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ABSTRACT

The Mid-Tertiary volcanic and intrusive rocks of the 
Santa Teresa and northern Galiuro Mountains are comagmatic, 
and temporally and spatially zoned with respect to trace 
element geochemistry. The volcanic rocks were erupted from a 
22 km diameter 1 trap-door1 type caldera centered in the 
Aravaipa Basin and the Santa Teresa Mountains. Mass balance 
equations indicate that fractional crystallization is the 
dominant cause of zonation and differentiation within the 
volcanic and magmatic sequence. Between 30 to 68% 
crystallization of a-magma with an initial composition and 
volume of the Goodwin Canyon quartz monzonite could have 
produced 1500 cubic kilometers of chemically zoned magma 
with the compositional range observed in the ash-flow, dike, 
aplite, and granite sequence.
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CHAPTER 1

INTRODUCTION

Large volumes of ash-flow tuffs were deposited over 
much of the western United States and Mexico during 
Mid-Tertiary time (Hyndman, 1972; Lipman, 1981). They are a 
major part of the Mid-Tertiary volcanic section of Southern 
Arizona (Shafiqulla, Damon, Lynch and Kuck, 1980) and make 
up significant portions of the Chiricahua Mountains 
(Marjaniemi, 1968; Latta, 1984), the Tucson-Roskruge 
Mountains (Bikerman, 1968; Eastwood, 1970), the 
Superstition Mountains (Peterson, 1968; Sheridan, Stuckless 
and Fodor, 1970), the Kofa Mountains (Eastwood, 1970), the 
Santa Rita Mountains (Drewes, 1972) and the Galiuro 
Mountains (Simons, 1964; Creasey and Kreiger, 1978;
Krieger, 1979). These ash-flow sheets are particularly 
significant in terms of the enormous volumes of magma 
erupted in geologically short periods of time and the great 
distances these volumes were transported (Smith, 1960; 
Mackin, 1960).
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Ash-flow tuffs were not well understood prior to 
the 1960's - they were often mapped as dacite, latite or 
rhyolite lava flows - and their great areal extent was not 
recognized or appreciated (Mackin, I960). Two developments 
greatly increased our present knowledge of ash-flow tuffs 
in the Basin and Range Province. First was the formulation 
of concepts relating to the characteristics, origin, and 
mode of eruption of ash-flow tuffs (Smith, 1960; Ross and 
Smith, 1961). The second was K-Ar dating of ash-flows which 
led to accurate age assignments of volcanic members and 
subsequent resolution of many regional tectonic and 
geochronologic problems (Damon, 1968; Elston, 1968).

Although ash-flow tuffs are widespread over much of 
the western United States, there are few volcanic fields 
where the source is known with certainty. Notable 
exceptions include the Crater Lake Caldera, Oregon 
(Williams, 1942); Valles Caldera, New Mexico (Ross, Smith 
and Bailey, 1961); Creede Caldera, Colorado (Steven and 
Lipman, 1976); parts of Yellowstone National Park (Hildreth 
et al, 1984; Christiansen and Bank 1972); Timber Mountain 
Caldera, Nevada (Christiansen et al, 1977); Long Valley 
Caldera (Hildreth, 1979, 1981) and Turkey Creek Caldera 
(Marjaniemi, 1969). Smith (1960) refered to this paradox by 
stating:
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The most important ash-flow problem 
concerns the location and kind of eruptive 
vents and source areas which produce the sheet 
deposits of great volume. It seems incredible 
that, of the hundreds of occurrences of ash 
flows comprising tens of thousands of cubic 
miles of rock in the western United States, for 
example, the number of unequivocally known 
source areas is probably less than 10.

Since 1960, many ash flow tuffs have been studied 
and many calderas have been found. In the southwestern 
United States, for instance, more than 125 calderas have 
been identified (Rytuba, 1981; McKee, 1979; Elston, 1984). 
Yet many ash-flow sequences have no known sources in part 
because the characteristics and mechanics of ash flow 
eruptions and thereby the nature of the vent areas are not 
well understood. This is particularly true of the Basin and 
Range Province of Arizona which has extensive sheets of 
ash-flow tuffs even though only two major source areas have 
been identified. These are 1) the Turkey Creek Caldera of 
the Chiricahua Mountains (Marjaniemi, 1969; Latta, 1984) , 
and 2) the cauldron complex of the Superstition Mountains 
(Peterson, 1968; Sheridan et al, 1970; Stuckless and 
Sheridan, 1971).

Identification of sources of ash-flow tuffs is 
complicated by younger deposits, alteration, erosion and
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complex lithologic variations within volcanic units. Almost 
all calderas have been identified on the basis of 
subsidence structures and caldera-related geologic features 
such as intra-caldera lavas and sediments, radial and ring 
dikes, and resurgent doming (Smith and Bailey, 1968; 
Christiansen, 1979; Lipman, 1984).

Identifying source areas is more difficult in the 
Basin and Range province because the Basin and Range 
tectonic event was so destructive. During this period, 
massive erosion of the uplifted blocks and deep burial of 
the downthrown blocks either removed or obscured volcanic 
strata (Elston and Smith, 1970). On the other hand, the 
Basin and Range Province may be an important laboratory 
with respect to the relationship between ash-flow eruption 
and sub-caldera processes because commonly there is good 
exposure of much of the geologic column within a given area 
due to the extreme vertical uplift between fault blocks. 
Simultaneous exposure of basement rocks, plutons, dike 
swarms and volcanic rocks potentially allows for the 
detailed study of fossil volcanic and magmatic systems and 
the chemical, petrologic and structural characteristics of 
the intrusive-extrusive interface.
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Objectives

The unique assemblage of volcanic, hyperbyssal and 
Plutonic rocks in the Galiuro and Santa Teresa Mountains 
provides a rare opportunity to study the interrelationship 
between Mid-Tertiary volcanic and magmatic proceses in the 
Basin and Range Province of Arizona. The chemical 
similarity and close age relationship (table 1) of the 
igneous rocks in these neighboring ranges raises the 
possibility of a comagmatic relationship. This hypothesis 
is supported by features in the area such as source 
direction indicators in the ash flows, near-source surge 
deposits, lavas, conglomerates and agglomerates, and a 
rhyolite dike swarm.

The specific objectives of this thesis include the 
following:

1) Map and document the volcanic and plutonic geology
of the field area.

2) Use geochemical, petrographic and statistical
methods to correlate units and characterize the 
geochemical variation within the igneous rocks.

3) Identify and model the significant geochemical
trends and zonation within the volcanic and 
intrusive members using mass balance equations.
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Table 1. Potassium-argon ages of ash-flow tuffs 
from the Galiuro Mountains, intrusive rocks from the Santa 
Teresa Mountains and ash flow tuffs of the Horse Mountain 
Volcanics. Ages in millions of years. References: (a) 
Creasey and Krieger (1978), (b) Shafiqullah et al (1980), 
and (c) Douthitt (1981) , unpublished data, Exxon.

Member Biotite Sanidine

Hells Half Acre Tuff Member (a 24.6+0.7 22.5+0.7 *
Aravaipa Member (a) 25.7+0.7 22.9+0.8 *
Tuff of Bear Springs Canyon (a) 23.8+0.7
Holy Joe Member (a) 
Ash-flow of lower unit (a)

26.5+0.8
28.2+0.8

25.6+0.8 *

Goodwin Canyon Biotite Granite (b) 24.95+0.69
Biotite Rhyodacite Dike, N. 
Santa Terressa Granite (b)
Horse Mountain Volcanics (c) 
Horse Mountain Volcanics (c)

Pinalenos (b)

20.0+0.8

24.65+0.60
22.80+0.55

21.8+0.9

* The age of sanidine is less than the age of biotite 
because of failure to extract all Argon from highly 
polymerized sanidine (Damon, Pers. Comm., 1985)
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Location

The field area lies within a 600 sq. km. 
rectangular area in Pima and Graham Counties between 
latitudes 32 degrees 491 and 32 degrees 571, and longitudes 
110 degrees 101 and 110 degrees 35', 90 areal kilometers 
northeast of Tucson, Arizona (fig. 1). The Aravaipa Valley 
runs northwestward through the center of the area. The 
settlement of Klondyke is located in the south-central part 
of the field area.

Access to the western part of the field area is 
thru the West Aravaipa Canyon Road via state route 77, 32 
kilometers north of Mammoth. Access to the central parts of 
the field area, which include the eastern Galiuro and 
western Santa Teresa Mountains is via the Klondyke - Wilcox 
road, a 60 mile dirt road north from Wilcox. The eastern 
part of the field area can be reached by Black Rock road 
via State Route 70, 24 miles north of Safford. Access to 
the interior parts of the field area is fair, obtained by 
ranch roads many of which are in poor condition, or on 
foot. The vegetation ranges from Sonoran desert in the low 
lying areas to chaparal and conifer forests in the higher
elevations
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Santa

Wilcox

Figure 1. Location of the field area in Pinal and 
Graham Counties, Arizona. Dashed lines are dirt roads.
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Geological Setting

Rocks in the field area range in age from 
Precambrian to Quaternary. For the purposes of this 
project, the field area is divided into three geologic 
provinces, 1) the Galiuro Volcanics, 2) the Horse Mountain 
Volcanics, and 3) the Santa Teresa Granite and dike system 
(figs. 2 and 3). The Galiuro Mountains are chiefly 
underlain by the Miocene Galiuro Volcanics, which form a 
thick, gently eastward dipping unit blanketing the older 
Precambrian and Paleozoic rocks. The Santa Teresa Mountains 
are flanked on the west by the Horse Mountain Volcanics, a 
thick sequence of ash-flow tuffs, lavas and agglomerates 
that are likely correlative with the Galiuro Volcanics. ..-j 
Most of the Santa Teresa Mountains are underlain by the 
Santa Teresa Stock, which has intruded into Precambrian 
schist and quartz monzonite.

Chronologically, the igneous rocks of the field 
area appear to be systematically related to rocks of 
similar composition on a regional scale. Compilation of 
K-Ar ages of rocks along the trend of the Aravaipa - 
Sulphur Springs Valley suggests that there was a systematic 
northwestward migration of magmatic and volcanic activity
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Figure 2. Generalized geologic map of the field area



(Wilt and Scarborough, 1981) which moved at a rate of about 
35 km/m.y. between 16 and 31 million years ago (table 1;

11

fig. 4). This includes sequences in the Chiricahua,
Dragoon, Galiuro, Santa Teresa, and Superstition Mountains. 
The distance between the northern and southern ends of this 
north-northwest trending belt is about 200 kilometers, and 
the width is 16 to 24 kilometers. Individual magmatic 
volcanic fields were active 6 to 8 million years. 
Apparently, as the volcanic cycle was comming to an end in 
the Chiricahua Mountains, it was beginning in the 
Superstition Mountains.

The main structural features of the field area are 
north-northwest trending normal faults. Normal faults bound 
the major uplifts in the Galiuro and Santa Teresa 
Mountains. Dikes and intrusive bodies in the Santa Teresa 
and Galiuro Mountains generally follow the trend of these 
faults. Conglomerates are common throughout the volcanic 
sequence, suggesting simultaneous volcanic and tectonic 
activity. Tilting of the volcanic pile appears to have 
occured towards the end of the volcanic and plutonic 
activity, as inferred from late rhyolite tuffs that 
accompanied the rotation of the fault blocks. These upper 
tuffs were deposited onto the lower, deeply eroded volcanic 
section, and gradual change in bedding of the upper tuff
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apparently reflects rotation of the lower, main fault 
block.

Volcanic, sedimentary, and structural features 
suggest this area is the southern part of a well exposed 
caldera complex (fig. 2). The circular outline of the 
caldera is defined by 1) curvi-planar normal faults 
bounding the Galiuro Volcanics along the eastern edge of 
the Galiuro Mountains, 2) arcuate folding of the Gila 
Conglomerate in the Aravaipa Basin, 3) the contact of the 
Santa Teresa Granite with the Precambrian host rocks along 
its southeastern side (some of this contact is intrusive, 
some is shear), and 4) northwest, west, and northeast 
trending faults in the Santa Teresa Granite and the country 
rocks north of the field area (fig. 3).

Evidence for a caldera in the Aravaipa Valley and 
Santa Teresa Mountains includes 1) subsidence of the roof 
zone, which is about 22 km from western to eastern edges,
2) intra caldera vents, dikes and lavas; near-source surge 
deposits; and coarse agglomerates, conglomerates, 
lithic-rich ash flow tuffs and ponded sediments in the 
Horse Mountain Volcanics, 3) fanglomerate sedimentation 
(Gila Conglomerate) within and adjacent to the boundaries 
of the caldera, 4) volcanic and intrusive activity along
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the borders of the caldera, ie. cinder cones associated 
with the rhyolite obsidian unit in the Galiuro Volcanics, 
an increase in dikes along the caldera border, and the 
Black Rock volcanics, which may be a dome complex.

The Santa Teresa Caldera is characteristic of a 
'trap door' caldera type (Lipman, 1984). The central roof 
block, which consists of Precambrian granite and schist, 
and to a lesser degree Paleozoic and Mesozoic sedimentary 
rocks, was intruded by the Santa Teresa Granite and dike 
swarm, and blanketed with lavas and tuffs from multiple 
sources. Increasing magma pressure and failure of the crust 
resulted in the massive extrusion of surge deposits and ash 
flow tuffs, and the collapse and tilting of the roof block. 
The subsided parts of the caldera were then covered with 
the Gila Conglomerate/Fanglomerate and Quaternary alluvium.



CHAPTER 2

GALIURO VOLCANICS

This and the following two chapters discuss the 
geology of the field area to: 1) give an overview of the 
geology of the area, 2) shed light on geologic evidence 
which may have bearing on the source direction and 
correlation of volcanic and intrusive units, 3) give 
descriptions of type localities for newly named members or 
describe members not previously described in the 
literature, and 4) discuss geologic relations which may 
have bearing on later geochemical discussions.

The Galiuro Volcanics is the name given to the 
Miocene volcanic sequence in the Galiuro, Winchester and 
Little Dragoon Mountains. The Galiuro Volcanics are part of 
a much larger volcanic field that blanketed southeastern 
Arizona and southwestern New Mexico during the Mid-Tertiary 
(Elston, 1984). The volcanic rocks of the central Galiuro 
Mountains were described by Creasey and Kreiger (1978), 
Creasey (1981), and mapped in reconnaisance by Creasey et 
al (1961). The ash flow tuffs in the Holy Joe and 
Brandenburg quadrangles of the northern Galiuros were

15
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mapped by Kreiger (1968a,b). She also discussed the 
petrology of the Aravaipa Canyon section (Kreiger, 1979). 
The Galiuro Volcanics in the Klondyke 15 minute quadrangle 
were mapped and discussed by Simon (1964). Similar volcanic 
sequences have been mapped in reconnaisance in the Jackson 
Mountain 15 minute quadrangle by Blacet and Miller (1978).

The Galiuro Volcanic sequence includes lava flows 
and ash-flow tuffs ranging in composition from andesite to 
rhyolite. In general, the Galiuro Volcanics can be divided 
into two units separated by a major erosional unconformity. 
The lower unit consists predominantly of andesite or 
rhyodacite lava flows, but also includes three silicic 
ash-flow tuffs (Creasey, 1981). The upper unit is composed 
chiefly of silicic ash-flow tuffs but also includes 
rhyolite-obsidian flows, domes and andesite flows. A 
conglomerate forms the base of the sequence, and also 
separates many of the volanic members. Fanglomerate 
dominates the upper sections of the volcanic sequence 
(Creasey and Kreiger, 1978) .
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Galiuro Volcanics in the Field Area

In this section, the general volcanic sequence in 
the field area will be discussed, and then, the Oak Spring, 
Wire Corral, Bear Spring, Aravaipa, and Hells Half Acre ash 
flow tuff members will be discussed in greater detail. 
Special emphasis will be given to the Aravaipa Member 
because it was studied in greatest detail.

The Galiuro Volcanic sequence in the field area is 
composed primarily of latite to rhyolite ash flow tuffs of 
the upper unit (fig. 5). The lower andesitic unit is 
missing in the field area, hence, tuffs of the upper unit 
lap against and rest directly on paleo-highs of Mesozoic to 
Precambrian rocks. The erosion surface at the time of 
volcanic deposition was apparently quite rugged, with 
northwest trending ridges and sharp escarpments which led 
to the extreme variability in thickness in the older tuffs.

Stratigraphy
Kreiger (1979) identified two major ash flow tuffs 

in the northern Galiuro Mountains, the older Holy Joe 
latite and the Aravaipa rhyolite ash flow tuff members 
(fig. 5). Both of these ash flow tuffs are densely welded 
and exhibit interior zonation typical of welded ash flow
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Andesite of Table Mountain 
0-33 m

Apsey Conglomerate 
0-50 m

Hells Half Acre Tuff 
0-175 m

Rhyolite Obsidian Unit 
0-20 m

Andesite of Virgus Canyon 
0-20 m

Aravaipa Ash Flow Tuff 
0-100 m

Tuff of Bear Spring 
0-20 m

Wire Corral Tuff 
0-33 m

Andesite of Depression Canyon 
0-20 m

Tuff of Oak Spring 
0-33 m

Holy Joe Latite Ash Flow Tuff 
0-33 m

Figure 5. Section of the Upper Galiuro Volcanics 
in the northern Galiuro Mountains.
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tuffs. The Holy Joe latite ash flow tuff, or an equivalent 
latite member, occurs throughout the Galiuro Mountains 
marking the transition between the Lower and Upper units of 
the Galiuro Volcanics. In between the Aravaipa and Holy Joe 
Members is a series of silicic tuffs of variable thickness 
called the Lower Tuff Unit by Simons (1964). The lower tuff 
unit includes a lower biotite dacite member, the Tuff of 
Oak Springs, the Wire Corral Tuff (named in this thesis), 
and the Bear Spring Tuff (fig. 5). Where interlying 
volcanic members are absent, the Aravaipa Member rests 
directly on the lower tuff unit. Overlying the Aravaipa 
Member in the vicinity of Aravaipa Canyon are the 
rhyolite-obsidian unit and the Hells Half Acre Tuff (fig. 
5).

Structure
The northern Galiuro Volcanics are tilted 5 - 8  

degrees to the north-northwest compared to an average 
easterly dip of 7 degrees for the volcanics in the south 
and central Galiuro Mountains. Normal faults bound the 
Galiuro Volcanics to the east where they separate the ash 
flow tuffs from the Gila Conglomerate/ Fanglomerate. These 
faults are interpreted to be related to the subsidence of 
the Santa Teresa Caldera.
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A major west-northwest normal fault bounds Table 
Mountain on the north (fig. 2) and is inferred to be a 
growth fault because of differential offset of Miocene 
units. Offset in rocks older than the Miocene Galiuro 
Volcanics indicate that the Table Mountain Fault has been 
reactivated, with offset during the Mid-Tertiary opposite 
to that which affected the older rocks (fig. 3). The 
Galiuro Volcanics have been down-faulted to the north 
whereas the Paleozoic and Mesozoic rocks have been 
down-faulted to the south. The strike of the fault is 
parallel to the major Precambrian shear zone documented by 
Swan (1976) in the Pinaleno Mountains.

Oak Springs Tuff
The Oak Springs Tuff occurs in the Brandenburg Wash 

section at the western edge of the Galiuro Volcanics, and 
along Virgus and Parsons Canyons in the eastern part of the 
field area. At a section in the east wall of Parsons 
Canyon, in the NE1/4 sec. 35, T. 6 S., R. 18 E. the Oak 
Spring Tuff is a massive soft and pourous, white to light 
gray, pink, or orange vitric tuff containing scatterred 
crystals of quartz and feldspar in a matrix of pumice and 
glass fragments 1-5 cm across.
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Some of the lower tuffs such as the Oak Springs 
Tuff, may have a source from the south. This is inferred 
from data presented by Simons (1964) . He reports " a 
significant increase in thickness of the [Oak Spring Tuff] 
toward the south...", and ".. a noticeable increase in 
lithic fragments to the south.".

Wire Corral Tuff
Wire Corral Tuff is the name here given to the 

lower part of the Bear Spring ash flow tuff member 
(Kreiger, 1979). It is distinguished from the upper Bear 
Spring Tuff on the basis of geochemistry, interbedded 
sediments and general appearance. The Wire Corral Tuff 
makes up approximately the lower half to two-thirds of the 
Bear Spring Tuff Member as mapped by Kreiger (1968a,b) in 
the Holy Joe and Brandenburg Mountain quadrangles. The 
geochemistry is so distinctive that it is inferred that 
this member is from a different vent area than the Oak 
Spring and Bear Spring Tuff Members.

In a side canyon on the west side of Virgus Canyon, 
SB 1/4 of NE 1/4 of sec. 4, R. 18 E., T. 7 S. the Wire 
Coral tuff is about 35 meters thick. It is a pumiceous 
white-gray to pink non-welded tuff. The tuff becomes
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lighter in color upward. At this location, the base is a 
water lain tuff.

Tuff of Bear Springs
The Tuff of Bear Springs is a slightly welded 

rhyolite ash flow tuff composed of shards, pumice lapilli, 
crystal and accidental fragments, and small lithophysae.
The tuff is a light olive-gray to light-brownish-gray 
columnar jointed tuff whose groundmass is composed largely 
of quartz and feldspar. The Bear Spring Tuff has been dated 
at 23.8 +-.7 m.y. (Creasey and Kreiger, 1978). Mineral 
modes are listed in table 2.

Aravaipa Member

The Aravaipa Member was studied in greater detail 
than the other volcanic members of the Galiuro Volcanics, 
mostly because it is so well exposed within the cliff areas 
of the Aravaipa Canyon, and it had been documented by 
Krieger (1979). The excellent exposures provided an 
opportunity to make a detailed study of the Aravaipa 
Member, in order to collect information on the source 
direction, and the vertical and lateral variation in 
geochemistry and petrography. The geology and zonation of 
the Aravaipa Member is discussed by Krieger (1979).
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Table
area.

2. Modes of volcanic rock units in the field

1 2 3 4 5 6

sanidine 2.4 4.0 2.4 3.5 3.8 5.4
plagioclase 0.3 0.3 1.2 2.2 1.8 2.8
quartz 1.5 2.1 1.4 0.7 0.1 0.7
biotite 0.3 0.3 1.0 0.8 0.3 0.8
opaque 0.4 0.4 — 0.4 0.4 0.1
other 0.4 0.1 0.2 0.3 0.1 0.3

1. Oak Springs Tuff, # 12-11-1, 1000 counts
2. Wire Corral Tuff, # 12-11-3, 1000 counts
3. Bear Springs Tuff, # 12-12-5, 1500 counts
4. Aravaipa Member, upper Virgus Canyon, # 2-10-8, 1000 

counts
5. Aravaipa Member, Brandenburg Wash, # 2-27-10, 1000 

counts
6. Grand Reef Member, Horse Mountain Volcanics, # 4-10-1, 

1000 counts
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The Aravaipa member of the Galiuro Volcanics covers 
or underlies an area of at least 144 km2, between Aravaipa 
Canyon and the south side of Table Mountain (11 km), and 
from about 6 km west to 6 km east of the boundary between 
the Holy Joe Peak and Klondyke quadrangles (fig. 2;
Kreiger, 1979) . South of Table Mountain the Aravaipa Member 
has been eroded. To the east it has been downfaulted by 
major normal faults and buried by the Gila Conglomerate. To 
the north the member is buried by younger volcanic rocks.
To the west the distal margin is exposed, but much of the 
soft ashy rocks that make up the distal edge have been 
eroded. In Cave Canyon (fig. 3) a section of the distal 
edge was preserved by deposition of the overlying Hells 
Half Acre Tuff.

Internal Stratigraphy
The Aravaipa Member is a rhyolitic ash-flow tuff 

that has a well developed interior zonation typical of 
simple cooling units (Krieger, 1979). Excellent exposures 
of the vertical zonation can be seen in cliffs along 
Aravaipa Canyon and along Oak Springs, upper Bear Springs, 
Virgus, Horse Camp, Booger and upper Parsons Canyons. 
Krieger (1979) separated the ash flow into six zones, 1) a 
lower nonwelded to partially welded tuff, 2) a densely 
welded vitrophyre, 3) a lithophysal zone, 4) a
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platy-jointed zone, 5) a columnar-jointed zone, and 6) an 
upper partially welded white tuff. There is also an 
additional layer of welded ash flow tuff overlying the 
white tuff which is only exposed on the east side of upper 
Parsons Canyon (Kreiger, 1979; Simons, 1964).

The lower tuff is dominantly pale orange or buff, 
and very light brown at the top. The lower part of the 
vitrophyre is pale brown from oxidation? the rest of it is 
dark gray, except for brown spots at the top from incipient 
devitrification (Kreiger, 1979). The vuggy zone is light 
brownish gray except at the base, where it is pale brown. 
The platy-jointed zone is also light brownish gray. The 
columnar-jointed zone is lighter in color. The upper white 
tuff grades from pinkish gray at the base to white at the 
top. The upper welded zone is a densely welded red-purple 
tuff. The approximate mineralogic composition, color, zones 
of welding and crystallization, and specific gravity for 
each lithologic zone are summarized by Kreiger (1979).

Petrography
Microscopically, samples of this member are 

composed of glass shards and pumice lapilli, phenocrysts of 
feldspar, quartz, and biotite, and foreign rock and crystal 
fragments. Phenocrysts average about 6 percent of the rock.
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with feldpars (plagioclase and sanidine) making up about 62 
percent of the phenocrysts (table 2).

Lithic Fragments
The main cooling unit is probably made up of two 

and possibly three pulses of ash flows. There are three 
concentrations of lithic fragments: 1) at the contact of 
the lower tuff and vitrophyre, 2) slightly above the 
contact between the platy and columnar-jointed zones, and
3) at the top of the upper white tuff. Each concentraton of 
lithic fragments potentially represents the lower portion 
of a single ash flow pulse. Single ash flow sheets 
typically have concentrations of lithics near the bottom of 
the sheet between the basal layer and the main part of the 
ash flow (Sheridan, 1979).

The lower group of lithic fragments in the Aravaipa 
Tuff tend to be larger and more compositionally diverse 
than the other lithic groups. The lithics are chiefly 
angular fragments of andesite, welded rhyolite and granite. 
The concentration of lithic fragments in the middle of the 
sheet is not as great as the bottom, possibly because there 
was less available surface debris during this pulse or the 
rupturing of the crust was less catastrophic. The middle 
lithics are concentrated just above the platy-jointed zone.
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The occurence of lithics here suggests the platy-jointed 
zone is a boundary between the first and second ash flow 
pulses. Latta (1984) reports an increase in lithics at both 
the bottom and top of the Rhyolite Canyon Tuff in the 
Chiricahua Monument area. He atributed the two lithic modes 
to the initial opening and final collapse of the source 
caldera.

Source Direction of the Aravaipa Member
The degree of welding, thickness, abundance of 

lithic fragments, and crystallization of ash flow tuffs 
tend to vary laterally with respect to the source area 
because of changes in temperature, kinetic energy, and 
volatile content during deposition (Smith, 1960; 
Christiansen, 1979).

A marked decrease in the degree of welding of the 
Aravaipa member occurs to the west near what is inferred to 
be the distal margin (fig. 3; Krieger, 1979). Westward from 
the interior of the tuff the vitrophyre grades into the 
columnar-jointed zone and the columnar-jointed zone grades 
into nonwelded tuff. The contact between the 
columnar-jointed and non-welded zones can be observed on 
the north side of Whitewash Canyon, the northwest side of 
Bear Springs Canyon, near a small canyon between Hells Half
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Acre and Whitewash Canyons, and in Cave Canyon. The trend 
of the contact is approximately north-south (Krieger,
1979), which suggests that the source is to the east.

Thickness of the Aravaipa member increases to the 
east. Evidence that pulses of ash flow tuff came from the 
east exists east of Parsons Canyon in the NW1/4 of sec. 1, 
T.7S.f R.18E., where a densely welded red-purple tuff 
overlies the upper white tuff. Kreiger (1979) interpreted 
the densely welded tuff to be an additional pulse of the 
Aravaipa member. Crystalization appears gradational, and 
there is no evidence of any vitric material at the base of 
the flow (Kreiger, 1979). This suggests the Aravaipa member 
had a compound cooling history, with additional pulses 
comming from the east.

Field observations indicate that lithic fragments 
increase in size toward the east. At exposures in Cave 
Canyon (fig. 3), where the distal margin is preserved by 
the rapid deposition of overlying tuffs, the lithic 
fragments are anomalously large, less sorted, and more 
compositionally'diverse than in the interior of the ash 
flow tuff. The greater abundance of lithic fragments at the 
distal margin may be explained by the force of the 
turbulent ash flow wavefront, which may have been capable
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of transporting large clasts. Similar phenomena are 
observed in natural avalanches, tidal waves, land slides 
and nuclear blasts (Sheridan, 1979). Within the rest of 
flow, however, there is an increase in lithic fragments to 
the east suggesting a source from that direction.

In following chapters, geochemical and petrographic 
evidence will be provided which suggests that the Aravaipa 
Member is correlated with the Grand Reef Tuff of the Horse 
Mountain Volcanics. If the two ash flow tuffs are indeed 
correlated, than the above arguments are supported to an 
even greater degree. Specifically the Grand Reef Tuff, 
which lies to the east of the Aravaipa Member, is thicker, 
has noticeably more and larger lithic fragments, and is 
welded and recrystallized to a greater degree than the 
Aravaipa Member, all of which suggests that the source of 
the Aravaipa Member is to the east.

Hells Half Acre Tuff

The Hells Half Acre Member is a rhyolite tuff that 
reaches a thickness of 150 meters, but which has relatively 
limited areal extent, covering about 36 sq. km. in the 
northern Galiuro Mountains. It is associated spatially and 
stratigraphically with the upper rhyolite-obsidian unit
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(Krieger, 1979). The Hells Half Acre Tuff is comprised of 
three parts, a lower water lain tuff, a middle air fall 
tuff and ash-flow tuff, and an upper air-fall tuff. It is 
thickest in the vicnity of Aravaipa Canyon, and thins to 
the north and south. The Hells Half Acre Tuff Member is 
apparently part of the same volcanic episode as the 
rhyolite-obsidian member, and eruption of flows and tuffs 
may have alternated (Kreiger, 1979). The relations on the 
north side of Aravaipa Canyon east of Javalina Canyon 
suggest that an obsidian flow and the overlying middle unit 
of Hells Half Acre Tuff are contemporaneous. Obsidian 
breccia underlies, overlies, and wraps around the nose of 
the flow (Kreiger, 1979). Chemically, the two tuffs are 
similar (Kreiger, 1979).



HORSE MOUNTAIN VOLCANICS

The Horse Mountain Volcanics were named by Simons 
(1964) after Horse Mountain, north of the field area, where 
a thick section of intermediate to silicic volcanic rocks 
is exposed. The Horse Mountain Volcanics are inferred to be 
correlative with the Galiuro Volcanics. Within the field 
area the Horse Mountain Volcanics occur within the Santa 
Teresa Caldera in two northwest trending belts. The larger 
of the belts is adjacent to the Santa Teresa Mountains, 
downfaulted by the Grand Reef Fault (fig. 3). This belt 
extends from the northern boundary of the Klondyke 
quadrangle south-southwestward to Waterfall Canyon, a 
distance of about 16 kilometers. The maximum width of this 
belt is about 4.0 kilometers. The other belt extends in a 
chain of outcrops from the center of sec. 26, T. 6 S., R.
19 E. for about 10 kilometers northwest to Old Deer Creek.

Simons (1964) tentatively assigned an age of Late 
Cretaceous or Early Tertiary to the Horse Mountain 
Volcanics, however, recent unpublished K-Ar age dates

CHAPTER 3
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(table 1) indicate they are close in age to the Galiuro 
Volcanics.

Because of complex stratigraphic and structural 
relationships in the Horse Mountain Volcanics, their exact 
thickness is not known, but the total thickness may exceed 
1000 meters. The present areal extent of the Horse Mountain 
Volcanics in the Klondyke Quadrangle is about 32 sq. km. 
(Simons, 1964). Intermediate to silicic volcanic sections 
that may be correlative with the Horse Mountain Volcanics 
other than the Galiuro Volcanics include 1) the section of 
intermediate to silicic volcanics at Black Rock on the east 
side of the Santa Teresa Mountains (Jackson quadrangle, 
Blacet and Miller, 1978), and 2) the tilted section of 
andesite, ash-flow tuff, and fanglomerate at Eagle Pass 
(Blacet and Miller, 1978; Davis and Hardy, 1982).

Both the Horse Mountain and Galiuro Volcanics have 
gross stratigraphies characterized by upper and lower units 
that are separated by a major unconformity. The lower unit 
is dominated by 1 turkey track1 and fine grained andesite 
flows, conglomerate, and minor ash-flow tuffs. The upper 
silicic unit is dominated by rhyolite ash-flow tuffs.
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Upper
P a r t

Lower
P a r t

Upper
Tuff

U n i t  III

100 - ? m

U n i t  II 

G r a n d  R e e f

1 0 0 -  1 5 0 m

U n i t  I 

O -  5 0 0  m

Air fall tu ff. Red or brown , variable 
bedding made up of coarse pumice, 
lithic fragments and spheroids.

Water lain channel deposits. Green 
and hard. Angular fragments.

Lithic ash flow tu ff. Brown or purple 
lithic rich welded tu ff with 2-3 cm 
flattened pumice. Few percent 
phenocrysts up to 2 mm.

gradational contact

Ash flow. Welded. Buff to pink or cream 
colored. Angular, tabular jointing is 
characteristic. 2-3 cm flattened pumice 
2 mm thick. Few percent phenocrysts.
Black biotite. Few percent lithic fragments.

lake deposits 

vitrophyre

Agglomerate, blocks up to 10 meters, 

contorted beds

Ash flows, light colored, white or shades 
of purple. Low phenocryst content.

partings

conglomerate 

surge deposits 

dikes, spheroidal alteration 

spheroidal member 

intrusive rhyolite

Figure 6. Geologic section of the Horse Mountain 
Volcanics in the field area.
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In this study, the southern six square kilometers 
of the Horse Mountain Volcanics were mapped from the 
southernmost exposures in Waterfall Canyon northwestward to 
Imperial Mountain (fig. 2, fig. 3). This sequence of rocks 
is divided into two units separated by a major angular 
unconformity (fig. 6). The lower, and thicker of the units 
is subdivided into three subunits I, II, and III, from 
bottom to top. The lower unit is tilted 20-40 degrees to 
the southwest. The upper unit is a minor tuff and 
conglomerate unit that has a variable dip which ranges from 
parallel with the lower unit to nearly horizontal.

Lower Unit

Sub-unit I
Sub-unit I is the thickest and most complex of the 

three sub-units. It does not have a depositional contact 
with any older rocks in the field area, but to the north 
rocks of approximately the same stratigraphic horizon 
unconformably overlie intermediate rocks of the lower 
sequence, and Paleozoic and Mesozoic sedimentary rocks. The 
sub-unit is an assemblage of rhyolitic ash-flow tuffs, 
coarse-grained tuffs, agglomerates, surge deposits, 
sediments and lavas. The stratigraphic relationships in 
sub-unit I are complex making correlation between members
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difficult. The tuffs are light gray or various shades of 
purple, with 2 to 10 percent phenocrysts 0.5-1.5 mm, 
typically feldspar or quartz. Many of the units are 
thoroughly devitrified. Spheroidal alteration and partings 
are common, suggesting a frequent number of cooling breaks. 
Along the canyon in the NE 1/4 of sec. 18, R. 20 E., T. 6 
S. the rock is a tuff characteristic of the 1sandwave 
facies of a pyroclastic surge deposit1 of Wohletz and 
Sheridan (1979). It has characteristsics of both ash flow 
tuff and lava flow suggesting a proximal source, perhaps 
less than 1 km away (Wohletz and Sheridan, 1979). The rock 
is tuffaceous, with 1 grainy1 thinly spaced, 1-2 milimeter 
semi-continuous curvi-planar foliations throughout. The 
foliation is parallel with flattened pumice in younger 
welded ash flow tuffs. In some places, the foliation is 
very contorted, probably due to crustal movement or gravity 
sliding while the surge deposit was still plastic.

Sub-unit II (Grand Reef Tuff)
To facilitate discussion, sub-unit II will be 

tentatively named the Grand Reef Tuff because of its 
proximity to the Grand Reef Mine. The Grand Reef Tuff is a 
buff to pink, densely welded ash-flow tuff. Its thickness 
is approximately 100 meters. It is in fault contact with 
Precambrian rocks along much of its southeastern exposure.
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and unconformably (?) overlies sub-unit I in the northern 
exposure areas. A vitrophyre is locally exposed along the 
base of this unit. Along the western exposures, where it is 
not overlain by sub-unit III, it is in contact with 
Quaternary alluvium. The Grand Reef Tuff has a eutaxitic 
texture of flattened pumice 1 to 3 cm long and 1 to 2 mm 
thick. The pumice are usually lighter in color than the 
matrix and in thin section show coarse vapor phase 
crystallization. The rock is devitrified. Phenocrysts 
include sanidine, plagioclase and lesser amounts of quartz 
and black biotite. In a few samples elongate clinopyroxene 
phenocrysts were observed. Planar joints, pink to buff 
color and flattened white pumice are characteristics of the 
Grand Reef Tuff. The mode is given in table 2.

The vent for the Grand Reef Tuff may be exposed 
just north of the intersection of the two canyons in the NW 
1/4, SE 1/4 of sec 18, R. 20 E., T. 6 S. (fig. 3). The 
geology of this area is very complex, with the attitudes of 
light colored, fine volcaniclastic sedimentary rocks 
ranging from near horizontal to 40 degrees to the 
west-southwest within a distance of 20 meters. The fault 
along which the lower sedimentary rocks are tilted is 
approximately parallel with a 30 meter thick vitrophyre 
which has an orientation of NSW, 30 SW. The vitrophyre has
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trace element composition almost identical with that of the 
Grand Reef Tuff. Beneath the vitrophyre is a thick zone of 
spherulitic altered rock with vugs up to .5 meters. The 
upper part of the vitrophyre grades into a pink colored 
section of the Grand Reef ash flow tuff rock. The chaotic 
structure of the older sedimentary rocks, the pervasive 
alteration associated with the vitrophyre, and the close 
stratigraphic and chemical relationship between the 
vitrophyre and the Grand Reef Tuff suggets that this may be 
an exposed section of the vent for the Grand Reef Tuff, 
however, further work is needed to verify this.

As will be discussed in chapter 5, the Grand Reef 
Tuff has a chemistry very similar to the Aravaipa Member of 
the Galiuro Volcanics. The phenocryst and geochemical 
zonation is continuous between the Aravaipa and the Grand 
Reef Tuff tuff members. For these reasons, it is inferred 
that the Grand Reef Tuff and Aravaipa Members are 
correlative.

Sub-unit III
Sub-unit III is a brown-red to buff, lithic and 

pumice-rich densely welded ash-flow tuff. It is inferred 
that sub-unit III and the Grand Reef Tuff are separate 
pulses of a single cooling unit. Sub-unit III conformably
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overlies the Grand Reef Tuff and both members occur over 
the same outcrop area. Sub-unit III is similar in 
appearance, welding and crystallization characteristics to 
the Grand Reef Tuff, but is distinguished by having more 
lithic fragments and being somewhat darker in color. The 
lithic fragments average about 1 cm, but can be as large as 
10 cm or larger in certain places. The fragments are 
angular and consist of andesite and granite xenoliths. Unit 
III has an abundance of flattened pumice, with flattening 
ratios about the same as in the Grand Reef Member (unit 
II). The phenocrysts include sanidine, plagioclase, quartz 
and copper colored biotite.

Upper Unit

The upper unit of he Horse Mountain Volcanics is 
minor in thickness and volume compared to the lower part. 
The lower unit had been deeply eroded prior to the 
deposition of the upper unit. The base of the upper tuff 
unit is marked by a dense, pale greenish-white conglomerate 
0 - 1 0  meters thick composed of 0.1 to 10 mm, light 
colored, sub-angular, volcanic fragments in a fine 
pale-green silicified groundmass. Bedding is graded and 
crossbedded and is thickest in channels in the lower part. 
Above the basal conglomerate is a coarse unit consisting of
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red, orange-brown or buff conglomerate and air fall tuff. 
Pumice fragments are as large as 0.5 meters. Lithics are 
almost exclusively volcanic. The bedding of the upper tuff 
changes gradually from being parallel with bedding of the 
lower part (dipping 20-30 east-southeast) , to horizontal at 
the top. This suggests that the upper part was deposited 
during the tilting of the lower unit. The thickest section 
of the upper unit is exposed on top of the hill in the 
center of the SW 1/4 of the NW 1/4 of sec. 17, R. 20 E., T. 
6 S.. Other outcrops occur as scattered remnants along the 
walls of paleo-valleys in the lower part. A possible vent 
to the upper tuff is exposed 200 meters to the southwest of 
the thickest exposures ofthe upper part.

Vents, Dikes and Intrusive Rhyolites

Several volcanic vents and dikes were mapped by 
Simons (1964) and in this study within the Horse Mountain 
Volcanics. The vents are eliptical or elongate bodies of 
coarse- to fine-grained unsorted fragmental,volcanic 
material indurated in a spheroidally altered and finely 
recrystallized matrix. The vents are generally orange-red 
and are more resistant to erosion than are the wallrocks. 
Evidence of gaseous release, auto-brecciation, alteration
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of the wallrocks, ferromagnessium staining and spheroidal 
crystallization are characteristics of the vents.

A spectacular example of a vent that originates 
from a rhyolite dike occurs 50 meters southwest of the 
thickest exposures of the upper tuff unit. The vent appears 
to be a conduit by which the upper tuff unit was ejected. 
The vent is between 2 to 6 meters wide, linear, near 
vertical and strikes to the northeast. Volcanic rocks 
immediately adjacent to the vent are coarsely spherulitic, 
have vugs as large as 33 cm and are darkened by alteration. 
The vent rocks are more resistant than the adjacent rocks, 
hence, the vent forms a northeast trending spire of rock. 
Along strike to the southwest the vent becomes a dike, 2 to 
4 meter wide that can be traced in curvi-planar 
intermittent outcrops to the vicinity of the Ten Strike 
Mine, over a kilometer away (fig. 3). The host rocks to the 
dike are generally not altered, but 0.5 km S. 75 W. from 
the vent area, nicely formed 3 to 20 cm hollow spherules 
are abundant in the volcanic rocks adjacent to the dike. 
This location may have been near the surface and it is 
possible that, like the vent area, this area of sherulitic 
alteration was associated with vesiculation of the dike
magma.
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A white tuffaceous rhyolitic rock, with no apparent 
bedding, and largely altered to kaolinite (?) occurs along 
the Grand Reef Fault, between the Grand Reef and Ten Strike 
Mines. The white tuff is in contact with a 30 to 50 meter 
thick, hard spherulitic layer trending north-northwest. The 
mineralogy at the contact area is unusual in that an 
unidentified green mineral occurs in some of the vugs. The 
rock is tentatively interpreted to be an intrusive 
rhyolite.



CHAPTER 4

THE SANTA TERESA INTRUSIVE COMPLEX

This chapter summarizes the geology, structure and 
petrologic characteristics of the Santa Teresa Intrusive 
Complex, which contains the granite, quartz monzonite, 
aplite and dike phases.

Granite and Quartz Monzonite

The Santa Teresa Granite is a pluton of pale red or 
grayish pink equigranular rock that has facies of aplite, 
porphyritic granite and medium grained equigranular granite. 
A substantial portion of the pluton is composed of aplite, 
especially in the upper levels and near the margins of the 
stock. The host rocks of the Santa Teresa granite are Pinal 
Schist and Laurel Canyon quartz monzonite, both of 
Precambrian age (Simons 1964) . The Goodwin Canyon quartz 
monzonite borders the Santa Teresa Granite in fault contact 
on the north. Together these granitic bodies form a 200 sq. 
km., north trending, eliptical-shaped batholith. The 
abundance of dikes northwest of the granite, and contacts

42
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with Precambrian rocks in Black Rock, Cottonwood, and Goat 
Canyons suggests that the Santa Teresa Granite extends 
several kilometers northwest of its outcrop area beneath a 
gently sloping roof (Simons, 1964, p.93).

On a large scale, the Santa Teresa Granite is a very 
resistant rock unit, but on outcrop scale it is highly 
weathered. The granite is primarily made up of orthoclase 
microperthite and quartz. The amount of biotite in the rock 
is small compared to the average world granite (Simons,
1964), but is characteristic of Mid-Tertiary Basin and Range 
Province high level granite plutons (Norton, pers. comm., 
1984). Modal analyses are given in table 3. Accessory 
minerals include iron ore, sphene, apatite, zircon, epidote, 
and fluorite.

Microscopically, the rock is a microperthite granite 
consisting of anhedral grains of orthoclase microperthite 
1-3 mm across, interstitial quartz, sparse clusters of 
epidote and fluorite, and a little brownish-green biotite 
and iron ore. The microperthite is the string variety, but 
there is also some patch microperthite (Simons, 1964). The 
proportion of orthoclase and plagioclase in the 
microperthite is aproximately equal.
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Table 3. Modes for granite and aplite
(from Simons, 1964, p. 63) .

1 2 3 4 5
mineral aplite aplite granite granite quartz

monzonite

quartz 38 37 31 30 38
microperthite 61 62 67 53 35
plagiocalse — — — —— — — 24
granophyre — — — — — — 17 — —
accessories 1 1 2 < 1 3

1. Upper Holdout Creek, near contact with Pinal Schist.
2. Upper Black Rock Canyon, near contact with Laurel Canyon 

Granodiorite.
3. Rocky Top.
4. Upper Klondyke Wash, near contact with Pinal Schist.
5. Middle Fork Goodwin Canyon, NE corner sec 20, Klondkye 

quad.
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Simons (1964) assigned a Cretaceous age to the Santa 
Teresa Granite. However, more recent K-Ar dating indicates 
the stock is 22.8 +- 0.6 m.y. old (table 1). The Goodwin 
Canyon quartz monzonite has been dated at 24.95 +- 0.7 
m.y.b.p. by K-Ar methods (table 1). The close age and 
spatial relationship suggests the Santa Teresa Granite is a 
differentiate of the larger and more mafic Goodwin Canyon 
quartz monzonite. The mass - composition relations of the 
two stocks are discussed in chapter 7. The Santa Teresa 
Granite and the Goodwin Canyon quartz monzonite are in 
contact along a major fault zone (Simons, 1964, p. 62), with 
the granite (southwest side) downthrown.

Fractures occur throughout the Santa Teresa Granite. 
Studies of fractures in plutons indicate they can be 
produced by regional tectonics (Rehrig and Heidrick, 1972), 
magma pressure (Burnham, 1979), differential expansion of 
pore fluids (Knapp and Knight, 1977), and thermal stress 
(Knapp and Norton, 1981). Another possible cause might have 
been mechanical stress related to late stage major normal 
faulting in the area. Although fractures occur throughout 
the Santa Teresa Granite, they are particularly abundant in 
the westernmost lobe of the pluton.
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The fractures have a significant affect on the 
weathering characteristics and general appearance of the 
granite on the outcrop scale. For example, samples collected 
from Holdout Canyon and rocks 0.5 km east of the Grand Reef 
Mine have very similar phenocryst contents, but the general 
appearance of exposures in these two locations is very 
different because of the amount of fracturing in the rock. 
Fracture sets tend to control the orientation of drainage 
and erosion in the pluton. In parts of the Santa Teresa 
Granite along Pinnacle Ridge and Holdout Canyon there is a 
dominant joint set that dips approximately 20 degrees to the 
southwest.

Aplite

Aplite occurs as: 1) a large body which caps the 
pluton, 2) sub-horizontal planar sheets that are conformable 
with the crystallization of the granite, and 3) dikes, 
veinlets and pods that cut the granite.

A large aplite body overlies an estimated 10 square 
kilometers of the Santa Teresa Granite in the field area. 
Simons (1964) also reports that aplite occurs in much of 
Black Rock, Cottonwood and Goat Canyons. The total volume of 
aplite in the upper part of the pluton is estimated to be 16
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cubic kilometers. In the field area, the aplite occurs as a 
6 kilometer long belt, 1.25 -2.0 kilometers wide that caps 
the upper parts of the pluton (fig. 3 and fig. 7). The 
aplite may attain a thickness of more than 300 meters. The 
aplite conformably overlies the medium-grained equigranular 
granite and the contact between the aplite and the granite 
is nearly planar. The contact dips approximately 20-30 
degrees to the southwest (fig. 7). Remnants of aplite along 
the high parts of Pinnacle Ridge indicate that the aplite 
had been more extensive prior to erosion of the upper levels 
of the pluton.

A distinctive set of tabular aplite sheets are 
abundant in the central part of the pluton and have an 
orientation parallel with the contact of the upper aplite.
In the vicinity of Holdout Canyon beneath the upper aplite, 
the aplite sheets are spaced 5-15 meters apart and range in 
thickness from . 1 - 1  meters. These aplite sheets appear to 
be primary magmatic structures and are occasionally 
associated with a pegmatite phase.

Aplite veins and stringers of various sizes and 
orientations are common along the margins of the stock. 
Evidently, the veins and stringers have a different stress 
origin than the planar aplite set in the central part of the
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Figure 7. Photograph of the upper aplite cap of 
the Santa Teresa Stock. Planar structures include (a) 
structures in the aplite cap, (b) contact between the 
aplite cap and medium-grained granite, and (c) aplite 
sheets in the granite. Photo taken from airplane about 400 
meters north of rock face, looking south.

APLITE 
CAP
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pluton, however, the two aplites may be chemically related. 
The veins and veinlets seem to have resulted from "stresses 
proceeding and leading to the injection of the dike, ... and 
exceeding the rate of accomodation to stress by flowage in 
the magma." (Walker, 1969, p. 171). This may be an 
indication of thermal stress associated with the intrusion 
of the stock (Gerla, 1984).

Microscopically, the aplite consists of a few 
percent quartz and feldspar phenocrysts in a groundmass of 
microcrystalline quartz and microperthite. Accessory 
minerals include pale greenish-brown biotite, sphene, iron 
ore, a little fluorite associated with sphene, and very 
sparse zircon (Simons, 1964). The mineralogy of the aplite 
is very similar to that of the granite (table 3). Simons 
reports that in some places the aplite is porphyritic, with 
1-4 mm phenocrysts of potassium feldspar and quartz making 
up 15-20 percent of the rock (Simons, 1964, p. 64).

The close spatial association of the aplite and 
granite suggests that there were two physically-separable 
phases within the magma chamber, a liquid and a crystal 
mush. Each had distinct physical properties such as 
viscosity and density. These relations are mimicked in 
experimental work on crystallization of multi-component
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carbonate solutions where the liquids separate from 
crystalline residue and the fractionated liquids have 
density and composition gradients (McBirney, 1980; Turner, 
1980; Chen, 1980). According to Conrad (1984), "Low density 
melt rises to the top of the chamber, progressively 
establishing a stratified zone, where convection is 
prohibited by gradients in composition and density".

It is estimated in thin section that the crystal 
mush (granite) was 70-90 percent crystalline at the time of 
final solidification. The liquid (aplite) portion had only a 
few percent of phenocrysts, essentially the same as in the 
ash flow magmas. It is inferred that the sharp contact 
between the aplite and the granite may be the preserved 
liquidus surface from the point in time at which the aplite 
and granite was quenched. The contact is a 'vuggy1 zone 
which has an abundance of small open-space pores partially 
filled with 1-4 mm euhedral crystals of quartz, potassium 
feldspar, biotite and fluorite. Adiabatic crystallization of 
a water-rich magma precipitated by a rapid pressure drop is 
the most likely explanation for the rapid crystallization of 
the aplite and granite phases (Burnham, 1979).



51

Dikes

Emanating north-northwestward from the Santa Teresa 
Stock into the Precambrian basement rocks is a dense swarm 
of silicic dikes. The dikes have parallel north-northwest 
trends with near vertical dips to the east-northeast. Simons 
(1964) reports a wide variety of dike compositions in the 
Klondyke quadrangle including rhyolite, trachyte, quartz 
latite, dacite, lamprophyre, porphyritic andesite and 
olivine andesite, but two types are by far the most abundant 
- rhyolite and rhyolite porphyry. The dikes are about 2 to 8 
meters in thickness, and vary in length from tens of meters 
to over a kilometer - some may be as much as 6 kilometers 
long (Simons, 1964, p. 92). The ratio of the dikes to the 
country rock is variable, but the dikes form as much as 40 
percent of the total rock in some places. About 0.5 
kilometer north of the Ten Strike Mine, just east of the 
Grand Reef Fault, the dikes are so abundant that it is hard 
to distinguish the dikes from the country rock.

The aphanitic rhyolite dikes are light-gray, dense, 
fine-grained rocks that have 2-3 percent of quartz and 
feldspar phenocrysts. In thin section, the groundmass 
commonly shows a coarse patchy birefringence typical of 
devitrified glass; many of the dikes have a coarsely
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spherulitic groundmass, and some have a groundmass made up 
of a mixture of spherulites and microgranophyric 
intergrowths.

The typical quartz porphyry dike is a pale-red, 
light brownish-gray, light olive-gray, or light-gray rock 
containing between 15 and 40 percent phenocrysts 1-6 
millimeters across composed of equal proportions of quartz 
and feldspar with occasionally greater amounts of feldspar. 
The phenocrysts are almost always rounded or embayed. In a 
few dikes, the quartz phenocrysts are euhedral bipyramids 
(Simons, 1964, p. 94). The feldspar phenocrysts are 
microperthitic sanidine; in some dikes the feldspar grains 
are clear, in others they are dusty. Accessory minerals are 
very scarce and include sphene, biotite, epidote and 
apatite. Iron minerals make up less than 1 percent of the 
rock.

The dike swarm probably formed as a result of magma 
pressure exceeding the critical confining pressure of the 
overlying crust (Ode, 1957; McGuire, 1983). The Santa Teresa 
dike swarm apparently did not erupt as a major ash flow 
erupton because there is no evidence in the wall rocks of 
catastrophic flowage or collapse breccia (Lipman, 1984). 
However, the dike swarm may have been a feeder to lava domes
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on the surface. An abundance of resorbed quartz phenocrysts 
in the dikes suggests that the dikes experienced a decrease 
in pressure, but remained at high temperatures (Hyndman, 
1972).

There appear to be at least two sets of dikes, an 
earlier one which makes up approximately 90% of the dike 
swarm, and a later one directly associated with the 
emplacement of the Santa Teresa Granite. Apparently, after 
the first set of dikes was emplaced, the granite stock 
continued to intrude cross cutting the first dike set. The 
second set of dikes, some of which have granititic textures, 
were then emplaced also cutting the earlier dikes. Dikes of 
the second set emanate directly from the Santa Teresa 
Granite and appear to be associated with high angle faults 
within the granite stock. It is inferred that the second 
diking event is associated with the quenching of the upper 
aplite cap. It is possible that the dikes associated with 
the Upper Tuff Unit of the Horse Mountain Volcanics (chapter 
3) were emplaced sometime after the first two sets of dikes.

Fracturing and alteration of the dikes is common 
near the contact with the Santa Teresa Stock. An increase in 
volatiles near the margins of the stock or in the wallrocks 
would tend to increase the heat available for alteration



54

reactions or recrystallization (Kesler and Heath, 1968) .
Here fthe dikes are highly jointed and the joint surfaces 
are covered with jarosite, apparently derived from the 
oxidation of iron minerals. Reiter (1981) reports rhyolite 
dikes in Mesozoic limstone near the Iron Cap Mine that are 
completely altered to quartz and epidote. A major granite 
dike associated with the second dike set has been altered to 
andradite garnet, epidote, quartz and minor specular 
hematite. Apparently, the second dike set was volatile rich 
and more compositionally complex than the first set.
Specular hematite is a common secondary mineral in both dike 
sets, and is found in small vugs and as fracture fillings.

Microscopically, alteration of the dikes is 
accompanied by phenocryst disequilibrium reactions and 
recrystallization of the matrix. Altered phenocrysts appear 
to have reacted with a fluid phase - some are altered at the 
rims, others in the cores - and recrystallized as finer 
grained feldspar and sericite.

Another swarm of dikes occurs southeast of the field 
area in the vicinity of Eagle Pass (Davis arid Hardy, 1982; 
Blacet and Miller, 1981). This dike swarm has an orientation 
to the east-northeast, which is antithetic to the Santa 
Teresa swarm. If these two dike swarms are related, then the
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antithetic trend would indicate that the difference in the 
stress orientations between these two areas is a function of 
time and/or space (Einstein, 1952). A sample from the Eagle 
Pass dike swarm has been K-Ar dated at 24.65 +- 0.6 m.y.
From regional considerations and geochemistry, it is 
estimated that this age date is somewhat older than the 
Santa Teresa Dike Swarm.

Structure

The contact between the upper aplite mass and the 
granite, the set of planar aplite sheets in the granite, a 
joint set, and planar structures in the aplite all have dips 
of between 20-30 degrees to the southwest (fig. 7). This 
orientation is approximately parallel to the bedding in the 
Horse Mountain Volcanics, defined by flattening of pumice. 
Thus, the Santa Teresa Stock and the Horse Mountain 
Volcanics appear to have been tilted as a single block. 
Bedding in the upper part of the Horse Mountain Volcanics is 
extremely variable (Chapter 3) and changes from parallel 
with the bedding of the lower volcanic unit, which dips 
20-30 degrees to the west-southwest to sub-horizontal. This 
change in bedding suggests that the upper tuffs were erupted 
during the time of tilting of the plutonic and volcanic
block



CHAPTER 5

GEOCHEMISTRY

Introduction

In this chapter, the distribution of Rb, Sr, Y, Zr, 
Nb, Ba and the major elements will be used to 1) correlate 
volcanic and intrusive members and 2) describe the 
geochemical zonation of the volcanic and intrusive rocks. 
The concentration of elements in plutonic and volcanic 
rocks is a result of the combined effects of source 
heterogeneity, differentiation processes, contamination and 
hydrothermal alteration (Pearce and Norry, 1979; McBirney, 
1980; DePaolo, 1981; Norton, 1979). Because individual 
trace elements behave differently under different 
conditions, they tend to make good 'tracers' of the initial 
and the changing conditions of the system. High field 
strength elements such as Zr, Y, and Nb are not as 
influenced by hydrothermal alteration as other elements, 
and thus seem to be good indicators of source heterogeneity 
(Pearce and Norry, 1976; Richardson and Ninkovich, 1976). 
Trace elements that are strongly partitioned between

56
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crystals and liquids such as Sr, Ba and Rb are particularly 
sensitive measures of crystal fractionation and partial 
melting (McBirney, 1980; Wood and Fraser, 1977; Arth,
1976).

Correlation of Units

A statistical correlation method was developed in 
this study to test for similarities in geochemical 
populations between rock units. Groups of rocks from 
outside the field area were used in the analysis. The 
specific objectives are twofold, 1) to test if ash-flow 
tuff members of the Galiuro Volcanics are correlated with 
ash-flow tuffs in the Horse Mountain Volcanics, and 2) to 
determine if there are any logical groups of rocks that are 
related by differentiation. These groups can then be 
studied in detail without geochemical 1 noise1 from 
genetically unrelated rocks. The method is discused in 
detail in appendix A.

Groups of samples are listed in order of increasing 
Zr correlation numbers (table 4). Correlation numbers whose 
absolute value is between 0 and 1 are not rejected by the 
test, however, correlation numbers greater than absolute 1 
have a 90% probability of having no relation with the
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Table 4. Correlation numbers of various rock units 
from within and from outside the field area. The correlation 
numbers represent the magnitude and direction of geochemical 
difference with the Aravaipa Member control group. The 
smaller the absolute correlation number, the greater the 
chemical similarity with the Aravaipa Ash Flow Tuff Member.

Rock Unit Sr Rb Nb Zr Y Ba Abs.
Avg.

Aplite -0.79
The System Rocks 
0.66 0.71 0.0 0.26 -1.65 0.68

Grand Reef 0.02 -0.38 -0.41 0.04 0.24 0.48 0.26
Dikes -0.01 0.15 1.18 -0.10 0.33 -1.38 0.52
Bear Springs 2.68 -1.45 —0.68 -0.19 -0.15 -0.01 0.87
Wire Corral —0.88 -0.81 0.57 -0.21 1.36 -2.05 0.98
Aravaipa -0.13 0.33 0.16 0.27 -0.31 -0.14 0.22
Oak Springs 5.85 -1.65 -1.38 0.29 -0.22 0.13 1.58
Altered Arav. 2.13 -1.5 -0.39 -0.41 -0.07 -1.06 0.93
Granite -0.93 0.97 0.52 -0.62 0.34 -2.22 0.93

Upper lava -2.01 -1.37 2.63 0.65 0.60 na 1.45
Monument * -0.56 2.21 0.13 1.36 1.53 na 1.16
Rhyolite Can * 0.59 0.54 0.17 1.52 1.65 na 0.90
Avg Datil * 2.56 -0.51 na 1.63 1.98 2.09 1.75
PC granodior. 17.11 -2.54 -3.83 -1.79 -1.17 2.30 4.79
Turkey Cr qm * 3.63 -1.12 -1.37 1.86 0.46 na 1.69
Other dikes * 4.08 -2.65 —2.06 -1.95 -0.97 1.83 2.26
Lower lava 0.80 -0.02 -0.44 2.20 0.81 2.52 1.13
Hells Half Acre 8.56 -1.48 -1.44 -2.32 2.35 na 3.23
Goodwin Can qm 3.39 — 1.61 -1.63 -3.24 -1.64 na 2.30
Holy Joe Latite 2.61 -0.40 -0.97 3.37 0.33 na 1.54

* From outside the field area
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control group, as this reflects a t-number greater than the 
critical t-number at the 90% confidence level (see appendix 
A). The Aravaipa Member of the Galiuro Volcanics was used 
as the control group. Another group of zeolitized samples 
from the basal layer of the Aravaipa member is included for 
comparison. Analyses of rocks from outside the field area 
include the Rhyolite Canyon and Monument ash-flow tuffs and 
Turkey Creek quartz monzonite from the Chiricauhua 
Mountains (Latta, 1984), dike rocks from Eagle Pass and the 
southern Galiuro Mountains, and the average value of Datil 
Volcanic Field high-silica rhyolite ash-flow tuff 
(Bornhorst, 1980).

Results of the Correlation Test
The results indicate a strong relationship between 

the ash-flow tuffs of the northern Galiuro Mountains' and 
the volcanic and intrusive rocks of the Santa Teresa 
Mountains. The Aplite, Granite, Dikes, and Grand Reef 
members of the Santa Teresa Mountains, and the Wire Corral, 
Bear Spring and Aravaipa members of the Galiuro Volcanics 
all have Zr, Y and average correlation numbers less than 1 
(fig. 8). This supports the hypothesis that the ash-flow 
tuffs in the northern Galiuro Mountains are comagmatic with 
the intrusive and volcanic rocks of the Santa Teresa 
Mountains (fig. 9). This group will be referred to as the
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Figure 8. Zr vs Y variation diagram. Outlined 
area marks the distribution of the system rocks. The 
system includes the Aplite, Granite and Dike phases of the 
Santa Terea Stock and the Grand Reef, Aravaipa, Bear 
Spring, Wire Corral and Oak Spring ash flow tuff members of 
the Galiuro and Horse Mountain Volcanics.
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Figure 9. Correlation of sections. Hatched members 
are those selected by the statistical test and are 
interpreted to be oogenetic. The Grand Reef and Aravaipa 
Members are specifically inferred to be correlated.
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’system' rocks. It is inferred that the system rocks have 
similar geochemistry because they are magmatically related. 
Although the Oak Spring Tuff is rejected by the test, 
mostly as a result of high Sr values, it will be included 
with the system rocks to facilitate discussion.

The Hells Half Acre Tuff, which overlies the 
Aravaipa member in the northern Galiuro Mountains, has 
correlation numbers exceeding 1 for every element. The 
Hells Half Acre Tuff is closely associated with cinder 
cones north of Aravaipa Canyon (chapter 2), hence, the 
validity of the test is supported. Similarly, rocks from 
the Chiricahua mountains, the average Datil Field 
high-silica rhyolite ash-flow tuff, and rhyolite dikes from 
outside the field area are all rejected by the test, again 
supporting the correlation test.

Correlation of the Aravaipa and Grand Reef Tuff Members
The Grand Reef Member specifically has the closest 

geochemistry to the Aravaipa Member, which supports the 
conclusion that the Galiuro and Horse Mountain Volcanics 
are correlative. Simons (1964, p. 56) was first to suggest 
that the Horse Mountain Volcanics are correlative with the 
Galiuro Volcanics on the basis of gross lithologic and
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stratigraphic relationships, "...correlation of the Horse 
Mountain Volcanics with the Galiuro Volcanics is certainly 
suggested but cannot be firmly established or refuted...", 
he said. Recent K-Ar dating (table 1) of rocks within the 
field area indicates that ages of both intrusive and 
volcanic rocks fall between 22 and 25 million years ago.
The geochronology and geochemical considerations discussed 
in this chapter as well as the source direction indicators 
discussed in chapter 2, strongly suggest that the Aravaipa 
Member of the Galiuro Mountains is correlative with the
Grand Reef Tuff Member of the Horse Mountain Volcanics.
\

Table 5 is a comparison of the modal analyses of 
the of the two tuffs. It is significant that both tuffs 
have a low quartz-phenocryst content, but the Grand Reef 
Tuff has a somewhat greater feldspar-quartz ratio. The 
phenocryst sizes between the tuffs are similar, but the 
Grand Reef phenocrysts are slightly larger. The Grand Reef 
and Aravaipa Tuffs have approximately the same size and 
flattening ratio of pumice lapili although the Grand Reef 
tuff is somewhat more welded and recrystallized. This data, 
as well as the chemical zonation data discussed later in 
this chapter and in chapter 2, suggests that the Grand Reef 
Tuff is a later, slightly more mafic pulse of the Aravaipa
Member.
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Table 5. Modal analysis of Aravaipa and Grand Reef 
ash-flow tuff members.

mineral Aravaipa Grand reef

Quartz
Sanidine
Plagioclase
Biotite
Other
total

0.7 0.7
3.2 4.9
2.0 2.6
0.8 0.8
0.5 0.1
7.2 9.1

average 
crystal 
size (mm)

0.59 0.670.67
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Geochemical Zonation

The system rocks are chemically zoned, and the 
zonation is observed on a small scale (within individual 
ash flow tuff members) as well as on a large scale that 
includes all of the system rocks. The zonation is evident 
with respect to whole-rock trace and major element 
chemistry and composition, size, and modal abundance of 
phenocrysts. On a large scale, the zonation is 
characterized by a higher concentration of Sr, Ba and Zr 
and a lower concentration of Rb, Y and Nb in the older 
rocks (fig. 10). In general, phenocrysts are larger and 
more mafic in the older magmas.

Careful1 examinination of multi-element variation 
diagrams indicates that there are three distinct and 
consistent chemical episodes reflected among the system 
rocks (fig. II). Episodic zonation is a common phenomenon 
in volcanic fields (McBirney, 1980; Hildreth et al, 1984; 
Beat et al, 1984). The three episodes of zonation are 
interpreted to represent three compositionally discreet 
batches of magma.
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Figure 11. Episodes of zonation. Arrows point in 
direction of younging as determined from stratigraphic 
relations and age dates. Notice that, 1) the episodes 
define a large scale trend, 2) episodes I and III trend in 
the same direction, and 3) episode II has very similar 
geochemistry as episode III but younging is REVERSE of the 
large scale trend.
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The important characteristics of the episodes are 
1) the three episodes together form a larger zonation 
pattern, 2) episode I and III follow the large scale trend, 
and 3) episode II has very similar chemistry as episode III 
but has a REVERSE trend with resect to younging. The three 
episodes are I) the Oak Spring and Bear Spring members, II) 
the Aravaipa - Grand Reef and Dike Members, and III) the 
Wire Corral - Granite and Aplite Members (fig. 11). Notice 
that episodes II and III include both intrusive and 
extrusive rocks.

The episodes are defined soley by multi-element 
relationships,. Apparently, the relationship between 
chemical episodes and the stratigraphy of the rocks is made 
complicated by episodic eruptions and multiple vents. As an 
example, the Wire Corral Tuff is chemically related to 
episode III, although it is stratigraphically interbedded 
between the Oak Spring and Bear Spring ash flow tuff 
members of episode I.

The zonation of episodes I and III, and of the 
system as a whole, is characterized by higher Sr, Ba and Zr 
and lower Rb, Nb and Y in the older tuffs (fig. 11).
Episode II has zonation with respect to younging (as 
determined from stratigraphic and age relationships)
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REVERSE to that of the system. Even though episodes II and 
III have opposite zonation, they have very similar trends 
and overall chemistry, which suggests that episodes II and 
III are comagmatic and that episode II had been inverted 
during the eruption process.

Analysis of 18 samples from a vertical section of 
the Aravaipa Member at Brandenburg Wash indicates that 
zonation occurs on a relatively small scale within 
individual members. The Aravaipa Member comprises 
approximately, the middle part of episode II, and the 
zonation in both the Aravaipa Member and episode II is 
characterized by higher Rb, Y, and Nb and lower Sr, Ba, and 
Zr in the lower part of the section (fig. 12).

Microprobe analyses of sanidine and plagioclase 
phenocrysts in 6 samples from a vertical section of the 
Aravaipa member at the mouth of Virgus Canyon indicate the 
composition of sanidine and plagioclase phenocrysts also 
change with respect to stratigraphic position, with higher 
Na, Ca, and Al and lower K, and Si in the older tuffs (fig. 
13). As discussed in chapter 2, modal abundance and size of 
phenocrysts also change with stratigraphy (fig. 14).
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Figure 12. Vertical geochemical zonation in the 
Aravaipa member. Section is from the Brandenburg Wash 
section. Dots are from the upper part of the Aravaipa 
Member, crosses are from the basal layer which is part of 
the Aravaipa cooling unit, but which has anomalous 
geochemistry.
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The relationship between the stratigraphy of the 
system rocks and the episodic chemical patterns provides 
evidence that there must have been at least two vent areas 
responsible for the present spatial arrangement of the 
silicic ash flow magmas. The Wire Corral Member, from 
episode III, is stratigraphically interbedded between Oak 
Spring and Bear Spring Members, of episode I. If each 
episode represents a homogeneous magma batch, then the fact 
that members are interbedded from two chemical episodes 
requires a multiple vent hypothesis. Difference in source 
direction indicators between the Aravaipa and Oak Spring 
Tuffs (chapter 2) is field evidence of more than one source 
direction of the tuffs in the field area. Specifically, it 
is inferred that the Oak Spring and Bear Spring members 
were erupted from the south. The age trend of magmatism 
through the Aravaipa - Sulphur Springs Valley discussed in 
Chapter 1 supports this interpretation.

Another characteristic related to the zonation of 
the system rocks is a systematic change in the statistical 
variance as a function of zonation. Elements with higher 
concentrations in older members (Sr, Ba, Zr) tend to have a 
larger variance (range) in the older rocks (fig. 10). 
Conversely, elements with higher concentrations in the 
younger rocks (Y, Rb, Nb) tend to have a larger variance in
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the younger rocks (fig. 10). In other words, there appears 
to be a direct relationship between direction of zonation 
and variance. Y in particular is a good example of this 
relationship (fig. 10). Possible causes of the geochemical 
zonation and variance will be discussed in the following 
chapter.



CHAPTER 6

QUANTITATIVE MODELING

This chapter first discusses mass balance equations 
that are used to model fractional crystallization in the 
Santa Teresa Stock. Next, fluid dynamic experiments are 
cited that describe the movement of liquids within the 
crystallizing magma 'chamber. A mixing model is then 
discussed that models assimilation of Precambrian host rock 
into the magma chamber.

Fractional Crystallization Model

Fractional crystallization is commonly cited as a 
cause of chemical zonation in silicic magma chambers. 
Fortunately, fractional crystallization can be modeled and 
tested against the natural system using quantitative mass 
balance equations (Arth, 1976; Wood and Fraser, 1979; 
Pearce and Norry, 1979; McBirney, 1980; DePaolo, 1981; 
Conrad, 1984) . The Santa Teresa igneous complex is an 
excellent system to model because 1) the volcanic and 
intrusive phases of the system can be geochemically

80
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correlated, 2) the exposure of the Goodwin Canyon - Santa 
Teresa Batholith allows for determination of mineralogy and 
trace element compositon of rocks throughout the system, 3) 
the granite is relatively unalterred, and 4) the mineralogy 
is very simple, essentially consisting of plagioclase, 
potassium feldspar, quartz and minor biotite, for which 
much fractionation data has been compiled (Arth, 1976). The 
equations and parameters of the quantitative models used 
for fractional crystallization and partial melting are 
discussed in detail in appendix B.

The parameters used in the model are 1) the initial 
liquid has a trace element composition equivalent to the 
Goodwin Canyon Quartz Monzonite, and 2) the solid phases 
crystallizing out are identical to the mineralogy of the 
Santa Teresa Granite. The specific mineralogy used in the 
model is 33% potassium feldspar, 33% plagioclase, 30% 
quartz and 4% biotite (see appendix B).

The composition of the liquids calculated from the 
model define a trend that fits remarkably well with the 
observed trend of episode II and III rocks (fig. 15). 
Episode I rocks (Oak Spring and Bear Spring members) do not 
fall on this trend, which further supports the hypothesis 
that the Oak Spring and Bear Spring Tuff Members came from
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Figure 15. Path of successive batches of magma 
calculated from the fractional crystallization model. 
Numbers indicate the amount of crystallization. Symbols are 
the mean values of members of the system rocks. The initial 
liquid (LO) has the composition of the Goodwin Canyon 
Quartz Monzonite.



83

♦ ap lite  
■ dikes
+ aravaipa
* granite
w gooduin qm 
^ Pc gd 
o grand re e f  
□ wire c o rra l

♦ ap lite  
■ dikes 
+ aravaipa  
x granite  
x goodwin qm 
~ Pc gd 
d grand re e f  
□ wire c o rra l

Ba (ppm) 375

Figure 15 —  Continued.
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a different source as the upper tuffs (chapters 2 and 5). 
The close correlation between the fractionation model and 
the geochemistry of episodes II and III of the system rocks 
suggests 1) the intrusive and volcanic rocks are 
comagmatic, and 2) zonation within individual members as 
well as in the system as a whole is caused by fractional 
crystallization of the pluton.

If the elements are combined into a ratio defined 
by all of the elements that increase in the older rocks 
over elements that decrease,

Sr + Ba + Zr
Rb + Nb + Y,

and plotted against the percent of crystallization 
calculated from the fractionation model, then a unique and 
systematic relationship is observed (fig. 16). This figure 
clearly illustrates that each ash flow and intrusive magma 
batch acquired its composition at a particular point in 
time during the crystallization process. This suggests that 
trace element geochemistry may be used as a gauge of the 
extent of crystallization. The chemical zonation of 
episodes II and III magmas is predicted by a range of 
crystallization between 30 to 68% in the Santa Teresa 
Pluton.
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Figure 16. Geochemistry versus crystallization. 
The unique relationship between geochemistry and 
crystallization suggests that the system magma batches 
acquired their composition at specific points in time 
during the crystallization process.
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As discussed in chapter 5, the zonation of the 
system rocks is also characterized by a systematic zonation 
of the geochemical variance. Apparently, the variance is 
directly related to zonation. Because the zonation of the 
system rocks is caused by fractional crystallization, it 
appears that the variance is related to the change in the 
concentration of an element with respect to the extent of 
crystallization. The direction of zonation and variance is 
a function of the bulk distribution coefficient. Elements 
with bulk distribution coefficients less than 1 (Rb, Nb, Y) 
result in zonation and variance that increase with 
progressive crystallization (fig. 10). Elements with bulk 
distribution coefficients greater than 1 (Sr, Ba, Zr) 
result in zonation and variances that decrease with 
crystallization.

The significance of this is 1) the geochemical 
variance is a natural property of the rock, related at 
least in part to the differentiation process, and 2) 
anomalous variation may be an indicator of secondary 
processes. For example, the Dikes have anomalous variation 
with respect to Ba, Zr, Rb and Nb (fig. 10) and it is 
possible that this indicates influences other than 
fractional crystallization, such as bulk assimilation and 
hydrothermal alteration. Evidence for hydrothermal
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alteration and fracturing of the dikes was discussed in 
chapter 4? evidence for bulk assimilation in the dikes will 
be discussed later in this chapter.

Fluid Mechanics Model

Fractional crystallization is a chemical process 
that takes place on a molecular level, and in itself does 
not explicitly require any particular mechanical process 
that distributes magmas within the pluton on a large scale. 
Arguments have been raised against fractional 
crystallization of silicic magmas as a cause of geochemical 
differentiation and zonation on the basis of high magma 
viscosities and slow settling rates of phenocrysts 
(Hildreth, 1979, 1981). However, these arguments do not 
take into account other fluid dynamical mechanisms that can 
account for the separation between liquids and solids in 
liquid chambers.

Some insight into fluid dynamical processes that 
may take place within evolving plutons has resulted from 
experiments where multi-component salt solutions undergo 
crystallization in tanks that simulate magma chambers 
(Turner, 1980? McBirney, 1980; Chen, 1980) . In these 
experiments, strong compositional and density gradients

J
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within the experimental chamber result from the 
crystallization of crystals on the sides and bottom of the 
container, the partitioning of elements between the solid 
and liquid phases, and the rising to the top of less dense 
liquids (Turner, 1980? McBirney, 1980? Chen, 1980). 
According to McBirney (1980), at first, the interior of the 
solution convects as a single cell, but as crystals grow 
along the margins of the tank, liquids of lower density 
rise to the top and accumulate under the roof. The effect 
of compositional change resulting from crystallization more 
than offsets the increase in density caused by cooling. The 
less dense liquids rise to the top of the chamber, and 
result in a horizontally stratified, stable chamber 
(Turner, pers. comm., 1985).

Is it possible that this process, here referred to 
as upward magma accumulation, could have taken place in the 
Santa Teresa Pluton? A noticable similarity in patterns 
results from comparison of chemical distributions between 
the Santa Teresa System and an experimental 
'double-diffusive' system (fig. 17). It is significant that 
the two systems have in common that the liquid batches are 
a direct result of the crystallizing out of solid phases 
and the partitioning of elements between the solid and 
liquid phases. It must be noted that these two plots have
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Figure 17. Comparison of the Santa Teresa System 
with a double diffusive experiment. Similarity between the 
chemical patterns suggests that a process of upward magma 
accumulation may have taken place in both the experimental 
and natural systems.
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the following differences: the elemental ratios, the 
horizontal axes (percent crystallized versus height in 
chamber), and the composition of the solutions (the 
experimental system is carbonate as opposed to the Santa 
Teresa System which is silicate). Despite these 
differences, the similarity in the patterns suggests that 
similar fluid dynamical processes may have taken place in 
both the Santa Teresa and experimental systems.

The experimental system took 3 days to evolve 
(Turner, 1980). In contrast, the Santa Teresa Magmatic 
System probably evolved over a period on the order of 8 
million years. Factors that control the duration and rate 
of differentiation probably include the total mass and heat 
of the system, chemical and physical properties of the 
magma, and rate of heat loss.

Could the process of upward magma accumulation 
account for the zonation observed in the ash flow sequence? 
Comparison of the magmatic sequence with the stratigraphic 
sequence indicates that fractional crystallization and 
upward magma accumulation would account for the 
stratigraphic sequence of the ash flow tuffs, if the ash 
flow portion of the magma chamber was inverted during 
eruption (fig. 18).
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Figure 18. Magmatic sequence versus stratigraphic 
sequence. The process of fractional crystallization and 
upward magma accumulation would account for the chemical 
zonation and stratigraphic distribution of the system 
rocks, if the ash flow magmas were inverted during 
eruption.



92

Is there any evidence of stratification within the 
Santa Teresa Stock? Fortunately, a large portion of the 
upper magma chamber is preserved and exposed in the stock, 
and abundant evidence of stratified magmatic structures in 
the pluton exists (fig. 7). These include 1) a planar 
contact between the upper aplite and the equigranular 
granite, 2) planar structures within the aplite, 3) planar 
aplite sheets in the granite, and 4) a planar joint set in 
the granite. All of these structures are parallel, 
presently dipping approximately 20 degrees to the 
southwest. This orientation is nearly the same as the 
bedding in the Horse Mountain Volcanics, which implies 1) 
that the Santa Teresa Stock and the volcanic pile were 
tilted as a single block and, 2) the planar structures are 
primary magmatic structures from within the magma chamber, 
and at one time must have been horizontal.

Assimilation-Fractional Crystallization Mixing Model

What effect would partial melting or bulk 
assimilation of the host rocks have on the composition of 
the magma? Could this have contributed towards the zonation 
of the system? Isotope anomalies in the basal tuffs of some 
ash flows indicate some crustal contamination (Hildreth et 
al, 1984; Noble and Hedge, 1968; Stuckless and O'Neil,
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1973; DePaolo, 1981). Damon (in preparation) concludes that
Mid-Tertiary silicic magmas were essentially derived from
the melting of the crust on the basis of initial Sr isotope
ratios and evidence for steep Temperature gradients. The
basal layer of the Aravaipa Member is highly anomalous with
respect to the trace elements (especially Sr) and this
anomalous geochemistry may be the result of contact and
contamination with the Precambrian host rocks inside the

1
magma chamber prior to eruption.

A mixing model similar to that discussed by DePaolo 
(1981) was developed for this study whereby various amounts 
of the Precambrian granodiorite host rock is melted and 
mixed in stages with consecutive magma batches whose 
composition is determined by the fractional crystallization 
model. The model is discussed in appendix B. Considering 
the total mass of the pluton, it appears that bulk 
assimilation rather than partial melting of the Precambrian 
host rocks must occur in order to significantly change the

1. The thickness of the basal layer of the Aravaipa 
Member is 5 meters and the estimated area is 7300 square 
km. This suggests the basal tuff of the Aravaipa Member 
represents a volume of 37 cubic kilometers that was 
contaminated by Precambrian host rock within the magma 
chamber.
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overall composition of the pluton, ie, partial melts would 
represent too small of mass compared to the total mass of 
the pluton. The best solution for the mixing model is a 6% 
total contribution of Precambrian host rocks into the 
pluton, with assimilation climaxing between 40% and 50% 
crystallization of the pluton (table 6) (fig. 19). More 
than 10% assimilation would result in Sr values in the 
volcanic sequence significantly more than actually observed 
in the system rocks. Stuckless and O'Neil (1973) calculated 
a 5% contribution of host rocks into the ash flow magmas of 
the Superstition Mountains on the basis of Sr isotope 
contamination.

The point at which partial melting is calculated to 
be the greatest corresponds to the time at which the magma 
had the compositon of the Dikes, which suggests that the 
greatest bulk assimilation of host rocks into the magma 
chamber occured close to the time in which the dikes were 
emplaced. The Dikes have the greatest amount of statistical 
variation compared to the other members of the system rocks 
(fig. 10). Some of the variation in the chemistry 
(particularly Sr) of the dike rocks can be explained by a 
15 to 25% component of Precambrian host rock into the
dikes.
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Table 6. Comparison of the slope of the trend for episode 
II rocks with and without 6% assimilation.

ratio
observed
slope

slope calculated 
from fractionation 
data alone.

slope calculated 
with 6% partial 
melting as per 

figure 19.

Sr/Ba 0.0126 0.28 0.013
Sr/Rb -0.031 CO1 -0.025
Rb/Ba O01 -0.14 -0.52

percent cry eta IlizaHon

Figure 19. Assimilation versus crystallization. 
This distribution is the best fit for assimilation of the 
Precambrian host rock into the Santa Teresa Stock. Peak 
assimilation takes place between 40 and 50 percent 
crystallization of the pluton. Total contribution of host 
rock is 6 percent.



CHAPTER 7

DISCUSSION

Crystallization Rate

The fractional crystallization model provides a 
direct relationship between trace element data and the mass 
amount of crystallization in the Santa Teresa Pluton. 
Because crystallization is a rate process, the relationship 
between geochemistry and time can be determined if the 
crystallizaton rate is known. The crystallization rate of 
the pluton can be estimated by a combination of K-Ar age 
dates corresponding to known crystallization stages and by 
estimating the corresponding masses of the phases (table 
7). The difference between the ages and the estimated 
masses of the Santa Teresa Granite and the Goodwin Canyon 
quartz monzonite suggests that the Santa Teresa Pluton 
crystallized at a rate of about 13.3 percent / m.y., 
assuming a constant rate. This implies a duration of 
magmatism in the system of about 7.6 m.y., which correlates 
well with the length of igneous activity determined from 
K-Ar dating (fig. 4).
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Table 7. Mass fraction and volume relationships

member present area
(km2)

goodwin canyon 
quartz monzonite 270
santa teresa 
granite 180
aplite > 5
wire corral 
tuff > 10
aravaipa
tuff > 150
basal layer of 
aravaipa tuff > 150
grand reef 
tuff > 30

estimated thickness
original area (km)

(km2)__________

300 —

180
60 —

2720 .06

7340 .10

7340 .005

estimated 
depth 
(km)___

7.8

6.8

total mass = 1.25 X 10 kg
16

3497 20

97

calculated density | mass
volume (g/cm3) j fraction

___(km3)________________ j_______________

2250 2.72 | .50

1225 2.70 .25
200 2.68 .04

165 1.80 ! .02
I

735 2.0
!
| .10

37 2.0
i
' .005
i

560 2.1
•

1 .09
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Crystallization History

The estimated crystallization rate provides a means 
to calculate the dates of volcanic and magmatic events 
throughout the time-space continuum of the system (table 
8).

The crystallization model of the Santa Teresa 
Igneous System begins at 28.3 m.y., when the pluton was 
emplaced as a liquid with the composition of the Goodwin 
Canyon quartz monzonite. This period was accompanied by 
uplift, conglomaritic sedimentation and massive extrusion 
of intermediate magmas (Creasey and Kreiger, 1978). As the 
pluton crystallized, new less dense magmas created from the 
fractional crystallization process rose to the top of the 
stock and formed a stable, stratified, and chemically zoned 
upper magma chamber. By 25.5 m.y. the stock was 40% 
crystallized and the upper magma chamber had a range of 
compositions observed in the Dike, Aravaipa and Grand Reef 
igneous members of episode II.

Five important events happened at 24.8 m.y., 1) the 
Santa Teresa Pluton was 50% crystallized, 2) a regional 
latite ash flow tuff was erupted, marking the transition



Figure 8. Crystallization History of the Santa Teresa Stock. i
i

Age percent i
Date crystallized magmatic conditions volcanic conditions sedimentary conditions
(m.y.) |

28.3 0 emplacement of initial magma conglomerates and andesite intense!faulting1
27.6 10 newly formed magma rises to the 

top of the magma chamber
i andesitic volcanism auto-breccia

!;
26.9 20 top of the magma chamber has the 

composition of the Grand Reef member andesite to rhyodacite 
volcanism

!volcanic brecciat
1

26.2 30 top of the magma chamber has the 
composition of the Aravaipa member quiescence in volcanic 

activity
!deep erosion of the andesites
!|

25.5 40 top of the magma chamber has the 
composition of the dikes regional eruption of 

latite ash flow tuff
interbedded conglomerates

i
24.8 50 crystallization of the Goodwin Canyon 

quartz monzonite. Shift from episode II 
to episode III. Top of the chamber has 
the composition of Wire Corral Tuff

change to silicic volcanism. 
Injection of the dike swarm

ponded lake sediments

I
24.1 60 top of the magma chamber has the 

composition of the granite and aplite eruption of Wire Corral Tuff 
from the sides of the magma chamber

interbedded conglomerates
i

23.4 70 upper magma chamber begins to attain 
present magmatic structure

interbedded volcanic members from multiple vents volcanic agglomerates1!
22.7 80 crystallization of the Santa Teresa 

Stock. Quenching of the aplite
climactic eruption of 
Aravaipa and Grand Reef Members lithic rich ash flow tuffs

22.0 90 undersaturated magmas, 
pegmatites

cooling of tuffs, late stage 
eruption of silicic tuffs

fanglomerate deposition

21.3 100 cooling of pluton and crust, 
hydrothermal activity, 
ore mineralization

fumaroles and hot springs tiltingiof the volcanics, 
normal and listric faulting, 
basin alluviation



100

from lower andestic to upper rhyolitic volcanism (Creasey 
and Krieger, 1978), 3) the dike swarm at Eagle Pass, and 
possibly the dike swarm at the Santa Teresa system, was 
emplaced (Shafiqullah et al, 1980), 4) the temperature of 
the Goodwin Canyon Quartz monzonite dropped below the curie 
point (Shafiqullah et al, 1980), and 5) the magma zonation 
shifted from episode II to episode III (fig. 16).

As magmas rose to the top of the chamber, magmas 
directly in contact with the Precambrian host rocks were 
contaminated and had anomalous trace element and isotope 
composition (Hildreth, 1984; DePaolo, 1981; Stuckless and 
O'Neil, 1973), however, the greatest amount of wall rock 
assimilation occurred during the main diking event, at 
approximately 50% crystallization of the pluton.

The shift from episode II to episode III can be 
explained in terms of an important shift in the composition 
of the crystallizing magma. The composition of the initial 
magma determines the composition of new magma formed by 
fractional crystallization, and at 50% crystallization the 
'first generation' magma is completely crystallized and 
'second generation' magma, ie., magma which had previously 
been formed by fractional crystallization, begins to 
crystallize (fig. 20). At this point, a 'third generation'
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Figure 20. Generational evolution of the Santa 
Teresa magma chamber. Rocks of episode II (Dike, Aravaipa 
and Grand Reef) are inferred to be from the second magma 
generation of the Santa Teresa Stock. Rocks of episode III 
(Granite, Aplite and Wire Corral) are inferred to be from 
the third magma generation. The shift from the second to 
third generations occurs at 50% crystallization of the 
pluton.
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of magma forms and begins to rise to the top of the 
chamber. It is inferred that episodes II and III of the 
system rocks correspond to the second and third generations 
of the Santa Teresa magma.

At 22.8 m.y., the dike swarm was emplaced and the 
Aravaipa - Grand Reef Ash Flow Tuff sequence was erupted.
At this point, the remaining liquid in the upper magma 
chamber was 'quenched' to aplite because of the rapid 
pressure drop. After the main ash flow event, the crust 
cooled, hydrothermal fluids circulated in and around the 
Santa Teresa Stock, and tilting of the crust was 
accompanied by normal faulting and minor silicic tuffs. 
Approximately 14 million years later, 8 m.y. ago, late 
primitive basalt flows were erupted from vents at the edges 
of the volcanic - plutonic field, which marked the end of 
silicic volcanic activity in the area (Damon, pers. comm.).



CHAPTER 8

CONCLUSIONS

1) Evidence for a 'trap-door1 type caldera centered 
in the Aravaipa Valley and Santa Teresa Mountains includes 
arcuate subsidence structures? source direction indicators 
in the ash flow tuffs? intra-caldera volcanics and 
conglomerates, vents and intrusive rhyolites; a rhyolite 
dike swarm, and similar ages and geochemical zonation of 
the intrusive and extrusive rocks.

2) This thesis demonstrates the importance of 
statistically constraining geochemical data. A group of 
samples from each member is important not only for 
statistical control but for analysis of variance which may 
be a way of correlating rock units and interpreting 
differentiation processes.

3) A geochemical correlation test was developed for 
this study that identified a group of intrusive and 
volcanic rocks within the Galiuro and Santa Teresa 
Mountains. These rocks are interpreted to be comagmatic and 
are referred to as the 1 system rocks'. The system rocks are
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episodically zoned with respect to trace and major 
elements, phenocryst composition and modal abundance. Sr,
Ba and Zr increase and Rb, Nb and Y decrease in the older 
rocks. The main ash flow episode has zonation reverse to 
that of the system as a whole.

4) Fractional crystallization is the dominant cause 
of zonation and differentiation within the volcanic and 
magmatic sequence. Mass balance equations predict that 
between 30 to 68% crystallization of a magma with an 
initial composition and relative mass of the Goodwin Canyon 
quartz monzonite could have produced 1500 cubic kilometers 
of magma with the compositional range observed in the 
ash-flow, aplite, and granite sequence.

5) A model of upward magma accumulation in the 
magma chamber is suggested by fluid dynamical experimental 
work with the crystallization of multi-component salt 
solutions in tanks that simulate magma chambers. The 
process of upward magma accumulation would account for the 
stratigraphic relations observed in the volcanic and 
intrusive sequences as well as the stratified magmatic 
structures observed in the Santa Teresa Stock.
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6) Three distinct geochemical episodes appear to be 
related to a 'generational1 evolution of the pluton.

7) The fractionation model relates composition with 
mass. Because crystallization is a rate process, a 
relationship between chemistry, time and mass is 
established in the pluton.

Closing Comments and Suggestions for Future Work

There are many remaining problems related to the 
intrusion of the Santa Teresa stock that should be studied. 
Particularly fortunate is the fact that such a diversity of 
rocks from throughout the system are preserved and exposed. 
The simultaneous exposure of the granite and quartz 
monzonite batholith and the intermediate to silicic 
volcanic pile allows for a detailed chronological, isotope, 
chemical, petrologic, and structural study of the 
Mid-Tertiary magmatic-volcanic system.

Particularly important problems are the structural 
characteristics of caldera formation in the Basin and Range 
Province, where many questions remain unanswered. Isotope 
research could investigate the role of basement rock 
assimilation and the source magmas. The exposure of so many
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intrusive phases potentially allows for the detailed mass 
balance study of mineralizing fluids, with special emphasis 
on economic potential. If the mineral assemblages 
corresponding to specific magma batches can be determined, 
then it should be possible to map the liquidus surface 
throughout the time and space of the Santa Teresa Stock. 
Another important area of research is the relation between 
the volcanic and magmatic systems along the northwest 
trending 200 kilometer Aravaipa -Sulphur Spring Valley, 
where comparison and analysis of chemistry and petrography 
may provide answers on a more regional basis.

The magmas record in a fundamental way the energy 
of the system at specific points in time. The total volume 
and heat change in the system due to the massive extrusion 
of the volcanics may be proportional to the excess heat in 
the crust at the time of magma generation. The rate at 
which magmas rose to the surface may be a way of estimating 
the paleo-geothermal gradient. As the magmas were 
transported upward, they effectively redistributed the mass 
and volume of the crust into stratified plutonic and 
volcanic layers, ultimately constrained by the conservation 
of mass and energy.



APPENDIX A

STATISTICAL METHOD

Correlation of ash-flow tuffs over extensive or 
structurally complex areas has long been of interest to 
geologists. Correlation on petrographic characteristics 
alone is often difficult because of lateral variability in 
degree of welding, crystallization, crystal/glass ratios, 
lithic content and alteration (Ross and Smith, 1960; Hahn 
et al, 1979). Geochemistry has been an aid in the 
interpretation and correlation of igneous rocks in Arizona 
(Taylor, 1959; Havla, 1961; Marjeneimi, 1969; Latta, 1984; 
Tsugi, 1984) and has been successfully applied to 
correlation of ash-flow tuffs of the Mediterranean 
(Richardson and Ninkovich, 1976), Guatemala (Hahn et al, 
1979), the Cascades (Borchardt et al, 1970) and the Taupo, 
New Zealand (Howorth and Rankin, 1975) volcanic fields.

Trace elements, especially those that are strongly 
partitioned between crystals and liquids, are particularly 
useful1 for 'fingerprinting1 because they are much more 
sensitive to crystal fractionation and other 
differentiation processes than are the major elements,
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which normally vary over relatively narrow ranges 
(McBirney, 1980, p. 358). Elements that have high field 
strengths (charge/radius ratio) such as Zr, Y and Nb are 
useful because they are not effected as much by 
hydrothermal alteration and seem to be good indicators of 
source heterogeneity (Pearce and Norry, 1979, p. 41).

to test, for significant differences between groups of 
geochemical data. It is an adaptation of the t-test (Wine, 
1964). First, groups of samples are compared to a control 
group. In this study, the Aravaipa member was used as the 
control group because it is the unit most completely 
analyzed and documented, and one of the objectives in this 
study is to determine if the Aravaipa member can be 
correlated with ash-flow tuffs in the Horse Mountain 
Volcanics. The t-number for each element is determined by 
the following formula:

A statistical method was developed for this study

x, - X,
C\'N,+ N;

where
NiSf +
N. + N, - 2

Here, N equals the number of samples, X equals the
mean and S is the standard deviation. The correlation



109

number equals the t-number normalized to the critical 
t-number, which is a function of sample size (Wine, 1964):

*c - —
T Cr»t

The critical number is obtained from published 
statistical tables. A correlation number is calculated for 
each element. In addition, an average for each group is 
calculated by taking the average of the absolute values of 
all the elements:

n

The assumptions (and sources of error) when using 
the t-test are as follows:

1. The two groups are independent.
2. The populations are normally distributed.
3. The populations have the same variances.
4. The samples are random.

The requirement that could cause the greatest error 
in calculation is the homogeneity of variances. This 
problem is reduced if the samples are of equal size (Wine, 
1964). It is suggested that further work could be done to 
factor each element with respect to the variance of the 
correlation numbers. This is because some elements, such as
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Sr and Ba, have a greater statistical variance with repsect 
to the correlation numbers than other elements, and exert a 
greater influence on the correlation test than other 
elements.

For comparison, and to test the validity of the
statistical method, 18 genetically unrelated silicic
volcanic and intrusive rocks from five rock units were
tested. These rocks include rhyolite dikes from the
southern Galiuro and northern Pinaleno Mountains, intrusive

1
and volcanic rocks from the Chiricahua Mountains and the 
average high silica ash-flow tuff composition from the 
Datil volcanic field. New Mexico (Bornhorst, 1980). Also, 
the Hells Half Acre Tuff, inferred to be derived from the 
northern Galiuro Mountains, is included.

1. Rock units from the Chiricahua Mountains include 
the Rhyolite Canyon and Monument ash-flow tuffs and the 
Turkey Creek quartz monzonite (Data from Latta, 1984).



APPENDIX B

QUANTITATIVE MODELING OF FRACTIONAL CRYSTALLIZATION 
AND WALL ROCK ASSIMILATION

Quantitative modeling of fractional 
crystallization, partial melting and assimilation is 
possible through the relationship of concentration and the 
chemical potential of elements between coexisting solid and 
liquid phases, and the mass balance constraints of mixing 
and crystallization (Arth, 1976; Depaolo, 1981).

The chemical potential of an element i is equal 
among all phases during equilibrium:

and the concentration difference of i between phases a and 
b is related to the change in activity between phases by:

In k = «i , - ti, >
RT
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where:

k •5 and m rn XX

where x is the activity coefficient.

According to Henry's Law, which applies to dilute 
solutions such as trace element solid solutions, the 
activity coefficients have a constant value which is 
independent of concentration, so that:

x*
X*

X*?k" K '

The quantity K is the distribution coefficient and 
represents the concentration ratio of trace elements 
between two equilibrium phases (Arth, 1976).

Quantitative modeling has been demonstrated to be a 
powerful1 concept by which to approximate the behavior of 
trace elements in crystallizing magma chambers (Wood and 
Fraser, 1977; Depaolo, 1981; Arth, 1976; Conrad, 1984; 
Latta, 1984), especially where the system is 
mineralogically simple and reliable partition data are 
available for the major crystal phases. Assumptions in the 
thermodynamic model are 1) that the activity coefficient is
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independent of composition (Wood and Fraser, 1979) and 2) 
that the system remains in equilibrium throughout 
crystallization (Helgeson, 1968). The extent to which these 
conditions deviate in nature is a subject of much interest 
to geologists.

Fractional Crystalization

The equation used for surface fractional 
crystallization modeling is:

c,c. F<D-1>

where:

F = weight fraction of melt relative to original 
parent

CO = weight concentration of a trace element in 
parent

Cl = weight concentration of a trace element in 
melt

D = bulk distribution coefficient
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For any number of phases (n) , the bulk distribution 
coefficient is given by:

X

D =

where:

Kd = partition coeficient of a trace element, 
weight fraction of a trace element in a 
mineral divided by its weight fraction in 
coexisting melt

X = weight fraction of a mineral phase

Partition coefficients for fractional 
crystallization and partial melting were obtained from Arth 
(1976; table 9). The weight fractions of mineral phases and 
the bulk distribution coefficients are listed in tables 10 
and 11. Many mineral assemblages were tested against the 
geochemistry of the system rocks and the best fit for the 
crystallizing assemblage is the approximate mineralolgy of 
the Santa Teresa Granite, which is, 33% plagioclase, 33% 
potassium feldspar, 30% quartz and 4% biotite.
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Table 9. Partion coefficient for rhyolitic rocks. 
From Arth (1976) .

Element K-feldspar Plagioclase Biotite

Rb 0.34 0.041 2.24
Sr 3.87 4.4 0.17a
Ba 6.12 0.308 9.7

a. from Latta, 1984

Table 10. Mineral weight fractions.

member plagioclase k-feldspar biotite

goodwin canyon 
quartz monzonite .47 .23 .08
santa teresa
granite .33 .33 .04
Precambrian
granodiorite .55 .11 .10

Table 11. Bulk distribution coefficients.

member Rb Sr Ba

goodwin canyon 
quartz monzonite .23 2.97 2.33
santa teresa 
granite .215 2.73 2.51
Precambrian
granodiorite .34 2.86 1.98
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Partial Melting

The equation used for partial melting is:

C, . _____ 1C, <D, +
where:

F = weight fraction of melting
CO = weight concentration of a trace element in 

initial solid
Cl = weight concentration of a trace element in 

melt
DO = bulk distribution coefficient

The bulk distribution coefficient used in the model 
is the same as for the fractional crystallization model. 
Although extreme compositions can be accounted for by the 
partial melting model (especially high values of Sr), the 
partial melts would not significantly affect the overall 
chemistry of the magma chamber because of the small amount 
of mass of the partial melts compared to the total mass of 
the pluton, therefore, bulk assimilation must take place in 
order to change the bulk chemistry of the magma chamber. 
Modeling of partial melting and assimilation of host rock 
assumes a composition of the Precambrian granodiorite 
(table 10).
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Assimilation Mixing Model

Depaolo (1981) discusses a model of the combined 
effects of wall rock assimilation and fractional 
crystallization. These equations are dependent on the mass 
of the pluton, the assimilation rate (mass/unit time) and 
the rate at which magmas are created through fractional 
crystallization. A similar mixing model was computer 
programmed for this study that simulates various amounts of 
the Precambrian host rocks melted and mixed in stages with 
consecutive batches of magma whose compositions are 
determined by the fractional crystallization model.

The total amount of melting of Precambrian host 
rocks is an independent variable but the proportion of 
mixing into particular magma batches is a function of the 
amount of crystallization of the pluton. The model assumes 
that bulk assimilation of the wall rocks occurs, thus, the 
composition of the wall rock is constant. The physical 
mechanism is assummed to be upward magma accumulation - 
each consecutive magma batch rises to the top of the magma 
chamber, in contact with the wall rocks for some duration 
of time related to the amount of crystallization and 
displacement by younger magmas.
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The model mixes varying amounts of host rock in 10 
stages into the uppermost layers of magma in the magma 
chamber. The equation for the fractional crystallization of 
the magma and partition coefficients are given above. The 
model suggests that 5-10% total assimilation of the 
Precambrian host rocks is permitted, with a best fit of 6% 
assimilation. This model provides a better fit to the data 
than fractional crystallization alone.

\



APPENDIX C

ANALYTICAL TECHNIQUES

It has been proposed that in geochemical studies of 
ash-flow tuffs, glassy pumice should be analyzed to avoid 
variabilty in the proportion of crystals, and sorting of 
heavier particles over distance (Hildreth, 1977; Sparks and 
Walker, 1977). It is not always possible to separate pumice 
from ash-flows, especially in ash flows where the pumice 
are small and densely welded or fused. Because of the 
difficulty in removing pumice in the Aravaipa Member, 
whole-rock analysis was done. Borchardt et al, (1971) found 
there was not a significant difference in tuffs with small 
crystal fractions such as the Aravaipa member. Hildreth 
(1979) found that there was no significant difference in 
chemical trends between whole-rock and glassy separates in 
the Bishop tuff.

5- 10 pound samples were collected from the field 
on the basis of freshness. Samples selected for analysis 
were broken up into fagments <-6 mm in diameter. These 
sample splits were hand separated to select the freshest 
appearing material and remove fragments that contained
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visible foreign lithic material. The sample material was 
crushed into a powder (minus 250 mesh) using a tungsten 
carbide pica mill. These sample powders were used for trace 
element and major element X-ray fluorescence analysis 
(XRF).

X-ray Fluorescence Analysis

Two methods of X-ray fluorescence analysis were 
utilized in this study. Dry powder pellets were used to 
determine Rb, Sr, Y, Zr, Nb, and Ba. The fused-glass method 
described by Norrish and Hutton (1969) was used to 
determine the abundances of Si and Al.

Powder Pellets
For each sample, approximately 8 g of rock powder 

was mixed with 10 to 15 drops of polyvinyl alcohol binder 
solution and pressed into a 2.5 x 0.6-cm disk-shaped 
pellet. During the pressing, pressure was applied gradually 
for 1 min until 15 tons/in2 was reached. This pressure was 
held steadily for 2 min, the pressure was gradually 
released for 1 min. The pellets were dried at approximately
55 c for 24 hr.
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Analyses were performed with a Norelco X-ray 
spectrometer with Mo, Cr and W tubes set at 50 kV and 44 
AM, a LiF analyzing crystal, 0.015 d fine collimator, 
1025-volt scintillator counter, A1 holder, 1 x 5  
attenuation, and pulse height analyzer set with a baseline 
at 8 volts and channel width of 15-25 volts.

Counting times during X-ray analysis was for 1 to 2 
min for each analysis. Analytical precision based on 
replicate analyses on different days was +- 5 to 10 
percent. The X-ray data were corrected for secondary 
absorption by measurment of the Compton scattered Mo K* 
line. The Y and Zr line intensities were corrected for 
interference by the Rb and Sr Kb lines. Rock standards 
NIM-N, ZGI-BM, GSP-1, AGV-1, and NIM-G were similarly 
analyzed for control and standardization. Trace-element 
abundances were determined by a computer program that 
compared line intensities with those of the standards.
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Fused-glass disks
Fused-glass disk, 2.5 cm in diameter, were made 

following the procedures detailed in Norrish and Hutton 
(1969) . The recipe for the flux mixture for each sample is 
as follows:

1.500 g LiB02 0.025 g NaN03
0.400 g La203 0.350 g sample powder.

Counting times during X-ray analysis was for 1 or 2 
minutes for each analysis. Each analysis was repeated. The 
concentrations of the major-element oxides were determined 
by direct regression of the analysis made on standards.



APPENDIX D

TRACE ELEMENT ANALYSES OF ROCKS FROM THE FIELD AREA

Table 12. Whole-rock X-ray fluorescence analyses of 
rocks from the field area. —  Values in ppm.
Sample Rb Sr Y Zr Nb Ba

Hells Half Acre Tuff
1 -23- 9 176.6 626.2 81.7 103.1 25.7
1 -23-10 148.5 954.7 72.7 69.4 28.0

Aravaipa Member
Brandenburg Wash Section
2 -27- 1 151.2 206.6
2 -27- 2 156.5 264.0
2 -27- 3 115.1 665.7
2 -27— 4 284.3 52.4
2 -27- 5 307.8 36.2
2 -27— 6 300.4 31.2
2 -27- 7 257.3 24.0
2 -27- 8 289.0 26.0
2 -27- 9 256.2 28.6
2 -27-10 244.9 36.0
2 -27-11 251.4 40.9
2 -27-12 246.4 38.4
2 -27-13 233.8 41.5
2 -27-14 235.5 43.9
2 -27-15 236.1 49.7
2 —27—16 238.0 59.8
2 -27-17 230.5 68.3
2 -27-18 182.0 68.4
Cave Canyon 
4 -11- 2

Section
114.0 821.2

4 -11- 3 158.5 533.5
4 —11— 4 148.7 344.2
4 —11— 5 138.8 374.2

29.9 149.0 32.9 186.6
29.8 190.1 49.6 204.6
25.5 181.5 48.5 215.3
17.4 196.6 52.0 239.3
19.9 216.0 57.6 239.3
7.3 42.1 58.7 254.0

22.1 230.6 57.7 268.8
14.7 231.2 55.1 266.8
22.7 224.8 61.8 272.1
21.3 237.6 66.3 307.3
23.7 229.3 64.2 281.2
13.3 218.3 62.2 306.3
14.0 213.2 52.4 291.9
19.3 189.8 62.0 313.0
23.6 220.8 54.5 304.6
33.1 217.4 54.9 311.6
25.8 231.1 53.8 285.9
26.6 198.7 54.0 283.0

25.6 141.4 35.0 186.1
49.8 146.3 21.9 211.6
40.9 150.9 28.9 215.2
38.6 152.5 34.4 213.7
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Table 12. Whole-rock X-ray fluorescence analyses of
rocks from the field area. — ■ Values in ppm —  Continued.
Sample Rb Sr Y Zr Nb Ba

Woods Ranch 
1 -23- 1

Section
161.7 102.9 23.5 169.6 40.8 213.8

1 -23- 2 188.8 347.7 21.7 84.0 48.1 242.3
1 -23- 3 277.6 31.6 39.8 166.6 39.8 230.6
1 -23- 4 273.6 30.2 40.0 169.3 45.5 252.8
1 -23- 5 240.8 43.6 39.1 164.0 49.6 259.6
1 —23 — 6 237.9 35.2 37.8 171.3 48.1 242.0
1 —23 — 7 250.8 46.5 40.7 186.2 46.7 248.1
1 -23- 8 309.0 30.1 42.4 178.5 45.3 237.2
Middle 
2 -10-

Virgus Canyon 
1 102.8

l Section 
431.9 36.0 177.6 46.3 241.9

2 —10— 2 135.2 607.7 33.5 197.8 51.2 263.5
2 -10- 3 252.6 28.7 44.5 180.9 68.3 248.3
2 —10— 4 210.4 24.8 42.1 161.7 45.9 244.8
2 —10— 5 230.2 34.9 37.5 185.2 50.4 281.0
2 —10— 6 233.8 18.9 41.7 188.8 54.3 280.9
2 —10— 7 226.1 37.1 38.4 177.1 30.0 287.9
2 -10- 8 212.8 23.7 40.0 170.3 40.9 236.9
2 -10- 9 211.0 58.7 41.6 171.1 32.7 297.8
Table 1 
2 -12-

Mountain Section 
1 248.4 40.4

2 -12- 2 238.7 34.3 — — — — — —

2 -12- 3 242.8 20.5 — —— —— — —

2 -12- 4 249.8 24.2 — —— —— ——
2 -12- 5 236.4 28.1 — — — — — —
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Table 12. Whole-rock X-ray fluorescence analyses of
rocks from the field area — Values in ppm —  Continued.
Sample Rb Sr Y Zr Nb Ba

Mouth of Virgus Canyon Section
8 -18- 1 215.2 57.4 — — —— —— —
8 -18- 2 223.6 50.8 —— — — —— ——
8 -18- 3 224.5 35.5 —— —— —— ——
8 -18— 4 224.2 32.4 —— —— —— ——
8 -18- 5 213.7 27.2 —— —— —— ——
8 -18— 6 247.2 25.2 — —— — — —
8 -18- 7 285.3 21.4 —— —— — — —
8 -18— 8 246.4 22.9 —— —— — — — —
8 -18- 9 236.3 64.7 —— —— — ——
Parsons Canyon Section
1 -30- 1 295.9 27.9 —— —— —— ——
1 -30- 2 243.3 36.0 —— — — — — ——
1 -30- 3 236.4 35.1 —— —— —— ——
1 -30— 4 225.8 44.3 —— —— — — ——
1 -30- 5 240.7 41.0 —— —— —— — —
East Aravaipa Canyon Section
1 -31- 0 245.7 28.6 —— —— —— —
1 -31- 1 256.8 51.3 —— — — —
1 -31— 2 240.1 30.3 —— —— —— ——
1 -31— 3 236.9 33.6 —— —— —— —
1 -31- 4 242.2 40.9 —— —— —— — —
1 -31- 5 234.8 31.7 —— —— —— — —
1 —31— 6 235.9 41.4 —— —— —— —
1 -31- 7 217.4 35.6 —— —— —— —
1 -31- 8 228.8 38.9 —— —— — — ——
1 -31- 9 260.6 39.6 — —— —— ——
1 -31-10 233.6 42.9 —— —— — — ——
1 -31-11 231.2 35.0 —— —— — ——
1 -31-12 230.0 51.6 — — — — — — — —
1 -31-13 222.7 44.6 — — — — — — — —
Grand Reef Ash Flow Tuff (correlative with the AravaipaMember)
2 -20- 4 240.0 44.3 25.7 206.2 56.4 274.5
4 -10- 1 210.9 36.3 35.5 197.4 44.0 336.8
2 -20-11 213.1 38.1 47.6 198.9 27.7 294.0
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Table 12. Whole-rock X-ray fluorescence analyses of
rocks from the field area —  Values in ppm —  Continued.
Sample Rb Sr Y Zr Nb Ba

Bear Springs Tuff Member
12-12- 5 176.9 293.0 22.5 192.0 25.3 236.3
12-12— 6 112.7 397.6 24.8 175.1 52.0 158.4
12-11- 5 137.9 135.3 31.8 193.7 32.3 393.4

Wire Corral Member
12-11- 3 189.2 15.5 60.2 173.5 57.1 125.3
12-11- 4 214.0 18.5 61.1 202.4 67.8 139.9

Oak Springs Tuff Member
12-12- 3 126.0 382.1 24.5 269.0 16.4 480.8
12-11- 1 139.3 357.3 22.2 190.2 27.7 182.1
12-11- 2 134.7 528.9 27.8 191.1 22.4 193.7

Holy Joe Latite Ash Flow Tuff Member
Brandenburg Wash Section
12-12- 1 250.3 181.3 39.9 507.8 34.8 — —
12-12- 7 249.1 218.0 39.2 404.4 29.9 ——
12-12- 2 152.2 436.6 35.4 393.5 28.9 ——
Rattlesnake Canyon Section
10-25- 1 300.5 446.3 23.8 437.6 28.1 ——
10-25- 2 230.0 132.2 22.0 446.4 28.4 ——
10-25- 3 217.2 216.5 28.4 443.0 24.8 ——
10-25- 4 237.5 210.2 27.9 471.3 28.3 —
10-25- 5 217.2 206.6 28.0 413.1 28.2 ——

Horse Mountain Volcanics
Upper Lava 
10— 2- 6 192.7 3.4 38.5 220.0 85.1 — —
Lower Lava 
2 -20- 1 230.2 32.8 52.8 310.5 33.8 432.0
2 -20- 2 264.7 91.5 40.0 295.7 54.6 378.0
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Table 12. Whole-rock X-ray fluorescence analyses of
rocks from the field area —  Values in ppm —  Continued.
Sample Rb Sr Y Zr Nb Ba

Santa Teresa Intrusive Complex
Dikes
10- 2- 1 98.3 152.2 73.9 235.1 108.6 157.0
10- 2- 2 249.8 39.7 24.6 147.1 54.7 305.4
10- 2- 3 197.5 16.3 47.0 152.8 94.6 174.5
10- 2- 4 268.5 42.6 56.1 214.0 90.7 146.8
4 -10- 5 152.7 61.8 " 30.6 142.2 65.3 109.3
12- 4-11 376.5 19.5 35.6 211.5 132.5 112.3
12— 4—12 350.3 52.3 36.9 229.5 114.1 186.4
12- 4- 1 308.8 19.9 24.4 228.4 130.3 105.9
12- 4- 2 437.6 38.9 13.4 188.6 110.8 244.9
12- 4- 3 230.7 76.4 19.6 163.4 30.7 209.6
12- 4- 4 206.1 35.8 56.1 213.1 119.3 118.6
2 —20— 6 217.1 14.5 50.5 213.3 24.5 220.2
4 —10— 4 307.0 14.2 65.4 312.6 61.3 170.7
Aplite
12- 4- 5 283.4 0.9 7.6 241.0 140.3 93.0
12— 4— 6 349.8 5.4 40.0 186.7 104.4 82.1
12— 4— 9 316.2 3.8 30.6 144.3 66.8 104.4
12- 4 -8 320.7 1.8 36.4 149.8 59.7 101.4
12- 4 -7 319.8 2.2 78.6 154.4 121.9 83.7
Granite
12- 4-10 356.3 12.8 35.0 156.9 71.4 125.8
12- 4-13 443.1 3.2 26.4 158.4 74.6 94.0
4 —10— 3 240.1 5.0 24.2 163.1 50.3 105.3
2 —20— 8 383.6 3.5 88.5 148.1 68.4 97.6
Quartz Monzonite 
10- 2- 7 182.8 98.6 7.0 89.4 32.0 320.8

2 -20- 7 145.3
Precambrian Granodiorite 
340.5 13.6 138.2 4.5 353.7

Andesite of Depression Canyon
12-12- 4 36.4 695.2 22.4 251.5 16.5



APPENDIX E

TRACE ELEMENT ANALYSES OF ROCKS 
FROM OUTSIDE OF THE FIELD AREA

Table 13. Whole-rock X-ray fluorescence analyses of 
rocks from outside the field area. —  Values in ppm.

Sample Rb Sr Y Zr Nb Ba

Dike from Eagle Pass
3 - 6 - 1  87.1 133.7 12.6 82.5 20.9

Dike from 5 kilometers northwest of Hookers Hot Springs 
3 -27- 1 104.3 230.2 9.2 123.9 10.1
Average high silica rhyolite ash flow tuff from the Datil 
Volcanic Field, New Mexico. Data from Bornhorst (1980). 

10-10-10 228.0 84.0 58.0 253.0 —  346.0
Rocks from the Chiricahua Mountains. Data from Latta (1984).

Rhyolite Canyon Member
CH-354 278.1 62.6 68.2 287.1 54.0 — —
CH-331 253.4 7.0 64.4 381.3 31.7 — —
CH-353 274.7 72.8 80.6 309.9 61.5 — —
CH-352 260.8 107.7 118.5 351.0 44.1 ——
CH-351 247.4 31.9 114.1 353.3 45.6
Monument
JSL-44A

Member
456.7 28.4 175.5 292.6 36.6

JSL-44D 470.2 18.7 82.3 304.3 45.2 — —
CH-344 442.5 16.6 76.2 297.8 78.2 — —
CH-345 435.5 10.0 114.1 309.2 59.4 —
CH-339 449.1 8.3 164.7 296.3 64.5 — —
Intrusive
CHR-1

Units
166.6 214.9 37.3 494.3 19.6

CH-325 175.2 231.2 54.3 464.1 16.6 ——
CH-348 168.8 139.9 33.6 232.8 30.4 — —
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APPENDIX F

WHOLE-ROCK MAJOR-ELEMENT ANALYSES

Table 14. Whole-rock major-element analysis
Wire
12-

Corral
11-3

Bear Spring 
12-11-5

Aravaipa
2-10-2

Aravaipa
2-10-5

Aravaipa
2-10-9

Element
Si02 72.1 64.75 74.5 75.1 72.0
A1203 10.0 16.12 12.0 10.5 11.6
Fe304 0.50 0.53 0.49 0.52 0.50
MgO 0.16 0.10 0.44 0.10 0.24
CaO 0.02 0.85 0.76 0.19 0.07
Na20 2.34 0.0 0.02 3.20 2.06
K20 4.32 2.26 2.10 4.34 4.00
MnO 0.64 0.57 0.61 0.56 0.54
total 90.06 85.24 90.92 94.51 91.01
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Table 14. Whole-rock major-element analysis —
Continued.

Grand Reef 
4—10—1

Grand Reef 
2-20-4

Dike
2—20—6

Dike
10—2—4

Dike
10-2-2

Element
Si02 72.0 74.0 75.5 78.5 70.4
A1203 13.7 10.0 11.47 12.2 10.8
Fe203 0.47 0.51 0.46 0.29 0.45
MgO 0.20 0.14 0.22 0.15 0.12
CaO 0.0 0.14 0.0 0.01 0.02
Na20 3.20 3.12 3.90 1.40 1.52
K20 4.04 3.84 3.82 4.22 5.26
MnO 0.45 0.56 0.52 0.35 0.35
total 94.05 92.37 95.89 97.12 88.92

Aplite
12-4-9

Aplite
12-4-7

Granite
2—20—8

Element
Si02 78.4 71.0 76.25
A1203 11.4 14.59 11.65
Fe203 0.45 0.43 0.41
MgO 0.16 0.12 0.17
CaO 0.0 0.0 0.0
Na20 3.56 3.40 2.92
K20 3.88 3.92 3.40
MnO 0.50 0.50 0.55
total 98.35 93.78 92.19



REFERENCES CITED

Arth, J. G., 1976, Behavior of trace elements during
magmatic processes —  A summary of theoretical models 
and their applications: U.S. Geological Survey Jour 
Research, v. 4, p. 41-47.

Bikerman, M., 1965, Geological and geochemical studies in 
the Roskruge Mountains, Pima County, Arizona: Ph.D. 
dissertation, Tucson, University of Arizona, 112 p.

Blacet, P.M., and Miller, S.T., 1978, Reconnaissance
geologic map of the Jackson Mountain Quadrangle, 
Graham County, Arizona, U.S. Geological Survey 
Miscellaneous Map GQ-939, scale 1:62,500.

Blake, W.P., 1902, Geology of the Galiuro Mountains,
Arizona, and of the gold-bearing ledge known as Gold 
Mountain: Eng. and Mining Jour., v. 73, p. 546-547.

Borchardt, G.H., Harward, M.E., and Schmitt, R.A., 1971, 
Correlation of volcanic ash deposits by activation 
analyses of glass separates: Quaternary Research, v. 
1, p. 247-260.

Bornhorst, T.J., 1980, Major and Trace-Element geochemistry 
and mineralogy of upper Eocene to Quaternary volcanic 
rocks of the Mogollon-Datil volcanic field. 
Southwestern New Mexico: PhD dissertation. University 
of New Mexico, 1108 p.

Burnham, W., 1979, Magmas and hydrothermal fluids, in
Barnes, H. L., ed., Geochemistry of hydrothermal ore 
deposits, 2nd ed.: New York, John Wiley, p. 71-136.

Cann, R.J., and Renfew, C., 1964, The characterization of 
obsidian and its application to the Mediterranean 
region: Prehistoric Society, Proceedings, v. 30, p. 
111-131.

Carmichael, I.S.E., 1962, A note on the composition of some 
natural acid glasses: Geological Magazine, v. 99, p. 
253-264.

131



132

Carmichael, I.S.E., and McDonald, A., 1961, The geochemistry 
of some natural acid glasses from the North Atlantic 
Tertiary Volcanic Province: Geochemica et Acta, v.
25, p. 180-222.

Carmichael, I.S.E., Turner, F.J., and Verhoogen, J., 1974, 
Igneous Petrology, McGraw Hill, New York, p. 739.

Chen, C.F., and Turner, J.S., 1980, Crystallization in a 
double-diffusive system. J. Geo. Res., v. 85, p. 
2573-2593.

Christiansen, R.L., 1979, Cooling units and composite sheets 
in relation to caldera structure: Geol. Soc. Am.
Spec. Pap. 180, p. 29-42.

Christiansen, R.L., and Blank, H.R., Jr., 1972, Volcanic 
stratigraphy of the Quaternary rhyolite plateau in 
Yellowstone National Park: U.S. Geol. Surv. Prof. 
Paper 729-B, 18 p.

Christiansen, R.L., Lipman, P.W., Carr, W.J., Byers, Jr., 
F.M., Orkild, P.P., and Sargent, K.A., 1977, Timber 
Mountain - Oasis Valley caldera complex of southern 
Nevada, Geol. Soc. Am. Bull. v. 88, p. 943-959.

Conrad, W.K., 1984, The mineralogy and petrology of
compositionally zoned ash flow tuffs, and related 
silicic volcanic rocks, from the McDermit caldera 
complex, Nevada-Oregon, J. Geo. Res., v.89, n. BIO, 
p.8639-8664.

Cooper, J.R., and Silver, L.T., 1964, Geology and ore
deposits of the Dragoon quadrangle, Cochise County, 
Arizona: U.S. Geological Survey Professional Paper 
416, 196 p.

Creasey, S.C., 1981, Mineral Resources of the Galiuro
Wilderness and Contigous Further Planning Areas, 
Arizona: U.S. Geological Survey Bull. 1490, 94 p.

Creasey, S.C., Banks, N.G., Ashley, R.P., and Theodore,
T.G., 1977, Middle Tertiary plutonism in the Santa 
Catalina and Tortolita Mountains, Arizona: U.S. Geol. 
Survey Jour. Research, v.5, no.6, p.705-717.



133

Creasy, S.C., Jackson, E.D., and Gulbrandsen, R. A., 1961,
Reconnaissance geologic map of parts of the San Pedro 
and Aravaipa valleys, south-central Arizona: U.S.
Geol. Survey Mineral Inv. Field Studies Map MF-238, 
scale 1:125000.

Creasey, S.C. and Krieger, M.H., 1978, The Galiuro
Volcanics, Pinal, Graham and Cochise Counties,
Arizona: U.S Geological Survey Journal of Research. 
v.6, no. 1, p. 115-131.

Damon, P.E., 1968, Application of the Potassium-Argon Method 
to the Dating of igneous and Metamorphic Rocks within 
the Basin Ranges of the Southwest: Arizona 
Geol.Soc.Guidebook III, p. 7-20.

Damon, P.E., Shafiqullah, M., and Clark, K.F., 1981, Age 
trends of igneous activity in relation to 
metallogenesis in the southern Cordillera, in 
Dickinson, W.R., and Payne, W.E., eds.. Relations of 
tectonics to ore deposits in the soutnern Cordillera: 
Arizona Geol. Soc. Digest, v. 14, p. 137-154.

Damon, P.E., in preparation. Evidence for crustal melting 
during the Mid-Tertiary orogeny, unpublished 
manuscript.

Davis, G.H., and Hardy, J.J., Jr., 1982, The Eagle Pass 
Detachment, southeastern Arizona: Product of 
mid-Miocene listric(?) normal faulting in the 
southern Basin and Range, .

DePaolo, D.J., 1981, Trace element and isotopic effects of 
combined wallrock assimilation and fractional 
crystallization. Earth and Planetary Sci. Let., v.
53, p. 189-202.

Drewes, H., 1972, Cenozoic rocks of the Santa Rita Mountains 
southeast of Tucson, Arizona: U.S. Geol. Survey Prof. 
Pap. 746, 66 p.

Eastwood, R.L., 1970, A Geochemical-Petrological Study of 
Mid-Tertiary Volcanism in Parts of Pima and Pinal 
Counties, Arizona [PhD thesis]: Tucson, University of 
Arizona, 212 p.

Einstein, A., 1952, Relativity: The Special and General 
Theory, Bonanza Books, New York. 164 p.



134

Elston, W.E., 1968, Terminology and Distribution af Ash-Flow 
Tuffs of the Mogollon - Silver City - Lordsburg 
Region, New Mexico: Arizona Geol. Soc. Guidebook III, 
p. 231-240.

Elston, W.E., and Smith, E.I., 1970, Determination of flow 
direction of rhyolite asf-flow tuffs from fluidal 
textures: Geological Society of America Bulletin, v. 
81, p. 3393-3406.

Elston, W. E., and Bornhorst, T. J., 1979, the Rio Grande
rift in context of regional post-40 m.y. volcanic and 
tectonic events, in Reicker, R. E., eds.. The Rio 
Grande rift: tectonics and magmatism: Washington 
D.C., Am. Geophys. Union, p. 416-438.

Elston, W.E., 1984, Mid-Tertiary ash flow tuff cauldrons,
southwestern New Mexico, J. Geo. Res., v. 89, n. BIO, 
p. 8733-8750.

Gerla, P.J., 1983, Structure and Hydrothermal Alteration of 
the Diamond Joe Stock, Mohave County, Arizona [PhD 
thesis]: Tucson, University of Arizona, 120 p.

Goldschmidt, V.M., 1937, The principles of distribution of 
chemical elements in minerals and rocks, J. Chem.
Soc., p. 655—672.

Hahn, G.A., and Rose, W.I., 1979, Geochemical correlation of 
genetically related rhyolitic ash-flow and air-fall 
ashes, central and western Guatemala and the 
equatorial Pacific, Geol. Soc. Am. Spec. Pap. 180, p. 
101-112.

Halva, C., 1961, A geochemical investigation of basalts in 
southern Arizona: M.S. thesis, Tucson, University of 
Arizona, 88 p.

Howorth, R. and Rankin, P.C., 1975, Multi-element 
characterization of glass shards from 
stratigraphically correlated rhyolitic tephra units: 
Chemical Geology, v. 15, p. 239-250.

Hildreth, W., 1979, The Bishop Tuff: Evidence for the Origin 
of Compositional zonation in Silicic Magma Chambers, 
Geol. Soc. Am. Spec. Pap. 180, p. 43-75.

Hildreth, W., 1981, Gradients in Silicic Magma Chambers: 
Implications for Lithospheric Magmatism, J. Geo.
Res., v. 86, no. Bll, pp. 10153-10192.



135

Hildreth, W., Christiansen, R.L., and O'neil, J.R., 1984,
Catastrophic isotopic modification of rhyolitic magma 
at times of caldera subsidence, Yellowstone Plateau 
volcanic field, J. Geo. Res. v. 89, n. BIO, p. 
8339-8369.

Hyndman, D.W., 1972, Petrology of Igneous and Metamorphic 
Rocks. McGraw-Hill, N.Y.

Imeokparia, E.G., 1984, Geochemistry of the granitic rocks 
from the Kwandonkaya Complex, northern Nigeria, 
Lithos, v. 17, p. 103-115.

Jack, R.N., and Carmichael, I.S.E., 1969, The chemical
fingerprinting of acid volcanic rocks: California 
Division of Mines and Geology Special Report no. 100, 
p. 17-32.

Kesler, S.E., and Heath, S.A., 1968, The effect of dissolved 
volatiles on magmatic heat sources at intrusive 
contacts, Am. J. Sci., v. 266, p. 824-839.

Knapp, R., and Knight, J., 1977, Differential thermal
expansion of pore fluids; Fracture propagation and 
microearthquake production in hot pluton 
environments: J. Geophysical Res., v. 82, p. 
2515-2522.

Knapp, R.B., and Norton, D., 1981, Preliminary numerical 
analysis of processes related to magma 
crystallization and stress evolution in cooling 
pluton environments. Am. J. Sci., v. 281, p. 35-68.

Krieger, M.H., 1979, Ash-flow Tuffs of the Galiuro Volcanics 
in the Northern Galiuro Mountains, Pinal County, 
Arizona: U.S. Geological Survey Professional Paper 
1104, p. 32.

Kreiger, M.H., Johnson, M.G., and Bigsby, P.R., 1979,
Mineral resources of the Aravaipa Canyon designated 
Wilderness area, Pinal and Graham Counties, Arizona:

• U.S.G.S. Open File Report 79-291, 183 p.
Krieger, M.H., 1968a, Geologic map of the Brandenburg

Mountain quadrangle, Pinal County, Arizona: U.S. 
Geological Survey Geologic Quadrangle Map GQ-668, 
scale 1:24,000.



136

_________ 1968b, Geologic map of the Holy Joe Peak
quadrangle, Pinal County, Arizona: U.S. Geological 
Survey Geologic Quadrangle Map GQ-669, scale 
1:24,000.

_________ 1968c, Geologic map of the Saddle Mountain
quadrangle, Pinal County, Arizona: U.S. Geological 
Survey Geologic Quadrangle Map GQ-671, scale 
1:24,000.

Latta, J.S., 1984, Geochemistry and petrology of the Ash
Flows of Chiricauhua National Monument, Arizona, and 
their relation to the Turkey Creek Caldera, M.S. 
Thesis: Tucson, University of Arizona, 194 p.

Lipman, P.W., 1981, Volcano-Tectonic Setting of Tertiary Ore 
Deposits, Southern Rocky Mountains: Arizona Geol.
Soc. Digest, v.14, p. 199-213.

Lipman, P.W., 1984, The roots of ash flow calderas in 
western North America: windows into the tops of 
granitic batholiths, J. Geo. Res., v. 89, n. B10, p. 
8801-8841.

Leat, P.T., MacDonald, R., and Smith, R.L., 1984,
Geochemical evolution of the Menengai caldera 
volcano, Kenya, J.Geo. Res., v. 89, n. B10, P. 
8571-8592.

Mackin, J.H., 1960, Structural significance of Tertiary
volcanic rocks in southwestern Utah, Amer. J. Sci., 
v. 258, p. 81-131.

Marjeniemi, D.K., 1969, Geologic history of an ash-flow
sequence and its source area in the Basin and Range 
Province of southeastern Arizona. Arizona, University 
of Arizona Ph. D. Dissertation, 176 p.

McBirney, A.R., 1980, Mixing and unmixing of magmas: Jour. 
Volcan. Geotherm. Res., v. 7, p. 357-371.

McGuire, W.J., 1983, Prehistoric dyke trends on Mount Etna; 
Implications for magma transport and storage, Bull. 
Volcanol., v. 46-1.

McKee, E.H., 1979, Ash-flow sheets and calderas: Their
genetic relationship to ore deposits in Nevada, Geol. 
Soc. Am. Spec. Pap. 80, p. 205-211



137

Mimura, K., 1984, Imbrication, flow direction and possible 
source areas of the flow tuffs near Bend, Oregon, 
U.S.A. J. Volcanol. Geotherm. Res., v.21, p. 45-60.

Noble, D.C., and Hedge, C., 1969, Sr87/Sr86 variations
within individual ash flow sheets: U.S. Geological 
Survey Profesional Paper 650-C, p. 133-139.

Norrish, K., and Hutton, J. T., 1969, An accurate X-ray 
spectrographic method for the analysis of a wide 
range of geologic samples: Geochim. et Cosmochim. 
Acta, v. 33, p. 431-453.

Norton, D., 1979, Transport phenomena in hydrothermal
systems: the redistribution of chemical components 
around cooling magmas, Bull. Mineral., v. 103, p. 
471-486.

Norton, D., 1982, The thermal history of magma-hydrothermal 
systems: lithocaps and cupola regions in fossil 
systems, southeastern Arizona, a field manual, 
unpublished document, University of Arizona, p. 45.

Ode, H., 1957, Mechanical analysis of the dike pattern of 
the Spanish Peaks area, Colorado: Am. Geol. Soc. 
Bull., v 68, pp. 567-576.

Pearce, J. A., and Norry, M.J., 1979, Petrogenetic
implications of Ti, Zr, Y, and Nb variations in 
volcanic rocks: Contri. Mineral Petrol., v. 69, p. 
33-47.

Percious, J.K., 1968, Geochemical investigation of the Del 
Bac Hills Volcanics, Pima County, Arizona: M.S. 
thesis, Tucson, University of Arizona, 29 p.

Peterson, D.W., 1968, Zoned ash-flow sheet in the region
around Superior, Arizona: Ariz. Geol. Soc. Southern 
Arizona Guidebook III, p.215-222.

Rehrig, W.A., and Heidrick, T.L., 1972, Regional tectonic 
stress during the Laramide and late Tertiary 
intrusive periods. Basin and Range province, Arizona: 
Arizona Geol. Soc. Digest 10, p. 205-228.

Reiter, B.E., 1981, Controls on lead-zinc skarn
mineralization. Iron Cap Mine area, Aravaipa 
district, Graham County, Arizona: Arizona Geol. Soc. 
Digest v. 13, p. 117-126.



138

Rhodes, R.C., and Smith, E.I., 1972, Distribution and 
directional fabric of ash-flow sheets in the 
northwestern Mogollon Plateau, New Mexico: Geological 
Society of America Bulletin, v. 83, p. 1863-1868.

Richardson, D., and Ninkovich, D., 1976, Use of K20, Rb, Zr, 
and Y versus Si02 in volcanic ash layers of the 
eastern Mediterranean to trace their sources: 
Geological Society of America Bulletin, v. 87, p. 
110-116.

Rose, W.I., Jr., Grant, N.K., and Easter, J., 1979,
Geochemistry of the Los Chocoyos Ash, Quezaltenango 
Valley, Guatemala, Geol. Soc. Am. Spec. Pap. 180, p. 
87-99.

Ross, C.S., and Smith, R.L., 1961, Ash-flow tuffs— Their
origin, geologic relations and identification: U.S. 
Geological Survey Professional Paper 366, 81 p.

Saggerson, E.P., and Bristow, J.W., 1984, The Geology and 
structural relationships of the southern Lebombo 
Volcanic and intrusive rocks. South Africa, Lithos, 
v. p. 161-181. '

Shafiqullah, M., Damon, P.E., Lynch, D.J. and Kuck, P.H.,
1978, Mid-Tertiary Magmatism in Southeastern Arizona: 
New Mexico Geol. Soc. Guidebook, 29th Field Conf., 
Land of Cochise, p. 231-242.

Shafiqullah, M., Damon, P.E., Lynch, D.J., Reynolds, S.J., 
Rehrig, W.A., and Raymond, R.H., 1980, K-Ar 
Geochronology and Geologic History of Southwestern 
Arizona and Adjacent Areas: Arizona Geol. Soc.
Digest, v. 12, p. 201-260.

Sheridan, M.F., 1979, Emplacement of Pyroclastic Flows: A 
Review, Geol. Soc. Am. Spec. Pap. 180, pp. 125-136.

Sheridan, J.F., Stuckless, J.S., and Fodor, R.V., 1970, A 
Tertiary silicic cauldron complex at the northern 
margin of the Basin and Range province, central 
Arizona, U.S.A.,: Bull. Volcanol., v. 34, no. 3, p. 
649-662.

Silver, L.T.; Bickford, M.E.; Van Schmus? Anderson, J.L.;
Anderson, T.H., and Medaris, L.G., 1977, The 1.4-1.5 
b.y. transcontinental anorogenic plutonic perforation 
of North America: Geological Society of America 
Abstracts with Programs, v.9, no. 7, p. 1176-1177.



139

Smith, R.L., 1960, Ash Flows, Bull. Geol. Soc. Am., v. 71, 
pp. 795-842.

___________ ,1960, Zones and Zonal Variations in Welded Ash
Flows, Geol. Surv. Prof. Pap. 354-F, pp. 149-159.

___________  , 1979, Ash-flow magmatism, Geol. Soc. Am. Spec.
Pap., 180, p. 5-27.

Smith, R.L., and Bailey, R.A., 1966, The Bandelier Tuff: a 
study of ash-flow eruption cycles from zoned magma 
chambers: Bull. Volcanol., v. 29, p. 83-104.

Smith, R.L. and Bailey, R.A., 1968, Resurgent Cauldrons: in 
Studies in Volcanology, Geol. Soc. Amer. Memoir 116, 
pp. 613-658.

Smith, R.L., Bailey, R.A., and Ross, C.S., 1961, Structural 
evolution of the Valles caldera. New Mexico, and its 
bearing on the emplacement of ring dikes, in Short 
papers in the geologic and hydrologic sciences: U.S. 
Geol. Survey Prof. Paper 424-D, p. D145-D149.

Steven A.T. and Lipman, P.W., 1976, Calderas of the San Juan 
Volcanic Field, Southwestern Colorado: U.S.
Geological Survey Professional Paper 958, 35 p.

Stuckless, J.S., and O'neil, J.R., 1973, Petrogenesis of the 
Superstition-Superior Volcanic Area as inferred from 
Strontium and Oxygen-Isotope Studies, Geo. Soc. Am. 
Bull., v. 81, p. 1987-1998.

Stuckless, J.S., and Sheridan, M.F., 1971, Tertiary volcanic 
stratigraphy in the Goldfield and Superstition 
Mountains, Arizona: Geol. Soc. Bull., v. 82, 
p.3235-3240.

Swan, M.M., 1976, The Stockton Pass fault: An element of the 
Texas lineament [M.S. thesis]: Tucson, University of 
Arizona, 119 p.

Taylor, O.J., 1959, Correlation of volcanic rocks in Santa 
Cruz County, Arizona: Unpublished M.S. thesis,
Tucson, University of Arizona, 59 p.

Tsuji,‘K.S., 1984, Silver mineralization of the El Tigre 
Mine and volcanic resurgence in the Chiricahua 
Mountains, Cochise County, Arizona. Unpublished M.S. 
thesis. University of Arizona, Tucson, p. 140.



140

Turner, J.S., 1980, A fluid-dynamical model of
differentiation and layering in magma chambers. 
Nature, v. 285, p. 213-215.

Walker, G.P.L., 1969, The breaking of magma: Geol. Mag. v. 
106, n. 2, p. 166-173.

Willden, R., 1964, Geology of the Christmas quadrangle, Gila 
and Pinal Counties, Arizona: U.S. Survey Bull.
1161-E, 64 p.

Wilt, J.C., and Scarborough, R.B., 1981, Cenozoic sediments, 
volcanics, and related uranium in the Basin and Range 
of Araizona, in Godell, P. and Waters, A., eds.. 
Uranium in volcanic and volcano-clastic rocks: Am. 
Assoc. Pet. Geol, Studies in Geology, n. 13, 
p.123-143.

Wine, P.C., 1964, Statistics for Scientists and Engineers, 
McGraw Hill, New York, 359 p.

Wohletz, and Sheridan, M.F., 1979, Surge Deposits, Geol. 
Soc. Am. Spec. Pap. 180, p.

Wood, B.J., and Fraser, D.G., 1977, Elementary
thermodynamics for geologists, Oxford University 
Press, p. 303.

C :: 5 r: '



r
1 5 6 6 6 3
P#



~T—'

■Ti :

-Y r-

■ v s



/

Tv I i:

•Q •Tqm

)
Tvm

T vm

Ypqm ; /;O oa
Ypqm

-ti: j L f t -o" ti ««» Clk

Tvm
QTg

QT gYpqm
Ypqm

faring rQ a

Z /
Ypu

\

U / D

Tvm
“7 * ̂  <o

.

Yd b

% V

V~COjttortwood. ^ M t n .

; \y
?55<>x\o )

‘l v tr
\\ ') X T v m

r  i a  n1

T vm

T v m

'o P z s

Geologic Map of Parts of the Santa Teresa
d \  v 'X. ' T J f— , > \z : / i , •' . C ' V 8 i . 1 &  1 /- j<.4, x. § < /f" z  ̂ i v •]/ j5 j/ ( ~4-v. ̂ ,.T • """- j\■'

and Northern Galiuro Mountains, Arizona

/\!Xtiv
k i l o m e t e r s

4

Scale 1:24000 Figure 3A Wayne R. Hauck
Masters of Science

Department of Geosciences
U of A
1985



Qa

Qoa

QTg

Tvu

Tvm

DESCRIPTION OF ROCK UNITS EXPLANATION

Alluvium (Quaternary)— Unconsolidated silt, sand, 
and gravel in stream channels and on adjacent 
low-lying terraces and overflow channels
Older Alluvium (Quaternary)— Weakly consolidated 
silt, sand, and gravel capping low terraces and 
ridges; beds flat lying or dipping at very shallow 
angles
Gravel (Quaternary and (or) Tertiary)— Weakly 
to well-indurated conglomerate, fanglomerate, 
and breccia; shallowly dipping to flat-lying 
beds; unit is equivelent to Gila Conglomerate 
and Hell Hole Conglomerate of Simons (1964)
Upper Volcanic Unit (Tertiary)— Predominately 
coarse-grained, rudely stratified, well-indurated 
tuffs, gravel and mudflow breccia composed of 
heterogeneous, angular to subrounded volcanic 
clasts; includes the Hells Half Acre Tuff, Rhyolite- 
Obsidian Unit, Apsey Conglomerate and Andesite 
of Table Mountain of the Galiuro Volcanics, the 
Upper Tuff Unit of the Horse Mountain Volcanics, 
and the Upper Fanglomerate Unit of Blacett and 
Miller (1978)
Middle Volcanic Unit (Tertiary)— Unit consists 
predominately of rhyolite welded ash-flow tuff, 
containing intercalated rhyolite breccias, coarse 
sedimentary breccia and rhyolite clasts, and 
thin rhyolite flows; locally contains basal black 
vitrophyre; includes the lower tuff unit of Simons 
(1964) and the Holy Joe Latite and Aravaipa ash 
flow tuffs of the Galiuro Volcanics; the middle 
tuff sequence of the Horse Mountain Volcanics 
(including the Grand Reef Member), and the upper 
unit of Blacett and Miller (1978); includes Andesite 
of Depression Canyon

Tvl Lower Volcanic Unit (Tertiary)— Numerous coarse-grained
porphyritic turkey-track and fine-grained andesite 
flows; individual flows commonly vessicular in 
their upper portion; includes the Whitetail Conglomerate 
of the Galiuro Volcanics

Trd Rhyolite Dikes (Tertiary or Cretaceous)— Dikes
and small intrusive bodies of rhyolite and rhyolite 
porphyry; particularly well exposed as north-northwest 
striking rhyolite dike swarm intruding porphyritic 
quartz monzonite (Ypqm)

Tap Aplite (Tertiary)— Light-colored aplite occurs
as a cap of the upper Santa Teresa Stock; to 
a lesser extent as tabular sheets, dikes and 
veins

Tgr Santa Teresa Granite (Tertiary)— Light-colored
medium-grained equigranular to porphyritic quartz 
monzonite; gradational with the Goodwin Canyon 
Quartz Monzonite (Tqm)

Tqm Goodwin Canyon Quartz Monzonite (Tertiary)— Light
colored coarse-grained equigranular to porphyritic 
quartz monzonite; granodiorite and diorite here 
considered as mutually gradational facies of 
same rock unit

Pzs Undifferentiated Paleozoic Sedimentary Rocks
(Paleozoic) — Unit includes limestone, quartzite, 
shale; unit is exposed as roof pendant in northern 
part of Santa Teresa Granite (Tgr); includes 
the Abrigo Formation and Bolsa Quartzite in the 
Galiuro Mountains

Ydb Diabase Dikes and Sills
Ypqm Porphyritic Quartz Monzonite (Preccambrian Y)

— Predominately pink to dark-wine-red, coarse-grained 
porphyritic quartz monzonite, equivalent to the 
Laurel Canyon Granodiorite of Simons (1964)

Ypu Pinal Schist, Undivided (Precambrian X)

_Contact— Dashed where approximately located,
to ~ queried where uncertain. Arrow in direction of 

dip

Fault— Dashed where approximately located, dotted 
where concealed or inferred, queried where uncertain; 
arrow in direction of dip. Ball and bar on downthrown 
side
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Thrust fault— Sawteeth on upper plate. Dotted 
where concealed

Dike

Strike and dip of beds

Strike and dip of foliation and parallel bedding 

Strike of vertical foliation 

Inferred syncline 

Inferred anticline

Figure 3B
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