.08 1
Na2o 4.27 1
KgO 4.11 1

67 61.89 1 ,68
58 14.99 1 .53
18 0.96 1 .19
31 4.44 1 .31
018 .1031 .018
22 2.61 1 .21
15 4.00 1 .15
57 4:82 1 .60
20 4.24 1 .20

Total 95.92 98.05
qor
ab
anwoby
ilPe/Mg

7.8423.44
37.016.346.6017.26
1.51.65

5.42 
23.83 
41.176.42 6.2315.35
1.59.79

68.01 1 .74 61.26 1 .67 61.87 1 .68
13.62 1 .52 14.32 1 .53 14.46 1 .58
0.62 1 .13 0.89 1 .17 0.84 1 .17
2.76 1 .31 4.59 1 .31 4.36 1 .31
.0751 .016 .0831 .016 .1131 .019

1.38 1 .19 2.38 1 .20 2.63 1 .19
2.75 1 .15 4.35 1 .15 4.24 1 .15
4.07 1 .54 4.23 1 .56 4.21 1 .56
4.56 1 .21 3.82 1 .19 3.91 1 .19

97.85 95.92 96.63
20.73 9.76 9.91
25.64
34.79

21.8936.85
22.22
36.36

5.17
3.91

8.546.20
8.675.78

8.73
1.02.93

15.251.50.91
15.661.41.79

62.33 1 .68 60.07 1 .66 59.98 1 .66
15.41 1 .54 15.76 1 .54 14.42 1 .54
0.93 1 .18 1.05 1 .20 1.12 1 .22
4.10 1 .31 5.03 1 .31 5.38 1 .31
.0931 .019 .1051 .018 .0951 .017

2.28 1 .20 2.76 1 .21 2.44 1 .20
3.71 1 .15 4.75 1 .15 4.13 1 .15
4.91 1 .61 4.55 1 .60 4.15 1 .56
4.33 1 .21 3.52 1 .17 3.86 1 .18

98.09 97.60 95.58
6.04 5.31 8.21
24.41 19.89 22.27
42.07 39.07 36.39
6.89 11.65 9.10
5.34 5.44 5.45
13.71 16.87 16.68
1.55 1.75 1.90
.83 .85 1.03

i

: 121
i;]I

RLE18-68
i59.39 ± .66 

15.60 ± .54 
1.03 ± .20 
5.00 ± .31 
.0981 .016

2.76 1 .21;
4.77 1 .15i
4.05j 1 .50 
3.60; 1 .18

96.30'
7.16
20.62:
35.26|13.34,4.80
17.081.74,

RLE19-68

60.57 1 .67 
15.60 ± .54 
1.01 1 .20 
4.96 1 .31 
.0981 .016 

2.71 1 .21 
4.50 1 .15 
4.44 1 .57 
3.78 1 .18

97.67
6.0621.35
38.12
10.975.1916.64
1.68
.86

RLE
20-68

63.09 1 .69 
15.37 1 .54 
0.81 1 .16 
3.68 1 .31 
.0841 .015 

1.38 1 .18 
3.44 1 .15 
4.80 1 .60 
4.17 1 .19

96.82
10.33 23.92 41.847.84
4.3610.34
1.37 1.23

RLE24-68

60.62 1 .67 
14.16 1 .53 
0.87 1 .17 
4.52 1 .31 
.0701 .014 

2.64 1 .20 
4.03 1 .15 
3.72 1 .49 
4.42 1 .21

95.05
9.8925.5932.73
8.715.4416.161.48.81

RLE27—68

59.57 ± .66 
13.55 1 .53 
0.98 1 .19 
5.41 1 .34 
.1111 .017 

4.13 1 .25 
4.52 1 .15 
4.11 1 .49 
3.69 1 .17

96.07
5.56
20.8635.327.307.0822.251.63.63

RLE29-68

61.56 1 .67 
16.35 1 .55 
0.78 1 .16 
3.42 1 .33 
.0761 .015 

2.59.1 .24 
3.36 1 .15 
4.62 1 .52 
4.48 1 .20

97.24
6.0925.5440.0310.272.9113.851.31.60

RLE30-68

58.14 1 .64 
13.01 1 .52 
1.28 1 .25 
6.11 1 .34 
.1191 .017 

3.99 1 .25 
4.96 1 .15 
4.05 1 .50 
3.55 1 .16

95.21
4.4920.2535.126.608.5822.802.15.71
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Table 15. Chemical Compositions and Norms of Mid-Tertiary Basaltic Andesites

Sample RLE RLE RLE RLE RLE RLE JKP JKP i
i JKP JKPNo. 5-67 22-67 26-67 7— 68 9-68 25-68 49-66 50-66 I 6 8 — 6 6 10-67

Si02 53.75 ± .60 57.38 ± .63 56.15 ± . 6 8 55.03 + .61 59.17 + .65 58.20 ± .65 53.63 + .60' 56.15 + :63 52.84 + .59 52.09 ± .58
a 12°3 17.84 ± .58 20.98 ± .80 17.01 ± .55 18.33 ± .58 17.27 + .55 17.58 ± .56 16.16 ± .59 15.28 ± ;54 14.95 + .54 13.70 ± .53
Ti02 1.19 + .23 1.47 ± .28 1 . 1 1  ± . 2 2 1 . 2 2  + .23 0.81 + .16 1.13 + . 2 2 1.71 + .26 1.54 ± ■27 1.29 ± .25 1.93 ± .36
FeO 8.73 ± .34 5.58 ± .33 6 . 0 0 ± .32 7.27 ± .32 4.63 + .31 5.33 + .34 8.44 ± .37 7.00 ± .36 8.21 + .36 9.54 + .36
MnO .162 + .024 . 074± .017 . 1 1 2 + . 0 2 0 .125+ . 0 2 0 .071 + .016 . 086 + .015 .142 + .019 . 127± .017 .138+ .018 .156± .020
MgO 5.34 ± .25 1.84 ± . 2 1 4.17 ± .23 4.50 ± .24 3.76 + . 2 1 2.99 ± . 2 1 4.47 ± .27 3.45 + .24 6.36 ± .26 4.81 + .26
CaO 7.65 ± .15 6.04 ± .15 6.08 + .15 6.32 ± .15 5.10 + .15 5.86 + .15 6.73 + .15 5.87 ± .15i 7.18 + .15 7.14 ± .15
Na2 0 4.31 ± .58 4.82 + .62 4.13 + .56 4.79 ± .62 4.89 ± .61 4.55 ± .67 4.56 ± .56 4.61 ± .54 4.28 + .52 4.05 + .51
k 2o 1.94 ± .13 3.12 ± .17 3.20 + .17 2.58 ± .15 3.33 ± .17 2.60 ± .14 2.42 ± . 1 2 3.03 + .18 2.47 ± .16 2.45 ± .14

Total 100.91 101.30 97.96 100.16 99.05 98.33 98.26 97.11 1 97.72 95.87
q mm mm *  *■ —  — —  — 0.33 3.40 mm mm —  — ] —  — —
or 10.51 17.41 17.96 14.20 18.50 14.62 13.50 17.16 13.62 13.88
ab 35.49 40.87 35.23 40.07 41.29 38.88 38.67 39.67 35.48 34.88
an 21.65 24.93 17.51 19.47 14.43 18.91 15.56 11.55 ! 13.34. 11.48
wo — — — — — 4.68 4.38 — — — ! —— —

hy —  — 7.27 12.67 —  — 19.45 17.93 —  — 9.06 ; —  — —

di 13.16 3.38 11.16 9.74 —  — —  — 15.98 16.36 19.92 22.50ol 15.54 3.72 3.63 12.18 —  — —  — 11.19 3.63 , 10.65 12.87mt 1.89 —  — —  — 2.38 —  — 2.26 —  — 5.00 '1.25
il 1.90 2.42 1.84 1.96 1.33 1.87 2.81 2.57 2 . 1 0 3.22no — . —  — —  — —  — — —  — —  — ; 0 . 2 0 —  —

Fe/Mg .67 1.32 .69 .54 . 59 .83 .65 .51 ; .29 .82
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Table 16, Chemical Compositions and Norms of Mid-Tertiary 

Basalts

Sample
No.

RLE
27^67

RLE
31-68

MB
7-64

Si02 50.68 + .60 50.13 ± .56 46.84 ± .52

a 1 2°3 16.64 ± .55 17.21 ± .63 10.51 ± .51

Ti° 2 1.44 ± .28 1.52 ± .29 2.85 ± .54
FeO 10.56 ± .33 10.55 ± .35 13.42 ± .36
MnO . 159± .023 .1601 . 0 2 1 .1831 .024
MgO 6,38 ± .40 6.60 1 .29 7.44 1 .31
CaO 9.41 ± .15 9.25 ± .15 9.83 1 .15
Na20 3.89 ± .55 3.77 ± .49 3.72 1 .51
k 2o 1 . 0 2  + . 1 1 1 . 0 2  ± . 1 1 1.0161 .092

Total 100.18 1 0 0 . 2 1 95,81
or 5.50 5.51 5.61
ab 30.93 • 30.72 23.73
an 22.78 24.72 8.39
di 19.88 17.26 37.18
ol 13.15 14.58 12.06
mt 5.00 5.00 5.00
ne 0.51 0 . 1 2 3.74
il 2.29 2.42 4.64

Fe/Mg ' .48 .74 .54
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Scheme of Modified C.I.p.W- Calculation

Because phosphorous was not determined, and carbon 
and the ferrous-ferric iron ratio were not determinable by 
X-ray fluorescence, a modified form of the C,I,P,W . cal
culation of normative mineralogy had to be used. The 
general computations are the same, only the order in which 
they are carried out is different. The scheme of the 
modified version of the calculation of normative mineralogy 
is listed below,

1. Compute ilmenite,
2 a. If there is an excess of titanium over 

iron, compute rutile.
2b. If there is an excess of iron over

titanium, reserve it for ferromagnesian 
minerals and compute orthoclase.

3. If there is an excess of alumina over 
potash, compute albite.

4a. If there is an excess of alumina over 
soda, compute anorthite.

4b. If an excess of soda over alumina exists, 
compute acmite. The proportion of 
Na2 0 :Fe0 :Si0 2  is 1:2:4. There is no 
anorthite in the norm.

5a. If there is still an excess of alumina, 
compute corundum.

5b. If there is an excess of lime over alu
mina, compute wollastonite.

6 . Compute enstatite.
7. If there is iron remaining, compute 

ferrosilite.
8 . Fe/Mg in the ferromagnesian minerals is 

ferrosilite divided by enstatite,
9. Hypersthene is calculated as enstatite 

plus ferrosilite.
10. If the rock is undersaturated, compute 

olivine, Diopside is calculated from 
- equal proportions of wollastonite and hypersthene.
If the rock is still undersaturated, 
recalculate the ferromagnesian minerals

11.
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as magnetite and quartz, Magnetite was 
not permitted to exceed 5 per cent,

12, If the rock is still undersaturated
after calculating 5 per cent magnetite, 
make feldspathoid minerals as usual.

Table 17 compares this normative calculation with 
the usual type and illustrates exactly what would be ex
pected. The modified version has slightly more An owing to 
the absence of apatite. The effect of assuming iron to be 
present as FeO is to make the rock appear more mafic than 
usual C.I.P.W. calculation does; the actual difference 
depends on the amount of iron in the rock. For the most 
part the agreement is fairly good. A scheme of simplified 
norm calculation similar to the one above is reported in 
Bayly (1968),

Presentation of Data
The results of the chemical analyses are listed in 

Tables 13, 14, 15, and 16 and the variation diagram of this 
data is shown in Figure 24. From this illustration, it is 
obvious that the variation of most of the elements with 
silica defines a rather smooth trend. With the exception 
of which has more scatter, all of the trends reflect
the results which would be expected had these rocks crystal
lized according to a partial crystallization process in a 
closed system. The Peacock alkali-lime index is about 54.5 
and indicates the series to be alkali-calcic. The Kuno
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Table 17. Comparison of the Modified Version of CIPW Normative Calculation 
with the Usual One

Olivine Basalt 
(Barth, 1962)

Calc-Alkali Granite 
(Nockolds, 1954)

Alkaline Rhyolite 
(Nockolds, 1954)

CIPW Modified CIPW

Ap 1.3 mm mm 0.3
1 1 5.0 5.0 0 . 6
Or 16.5 16.5 30.4
Ab 27.0 2 1 . 0 26.4
Ne 3.0 6 . 6 —  —

An 20.5 20.7 5.6
Mt 3.0 — — 0 . 8
Wo 8 . 2 9.8 —
Hy —  — — —

En 6 . 6 5.8 1 . 8
Fs 1 . 6 4.0 1 . 8
0 1 7.2 1 0 . 6 —
Q — —  — 30.2
C — — 0.5
Femic 33.0 35.0 6 . 0
Salic 67.0 65.0 94.0

Modified CIPW Modified

0 . 6 0 . 2 0 . 2
30.4 26.4 26.4
26.4 35.2 35.2
6.4 1 . 6 1 . 6— — 1 . 0 —
— 0 . 6

ID• 1
O |

1 . 8 0.4 0.4
4.4 0 . 6 3.8

27.8 33.5 31.8
0 . 2 — —
8 . 0 3.0 5.0

92.0 97.0 95.0

All numbers are percentages

H
JO
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alkali-lime index is about 7 and indicates the series to 
be alkali.

Although this general differentiation trend is 
indicated, the outlined areas of basaltic andesites and 
andesites (see Figure 24) appear to be set rather en 
echelon to each other. This is especially apparent for 
the NagO, MgO and AI2 O3 trends. Since the whole rock 
chemical data have more scatter inherent in them, and in 
light of the conclusions drawn previously, these data 
will be used to test the hypotheses presented.

It was suggested by the rubidium and strontium 
chemical data and the strontium isotopic data that the 
basaltic andesites, except for the "A" series in the Del 
Bac Hills area, were a result of partial melting of a rock 
system at a depth. The variation of the AI2 O3 vs. Si0 2  

trend of the basaltic andesites with time is generally 
from high alumina and high silica to the lower values of 
these oxides. This is the expected direction for a partial 
melting process of a solid basaltic source. This is not 
meant to imply that all of the variation is due to a partial 
melting but that partial crystallization played a rela
tively small role. It suggests that plagioclase was the 
solidus mineral of the source. The slope of this trend is 
due to the increased amount of ferromagnesian minerals 
melted relative to plagioclase. This is equivalent,
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though in an opposite sensef to the interpretation which 
this trend is given in the normal partial crystallization 
processes.

On the same plot, Figure 24, the andesites have the 
same general trend. More detailed examination shows that 
in general the trend is from low values of silica and alu
mina to higher values as time progresses. It is likely 
that this trend shown by the andesites is due to either 
1 ) the subtraction of ferromagnesian minerals as a result 
of partial crystallization or 2 ) the proportion of the mafic 
magma of two mixed magmas in decreasing with time.

If in fact the basaltic andesites have resulted 
from partial melting of basaltic rock material at depth, 
their compositions should lie on or at least approximately 
in the position of the eutectic of the appropriate minera- 
logic system. The system having approximately the proper 
composition is the anorthite-forsterite-quartz system. 
Projection of the chemical data onto this composition 
plane is justified since the rocks analyzed are dominantly 
saturated or over saturated with respect to silica and are 
petrographically an alkali-calcic system. This is the same 
general system used- by O'Hara (1965) to discuss primary 
magmas and the origin of basalt. Since this exact system 
has not been fully investigated, at elevated pressures, a 
detailed inference cannot be drawn. Fortunately, Kushiro
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(1965) has shown the approximate location of the eutectic 
at elevated pressures. Figure 25 is a phase diagram of 
this system after Andersen (1915) and Kushiro (1965), The 
dashed lines are the results of Kushiro’s (1965) work and 
show the approximate boundary between forsterite and 
enstatite at pressures of 2 0  kbars (Lj) and 30 kbars (I^).

Figure 26 is the same diagram on which have been 
placed the compositions of the basaltic andesites (except 
JKP-49f50-66) and the locations of the eutectic points and 
peritectic lines. It has been generalized to olivine and 
hypersthene instead of forsterite and enstatite. From this 
projection it is obvious that the position of these samples 
in this composition plane supports the conclusion drawn 
previously that these rocks were a result of partial 
melting of basaltic material. All of the points, except 
for the Turkey Track porphyry lie, on or close to the 
eutectic points and/or peritectic lines at elevated pres
sures. The influence of the other elements on this system 
may account for some of the scatter. Also, the Turkey 
Track porphyry has been considered by some to be the result 
of accumulation of crystals, particularly plagioclase, 
prior to eruption. This may explain the position of the 
Turkey Track point between the eutectic area and anorthite. 
In addition, this chemical data suggests that these magmas 
may have been derived from a source at 20 to 30 kbars, a
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An

Figure 25. Phase diagram for the system anorthite • forstcrite - quartz.
after Kushiro (19651 and Andersen (1915).

PI

Figure 26. Generalized phase diagram for the system plegioclase - olivine - quartz.
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pressure about twice that suggested by the phenocryst 
texture of the Turkey. Track porphyry.

As has been shown by three lines of evidence, the 
andesites appear to be the result of the mixing of a ba
saltic magma derived from the earth's mantle and a second 
more silicic one from the earth's crust. The alumina 
variation diagram trends the same way for both the basaltic 
andesites and the andesitic sequence? the implication is 
that the andesites may be a result of a similar process.
On the basis of Rb-Sr data, and supported by Sr isotopic 
data, it was suggested that an andesitic magma was mixed 
with a basaltic magma. The alumina variation diagrams 
support this conclusion. Since the andesitic magma is 
probably in excess of 80 per cent, it is expected that the 
andesites reflect more readily changes in the character of 
this magma. Recall from the discussion of petrography 
that hornblende is abundant in some of the andesites in the 
Roskruge Mountains. This indicates that the petrogenetic 
system was hydrous.

It is significant that Yoder (1966) has shown that 
a 1 : 1  mixture of forsterite and anorthite yields an amphi
bolite at water pressures greater than about 7 kbars at 
temperatures between 800 and 1000°C. This suggests that it 
may be possible to derive the more silicic, andesitic, 
magma by partial melting of a system of similar composition
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as that from which the basaltic andesites were derived f 
except that the partial pressure of water was in excess of 
7 kbars. In addition to this data, Stewart (1967) has in
vestigated the binary system of anorthite-quartz up to 1 0  

kbars water pressure. These two studies and O’Hara's 
(1965) extrapolation of this compositional system to 10 
kbars water pressure, are the only sources of pertinent 
data available. Figure 27 is a generalized phase diagram 
for the plagioclase-olivine-quartz system. It is es
sentially from O’Hara (1965, Figure 13) except that it has 
been altered to accommodate results of studies subsequent 
to his discussion. Only the compositional area of interest 
is given consideration.

The fact that the andesites appear to lie on or 
near the general area where the eutectic points or peritec- 
tic lines must lie appears to support the suggestion that 
the more silicic mixed magma was the result of partial 
melting of a basaltic system at elevated partial pressures 
of water. Most of the points tend to be shifted toward the 
silica deficient side of these presumed minimum melting 
points. This may be due to either 1) the effect of the 
more mafic magma having been mixed with the andesitic one 
or 2 ) the pressure was higher than 1 0  kbars so the location 
of the peritectic line is not located accurately, and are 
moved away from the stable hypersthene corner. Although no
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Figure 27. Generalized phase diagram for the system plagioclase - olivine - quartz 
at 10 Kbar water pressure, after O'Hara (19G5).

Ot*

Figure 23. Projection of rhyolite compositions onto the orthochse - albite - quartz plane.
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conclusive proof can be given, it is suggested that partial 
melting of a basaltic system under water partial pressures 
in excess of 1 0  kbars may have been the source of the ande
sitic magma which was subsequently contaminated by one 
derived from the mantle.

It is difficult to discuss the rhyolites in the 
same way. Certainly, they cannot be projected onto the 
plagioclase-olivine-quartz composition plane with any 
certainty. Figure 28 illustrates the location of the pro
jection of the composition of the rhyolites (RLE-8-67,
2-68, 35-68 are not plotted) on the orthoclase-albite- 
quartz composition plane. The outline is the area of min
imum melting taken from Tuttle and Bowen (1958). The arrow 
indicates the change of composition with progressing time. 
The x ’s denote the rhyolite series at Safford Peak and the 
circles represent the Ragged Top rhyolite and the Rillito 
Andesite (rhyolite), The Safford Peak rhyolites suggest 
that their compositional change was due in part to a de
crease of the partial pressure of water with progressing 
time. The position of the other two points suggests that a 
partial pressure in excess of 6 kbars existed. This could 
also be interpreted to mean that these rhyolites may be a 
differentiate of a less silicic magma.

Another alternative is suggested by the work of 
Luth (1967) on high pressure systems of albite-quartz and
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pressure the eutectic of these binary systems move toward 
the albiter-orthoclase join. This suggests that another 
possible origin for these two rhyolites is the result of 
partial melting of a granitic rock at high pressures. It 
is not possible to choose one of these alternatives over 
the other. As was concluded previously, these rocks, ex
cept for RLE^32,33-68 form a closed system and show a 
chemical variation compatible with a partial crystalliza
tion process in the presence of decreasing water pressure. 
On the other hand, RLE-32-68 is not part of this system 
(Sr^/Sr®^ = 0.7095) which suggests it may have been the 
result of partial melting of granitic rock at elevated 
pressures, an origin exhibited by other Mid-Tertiary rocks.

Summary
The whole rock chemical data supports all of the 

conclusions arrived at by other means. The suggestion that 
the basaltic andesites lie in the region of the eutectic 
of the petrologic system supports the Conclusion based on 
strontium isotopic studies and rubidium and strontium 
chemical data, that they are primarily a result of partial 
melting of a basaltic source. Further, their position 
suggests that the pressure under which the magma originated 
was as great as 30 kbars and had a Sr^/Sr^fi^ = 0.7072.
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In light of this discoveryf the andesites were 

found to be in the approximate eutectic region of the same 
system at water pressures greater than 10 kbars. This 
suggests the andesitic magma originated through partial 
melting of a basaltic source at elevated water pressures. 
The whole rock concentration data suggests partial crystal
lization, and rubidium and strontium data and strontium 
isotopic data indicates that mixing of the andesitic magma 
with mantle derived material were the dominant processes.
In view of the small amount of contamination, less than 20 
per cent, a process of partial crystallization is respon
sible for most of the chemical variation of the andesites.

The rhyolites lie in a region of minimum melting 
which supports the conclusion that the rhyolites were a 
result of partial crystallization and/or partial melting 
processes. It was pointed out, in addition, that the 
rhyolitic magmas may have resulted from differentiation of 
a less silicic magma under water partial pressures in ex
cess of 6 kbars or from partial melting of a granitic, 
though not a granite, source at pressures perhaps approach
ing 2 0  kbars.

From the viewpoint of chemical petrography, this 
Mid-Tertiary rock series can be classified as an alkali- 
calcic association, it should be pointed out that drawing 
conclusions about the petrogenesis of these rocks on the
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basis of chemical a,nd petrographic data alone is less 
than satisfactory. In fact it suggests that total reliance 
on variation diagrams can be very misleading. Had strontium 
isotopic studies not been undertaken or the rubidium and 
strontium not been determined, the complicated hybrid 
origin of the petrogenesis of these rocks could not have 
been defined.



CHAPTER 8

GENERAL DISCUSSION OF CONCLUSIONS

Petrologic History of Mid-Tertiary Volcanism
The field, petrographic and chemical studies made 

during this investigation of Mid-Tertiary volcanic rocks 
have made it possible to discuss the petrologic history 
of Mid-Tertiary volcanism, at least as it is pertinent 
to the area studied.

Two types of Mid-Tertiary magmatism occurred, 
apparently penecontemporaneously, between 28 to 23 m.y. 
ago (see Figure 13). The basaltic andesitic type resulted 
primarily from the partial melting of a source region at 
pressures approaching 20 to 30 kbars. This conclusion is 
based on the strontium isotopic data which suggest that con
tamination was unreasonable, and is supported by partial 
melting trends inferred from the rubidium-strontium data, 
and is clinched with the discovery that the compositions 
of the basaltic andesites lie in a region of a eutectic 
minimum at high pressures. The textural evidence from the 
Turkey Track ferromagnesian phenocrysts (see Figure 15) 
petrographically corraborates the conclusion that the 
magmas from which the basaltic andesites crystallized 
originated at high pressure.
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The second magma type was rhyolitic and its crystal

lization resulted in the rhyolites at Safford Peak and 
Ragged Top, The origin of the rhyolitic magma from which 
these rocks crystallized is not known with certainty. The 
position of Ragged Top Rhyolite in the albite-orthoclase- 
quartz composition plane suggests that either the rhyolitic 
magma was a result of differentiation from a less silicic 
magma at partial pressures of water in excess of 6 kbars,i
or that it resulted from the partial melting of a granitic 
source at pressures approaching 20 kbars. However, the 
rather low initial strontium isotopic ratio (about 0.7085) 
favors the former alternative. Whatever the origin of the 
rhyolitic magma, the rhyolites at Safford Peak are a re
sult of partial crystallization of a rhyolitic magma under 
decreasing water pressure. The fact that these rocks were 
a closed system and differentiated is solidly supported by 
strontium isotopic studies and chemical data.

Near the end of basaltic andesitic volcanism, the 
earth's mantle was in a sufficiently mobile condition to 
produce a magma which apparently mixed with the most mafic 
basaltic andesites to form the magma from which the Cerro 
Prieta basalt crystallized. Additionally, a more silicic 
basaltic andesite apparently mixed with mantle derived ba
salt at about the same time to yield the "A” series of



141
basaltic andesites in the Del Bac Hills area. These con
clusions are based on strontium 87/86 initial ratios.

The andesitic volcanism occurred, between 22 and 12 
m,y,, primarily due to the partial crystallization of an 
andesitic magma which was contaminated with an apparently 
basaltic magma derived from the earth’s mantle. This is 
based on the petrographic suggestion that a hydrous, more 
silicic magma was contaminated with a more mafic one. 
Sr^/Sr®*^ trends indicated contamination with mantle 
derived material and the chemical evidence (primarily 
rubidium and strontium) suggested that contamination with 
a basic magma occurred. The whole rock chemical data also 
suggest that partial crystallization processes played an 
important role in controlling the magmas from which the 
rocks crystallized.

Last of all, at about 10 m.y. the source of the 
andesitic magma and basaltic andesitic magmas was no longer 
active so that mantle derived material could reach the sur
face uncontaminated. The result was the basalt dikes in 
the Roskruge Mountains (Bikerman, 1965).

Source Region of the Magmas
From the foregoing discussion it is obvious that 

the mantle contributed material to the formation of the 
Mid-Tertiary rocks investigated. It also appears from 
strontium isotopic initial ratios, petrographic and
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chemical data, that another source of magma was located in 
the lithosphere at a depth corresponding to 2 0  to 30 kbars 
pressure.

In the recent past, geophysicists have been able to 
establish with certainty the existence of a "mantle-crust 
mix" layer which extends from a depth of about 30 kilo
meters to a depth of about 80 kilometers (see Cook, 1962, 
and Pakiser, 1963, for example). The boundaries in some 
areas are not very well defined but the velocity in the 
layer apparently changes with increasing depth from about 
7.5 to 8,0 km/sec. Since 20 to 30 kbars refers to a depth 
of about 60 to 90 kilometers, the petrologic evidence sug
gests the depth of the mantle-crust mix may approach about 
90 kilometers.

The petrologic data also suggest that basaltic 
andesite, andesite, and perhaps rhyolitic magmas were 
derived from the same region of mantle-crust mix. This 
evidence combined with the observed systematic increase of 
velocity with depth, suggests that this mantle-crust mix 
layer may be compositionally zoned from more mafic material 
at the bottom to more silicic, at the top.

Damon and Mauger (1966) as well as others have 
pointed out that the Basin and Range Province may represent 
the continental equivalent of the east Pacific rise. If 
the mantle-crust layer was formed by the interaction of



143
sialic crust with mantle basaltic materialr it is reasonable 
to expect the resulting region to be compositionally zoned,

Further f it appears that the basaltic andesites 
represent a relatively uncontaminated magma derived from the 
lower region of the mantle-crust mixed layer. Thus, it 
represents a sample of a system in the solid state, just as 
minerals represent a portion of a rock in the solid state. 
The implication is that the basaltic andesite trend shown 
on Figure 21 is actually an isochron. This isochron rep
resents a system which became closed about 180 m.y. ago 
with an initial strontium isotopic ratio of 0.7072. It 
is suggested that a precurser of the present east Pacific 
rise may have formed 180 m.y. ago.

From the data presented in this work, it is also 
apparent that a portion of the earth’s lower crust melted 
prior to the melting of the mantle. Since the two systems 
have practically the same chemical composition, this sug
gests the mantle-crust boundary under the Basin and Range 
Province is essentially due to a phase change.

The possibility of a compositionally zoned crust- 
mantle mixed layer also has implications regarding the 
Laramide monzonite and porphyry copper bearing intrusions. 
The suggestion is that these rocks may have been derived 
from a higher level in this mixed region. This is supported 

by the rather low initial Sr^^/Sr^G values reported for
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Laramide monzonite and porphyry copper bearing intrusions 
(see Mauger, 1966, for example) and the suggestion herein 
that Mid-Tertiary rhyolites, particularly the Ragged Top 
rhyolite may be a result of partial melting of this silicic 
portion of the zone in question.

The Association of Basaltic Andesites,
Andesites, and Rhyolites

From the preceding discussions it is clear that the 
association of rock types here investigated is generally a 
basaltic andesite-andesite-rhyolite association. Basalts 
and latites occur but are much less abundant than the three 
rock types mentioned.

Although the petrogenesis of the basalt-andesite- 
rhyolite association was originally postulated as a simple 
fractional crystallization process, the petrogenesis has 
now been generally accepted as being more complicated 
(Turner and Verhoogen, 1960). Recently, Hamilton (1964) 
and Dickinson (1968) have suggested that andesitic magmas 
may originate by partial melting processes in the nantle. 
Taylor and White (1966) and Dickinson and Hatherton (1967) 
have suggested correlation between andesitic magmatism and 
low velocity layers in the upper mantle.

The data presented above supports each of these 
views. Although the principal source of the basaltic ande
sitic, andesitic, and rhyolitic magmas was not mantle basalt
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(i.e. the Sr®^/Sr®® ratio was greater than 0.704), the in
ferred depth of the source would, in any other case, be 
described as the upper mantle. Further, it is clear from 
the geophysical investigations discussed previously that 
this source region is of anomalously low velocity. Thus, 
the data here presented supports the suggested correlation 
of andesitic magmatism with regions of low velocity at a 
depth corresponding to the upper mantle. However, this con
clusion is valid to the extent to which basaltic andesitic 
magmatism is similar to andesitic magmatism.

The complexity of the petrogenetic processes by 
which Mid-Tertiary volcanism occurred has been discussed.
It is certain that this basaltic andesitic-andesitic- 
rhyolitic association was not the result of a simple 
fractional crystallization process. Partial melting was 
the process favored in the petrogenesis of the basaltic 
andesites and probably for the origin of the silicic 
magmas involved in the genesis of the andesites and rhy
olites. Thus, the suggestion of Hamilton (1964) and 
Dickinson (1968) has generally been supported.

Another point concerning the geographic restriction 
of andesites to continents can be inferred from the data 
presented previously. The suggestion was made previously 
that the source of the Mid-Tertiary magmas may have re
sulted from the mixing of mantle with crustal material
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due to the extention of an oceanic rise under the continent. 
Further, it was suggested that the source of the major 
portion of the andesitic magmas was located in this crust- 
mantle mixed region. Thus, it is clear that this concept 
of origin of andesitic magmas accounts for the restriction 
of andesites to the continents.

The Mid-Tertiary Petrographic Province 
In light of the complicated petrogenesis of these 

Mid-Tertiary rocks, the question is raised as to whether 
they are all members of the same petrographic province. In 
a very strict sense, they are not because they crystallized 
from different, magmas. However, it is equally clear that a 
single driving force acted in a quasi-continuous manner 
throughout a period of time to produce these magmas for the 
mantle and lower crust which then differentiated and/or 
mixed with each other. If belonging to a petrographic 
province implies that magmas were produced in a certain 
restricted time interval, from a defined location in the 
earth's depths by a single quasi-continuous driving force, 
then these rocks are all members of the same petrographic 
province. This alternative seems philosophically more 
viable.



APPENDIX I

DATA USED IN CONSTRUCTION OF FIGURE 1

Criteria Used for Selection of Data 
Histograms similar to Figure 1 have appeared in 

several papers coauthored by Dr. Paul E. Damon. The cri
teria for the selection of data used here are slightly 
different. A 2 m.y. interval was used for the purpose of 
displaying as much fine structure of the distribution as 
possible. Also, an interval of this size is slightly 
larger than the usual analytical error of a K-Ar age 
determination.

Damon and Mauger (1966) point out that rocks 
classified as basalts tend to occur after the main pulse 
of Mid-Tertiary volcanism. Basalts are included in the 
histogram and are indicated as such. Although the occur
rence of these younger basalts is indicative of a relative 
absence of material derived from the earth's crust, their 
general coincidence in time, space and, as shown in this 
work, apparent source region (near the Mohorovicic Dis
continuity) supports their inclusion in the histogram.

The following criteria were used in the selection 
of the data:
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1) Only volcanic rocks and hypabysal plutons which 

crop out in the Basin and Range Province in California, 
Nevada, Utah, Arizona, New Mexico, and Sonora, Mexico are 
included.

2) Only rocks yielding ages between 4 m.y. and 84 
m.y. are included.

3) Only one date per formation or pluton was recorded. 
In the event of several dates of equal quality existing 
for the same formation, their average was used. If the 
dates were of unequal quality the one having the best 
analytical precision was relied upon.

The following table lists 206 dates for formations 
dated by the potassium-argon method. Some formations have 
been analyzed repeatedly and this is indicated by the 
references cited.

List of Formations and their Ages

COUNTY FORMATION NAME
AGE
(m.y.) REFERENCES

Arizona
Cochise Dacite Porphyry 33.9 18

Turkey Track Porphyry 35.2 18
Ninemile Stock 29.0 18Cowboy Stock 59.0 18
Silver Camp Stock 62.4 18
Olivine Basalt Dikes 47.6 18
Maveric Stock 55.9 18
Schieffelin Granodiorite 72.0 7
Intrusive Rhyolite 63.0 7
Rattlesnake Point Granite 52.1 11
Texas Canyon Granite 54.2 11,12
Stronghold Granite 22.0 9
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AGE .

COUNTY FORMATION NAME (m.y .) REFERENCES
Cochise Rhyolite Dike 24.8 22
(Cont.) Pre-Thyolite Canyon Vole. 24.5 22

Rhyolite Canyon Fm. 25.4 21
Faraway Ranch Formation 27.6 21

Coconino Blue Mountain Basalt 14.2 16
Oak Creek Canyon Basal
Basalt 5.9 16

Anderson Mesa Basalt 6.2 13
Gila Schultze Granite 57.8 25,12,7

Granite Mountain Pluton 61.5 7,30
Lost Gulch Quartz
Monzonite 62.0 7

Quartz Diorite Porphyry 62.0 7
Graham Lone Star District

Quartz Monzonite 62.4 10
Quartz Diorite near

Safford 58.0 30
Greenlee Clifton Tuff 32.9 14

Trachybasalt 23.3 29
Intrusive Biotite Latite 23.4 16
Monzonite from Morenci 55.2 25
Morenci Diorite Porphyry 61.7 25
Flattop Basaltic Andesite 27.5 17

Mohave Cottonwood Wash Basal
Basalt 6.7 16

Seg Miller Mountain
Basalt 5.2 16

Frenchman Mountain Block,
volcanic sill 11.8 16

Fortification Hill Basalt 10.6 13
Rhyodacite Ignimbrite 18.3 12
Kingman Ignimbrite 16.8 14
Equigranular Granodiorite 60.0
Quartz Monzonite Porphyry 56.0
Rhyolite Tuff 57.0
Andesite Dikes 24.0
Del Bac Hills series "B"
Basaltic Andesite 24.1

Del Bac Hills series "A"
Basaltic Andesite 24.2

7
7
7
7
28
28

Pima
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#

COUNTY FORMATION NAME
AGE 
(m.y,) REFERENCES

Pima Turkey Track Porphyry 27,0 5,16,28
(Cont.) Shorts Ranch Andesite 56,8 5

Biotite Rhyolite 60.5 5
Cat Mountain Rhyolite 67.9 5
Basalt Dike 9.7 4
Brawley Wash Basalt 10.4 4
Recortado Ash Flow 13.0 4
Basaltic Andesite 14.4 4
Basaltic Andesite 23.4 4
La Tortuga Butte Fluton 34.1 4
Cocoraque Butte Pluton 68.6 4
Upper Roskruge Volcanics 70.0 4
Viopuli Ignibrite 74.1 4
Roadside Formation 65.2 4
"A" Mtn. Basaltic Ande
site 27.0 5

"A" Mtn. Tuff 27.3 5
Tumamoc Hill Basaltic 

Andesite 19.8 5
Pantano Tuff 30.6 5,14
Amole Granite Complex 73.1 5
Rillito Andesite 38.5 5
Safford Tuff 25.2 5
Contzen Pass Formation 26.0 5
Upper Andesite 27.9 5
Safford Dacite Neck 24.5 5
Silver Bell Intrusive 

Complex 65.0 24
Dacite from Silver Bell 

District 56.5 24
Mt. Lord Ignimbrite 59.7 24
Petroglyph Hill Andesite 27.9 24
Ragged Top Rhyolite 25.0 24
Phlogopite-Sericite Rock, 

Esperanza 62.6 23
Quartz Monzonite, Twin 

Buttes Area 53.5 10
Tuff in Helmet Fan- 

glomerate 27.9 23
Ruby Star Granodiorite 58.7 23
Kitt Peak Granite 27.4 9
New Cornelia Quartz 

Monzonite 62.0 25,30
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AGECOUNT? FORMATION NAME (m,y,) REFERENCES

Pinal Dripping Springs Mtns,, 
Quartz Monzdnite 71.1 10

Picket Post Mountain 
Quartz Latite 18.0 14

Cerro Prieta Andesite 20.7 33
Cerro Prieta Basalt 21,6 33
Samaniego Hills Andesite 19.8 33
Copper Hill Quartz 

Monzonite 68.0 12
Copper Creek Granodiorite 68.0 7
Superior Dacite 19,9 7,9

Santa Cruz Granodiorite, Santa Rita 
Mountains 67.9 10

Quartz Diorite, Patagonia 
Mountains 63.9 10

Corral de Piedras welded 
tuff 26.5 9

Patagonia Tuff 25.3 9
Yavapi Casner Mountain Basalt 11.9 16

Verde Valley Basalt 13,6 16Mingus Mountain Basalt 12.9 16
Black Hills Basalt 12.8 16

Yuma Laguna Mountains, Tuff 26.3 13
Hornblende Andesite, 

Chocolate Mountains 24.7 16
Muggins Mountain Tuff 21.9 16

California
Kern Kinnick Formation 17.1 19

Richardo Formation 10.0 19
Inyo Shepard Canyon, Andesite 

Plug 12.8 20
San
Bernardino Barstow Tuff 15.1 19
Ventura Caliente Formation 15.2 19
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COUNTY FORMATION NAME
AGE 
(m.y,) REFERENCES

Nevada
Churchill Sand Springs Range, 

plutons 82.0 31
Four Mile Canyon 

granodiorite 76,0 31
Chloropagus Formation 13.9 20
Middlegate Formation 15.9 20

Clark River Mountain pluton 13.0 1
Dike related to the 

Mount Davis Volcanics 15.0 1
Boulder City Laccolith 16,0 1
Knob Hill pluton 26.0 1
Horse Spring Tuff 20.0 1,13,31
Basalt, Henderson Quad. 13,2 14
Thumb Formation, Sill 10.9 16

Elko Mountain City Stock 
Railroad District Stock

81.0 31
33.0 1

Harrison Pass Stock 31.0 1,31
Whitehorse Stock 62.0 1Jarbridge Rhyolite 16.1 19,31
Deadhorse Tuff 39.5 31
Ignibrite, Railroad 
District 22.0 1

Esmeralda Esmeralda Formation 11.7 19,20
Eureka Ruby Hill Stock 64.0 1

Frenchie Creek Quadrangle 
Volcanics 27.0 1

Lyon Morgan Ranch Formation 9.3 19
Mineral Plot Mountains Quartz 

Monzonite 68.7 31
Aldrich Station Forma

tion 10.9 19
Nye South White Pine 

Mountain Stock 31.3 1Troy Stock 23.0 1Thirsty Canyon Tuff and 
Associated Volcanics 7.0 27
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COUNTY
Nye
(Cont,)

Storey
Washoe

White Pine

New Mexico 
Catron

Grant

FORMATION NAME
AGE
W,y.) REFERENCES

Timber Mountain Tuff
and Associated Volcanics 11,0 27

Paintbrush Tuff and As
sociated Lavas 13.0 27

Wahomie and Salyer Forma
tions 13.5 27

Belted Range Tuff and As
sociated Lavas 14,0 27
Hartford Hill Rhyolite 22.7 20
Dacite Tuff, Pyramid Lake 12.4 20
Pumicite, Massacre Lake 15.2 19
Kingsley Stock 35.0 1
Cherry Creek Stock Dike 32.0 1
Intrusive Rhyolite, Liberty
Pit 37.0 25

Steptoe-Warm Springs In
trusive Complex 38,0 1

Heuser Mountain Pluton 32.0 1
Kern Mountain Pluton 42.0 1
Sheep Pass Formation 33.2 1,19
Sacremento Pass Volcanics 27.0 1
Windous Butte Tuff 32.8 2,19
Garrett Ranch Group Tuff 34.0 31
Lexington Creek Stock 64.0 1

Obsidian Nodules 27.1 32
Vitrophyre 28,3 32
Moonstone Tuff 24.9 15,9,29
Cooney Quartz Latite 23.7 15
Pre-Fanny Quartz Latite 27.3 15
Kneeling Nun Volcanics 33.4 26
Hanover-Fierro Grano-

diorite Stock 70.4 25
Santa Rita Stock 56.5 25
Tyrone Stock 56.2 25
Pinos Altos Intrusive

Complex 77.0 25
Quartz Diorite Sill 58.6 25
Virdon Dacite 34.7 25
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COUNTY FORMATION NAME
AGE
tm-y.) ' REFERENCE

Grant Faywood Rhyolite 32.0 15(Cont.) Tadpole Ridge Formation 31.2 15
Ceballo Blanco Rhyolite 29.8 15
Swartz Rhyolite 26.6 15
Basaltic Andesite 20.6 15

Hidalgo Mule Creek Obsidian 18.6 32
Weatherby Canyon 

Ignimbrite 26.3 22
Socorro Spears Member 37.1 6

Hells Mesa Member 31.7 6.32
Thurman Formation 33.6 6
Socorro Peak, Trachyande- 

site 10.7 6
Nitt Stock 28.0 32
Anchor Canyon Stock 28.2 32
Perlite, Stendel Deposit 14.3 32

Utah
Iron Three Peaks Laccolith 22.0 1,2
Juab Chichen Creek Tuff 35.0 2,20,31

Ibapah Stock 22.0 1
Sheeproch Stock 19.0 1
Needles Range Formation 28.1 1,2

Morgan Norwood Tuff 37.4 19
Piute Bullion Canyon Volcanics 29.6 3

Quartz Monzonite Intrusive 24.5 3
Glassy Dikes and Diatrernes 21.1 3
Mount Belknap Volcanics 20,0 3
Osiris Formation 20.3 16
Spry Intrusion 30.4 16
Marysvale Stock 21.8 25
Monzonite Dike, near 

Marysvale 30.0 25
Salt Lake Cottonwood Stock 22.0 1

Bingham Stock 36.9 1,25
Last Chance Stock 40.5 25
Bingham Volcanics 28.0 1
Little Cottonwood Quartz 
Monzonite 26.7 25
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COUNTY FORMATION NAME
. AGE 
(m.y.) REFERENCES

Utah Monzonite from Tintic 
District . 34.1 16

Silver City Monzonite 
from Tintic District 31.5 16

Packard Quartz Latite 32.7 16
Silver Shield Dikes, 

Tintic District 17.9 16
Laguna Springs Latite 18.3 16

Mexico
Sonora Granite near Sonoyta 51.4 11

Cerro Cipriano Granite 51.9 8
Sierra de Sonoyta Granite 33.2 8
Puerto Blanco Quartz 
Monzonite 69.6 11

Quartz Diorite near 
Cananea 67.2 11

La Colorado Ore Body, 
Cananea 58.5 9

Minas Leones Granite 
Pluton, Sierra San 
Manuel Region 69.3 8

Minas La Margarita Granite 
Pluton, Sierra San 
Manuel Region 66.0 8

Mina La Guadalupe 54.0 14
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7. Creasey and Kistler, 1962.
8. Damon, 1966.
9. Damon and Bikerman, 1964

10. Damon and Mauger, 1966.
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APPENDIX II

LOCATIONS AND PETROGRAPHIC DESCRIPTIONS 
OF THE SAMPLES COLLECTED

Introduction
In this appendix are listed the locations and 

petrographic descriptions of samples collected and studied 
during this investigation. They include not only samples 
which were analyzed chemically but also those which yielded 
petrographic information pertinent to the problem. Also 
included are data for samples collected by J. K. Percious 
and Michael Bikerman.

Tumamoc Hill Area

RLE-1-67
This sample was collected from an outcrop located 

at the base of "A” Mountain about 4500 feet east of the 
southwestern corner of Sec. 14, T. 14S., R.13E., Pima 
County, Arizona.

In hand specimen the rock is dark red and contains 
abundant rock fragments and white crystals set in a red, 
aphanitic groundmass. The rock fragments are subangular 
to subrounded and range in size from 1 mm to 1.5 cm. The 
white crystals are about 1 to 3 mm long. The groundmass
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seems to bend around the crystals and rock fragments caus
ing a eutaxitic texture, characteristic of the rock.

In thin section, the crystals or clasts are frag
ments of larger crystals or rocks arid are set in a ground- 
mass of reddish, hematitic stained glass. The glass shards 
are thinned and bent around the fragments of rocks and 
crystals. Some of the rock fragments can be identified as 
being volcanic and others of sedimentary origin. The 
crystals are dominantly plagioclase, although apatite and 
magnetite grains are common. The dominance of lithic 
fragments and welded glass shards implies that this rock 
is a lithic welded tuff,

RLE-5-67
This sample was collected near the floor of the 

quarry which is located near the center of S.l/2, NW.1/4, 
Sec. 14, T. 14, R. 13E., Pima County, Arizona.

Phenocrysts of a ferromagnesian mineral up to a 
size of 1.5 mm set in a dark gray to black aphanitic 
groundmass characterize the hand specimen of this rock.
In hand specimen, this rock is a basalt.

In thin section, subhedral olivine phenocrysts 
having thin rims of iddingsite are set in a groundmass 
composed of plagioclase laths 0.5 mm long, rather equant 
grains of pyroxene and/or olivine and euhedral grains of 
magnetite. The olivine was determined to be magnesian
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based on its positive sign. The lathes of plagioclase are 
oriented to give the rock a pilotaxitic texture. Due to 
the size of the plagioclase laths, their composition could 
not be determined by optical means. X-ray diffractometer 
analysis show no quartz to be present. This rock is 
classed as a basaltic andesite based primarily on its 
prior classification and occurrence with an similarity to 
other rocks which are basaltic andesites.

RLE-22-67
This sample of Turkey Track porphyry was col

lected from the south side of 11 A’1 Mountain in the center 
of S.1/2, SW 1/4, Sec. 14, T14S, RISE, Pima County, Arizona.

In hand sample, phenocrysts of plagioclase ranging 
in size from 3 mm to about 1 1/2 inches and phenocrysts 
of pyroxene 2 mm to 6 mm in size are set in a fine grained 
dark gray goundmass. Usually, white rims 1 mm wide can 
be seen around the layer light gray feldspar phenocrysts.

Thin section study of the Turkey Track porphyry 
from not only this sample but others (RLE-2,3,4,10-67) 
reveals several interesting textures. As mentioned above, 
the plagioclase feldspars are very large— usually larger 
than 1 cm. Determination of plagioclase composition sup
ports Cooper’s (1961) analysis that their composition is 
about An^Q. Generally the plagioclase phenocrysts show no 
or weak zoning, but have a thin rim of plagioclase which
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surrounds them. Some of them show irregular patches of 
plagioclase not in optical continuety with the rest of the 
grain and may include small grains of pyroxene. In addi
tion, all of the plagioclase phenocrysts have what appears 
to be development of "honeycomb” texture (see Figure 17). 
These areas are filled with groundmass and are confined 
to the central portions of the phenocrysts. The rims do 
not exhibit this honey comb effect. Although the plagio
clase phenocrysts tend to be euhedral, the outer rims tend 
to be ragged and intergrown with the groundmass. Occa
sionally, phenocrysts of pyroxene are partially surrounded 
by the plagioclase phenocrysts.

The pyroxene phenocrysts are also rather complex. 
They usually consist of hypersthene cores which are sur
rounded by pigeonite (see Figure 15). Cooper (1961) 
identified the clinopyroxene as augite. The clinopyroxene 
here was identified as pigeonite on the basis of, extinc
tion angle, about 36°, and the orientation of the optic 
plane normal to the ^Oio} crystallographic plane. Usually 
these pyroxene phenocrysts are surrounded by iddingsite 
coated grains of olivine. Euhedral grains of magnetite 
about 1 mm in size are also present.

The groundmass of the Turkey Track is composed 
of pyroxenes of indeterminant composition about 2 mm long, 
small (.5 mm) zoned feldspars, and minor quartz, olivine
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and magnetite. The feldspars of the groundless are in
terpreted to be zoned from sodic plagioclase (An^g) to 
potash feldspar on the basis of lack of trimming in the 
rim of the grain, and nonuniform extinction. The amount 
of olivine in the groundmass is small and the presence of 
quartz was only detected six times on 10 thin sections.
The intergrowth of the.groundmass feldspar suggests a 
granitic texture. Based on the petrographic evidence 
here described the Turkey Track porphyry is a basaltic 
andesite.

RLE-7-68
This sample was collected from the center of a 

face blasted from the south side of the hill located in 
SE 1/4, NE 1/4, Sec. 15, T14S, R13E, Pima County, Arizona.

The hand sample of this rock is characterized by 
rust colored phenocrysts between 1 mm and 2 mm long.
These phenocrysts are set in a gray, fine grained ground- 
mass.

In thin section, this rock contains phenocrysts 
of olivine which have been nearly completely altered to 
iddingsite. The iddingsite here has a rather unique ap
pearance in that it has good crystallinity so it exhibits 
extinction parallel to cleavage traces. There is a little 
iddingsite rimmed olivine in the groundmass. The dominant 
ferromagnesian mineral in the groundmass is augite which
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occurs as equant subhedral grains about ,3 wn in size. 
Plagioclase, whose difficulty estimated composition is 
between An^g^gg f occurs as laths up to ,5 mm long. Eu- 
hedral grains of magnetite, the same as the augite, are also 
scattered throughout the groundmass. Interstitial to these 
minerals is a zoned alkali feldspar, presumably potash 
rich. The rocks texture tends to be intergranular. X-ray 
diffraction studies reveal no quartz. Based on these 
petrographic observations, the rock is classed as a ba
saltic andesite.

RLE-8 - 6 8

This sample was taken from a readout on the south
eastern side of "A" Mountain in the NE 1/4, SW 1/4, SW 1/4, 
Sec. 14, T14S, R13E, Pima County, Arizona.

The color of this tuff varies from reddish to 
whitish buff, In hand specimen, it is characterized by 
its low density, and occasional rock and pumice fragments.

In thin section, much of the original glassy shards 
have devitrified and obliterated much of the original tex
ture of the rock. Cavities are rimmed by crystals growing 
into the open space. Phenocrysts of sanidine are present, 
though not abundant. This rock is classified as a tuff.
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RLE-9-'68

This sample was collected £rom a roadcut where it 
makes the sharp hairpin turn at Tumamoc Hill, Its loca
tion is about 1/4 mile north of the center of Sec. 15,
T14S, RISE, Pima County, Arizona.

In hand sample, this is a gray aphanitic rock.
It has platy parting and a few small ferromagnesian pheno- 
crysts.

Thin section examination revealed an average grain
fsize somewhat less than .1 mm. The smallness of the 

crystals has made both mineral identification and point 
counting very difficult. The rock is characterized by 
magnetite, clinopyroxene (presumed to be augite), and a 
few altered olivine phenocrysts set in a flow oriented mat 
of plagioclase laths which give the rock a pilotaxitic 
texture. Other thin sections were cut from other parts of 
the formation but no information could be added to the 
above, with one exception. A few of the other sections 
suggest an interstitial potash feldspar. X-ray diffrac
tion examination revealed no quartz. Based on this evi
dence and similar rocks lower in the section, this rock is 
classed as a basaltic andesite.
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Del Bac Hills Area

JKP-49-66
This sample was collected by J. K. Percious at 

the top of the pinnacle shaped hill on the northwest side 
of Black Mountain in the NE 1/4, NE 1/4, SE 1/4, Sec. 36, 
T15S, R12E, Pima County, Arizona.

Small rust colored phenocrysts of a ferromagnesian 
mineral set in a medium dark gray groundmass characterize 
the hand specimen of this sample.

Thin section examination reveals a fairly uniform 
grain size of about .4 mm. Plagioclase laths, determined 
with difficulty to be Ango-sg, which constitutes most of 
the rock serve as a framework into which augite, magne
tite and potash feldspar have crystallized. Its texture 
is weakly intergranular. The olivine grains are slightly 
larger than the average grain size and are altered to 
iddingsite. On the basis of petrographic evidence, this 
rock is classed as a basaltic andesite.

JKP-50-66
This sample was collected by J. K. Percious from 

the center of NE 1/4, Sec. 31, T15S, R13E, Pima County, 
Arizona.

In hand sample and thin section, this sample is 
the same as JKP-49-66. The hand specimen of this sample
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is, however, a dark gray and in thin section the average 
grain size is. about ,7 mm.

JKP-68-66
This sample was collected by J. K. Percious from 

a flow which underlies coarse grained clastic sediments 
at the west end of Martinez Hill, SE 1/4, SW 1/4, Sec. 23, 
T15S, RISE, Pima County, Arizona.

Dark ferromagnesian phenocrysts, about 1 to 2 mm 
in size, can be seen in the hand specimen. They are set 
in a dark gray aphanitic groundmass.

In thin section the phenocrysts (.5 to 1.5 mm long) 
are iddingsite rimmed olivine grains. They are subhedral 
and set in a fine grained groundmass of primarily plagio- 
clase laths .2 mm long which gives the rock a pilotaxitic 
texture. The minute size of the plagioclase precludes 
estimation of their composition. Euhedral grains of mag
netite and subhedral augite constitute most of the re
maining groundmass. Potash feldspar fills some of the 
interstices. Percious (1968a) indicates that other flows 
associated with the one from which this sample was col
lected contain resorbed and rounded phenocrysts of sanidine 
and plagioclase. This rock is classed as a basaltic ande
site based on its association with and similar appearance 
to the following sample.
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The location from which this sample was collected 
by J. K, Percious and is the same as JKP-68-66. The flow 
from which it was taken is beneath the flow sampled pre
viously (JKP-68-66).

This rock is also dark gray and aphanitic. It 
differs from the previous sample in that phenocrypt are 
not visible to the unaided eye.

. In thin section, subhedral olivine phenocrysts up 
to 1 mm long are set in a fine grained (about .3 mm) 
groundmass. Unlike some of the previous rocks, there is a 
significant amount of olivine in the groundmass. The 
groundmass is composed of a felted network of plagioclase 
laths interstitial to which are located augite and euhedral 
magnetite grains. The augite sometimes surrounds part of 
the plagioclase laths and the usual intergranular texture 
locally becomes subophitic. Potash feldspar is usually 
interstitial to the above minerals but occasionally a grain 
is as large as the plagioclase laths. The composition of 
the plagioclase is estimated to be ^ 5 5 -6 0 * The rock is 
classified as a basaltic andesite based on petrographic

JKP-10-67

evidence.
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Safford Peak Area

RLE-8-67
This sample of the Contzen Pass formation was col

lected about halfway up the southwest slope of a hill and 
in the center of NE 1/4, SE 1/4, Sec. 5, T13S, R12E,
Pima County, Arizona.

In hand specimen, this rock has a black groundmass 
with vitreous luster. Set in this groundmass are grains 
of white and pink feldspar, black biotite and, less com
monly, hornblende up to 0.7 mm long. The biotite occurs 
in euhedral books and the feldspar is subhedral.

Thin section study reveals a groundmass composed 
of glass in which the minerals are set. Sanidine, plagio- 
clase (An3 5 _4 Q), biotite and magnetite are the main minerals 
present. Zircon,apatite, augite and hornblende are also 
present but much less common. Biotite and magnetite occur 
as subhedral grains up to 4 mm long. Sanidine and plagio- 
clase sometimes are subhedral but other times appear to 
be fragments of once larger crystals. Plagioclase and 
occasionally sanidine exhibit honeycomb structure to vary
ing degrees. Occasionally the above mentioned phenocrysts 
occur as composite grains which may be rock fragments.
This rock is classified as a vitrophyre.
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This sample of the Upper Andesite was collected 
from an arroyo cut about 1/4 mile south of the center of 
Sec. 4, T13S, R12E, Pima County, Arizona.

The hand specimen, white feldspar phenocrysts as 
large as 7 mm and brown to brassy colored biotite pheno
crysts up to 5 mm long are set in a red aphanitic ground- 
mass. The long direction of these phenocrysts often de
fines the planes of flow layering.

Thin section examination reveals that the pheno
crysts are set in a groundmass whose average grain size is 
less than .05 mm. As a result, identification of minerals 
in the groundmass by optical means was not possible and 
it is assumed that it is composed of predominantly quartz 
and feldspar (i.e., quartzofeldspathic). Phenocrysts are 
sanidine, plagioclase (An^g-gg), biotite and magnetite.
The biotite and magnetite are subhedral. Often the bio
tite exhibits rimming by magnetite to varying degrees.
This texture is shown in Figure 14 - and is similar to that 
described by Williams (1929). As in the previous sample, 
the subhedral feldspars, plagioclase in particular, ex
hibit honeycomb texture and tend to be broken, although 
some crystal faces are present. Composite grains of the 
phenocrysts (predominantly plagioclase, biotite and the 
accessory minerals) are present and may be small rock

RLE-1"68
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fragments. X-ray diffraction analysis of another sample 
of the formation (RLE-3-68) indicates that significant 
amounts of cristobalite are present. The intensity of the 
d = 2 . 1  X line indicates that cristobalite may be in ex
cess of 10 per cent. This evidence suggests that the Upper 
Andesite should be classed as a rhyolite.

RLE-2-68
This sample of the Contzen Pass Formation was col

lected from an outcrop located about 1500 feet east of the 
center of Sec. 5, T13S, R12E, Pima County, Arizona.

In hand specimen and in thin section this sample 
is identical to sample RLE-8-67. Thin section examination 
reveals, in addition to those features noted for the above 
mentioned sample, that some of the glassy groundmass has 
broken, suffered some rotation, and then been rewelded.
This feature is very local and noticed because of small 
parallel oriented crystallites in the glass. As sample 
RLE-3-67, this sample is classed as a vitrophyre.

RLE—3— 6 8

This sample of the Upper Andesite was collected 
near its base close to the center of Sec. 5, T13S, R12E, 
Pima County, Arizona.

The hand specimen of this sample is denser and of a 
slightly darker red color than RLE-1-68. Euhedral grains
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of brassy colored biotite about 1 mm to 3 mm and subhedral 
grains of white feldspar 1 mm to 7 mm are easily recog
nized. A few grains of hornblende and magnetite can also 
be distinguished.

As before, thin section examination reveals a very 
fine grained, less than .05 mm, groundmass presumed to be 
quartzofeldspathic. Phenocrysts are composed of sanidine, 
plagioclase, biotite and magnetite. Biotite and magnetite 
phenocrysts are as described for RLE-1-68. Sanidine and 
plagioclase grains are subhedral, exhibit honeycomb tex
ture, are fractured and are in some instances slightly 
embayed. As before, fragments of these phenocrysts are 
scattered throughout the groundmass. Accessory minerals 
of zircon, apatite, hornblende and pyroxene (augite) are 
scattered throughout the rock. Composite grains which in 
this case can more readily be described as rock fragments, 
are composed of all the minerals which occur as phenocrysts. 
As mentioned previously, X-ray diffraction in studies in
dicate that cristobalite may be present in the rock in 
excess of 10 per cent, (The cristobalite peak is nearly 
twice as intense as the feldspar peak.) Thus, it is sug
gested that the Upper Andesite is really a rhyolite.

RLE—4— 6 8

This is a sample of the intrusion at Safford Peak 
and was collected about 2 1 0 0  feet east of the center of
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Sec, 31, T12Sf R12E, Pima County, Arizona at an elevation 
of approximately. 3350 feet above sea level.

In hand specimen, euhedral grains of biotite and 
feldspar, about 1 to 4 mm long are set in a brown ground- 
mass. Orientation of the phenocrysts as well as its 
slightly banded nature defined foliation of the rock. It 
resembles the Upper Andesite except that it is much more 
brittle and denser.

Thin section examination reveals that phenocrysts 
of biotite, sanidine, plagioclase and magnetite are set in 
a very fine grained groundmass whose mineralogy is optically 
indeterminant (less than .05 mm). The groundmass is 
assumed to consist of quartzofeldspathic minerals. Sani
dine occurs as euhedral phenocrysts about 2 mm in dimension. 
Plagioclase phenocrysts are subhedral laths as long as 3 
mm. Their approximate composition is AngQ-gg and occa
sionally exhibit honeycomb texture. Biotite occurs as 
euhedral rocks that are sometimes rimmed by magnetite. 
Magnetite usually occurs as euhedral eguant grains as large 
as .7 mm. The accessory minerals include zircon, apatite, 
hornblende and quartz. X-ray diffractometer analysis in
dicates that cristobalite is present in excess of 1 0  per • 
cent (cristobalite peak is nearly twice the height of the 
feldspar peak). Thus this rock which has been classified



previously as a dacite may be more accurately called a 
rhyolite.

RLE-5-68
This sample is also a sample of the intrusion at 

Safford Peak. It was collected near the top of the slope 
at the base of the cliff at the southeast side of Safford 
Peak near the center of N 1/2, NE 1/4, SE 1/4, Sec. 31, 
T12S, R12E, Pima County, Arizona.

The hand sample of this rock is very similar to 
that of RLE-4-68. However, it is different in that folia
tion is less marked and there appears to be more biotite.
In thin section, mineral percentages excepted, it is 
identical to RLE-4-68.

RLE-6 - 6 8

This sample was collected from a dike which crops 
out on the southeastern flank of Safford Peak near the 
center of NW 1/4, SW 1/4, Sec. 31, T12S, R12E., Pima 
County, Arizona.

In outcrop and in hand specimen, phenocrysts of 
biotite and feldspar about .5 mm to 2 mm long are set in 
a light gray to buff groundmass. The alignment of pheno
crysts defines planes of foliation which are parallel to 
the sides of the dike.

172
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Thin section examination jreyeals a yery fine grain
ed. groundless , 05 mm) in which are set phehocrysts of 
sanidine, biotite and plagioclase, The sanidine and bio- 
tite occur as euhedral grains about 1 mm long, Plagioclase 
of about An^Q occurs as subhedral laths about 1 mm in 
length. Magnetite occurs as euhedral phehocrysts about 
.5 mm.square and in the groundmass as euhedral grains which 
are just resolvable optically. Accessory minerals include 
zircon and sphene. X-ray diffractometer analysis reveals 
a very intense peak corresponding to a d spacing of 2 .1 %.

' Hence, a large amount of cristobalite is indicated. This 
feature, as well as, the predominance of sanidine over 
plagioclase defines this rock as being a rhyolite.

RLE-33-68
This is a sample of the Rillito Andesite collected 

from the top of a south facing cliff in the NE 1/4, SW 1/4, 
Sec. 5, T13, R12E, Pima County, Arizona.

Phenocrysts of feldspar up to 8 mm long and eu
hedral biotite books as large as 5 mm set in a dark brown 
groundmass characterize the hand specimen of this sample.

Thin section examination reveals a fine grained 
groundmass less than , 1 mm in size whose mineralogy is 
determined with difficulty and assumed to be quartz and 
feldspar. In this groundmass are set subhedral pheno
crysts about 5 mm in length consisting of biotite.
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plagioclase (An^Q^Arigg) and potash feldspar, . Accessory 
minerals include augitef apatite/ and zircon. The latter 
two are found scattered throughout the groundmass and as 
inclusions in biotite. Augite is usually slightly altered 
and rimmed by biotite. Small subhedral grains of magne
tite are scattered throughout the groundmass. Quartz is 
found in small veins which cut through the rock and repre
sent about 1,5 per cent of the rocks modal mineralogy. 
X-ray diffractometer analysis reveals an intense peak cor
responding to a d spacing of 1.74 R. This suggests that 
the quartz content of the rock is larger than 1 0  per cent. 
Combined with the approximately equal amounts of plagio
clase and potash feldspar, this evidence suggests the Ril- 
lito Andesite is actually a rhyodacite.

RLE-35-68
This is a sample of the Safford Tuff collected 

from an arroyo cut on the southwestern side of the hill 
located in the center of the NW 1/4, Sec. 32, T12S, R12E, 
Pima County, Arizona.

The hand specimen is characterized by abundant 
euhedral books of biotite as large as 4 mm and less abun
dant feldspar phenocrysts up to 6 mm long. Its color is a 
light buff to grayish green.

Thin section examination reveals a partially de- 
vitrified groundmass in which are set euhedral phenocrysts
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of biotite up to 3 pun long and sanidine of similar size. 
Subhedral pheriocrysts of plagioclase (An^Q-^Q) up to 3 mm 
long also occasionally exhibit honeycomb texture. Minor 
augite is rimmed by biotite. Small euhedral grains of 
magnetite are scattered throughout the biotite monzonite. 
Most generally the groundmass is devitrified but occasion 
ally outlined of glass shards of which this tuff was 
originally composed can be seen. X-ray diffractometer 
analysis reveals that a small amount of cristobalite is 
present.

Roskruge Mountains Area

RLE-26-67
This sample was collected from the top of a small 

hill in the center N 1/2, NE 1/4, Sec. 3, T16S, R9E, Pima 
County f Arizona.

The hand specimen of this sample is a black rock 
in which phenocrysts of pyroxene up to a size of 7 mm can 
be identified. The groundmass is aphanitic and a few 
vesicules are present.

In thin section, the groundmass whose average grain 
size is . 1 mm can be identified as consisting of plagio
clase laths, pyroxene and magnetite. These small feldspar 
laths give the rock a felted appearance. The subhedral 
phenocrysts are plagioclase laths about . 1 mm long, pyroxene



176
(aucfite) as large a,s 4 mm and oliyine about ,5 mm long.
The composition of the plagioclase was estimated with dif
ficulty to be An45„55. The pyroxene was identified as 
augite on the basis of A A C = 45°. Olivine has been 
altered to iddingsite. The augite phenocrysts are often 
composite grains and occasionally appear to be rock frag
ments composed of augite, olivine and plagioclase. Grains 
of potash feldspar can be occasionally seen interstitially 
in the groundmass. X-ray diffractometer analysis shows 
the absence of quartz. This rock is classed as a basaltic 
andesite.

RLE-10-68
This sample was collected from the top of a ridge 

located 1/4 mile west of the center of Sec, 35, T15S,
R9E, Pima County, Arizona.

This hand specimen is a dark gray aphanite in 
which layer grains of ferromagnesian minerals can be dis
tinguished. In thin section the orientation of the laths 
of plagioclase, .05 mm long, give the rock pilotaxitic 
texture. The composition of the plagioclase laths is 
optically indeterminant. A few pyroxene phenocrysts .1 mm 
long are hypersthene and are rimmed by augite. Augite also 
occurs in the groundmass and is scattered throughout the 
rock. Euhedral magnetite grains as large as ,1 mm are also



scattered throughout the rock, X-ray diffractometer anal
ysis shows the notable absence of quartz.. This rock is 
classified as an andesite,

RLE-11-68
The outcrop from which this sample was taken is 

from the west side, near the top of the hill located near 
the center of the boundary line between sections 26 and 
35, T15S, R9E, Pima County, Arizona.

The hand sample of this rock is a dark gray apha-
nite.

Examination of the thin section reveals a pilo- 
taxitic texture due to the alignment of the small (about 
.08 mm) plagioclase laths. Subhedral grains of pyroxene 
about ,5 mm long constitute the phenocrysts of the rock. 
They are composed of hypersthene and occasionally exhibit 
narrow rims of augite, Augite grains are found scattered 
throughout the groundmass. Euhedral magnetite grains as 
large as .08 mm are also scattered through the groundmass. 
Potash feldspar is found interstitial to the plagioclase 
phenocrysts. X-ray diffractometer analysis reveals the 
notable absence of quartz. Thus, the rock could best be 
classified as an andesite.
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RLE-15-68

Thig sample was collected from the top of the hill 
located in the W 1/2, NW 1/4, Sec. 1, T16S, R9E., Pima 
County, Arizona.

The hand specimen of this sample is characterized 
by abundant phenocrysts of hornblende 4 mm long and a few 
feldspar phenocrysts about 3 mm long set in a dark brownish 
gray aphanitic groundmass.

In thin section, the hornblende phenocrysts are 
subhedral, embayed and exhibits opaque rims. Subhedral 
sanidine phenocrysts are as large as 3 mm and show weak 
zoning, Plagioclase, ^ 3 2 -3 6 ' also occur as phenocrysts 
about 3 mm long. Hypersthene phenocrysts are subhedral 
and 2 mm long. The average grain size of the dominantly 
quartz feldspar groundmass is about .05 mm but abundant 
feldspar laths are as large as .1 mm. Magnetite is 
scattered throughout the rock as euhedral grains as large 
as ,15 mm.

Occasionally the phenocrysts are composite grains. 
Hornblende and feldspar tend to be associated and they are 
at times found with hypersthene. Some of these features 
are shown in Figure 19. In the figure, an embayed, opaque 
rimmed hornblende phenocryst is rimmed by pigeonite. The 
phenocryst to the left is hypersthene. The larger feldspar 
laths in the groundmass are usually plagioclase and
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suggests that the groundmass has a higher abundance of 
plagioclase relative to potash feldspar than do the pheno- 
crysts. X-ray diffractometer analysis indicates a slight 
amount of crystobalite. The rock is a hornblende andesite.

RLE-16-68
This sample was collected in section 36 from the 

southeastern facing slope of the hill in the extreme 
northeastern corner of Sec, 35, T15S, R9E,, Pima County, 
Arizona.

The handsample and thin section examination re
veals that this rock is the same as RLE-11-68,

RLE-17-68
The location of the outcrop from which this sample 

was collected is found at the top of a small hill in the'
SW 1/4, SE 1/4, Sec, 36, T15S, R9E., Pima County, Arizona.

The hand specimen of this sample is characterized 
by pyroxene phenocrysts about 2 mm long set in an aphanitic 
dark gray groundmass.

Thin section examination reveals subhedral pheno
crysts of hypersthene and augite set in a fine grained 
(.05 mm) groundmass of plagioclase, augite, and magnetite. 
The subhedral phenocrysts of hypersthene are generally 
rimmed by chlorite, Augite phenocrysts up to 3 mm long 
exhibit no alteration. The groundmass is composed of
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plagioclase laths up to ,05 mm long and grains of augite 
and euhedral magnetite less than ,05 mm in dimension.
This rock is classed as an andesite based on its petrog
raphy and close association with RLE-15-68,

RLE-18-68
This sample was collected from the north rim at 

the top of the hill which is located in the SE 1/4, SW 1/4 f 
Sec. 36, T15S, R9E, Pima County, Arizona.

The hand specimen of this sample is similar to 
that of RLE-15-68. It is characterized by phenocrysts of 
hornblende and feldspar, as large as 4 mm, in approximately 
equal amounts, The groundmass is aphanitic and dark gray.

Subhedral hornblende phenocrysts up to 4 mm long 
characterize the thin section of this sample. They are 
embayed and exhibit opaque rims. Subhedral to euhedral 
phenocrysts of hypersthene and occasionally augite of a 
1 mm size are also present. Feldspar phenocrysts are about 
3 mm in length and are sanidine and plagioclase (An^-gg) • 
Euhedral grains of magnetite .15 mm in size are scattered 
throughout the rock. Apatite is an accessory mineral.
The grain size of the groundmass is generally less than 
.05 mm. Some plagioclase laths in the groundmass are 
about .1 mm long and their presence and abundance suggests 
that plagioclase is relatively more abundant in the ground- 
mass than in the phenocrysts. Some of the groundmass
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crystals are oriented by flow but the texture is not yet 
pilotaxitic. X-ray diffraction analysis shows notable 
absence of quartz and cristobalite. This rock is classi
fied as a hornblende andesite.

RLE-19-68
The outcrop from which this sample was collected 

is located on the south slope near the top of the hill 
which is found about .4 mile north of the center of Sec.
36, T15S, R9E, Pima County, Arizona.

The hand specimen is characterized by abundant 
pyroxene phenocrysts about 2 mm long and less abundant 
feldspar phenocrysts about 3 mm long set in a dark gray 
aphanitic groundmass.

Thin section examination reveals a groundmass 
whose average grain size is less than .05 mm. Alignment 
of the small plagioclase laths which dominate the ground- 
mass gives the rock a pilotaxitic texture. The pheno
crysts are subhedral grains of hypersthene, augite, 
sanidine and less commonly plagioclase. The hypersthene 
phenocrysts are up to 1 mm long and occasionally are 
rimmed by chlorite, Augite phenocrysts are occasionally 
composite grains of more than one crystal and are about 1.5 
mm long. Sanidine and plagioclase phenocrysts are about 
1 mm long, Euhedral magnetite grains as large as .1 mm 
are scattered throughout the rock. X-ray diffractometer
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studies reyeal a very slight cristobalite peak. This rock 
is classed as a hypersthene andesite.

RLE-24-68
This sample was collected from the southern bank 

of an arroyo on the northeast side of the hill located in 
the SE 1/4, NE 1/4, Sec. 27 and near the boundary line 
between sections 27 and 26, T15S, R9E, Pima County, 
Arizona.

In hand specimen, this sample is a medium dark 
gray aphanite. Small vesicules which are light colored 
give the rock a finely speckled appearance.

Thin section examination reveals that the rock has 
less than 5 per cent phenocrysts. The groundmass is com
posed of plagioclase laths as long as .05 mm, euhedral 
magnetite as large as .05 mm but usually much smaller, 
and a ferromagnesian mineral. It was not possible to 
identify this ferromagnesian mineral precisely but it is 
most probably chlorite. The phenocrysts have a euhedral 
shape and.are hypersthene which are almost entirely al
tered to chlorite. This rock is classed as an andesite.

RLE-25-68
This sample was collected from the top of a small 

nose about ,4 mile due west of the center of Sec. 7,
T15S, R10E, Pima County, Arizona.
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In hand specimen, this sample is a black aphanite 

with an occasional ferromagnesian pheriocryst.
The thin section reveals a hypidiomorphic granular 

fabric composed dominantly of plagioclase laths. Sub- 
hedral olivine*grains about .5 mm in size are usually 
moderately altered to iddingsite and are rimmed by hyper- 
sthene. Hypersthene also occurs as subhedral grains about 
.5 mm long and are occasionally rimmed by augite. Augite 
grains are subhedral and are the same size as the pre
viously mentioned minerals. Plagioclase laths about .5 
mm long usually exhibit a moderate amount of honeycomb 
texture and their poor albite twinning precludes estima
tion of their composition. A few alkali feldspar grains 
(presumably sanidine) also exhibit honeycomb texture, but 
generally this potash feldspar occurs interstitial to plagio
clase. Magnetite occurs as euhedral grains less than 0.05 
mm in size and are scattered throughout the rock. X-ray 
diffractometer studied show the notable absence of quartz 
and cristobalite. This rock is classed as a basaltic 
andesite.

RLE-26-68
This sample was collected from a flow that crops 

out in the stream bed which cuts around the southern edge 
of the small hill located in the E 1/4, NE 1/4, Sec. 16,
T15S, R10E, Pima County, Arizona.
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The hand specimen and thin section of this sample 

are practically identical to that of RLE^-26-67. The only 
notable difference is that RLE-26-68 appears to have fewer 
and smaller pyroxene phenocrysts. The entire rock is more 
weathered (pyroxene to chlorite) than the previously des
cribed sample, The phenocrysts are about .5 mm and the 
groundmass is up to .05 mm in size.

MB-7-64
This sample of Brawley Wash basalt was collected 

by Dr. Michael Bikerman. Bikerman describes its location 
as being in the NE 1/4, Sec. 28, T15S, R10E, The author 
was unable to find the outcrop at this location. The 
reason for this is unknown, either the outcrop has been 
covered by stream gravel or the outcrop was mislocated.
As a result neither hand specimen nor thin section were 
available for examination. From a photomicrograph of a 
thin section of this rock in Bikerman (1965) and Bikerman* s 
(1965, 1968) descriptions, the following brief and neces
sarily general description is given.

In hand specimen the rock is dense and porphyritic. 
Thin section examination reveals phenocrysts of plagio- 
clase and olivine 1 to 3 mm long set in a groundmass of 
plagioclase laths, augite and magnetite grains. The oli
vine is rimmed by iddingsite. The photomicrograph reveals 
that the plagioclase phenocrysts have no honeycomb texture.
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Samaniego Hills Area

RLE-27-67
The outcrop from which this sample was collected 

is located near the top of the ridge in the SE 1/4, SW 1/4, 
SE 1/4, Sec. 29, T10S, R9E, Pinal County, Arizona.

The hand sample is dark reddish brown and contains 
vesicules less than 2 mm in size that are occasionally 
filled with carbonate minerals. On the weathered surface 
the felted texture of the plagioclase laths gives the rock 
a very unique appearance.

Thin section examination reveals that the rock 
consists of plagioclase laths, clinopyroxene, olivine 
partially altered to iddingsite and magnetite. The plagio
clase laths are medium sized (1 to 3 mm long) and repre
sent a network to which the rest of the minerals are 
interstitial. The composition of plagioclase is estimated 
as between Angg_gQ. Subhedral equant grains of olivine 
about .5 mm across are usually partially altered to idding
site and are presumed to be magnesian on that basis. 
Clinopyroxene sometimes surrounds olivine grains but the 
relation is not a reaction relationship. The subhedral 
clinopyroxene was identified as pigeonite. Examination 
of another thin section of a sample from the base of this 
formation reveals a common subophitic texture. Smaller 
plagioclase laths tend to concentrically rim small circular
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vesicules. On the basis of its location and petrographic 
character, this rock is called the Cefro Prieta basalt.

RLE-28-67
This sample was collected from the southwestern 

slope of the hill, near NW 1/4, SE 1/4, NW 1/4, Sec. 32, 
T10S, R9E, Pinal County, Arizona.

In hand specimen, this rock is a dark gray aphanite. 
Some zones of this rock have small vesicules and these 
zones appear lighter in color.

The thin section examination reveals that this 
sample is identical to sample RLE-29-68.

RLE-29-67
This sample was collected near the center of 

N 1/4, SW 1/4, Sec, 28, TlOS, R9E, Pinal County, Arizona.
The hand specimen of this rock is a dense black 

aphanite.
In thin section, orientation of small laths of 

feldspar up to .1 mm long gives the rock a pilotaxitic 
texture. Euhedral grains of magnetite about .02 mm in 
size are scattered throughout the groundmass. Rounded, 
subhedral grains of plagioclase occur as phenocrysts from 
.2 mm to 1 mm in longest dimension. Usually concentric 
with the outer edge is a dust ring similar to that shown 
in Figure 16, Occasionally rounded quartz grains of a



similar size as the plagioclase phenocrysts are present 
and usually rimmed by augite. Small subhedral, lath-like 
phenocrysts of hypersthene about 2 mm long are also present. 
These hypersthene phenocrysts are usually surrounded by a 
rim of augite, Augite also occurs scattered throughout the 
groundmass. X-ray diffractometer analysis shows quartz is 
absent but a peak corresponding to 2,1 R is present. Its 
intensity is about 60 per cent of the height of the feldspar 
peak. This suggests that cristobalite is present though 
its abundance is probably less than 10 per cent. This rock 
is classified as a hypersthene andesite.

RLE-30-67
This sample was collected from the east side, 

near the top of the hill, about 1800 feet south of the 
center of Sec. 19, T10S, R9E, Pinal County, Arizona.

The hand specimen of this rock has a medium gray 
aphanitic groundmass in which are set a few rounded grains 
of quartz about 2 mm in diameter and less commonly white 
feldspar phenocrysts.

Thin section examination reveals that the quartz 
phenocrysts are rounded and embayed. Plagioclase and 
sanidine phenocrysts are subhedral and about .5 mm long. 
Smaller subhedral phenocrysts of hypersthene about .5 mm 
long are usually surrounded by augite. These phenocrysts 
are set in a fine grained groundmass whose grain size is

187
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usually less than ,05 mm. Feldspar laths are not abundant 
and some augite is present, Euhedral magnetite grains as 
large as .05 mm are scattered throughout the rock.

X-ray diffractometer analysis shows the presence 
of a moderately intense peak corresponding to a d spacing 
of 2.1 8, This indicates that cristobalite is present and 
suggests that its abundance is in excess of 10 per cent. 
This rock is classed as a rhyodacite,

RLE-12-68
This sample was collected from the top of a small 

knoll in the NE 1/4, NE 1/4, Sec. 14, T10S, R8E, Pinal 
County, Arizona.

The hand specimen and thin section of the sample 
is identical to sample RLE-14-68.

RLE-13-68
This sample was collected just above the base of 

top flow overlying sediments in the NW 1/4, NE 1/4, Sec. 
14, T10S, R8E, Pinal County, Arizona.

The hand specimen of this sample is characterized 
by grains of black ferromagnesian minerals as long as 3 
mm, rounded phenocrysts of feldspar as large as 3 mm and 
rock fragments as large as 5 to 10 mm set in a medium 
dark gray aphanitic groundmass. Biotite and hornblende 
are among the ferromagnesian minerals present. The
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relatively light colored rock fragments are usually sur
rounded by darker gray rims which are lighter than the 
groundmass. The rock fragments are fine grained.

Thin section examination shows that the hornblende 
and biotite phenocrysts are relatively scarce. Hornblende 
tends to be embayed and have opaque rims. plagioclase 
(about Angg-gg) phenocrysts are subhedral and as large as 
2 mm. Sanidine occurs as euhedral to subhedral grains 
about .5 mm long and are occasionally rimmed by augite 
which is usually found in the groundmass, Augite is also 
present as phenocrysts but they are fairly uncommon. The 
groundmass is presumably quartzofeldspathic whose grains 

e are less than .05 mm in size. Some of the feldspar grains 
exhibit "dust" rims as shown in Figure 16. Magnetite 
occurs as euhedral grains of . 1 mm and are scattered 
throughout the groundmass.

X-ray diffractometer analysis indicates the 
presence of cristobalite. The intensity of its peak sug
gests its abundance is close to 10 per cent. This rock is 
classed as an andesite.

RLE-14-68
This sample was collected from the top of a south- 

southwest trending ridge about 3/8 mile north of the center 
of Sec. 14, T10S, R8 E, Pinal County, Arizona.
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The hand specimen is characterized by yesicules as 

large as 3 mm, rock fragments as large as 3 mm and quartz 
and feldspar grains as large as 4 mm set in an aphanitic 
grayish brown groundmass.

In thin section, plagioclase pheniocrysts are sub- 
hedral and about 1,5 mm long. Their composition is An3 o- 3 5  

and some are slightly rounded. Sanidine occurs as sub- 
hedral grains about 1 mm long. Hypersthene phenocrysts 
are slender subhedral grains about 1.5 mm long. Smaller 
grains are usually rimmed by augite which also occurs in 
the groundmass. The groundmass is composed of small an- 
hedral grains less than .05 mm in size and is presumed to 
be quartzofeldspathic. Magnetite grains are euhedral, as 
large as . 2 mm and are scattered throughout the rock.

X-ray diffractometer analysis indicates the presence 
of cristobalite. The intensity of the peak indicates that 
it may be as much as 10 per cent. This rock is classed as 
an andesite.

RLE-20-68
This sample was collected on the southern slope 

about 125 feet below the top of the hill which is located 
in the W 1/2, Sec, 13, T10S, R8 E, Pinal County, Arizona.

The hand specimen is characterized by abundant 
subhedral feldspar phenocrysts from 2 to 4 mm in size.
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These white phehocrysts are set in a black aphanitic 
groundmass which has abundant vesicules.

Examination of the rock in thin section reveals 
that the plagioclase phenocrysts are AngQ-gg and the smaller 
ones may exhibit "dust” rims similar to that shown in 
Figure 16. Subhedral grains of sanidine are about 1 mm in 
size and also frequently exhibit rounding and "dust” rims. 
Subhedral grains of • hypersthene 0.5 mm long are often 
rimmed by augite which also occurs in the groundmass. The 
groundmass is anhedral grains of feldspathic minerals less 
than 0.05 mm in size. Magnetite is scattered throughout 
the groundmass as euhedral grains 0 . 2  mm in size.

X-ray diffraction studies show that cristobalite 
is present. The low intensity of its peak indicates that 
its abundance is less than 10 per cent. This rock is 
classed as an andesite.

RLE-21-68
This sample was collected on the southern slope 

about 1 0 0  feet from the top of the hill located in the 
W 1/2, Sec. 13, T10S, R8E, Pinal County, Arizona.

In hand specimen, this sample is identical to RLE- 
2 0 - 6 8  except that there are fewer feldspar phenocrysts and 
vesicules. The thin section analysis reveals that this 
rock is identical to RLE-20-68 and is also classed as an 
andesite.
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This sample was collected from an outcrop located 
on a stream bank where a stream cuts around a southeast 
trending topographic nose in the SW 1/4, Sec, 18, TlOS,
R9E, Pinal County, Arizona.

The hand specimen is characterized by a reddish 
brown fine grained groundmass which has vesicules as large 
as 1 mm. Set in this groundmass are a few rock fragments 
as long as 1 cm and a few phenocrysts of biotite and feld
spar as large as 3 mm. At the outcrop, the formation had 
a distinct banded appearance which is carried over to a 
lesser degree in the hand specimen.

In thin section, it is very similar to RLE-23-68. 
There are phenocrysts of sanidine, plagioclase, quartz and 
biotite from 0.5 to 2.0 mm in size. Usually these pheno
crysts are subhedral but occasionally, and especially for 
quartz, they are rounded and may be slightly embayed. A 
few of the plagioclase phenocrysts exhibit the honeycomb 
texture and other the "dust" ring textures shown in Figures 
16 and 17. Biotite is typically rimmed by opaque minerals 
which in extreme cases may constitute the entire biotite 
grain. An occasional opaque rimmed hornblende crystal is 
also present. Euhedral magnetite grains less than 0.05 mm 
are scattered throughout the groundmass which is of a similar 
size and is presumed to be quartzofeldspathic. Small

RLE-22-68
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plagioclase laths in the groundmass give the xock a good 
flow texture,

RLE-23-68
This rock sample was collected from float around 

the ruins of the Sasco smelter on the northern part of the 
hill located in the SW 1/4, Sec. 20, T10S, R9E, Pinal 
County, Arizona.

The hand sample is characterized by alternating 
light and dark gray bands which are more or less contin
uous. Figure 29 is a photograph of RLE-36-67, a hand 
specimen of the same formation collected at the same 
location. Set in these aphanitic alternating bands are 
rock fragments up to 1 cm in size. Additionally, a few 
phenocrysts of feldspar are as large as 2 mm.

Thin section examination reveals phenocrysts of 
sanidine, plagioclase (An2 g_3 4 ) and occasionally quartz 
are set in a very fine grained (less than 0.05 mm) ground- 
mass. These feldspar phenocrysts are subhedral grains 
which have been slightly rounded and may exhibit slight 
”dust" rings. Quartz tends to be embayed and is sur
rounded by grains of augite. Smaller laths of feldspar, 
opaque minerals and pyroxene about . 2 mm long are also 
present. The pyroxene is augite rimmed hypersthene. The 
elongated opaque minerals occasionally give hints that they 
may once have been a ferromagnesian mineral. The banding
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Figure 29. Handspecimen of the Sasco Flowbanded Andesite.
(x 1.5)
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of the rock, so striking in hand specimen, is not reflected 
in the thin section petrography except that the lighter 
bands tend to be more porous. The rock fragments are 
andesitic. X^ray diffractometer analysis indicates that 
cristobalite is present. This rock is a flow banded ande
site or rhyodacite.

RLE-27-68
This sample was collected from an outcrop located 

on the east side of the hill, about 125 feet from its top, 
which is found in the SE 1/4, SW 1/4, Sec. 32, T10S, R9E, 
Pinal County, Arizona.

This sample is characterized in hand specimen by 
black pyroxene grains as long as 2 to 3 mm and elongated 
vesicules up to 3 mm long set in a chocolate brown ground- 
mass.

Thin section examination reveals euhedral pheno- 
crysts of hypersthene 0 . 2  to 2 . 0  mm in longest dimension 
set in a groundmass of plagioclase laths as long as . 1 mm 
and smaller euhedral grains of magnetite. Orientation of 
these plagioclase laths gives the rock a poor pilotaxitic 
texture. Usually the smaller grains of hypersthene are 
rimmed by augite.

X-ray diffractometer analysis indicates the absence 
of quartz and the presence of an amount (reasonably assumed



to be less than 10 per cent) of cristobalite. This rock 
is classed as a hypersthene andesite,

RLE-28-68
This sample was collected from the bottom of a 

narrow arroyo located just south of the Pima-Pinal County 
line and about 500 feet east of the southeast trending 
ridge in the N 1/2, NE 1/4, Sec. 5, TllS, R9Ef Pima County, 
Arizona.

The handspecimen is characterized by phenocrysts 
of ferromagnesian minerals about 2 mm in length. These 
are set in a reddish black aphanitic groundmass. There 
are a few mineral encrusted vugs as large as 5 mm.

Thin section examination shows the phenocrysts to 
be iddingsite altered from original olivine. These pheno
crysts constitute less than 5 per cent of the rock. The 
groundmass in which these phenocrysts are set is composed 
of plagioclase laths 0.2 mm long. The orientation of these 
laths gives the rock a moderately good pilotaxitic texture. 
Smaller grains of iddingsite in the groundmass indicate 
that olivine may have been present in the groundmass. A 
few altered clinopyroxene grains occur in the groundmass 
and euhedral magnetite grains are abundant. Due to the 
weathered nature of this rock, its classification is dif
ficult, but is probably an andesite.

196
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The location of the outcrop from which this sample 
was collected is near the top of the hill located in the 
NE 1/4, NE 1/4, Sec, 17, TllS, R9E, Pima County, Arizona.

The hand specimen is characterized by phenocrysts 
of biotite and feldspar as large as 4 mm set in a rather 
mottled dark gray and red aphanitic groundmass. The crude 
orientation of biotite grains and the roughly planar nature 
of the mottled areas define a crude foliation. An occasion
al hornblende phenocryst can also be seen.

Examination of the thin section reveals pheno
crysts of orthoclase, plagioclase and biotite. The ground- 
mass constitutes 38 per cent of rock and is composed of 
feldspathic minerals less than 0.03 mm in size, Euhedral 
grains of magnetite 0 . 0 2  mm in size are scattered through
out the groundmass. Orthoclase occurs as euhedral to sub- 
hedral grains between .1 to 1 mm long. The composition 
of the subhedral plagioclase phenocrysts is Anga-go and 
they sometimes exhibit a "dust" rim similar to Figure 16.
The euhedral phenocrysts of biotite are 0.1 to 1.5 mm in 
size and are occasionally intergrown with hornblende or 
other minerals as composite grains.

X-ray diffractometer indicates little or no quartz 
or cristobalite, This rock is classed as a biotite latite.

RLE-29-68
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This sample was collected near the top of this 
formation which is near the top of the southern slope of 
the hill located in the NE 1/4, NE 1/4, Sec. 17, TllS,
,R9E, Pima County, Arizona,

The hand specimen of this rock is characterized by 
small black pyroxene phenocrysts about 1,5 mm in size set 
in a chocolate brown aphanitic groundmass. Large ellip
soidal vugs, several centimeters long, sometimes encrusted 
by minerals are also characteristic of this rock.

In thin section, this rock is identical to RLE- 
27-68 except for the higher abundance of vugs in this 
sample. It is also classed as a hypersthene andesite.

RLE-31-68
This is a sample of Cerro Prieta basalt collected 

from a large boulder about one-half way up the southeastern 
slope of the hill located in the NE 1/4, SW 1/4, Sec. 15, 
TllS, R9E, Pima County, Arizona.

The hand specimen of this sample is characterized 
by olivine grains up to 3 mm in size set in a black mat of 
plagioclase laths. Nearly spherical vugs usually encrusted 
with minerals are also characteristic of the sample. The 
plagioclase laths are as long as 3 mm and form the network 
for the numerous yesicules which are also present in the 
rock.

RLE-30-68
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Thin section examination reveals that the rock is 

composed predominantly of plagioclase, oliviner opaques 
and minor pyroxene, plagioclase occurs as 1 to 2 mm laths 
of Ang4 _g2 composition. They also form the network in which 
the rest of the minerals are placed. Olivine and pyroxene 
occur in subhedral to anhedral grains up to .5 mm and are 
interstitial to the plagioclase. Some of the olivine grains 
are coated with iddingsite. Those which are not are dis
tinguished with difficulty from the pyroxenes which are 
also present. Magnetite occurs as euhedral grains.

RLE-32-68
This sample of Ragged Top rhyolite was collected 

from a huge boulder near the base of the cliff on the 
northeastern slope of Ragged Top and located in MW 1/4,
ME 1/4, MW 1/4, Sec. 25, T11S, R8 E, Pima County, Arizona.

The hand specimen of this sample is characterized 
by phenocrysts of biotite as long as 3 mm and subhedral 
feldspar as long as 4 mm set in gray to pink aphanitic 
groundmass.

The thin section study indicates that phenocrysts 
of biotite and potash feldspar (probably orthoclase) are 
set in a quartzofeldspathic groundmass whose grains are 
less than ,05 mm in size. The subhedral orthoclase pheno
crysts are up to 5 mm in size.



X^ray diffractometer studies show quartz to be 
present and its high peak intensity, can be reasonably 
interpreted as an abundance greater than 1 0  per cent. 
This rock is classified as a rhyolite.



. APPENDIX III

INDEX OF SAMPLES, VOLCANIC FORMATIONS, 
AND LOCALITIES

SAMPLE
NUMBER VOLCANIC FORMATION LOCALITY
RLE- 1-67 
RLE- 5-67
RLE- 8-67 
RLE-22-67 
RLE-26-67 
RLE-27-67 
RLE-28-67 
RLE-29-67 
RLE-30-67 
RLE- 1-68 
RLE- 2-68 
RLE- 3-68 
RLE- 4-68 
RLE— 5—68 
RLE- 6 - 6 8  
RLE- 7-68
RLE- 8 - 6 8  
RLE- 9-68 
RLE-10-68 
RLE-11- 6 8  
RLE-12-68 
RLE-13-68 
RLE-14-68 
RLE-15-68 
RLE—16—68 
RLE-17-68 
RLE-18-68 
RLE-19-68 
RLE-20-68 
RLE-21-68 RLE—22— 6 8  
RLE-23-68 
RLE—24—68

Lithic welded tuff 
"A” Mountain olivine basaltic 
andesite

Contzen Pass formation 
Turkey Track porphyry 
Roskruge basaltic andesite 
Cerro Prieta basalt 
Samaniego aphanitic andesite 
Samaniego aphanitic andesite 
Sasco andesite 
Upper Andesite 
Contzen Pass formation 
Upper Andesite 
Safford Peak rhyolite 
Safford Peak rhyolite 
Safford Peak rhyolite 
"A" Mountain olivine basaltic 
andesite

"A" Mountain tuff
Tumamoc Hill basaltic andesite
Roskruge aphanitic andesite
Roskruge aphanitic andesite
Sasco andesite
Sasco andesite
Sasco andesite
Roskruge hornblende andesite 
Roskruge aphanitic andesite 
Roskruge pyroxene andesite 
Roskruge hornblende andesite 
Roskruge pyroxene andesite 
Sasco andesite 
Sasco andesite 
Sasco flow banded andesite 
Sasco flow banded andesite 
Aphanitic andesite .

Tumamoc Hill
Tumamoc Hill 
Safford Peak 
Tumamoc Hill 
Roskruge Mts. 
Samaniego Hills 
Samaniego Hills 
Samaniego Hills 
Samaniego Hills 
Safford Peak 
Safford Peak 
Safford Peak 
Safford Peak 
Safford Peak 
Safford Peak
Tumamoc Hill 
Tumamoc Hill 
Tumamoc Hill 
Roskruge Mts. 
Roskruge Mts. 
Samaniego Hills 
Samaniego Hills 
Samaniego Hills 
Roskruge Mts. 
Roskruge Mts. 
Roskruge Mts. 
Roskruge Mts. 
Roskruge Mts. 
Samaniego Hills 
Samaniego Hills 
Samaniego Hills 
Samaniego Hills 
Roskruge Mts.
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SAMPLE
NUMBER
RLE-25-68 
RLE-26-68 
RLE-27-68 
RLE-28-68 
RLE-29-68 
RLE-30-68 
RLE-31-68 
RLE-32-68 
RLE-33-68 
RLE—35— 6 8

MB- 7-64
JKP-26-66 
JKP-49-66 
JKP-50-66 
JKP-65-66 
JKP-6 8 - 6 6  
JKP-74-66 
JKP- 1-67 
JKP- 5-67 
JKP-10-67

VOLCANIC FORMATION
Roskruge basaltic andesite 
Roskruge basaltic andesite (?) 
Samaniego pyroxene andesite 
Samaniego pyroxene andesite (?) 
Samaniego biotite latite 
Samaniego pyroxene andesite 
Cerro Prieta basalt 
Ragged Top rhyolite 
Rillito Andesite 
Safford Tuff
Brawley Wash basalt
Series A basaltic andesite 
Series A basaltic andesite 
Series A basaltic andesite 
Series B basaltic andesite 
Series B basaltic andesite 
Series B basaltic andesite 
Turkey Track porphyry 
Series B basaltic andesite 
Series B basaltic andesite

LOCALITY
Roskruge Mts. 
Roskruge Mts. 
Samaniego Hills 
Samaniego Hills 
Samaniego Hills 
Samaniego Hills 
Samaniego Hills 
Ragged Top 
Safford Peak 
Safford Peak
Roskruge Mts.
Del Bac Hills 
Del Bac Hills 
Del Bac Hills 
Del Bac Hills 
Del Bac Hills 
Del Bac Hills 
Del Bac Hills 
Del Bac Hills 
Del Bac Hills
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