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ABSTRACT 

The first part of this dissertation deals with the timing of Mesozoic 

igneous activity in southern Cordillel'a of North America and its tectonic 

implications. A representative section in Santa Rita Mountains is dated 

using the zircon U-Th-Pb isotopic method. The oldest unit, the lower 

member of the Mt. Wrightson Formation, is concordantly dat.ed at 210 ± 3 

Ma. Initial basaltic andesite to andesite volcanism was followed by 

deposition of redbeds and associated volcanic rocks that are dat.ed at 200 

Ma. Felsic volcanism and eolian sand deposition may have spanned from 

190 to 170 Ma. The Piper Gulch Granodiorite, representing the earliest 

Mesozoic intrusive equivalent, gives concordant dates of 188 ± 2 Ma. A 

second cycle of andesite and rhyolitic volcanism and sedimentation is dated 

at 151 ± 5 Ma using the whole-rock Rb-Sr isotopic method. The Hovatter 

Volcanics in the Little Harquahala Mountains, southwestern Arizona is 

dated at. 165 Ma. Whole-rock Rb-Sr isotopic method on the same rocks 

gives a coherent reset isochl'on of 70 ± 3 Ma (Appendix III). 

A new stratigraphic correlation is proposed based on the dating 

data. Tectonic models proposed by previous workers to account for what 

seemed to be the lack of Triassic volcanic rocks are not necessary. This 

part of the Cordillera was an uplifted arc terrane during the Early 

Mesozoic (Appendix II) and may have provided volcanic detritus to the 

Late Triassic Chinle Formation in the Colorado Plateau. 

The second part of the dissertation deals with magma evolution and 

crust modification during arc magmatism. Rocks in southeastern Arizona 

have fN d values of -3.4 to -6.4, while rocks to the west have fN d values 
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ranging from -8.5 to -9.2. An tn d value of +2 for a Jurassic basalt 

indicates the presence of depleted mantle under the arc. Using lower 

crust and mantle end-members, 20 to 40% mantle input is estimated. This 

seems to argue for continuous growth model of the continental crust. 

Combined REE and isotopic data indicate that assimilation of lower crust 

by mantle melts followed by fractional crystallization took place. Detailed 

study indicates that the lower crust along sites of arc magmatism gets 

progressively hybridized by the mantle, becoming more mantle-like with 

time. 
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Post-Proterozoic igneous activity in the southern part of the North 

American Cordillera was initiated some time during the Early Mesozoic and 

has continued ever since in episodic style to the present (Damon and 

Shafiqullah, 1984 ; Dickinson, 1981; Coney and Reynolds, 1977). The 

initiation of magmatism is believed to be related to the break-up of 

Pangea and the related subduction of the Farallon and Kula plates under 

the North American Plate (Dickinson, 1981, Coney 1978 , Pandell and 

Dewey, 1982). Even though the exact timing of initial magmatism is not 

known, it is genel'ally accepted that this magmatism was centered along an 

active magmatic arc at the margin of the paleo-North American continental 

front, similar to the pl'esent day Andes (Dickinson, 1981; Damon and 

Shafiqullah, 1984). 

In southeastern Arizona, volcanic and plutonic rocks of this Early to 

Mid-Mesozoic al'C al'e preserved in a number of mountain ranges (Fig .2) •. 

The Mt. Wrightson Formation in the Santa Rita Mountains, the Ox Frame 

FOl'mation in the Siel'rita Mountains and the equivalent formations 

elsewhere constitute the oldest preserved units of the first igneous cycle 

of this arc (Drewes, 1981). The Mesozoic volcanic, plutonic and associated 

sedimentary rocks in the Santa Rita Mountains constitute one of the most 

complete Lower Mesozoic sections in the southern Cordillera. Redbed 

conglomerates and minor volcanic rocks, represented by the Gardner 

Canyon Formation in t}:te Santa Rita Mountains, are found in association 

with rocks of the initial pulse of magmatism (Drewes 1971; Beatty, 1987). 
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Figure 1. Regional distl'ibution of Triassic and JUl'assic igneous rocks. 
Rocks in Study Area I and Study area II include associat.ed 
sediment.ary rocks t.hat. may span in age from Late Jurassic to 
Late Cret.aceous. 
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The age and tectonic affiliation of the redbeds waG not clear previously. 

A second cycle of volcanism and sedimentary deposition is repre-

sented by the Temporal Formation and Bathtub Formation in the Santa 

Rita Mountains and correlative units elsewhere in southeastern Arizona. 

To the southeast, infringing on this subduction tectonic province, lay an 

extensional regime, whose present-day manifestation is the Gulf of Mexico 

(Pindell and Dewey, 1982). In southeastf:lrn Arizona, the Bisbee Basin is 

believed to be the extensional arm of the Chihuahua trough, an inland 

expression of the rifting episode that gave rise to the Gulf of Mexico 

(Bilodeau, 1982; Klute, 1987). The start of the deposition of the Glance 

Conglomel'ate and younger sediments marks the waning of the Early to 

Mid-Mesozoic arc magmatism (Bilodeau, 1981; Kluth et. aI, 1982; Veder, 

1984). 

The timing of these magmatic cycles has important tectonic implica-

tiona. For example, val'ious tectonic hypotheses have been proposed to 

explain the sources for the volcanic detritus within the Chinle Formation 

in the Colorado Plateau, with the belief that there was no Triassic 

volcanism in southern Arizona (Anderson et. aI, 1984; Stewart et al., 

1986). Attempts had been made to correlate eolian sand bodies that occur 

within the Early arc volcanics with various units within the Colorado 

Plateau (Bilodeau and Keith, 1986; Riggs et al., 1986). Depending on the 

age of the associated volcanic rocks different paleogeographic inferences 

can be drawn. 

In many areas of southwestern Arizona and southeastern California 

(Fig. 3), arc-associated andesitic to rhyolitic volcanic and volcanoclastic 
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units form the base of the Mesozoic (Spencer et. aI, 1986; Harding and 

Coney, 1986). The exact age of these units is not well constrained. 

Ovel'lying these units are sedimentary ('ocks of the McCoy Mountain 

Formation (Harding and Coney, 1985), which are up to 7.3 km thick and 

were deposited in a basin that Harding and Coney (1986) believe to have 

been a transtensional rift basin along a transform fault, the 

Mojave-Sonora megashear (Silver and Anderson, 1974), connecting to a 

spreading center in the Gulf of Mexico. This led Harding and Coney 

(1985) to suggest that the rifting and 1'elated sedimentary deposition were 

imposed on an active Jurassic magmatic arc. Reliable dates and geochemi-

cal characterization of the volcanic rocks had been lacking. 

The first part of this dissertation aims t.o address the timing of the 

above events and accompanying complex tectonic and thermal history of 

this part of the Cordillera. The dating of volcanic rocks that had 

interacted with older continental crust at different levels is complex. 

Some of the complexities are explored by combining both zircon U-Th-Pb 

and whole-rock and mineral Rb-Sr isotopic systemics. In a separa~e 

section (Appendix III) coherent resetting of altered volcanic rocks is 

discussed. 
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GENERAL GEOLOGY OF THE STUDY AREAS 

The age of the basement in Arizona and eastern California, based on 

exposed Proterozoic rocks, is bracketed between 1.65 to 1.80 Ga. The ages 

increase towards the Archean Wyoming cratonic nucleus around which the 

continent grew (Van Schmus and Bickford, 1981; Condie, 1982; Nelson and 

DePaolo, 1985). The initial crustal growth was followed by a magmatic 

event resulting in widespread 1.4 Ga plutonic rocks (Silver et al., 1977). 

The last Proterozoic activity is expressed by minor basalt flows and sills 

that cut and overlie Proterozoic sedimentary rocks (Lucchitta and Hend

ricks, 1983; Dickinson, 1988). The repeated Proterozoic igneous activity is 

indirectly expressed in widespread upper intercepts of Mesozoic zircon U

Th-Pb ages (Reynolds et aI, 1987; Asmerom, this study). This part of 

North America experienced a prolonged magmatic hiatus, which lasted until 

the Early Mesozoic during which regionally continuous marine and non

marine sediments were deposited (Dickinson, 1988). Prolonged cycles of 

Early to Mid-Mesozoic arc magmatism and associated minor sedimentation 

(Drewes, 1981; Kluth et al., 1982; May et al., 1986 i Bilodeau et al., 1987; 

Krebs and' Ruiz, 1987; this study), were followed by sedimentation that 

lasted into the Late Cretaceous both in southeastern Arizona [Bisbee Basin 

(Klute, 1987)] and in southwestern Arizona and southeastern California 

[McCoy Basin (Harding and Coney, 1985)]. 
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Summary of Pre-Laramide Mesozoic Geology of Southern Arizona and 

Southeastern California: 

This summary is in part based on the results of this study. It is very 

general and is meant to act as a framework to put the details discussed 

in the stratigraphy section below into regional prospective. A schematic 

regional stratigraphic column is shown in Fig. 4. 

In southeastern and south central Arizona (Study Area I), Early 

Mesozoic arc andesites and basaltic andesites and associated minor 

quartzites constitute the oldest units. 'rheae were followed by the 

deposition of I'edbeds and associated minor amounts of dacite. Early to 

Middle Jurassic felsic volcanic and plutonic rocks constitute the most 

voluminous pre-Laramide rocks (Hayes and Drewes, 1978). Large eolian 

sandstones mark the waning of this Triassic-Jurassic volcanic cycle. 

A second cycle of Jurassic volcanism and sedimentation is represented 

by interbedded andesites, dacites and rhyolite flows and tuffs. Conglome-

I'ates of the Temporal and Bathtub Formations in the Santa Rita Moun-

tains, and Glance Conglomerate elsewhere in southeastern Arizona are 

conlempol'aneous with the second cycle of volcanism. The conglomerates 

give way to sediments of the Bisbee Formation. The latter is as young as 

Lower Cretaceous near the top of the section (Bilodeau, 1982). 

In southwestern Arizona and southeastern California (Study Area II), 

earliest Mesozoic units consist of clastic sediments and minor amounts of 

interbedded carbonates and evaporites (Reynolds et al., 1987). Mid-Jurassic 

volcanic and plutonic rocks intrude and overlie the sediments. Sediments 

of the McCoy Mountains Formation and equivalent sedimentary units 
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(Harding and Coney, 1985) overlie the volcanic rocks. The age of the 

McCoy sediments is not well constrained, and may be Lower Cretaceous 

near the top of the section, making them correlative with Bisbee sediments 

in southeastern Arizona (Stone et aI" 1986). 

Pl'e-Laramide Mesozoic Stratigraphy in Southeastel'n Arizona 

The following survey is intended to summarize previous studies on 

Early to Mid-Mesozoic magmatism in southeastern Arizona of areas that 

have been sampled for detailed and regional studies. I have chosen to 

work on samples fl'om the following areas (see Fig. 2) for this survey 

because of the availability of some RbiSI' and whole-rock geochemical data 

and information in the form of U.S,G.S. publications, theses and some 

published material: 

a. Santa Rita Mountains 

b. Sierrita Mountains 

c. Huachuca &. Mule Mountains 

d. Patagonia Mountains 

e. Canelo Hills 

f. Baboquivari Mountains 

The following survey will help in later discussions related to the 

dating and tectonics; and, also, in part two, it will provide the background 

for the study of the petrogenesis. Up to now there have not been 

comprehensive studies carded out that have dealt with petrogenesis and 

geochemistry of pre-Laramide Mesozoic igneous rocks in this region. 
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Santa Rita Mountains 

The information for this section comes from the work of Drewes 

(1971, 1981; Hayes & Drewes, 1978) supplemented by studies I have 

conducted in the area. 

The Mt. Wrightson Formation was considered to be the oldest 

Mesozoic unit, followed by the Gardner Canyon Formation. This relation-

ship may not be strictly true, as some units mapped as members of the 

Mt.Wrightson Formation turn out to be younger than the Gardner Canyon 

Formation. The Bathtub and Temporal Formations are the youngest 

pre-Bisbee units. The detail of the age correlation will be discussed in a 

later section. 

The contact relation between the youngest Paleozoic , the Permian 

Rainvalley Formation - a marine carbonate unit, and the Mt.Wrightson 

Formation is not clear because of the intrusion of younger plutonic rocks 

into the contact area. Drewes (1971, 1981), based on regional inference, 

believes an unconformity marks the boundary. The Gardner Canyon. 

Formation rests on the Rain Valley Formation, but does not come into 

contact with the Mt.Wrightson Formation; although it contains volcanic 

cobbles that may have been derived from it. 

Mt. Wrightson Formation: 

Drewes (1981) divides the Mt. Wrightson Formation into three informal 

members, whose contact relation is not well defined. The lower member of 

the Mt.Wrightson Formation, up to 500 m t.hick, is dominat.ed by slightly to 

model'ately altered andesite. Drewes (1981) mentions two small lenses of 
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tufaceous fanglomerate, but they are insignificant in volume. The andesite 

is fine grained and moderately porphyritic. Small polysynthetically twinned 

plagioclase is the dominant phenocryst. Near the top, the unit turns into 

coarse phenocryst-rich andesite. The unit crops out in three isolated 

patches that are lithologically similar to each other. 

The middle member is the most voluminous and varied of the three 

members. It has an estimated thickness of 1525 m , the bulk of which is 

rhyolitic to latitic welded tuff. Pale red to grayish red lava flows are 

common in the center of the outcrop area. Flow and volcanic breccias 

and up to 1 % sandstone, quartzite, and conglomerate are also present. 

Drewes (1971 b) mapped a separate dacite unit making about 5 % of the 

middle member. 

Altered (albitized) plagioclase feldspar is the most common pheno-

Cl'yst1- followed by quartz, which is more common in the rhyolitic flows. 

Some moderately fresh plagioclase is present in the dacitic units of the 

lower member. Most of the l'hyolites and tuffs show varying degree of 

devitrification. Drewes (1971) based on petrography and X-ray analysis 

indicates that kaolinite, epidote, chlorite, illite-sericite group minerals, and 

uralite are common alteration products. The most intense alteration and 

metamorphism tends to be along contacts with younger intrusive rocks. 

Drewes (personal communication, 1985) believes that must of the pervasive 

alteration is syndepositional. The above observations apply to the upper 

member as well. Volumetrically, the rhyolitic welded tuff is the most 

important, but due to its susceptibility to devitl'ification and ease of 

possible post-eruption alteration, it has not been sampled proportionally. 
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The upper member of the Mt.Wrightson Formation has an estimated 

thickness of 600 m (Drewes, 1971). Half of the unit consists of reddish to 

orange gray eolian sandstone. The remainder is composed of dark 

brownish to purplish gray rhyodacite flows with minor amount of light 

purplish gray rhyolite. The rhyodacite is very similar in composition and 

appearance to the unit that Drewes (1971b) mapped as a dacite unit within 

the middle member. 

The Gardner Canyon Formation: 

The Gardner Canyon Formation is a redbed sequence with a total 

thickness of about 300 m (Drewes 1971; Beatty, 1987). In the Santa Rita 

Mountains, the Gardner Canyon FOl'mation is limited to a thin wedge 

within Gardner Canyon. 

The volcanic member is a minor thin unit that crops out in three 

places. It is brownish to pUl'plish gray rhyodacite to rhyolite. 

Plagioclase is the dominant phenocryst in some outcrops and biotite in 

others, with minor amounts of hornblende. The plagioclase appears fresh, 

whereas, most of the biotite is bronze in luster, probably due to deuteric 

alteration. The significance of the volcanic member lies in providing a 

bench mark date for a major red bed deposition episode throughout the 

region. 
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Temporal Formation: 

The Temporal Formation crops out. on the west side of Temporal Gulch 

in the Santa Rita Mountains. The unit has a composite thickness of about 

1200 m. and has been divided into three members (Drewes, 1971). 

The lower member, up to 60 m thick, consists of rhyolitic tuff breccia 

with abundant lithic fragments at the bottom. This is followed by 

interbedded conglomerates and sandstones reaching a thickness of about 

100 m. A rhyolitic tuff 30 to 180 m t.hick caps the lower member. 

The middle member includes a cobble conglomerate base up to 30 m thick. 

Above the clastic rocks lie a 80 m thick sequence of rhyolitic tuff 

breccia and a porphrytic lattte flow approximately 60 m thick. The 

volcanic rocks have st.rongly albitized plagioclase further altered to seri-

cite, calcite and clay minerals. An andesitic unit consisting of flows and 

breccia is 180 to 210 m thick and is assigned to both the lower and middle 

members. This unit is extensively altered, but reasonably fresh outcrops 

are locally present. 

A conglomerate unit 300 m t.hick forms the base of the upper member 

of the Temporal Formation. This unit contains volcanic casts recognizable 

as coming from the Mt.Wrightson Formation and granitic casts from the 

Squaw Gulch Granite. A rhyodacite breccia as thick as 330 m constitutes 

the top of the upper member. The unit is badly altered to clay-rich 

"punky" rock (Drewes, 1971). 

-------- --------:----------------------
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Bathtub Formation: 

The lower member is composed of conglomerates and sandstones up to 

210 m thick. The conglomerates dominate over the sandstones. Casts 

include volcanic and granitic detritus derived from local sources, including 

the youngest possible Jut'assic intrusive rocks in the area. 

Ryolitic tuff breccias and tuffs with a total thickness of 250 to 300 m 

make up the middle member. Small lenses of tufaceous sandstone , welded 

tuff and rhyolitic flows are also present. The tuff breccias contain crystal _ 

and lithic fragments, including granitic chips. The ground mass has gone 

through extensive argillitic alteration. 

The top of the formation consists of dacite flow breccias, with small 

lenses of interbedded tufaceous sandstone and rhyodacitic tuff. The 

breccia fragments are angular and show extensive alteration. The Tempo-

ral and Bathtub Formations have been correlated with the Glance Conglo-

merate (Bilodeau,1982; Vedder,1984), which has been linked to post-arc 

rifting, marking the advent of a different tectonic setting for southeastern 

Arizona (Bilodeau, 1982). But the abundant volcanic rocks within the 

middle and upper members of the supposed younger Bathtub Formation, 

compared to the conglomerate-dominated Glance upper section makes the 

correlation problematic. The upper Glance, which has no volcanic member, 

may not have an equivalent section in the Bathtub Formation. 
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Sierrita Mountains 

The Sierrita Mountains contain a well-preserved, though altered, 

Mesozoic section. The following summary of the Mesozoic section is based 

on the work of Cooper (1971). 

The Ox Frame Formation, about 1520 m thick, forms the base of the 

Lower Mesozoic and is divided into three members. The lower membel' 

consists of light gray to pale red rhyolitic flows and tuffs, rhyodacitic 

tuffs and tuff-breccia. The flows are massive and generally porphyritic. 

Potassium feldspar and seriticized albite with potassium feldspar rims 

constitute most of the 2 to 20 % phenocrysts. 'In Tascuela Canyon, the 

lower member consists of pale reddish purple tuff-breccia, about 300 m 

thick, overlain by a rhyolite flow up to 150 m thick with thin lenses of 

interbedded sandstone and conglomerate. 

The middle member is dominantly composed of dark porphyritic andesite 

flows. The phenocrysts (10-35 %) consist of plagioclase feldspar that has 

been altered to albite, epidote and sel'icite. The upper member includes. 

rhyolitic tuffs and flows with lenses of sandstone, quartzite, and conglo-

merate. 

The Ox Frame sequence is roughly correlative with the Mt.Wrightson 

Formation, except in the later, the andesite forms the lower member. The 

lower member of the Ox Frame Formation is lithologically very similar to 

the middle member of the Mt.Wrightson Formation. 

The Rodolfo Formation, consisting of red beds and interbedded 

volcanic rocks is anot.her important unit. It is divided into a basal 

conglomeratic member up to 20 m thick, a middle member consisting of 
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400 m of siltstone with minor sandstone and conglomerate, and a top 

volcanic member 60 to 335 m thick. The upper volcanic member consists 

of thick andesite breccia, redbeds and an andesite flow about 30 m thick. 

The unit, like the Gardner Canyon Formation in the Santa Rita 

Mountains, rests on the Permian Rainvalley Formation. Based on this and 

lithologic similarities, both units are presumed to be correlative (Drewes, 

1981). 

Huachuca and Mule Mountains 

Hayes (1970) described the Mesozoic geology in the Huachuca and Mule 

Mountains. The following summary is based on this work. 

The Jurassic section is repI'esented by the Canelo Hills Volcanics, 

which is only present in the Huachuca Mountains, while the Glance 

Conglomel'ate was assigned to the Cretaceous Bisbee Group. Subsequent 

mapping by Vedder (1984) has shown that the youngest Canelo Hills 

member and Glance Conglomerate are correlative in the adjacent Canelo 

Hills. 

The Canelo Hills Volcanics were divided into three members (Hayes r 

1970). The lower member consists of 210 m of cobble and pebble conglo-

merate, tufaceous sandstone, and graywacke. The cobbles and pebbles are 

made of angular' volcanic and Paleozoic rocks. The conglomerate is 

overlain by 90 m of welded tuff 30 m, of conglomerate, 60 m of welded 

tuff and another conglomerate unit nearly 180 m thick • 

. ~--.- -----
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The middle member, referred to as the Rhyolite Lava Member, 

consists of flow-banded pale-colored slightly porphyritic rhyolite lava. 

A few tuff beds are also included within this unit. Phenocrysts « 10%) 

consist of cloudy sanidine with minor quartz, albite and altered biotite. 

The ground mass is devitrified in patches. 

The third member of the formation is reddish to pinkish gray crystal-

rich rhyolite tuff. It is massive and densely welded. It has abundant 

phenocrysts of clear quartz, pink to white feldspar and small amounts of 

biotite. Pumice and lithic fragments are also present to a lesser degree. 

All the minerals show extensive alteration. 

Kluth's (1982) work in the Canelo Hills has shown that what is 

referred to as the lower member here is actually the youngest. The age 

relations and correlations will be discussed in a later section. 

Patagonia Mountains 

Simons (1972) described the Mesozoic stratigl'aphy in the Patagonia 

Mountains, and recently May (1985) did paleomagnetic work on some of the 

Jurassic units. The Mesozoic section in the al'ea lies within separate 

structural blocks that are described separately by Simons (1972) ; of these 

the Ux Ranch, Duquesne and the Corral Canyon blocks are the most 

important. 

Rocks within the Ux Ranch block consist of silicic lava flows and 

tuffs 1830 m thick with 180 m of intel'layered quartz and tufaceous 

sandstones. Rocks within the Duquesne block are similar to those within 

the Ux Ranch, except for the lack of the sandstone section. The lavas 



31 

are light to purple gray with minor amounts of albite phenocrysts in a 

devitrified glassy ground mass (Simon, 1972). May (1985) estimates a 

thickness of 1 to 2 km. 

The Corral Canyon sequence is about 1500 m thick and is divided in to 

three informal members (Simons, 1972). The lower member consists of 

equivalent amounts of sedimentary rocks and ash-flow tuffs and breccias. 

The base of the unit consists of "sever'al hundred feet" thick red to gray 

conglomerate, red mudstone, chert beds and thin ash flow tuffs. The 

cobbles and pebbles within the conglomerate are semirounded to rounded, 

many seemingly derived from volcanic sources similar to those in the 

Canelo Hills and Santa Rita Mountains (Simons, 1972j May 1985). 

The middle member of the Corral Canyon consists of 275 to 305 m of 

gray tuff in the lower part and green to gray lava and flow breccia. The 

lavas are andesite to trachyandesite in composition. The top member is 

made of a thick pile of silicic lavas, tuffs and breccias. The lavas 

predominate over the other volcanics. 

Canelo Hills 

The Canelo Hills volcanics and Glance conglomerate in the Canelo Hills 

are the most studied Mesozoic Units in southern Arizona (Simons, 1972j 

Kluth, 1982j Kluth et. aI, 1982j Veder, 1984j May, 1985j Krebs and Ruiz, 

1987). 

The Canelo Hills Volcanics have been divided into three members 

(Simons, 1972). The "lower" unit is dominated by conglomerate and other 

clastic rocks, a middle rhyolitic flow member and an "upper" welded tuff 
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member. Kluth (1984) showed that the "lower" conglomerate-dominated 

member was actually depositionally younger than the "upper" member. He 

named the "lower" member the "Mount Hughes Formation", but later work 

by Vedder (1984) showed that this unit was actually correlative with the 

Glance Conglomerate. 

The rhyolite middle member is pale red to grayish purple flow-banded 

lava with some isolated tuffs. It contains thin lenses of tufaceous silt 

and sand'~tone, .and large exotic blocks of Paleozoi'C'--nhiet'ftone. 

The "upper" member consists of a thick homogenous pink to pale-red 

densely welded crystal-rich tuff. Quartz and cloudy K-feldspar are the 

common phenocrysts, with lesser amounts of altered biotite. The ground

mass is devitrified and fine grained. 

Baboquivari Mountains 

The oldest Mesozoic unit in the Baboquivari Mountains represented by 

the Lower Jurassic Ali Molina Formation and Mulberry Wash Formation, 

contains conglomerates and intel'bedded basalt (Haxel et al., 1980; Tosd~l 

et al., 1988). Wright et al., (1981) report U-Pb ages of around 190 Ma 

for both formations. The Ali Molina Formation has many lithological 

similarities, including interbedded quartz arenites (Bilodeau and Keith, 

1986). Conglomerates and basalt of the Mulberry Wash Formation are 

thought to be associated with a rifting regime (Haxel, personal communi-

cation), as is reinforced by isotopic work in this study. 
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Southwestern Arizona and Southeastern California 

The oldest Mesozoic rocks in this region (Fig. 3) are an assortment of 

clastic sediments, minor evaporites and carbonate beds overlying Paleozoic 

carbonates (Reynolds et al., 1987). This sequence is followed by calc-

alkaline felsic to intermediate volcanic rocks and their intrusive equiva-

lents (Reynolds et al., 1987; Richard et al., 1987; Tosdal et al., 1988; this 

study). Arc magmatism was followed by deposition of up to 7 km of 

terrestrial clastic rocks of the McCoy Mountains Formation (Harding and 

Coney, 1985). The age of the sediments is the source of much contention 

(Harding and Coney, 1985; May et al., 1986; Stone et al., 1986; this study 

Appendix III). Cretaceous granitoids from the Granite Wash Mountains 

(Fig 3) were also included in this study because they cross-cut important. 

tectonic elements in part of the study region, and in order to compare the 

temporal variation in magmatic hist.ory of the area. 

The following summary of Mesozoic stratigraphy covers mountain 

ranges that have been sampled for geochronology and or for other' 

geochemical study. Lithologic descriptions and regional stl'atigraphic 

relations are based on work done by authors referenced in the text and by 

this study. 

Lit.tle Harquahala Mountains 

A sequence of basal sedimentary rocks, a middle volcanic section, and 

overlying sediments occur in different thrust. plates (Spencer et al., 1985; 

Richard et al., 1987). The basal sedimentary section of the Harquar 
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Formation consists of medium to coarse-grained sandstone with minor 

conglomeratic sand stone. Volcanic fragments constitute part of the casts 

of the basal member (Richard et al., 1987). The middle Hovatter Volcanic 

member, consists of andesite to rhyodacite flows and tuffs that had been 

thoroughly altered to an assemblage dominated by albite-quartz-illite-

magnetite and a minor amount of epidote and calcite (Appendix III). 

Primary phenocryst assemblage in the andesites consisted of plagioclase, 

while felsic units had phenocryst assemblage consisting of plagioclase, 

quartz and minor amount of biotite. The volcanic rocks are overlain by 

the Harquar Formation, a 250 m thick conglomerate and overlying a 

sandstone section 1200 m thick (Richard et al., 1987). 

A partly equivalent section is exposed in a structurally higher thrust 

sheet in the eastern part of the Little Harquahala Mountains (Fig. 3) 

(Spencer at 8.1., 1985). Here, the volcanic member, named the Needle 

Formation, is equivalent to the Hovatter Volcanics described above. The 

rocks partly rest on Lower Mesozoic sedimentary rocks and Paleozoic 

carbonate Kaibab Formation. The volcanics of the Needle Formation and 

Hovatter Volcanics are similar in compositional variations and succession 

(Appendix III). Volcanic rocks in the southern part of the range, locally 

named Black Rock Volcanics, are predominantly felsic with abundant quartz 

phenocrysts, typical of the l'egionally extensive "quartz porphyry" 

(Reynolds et al., 1987; this study). Dating done in this study, which will 

be discussed later, has shown that all the above volcanic rocks are 

temporally equivalent. 

Clastic sedimentary rocks that are stratigraphically higher than the 
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volcanic section are believed to be correlative to the regionally extensive 

McCoy Mountains Formation (Richard et al., 1987). 

Granite Wash Mountains 

Cretaceous granite and granodiorite in the Granite Wash Mountains 

were of intel'est to this study because they cross-cut important tectonic 

structures, record important thermal events and help constrain temporal 

geochemical variations. 

The oldest Mesozoic sedimentary rocks consist of up to 100 m thick 

sandstones, conglomerate, and thin carbonate and gypsum lenses deposited 

on the Permian Kaibab Limestone (Reynolds et al., 1987). These sedimen-

tary rocks are stratigraphically overlain by silicic to intermediate volcanic 

rocks, compositionally similf'r to other Jurassic volcanic rocks covered in 

this study. Sediments overlying the volcanic rocks are believed to be 

correlative to the McCoy Mountains Formation (Laubach et al., 1987). The 

'I'ank Pass Granite and the younger Granite Wash GranodiOl'ite cut the 

sedimentary rocks and volcanic rocks and also cut all major thrust faults 

that effect the volcanic and sedimental'y sequence (Reynolds et al., 1986). 

Southern Plomosa and Dome Rock Mountains 

In the Plomosa Mountains, Jurassic volcanic rocks depositionally 

overlie both Paleozoic sedimentary rocks and Proterozoic meta-andesites 

(Miller, 1971; Reynolds et al., 1986). The tectonic implications of this 

depositional relationship is discussed later on in this study. In the eastern 
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part of the southern Plomosa Mountains the volcanic rocks are dominated 

by light-colored porphyritic hypabysal rocks and minor amounts of lithic 

tuff. The flows are typical of the regionally extensive quartz-porphyry 

(Miller, 1970). Clastic sedimentary rocks, locally informally named as 

Apache Wash Formation by Harding (1982), are believed to be equivalent to 

the McCoy Mountains Formation (Sherrod and Koch, 1987). A thin 

andesite flow is inter' bedded within the sedimentary rocks in Apache Wash 

and may be related to andesite flows that occur within the McCoy 

Mountains Formation in the Granite Wash Mountains (Laubach et al., 1987) 

and other localities. It was not suitable for Rb-Sr dating because it is 

moderately alter·ed. 

Mesozoic sedimen tary and . .mic rocks similar to those described 

above are found in the Dome Mountains (Harding and Coney,1985). A 

Jurassic hornblende-biotite granodiorite, the Middle Camp Granodiorite was 

sampled for Rb-Sr and Sm-Nd work. Equivalent volcanic rocks were too 

altered to be useful for isotopic work. 

McCoy and Palen Mountains, Southeastern California 

The McCoy and Palen Mountains contain the most complete section of 

the McCoy Mountains Formation (Harding and Coney, 1985). The age of 

the sedimentary rocks is controversial (Harding and Coney, 1985; May, 

1986; Stone et al., 1987). Underlying these sedimentary rocks is the thick 

Jurassic volcanic section, of interest to this study. 

Pelka (1973) reports K-Ar mineral dates, with the oldest reported 

being a plagioclase 175 Ma date, for the "quartz porphyry" volcanics in 



37 

the Palen Mountains. The date is debatable due to the alteration of 

Plagioclase, which is common in these rocks. One of the aims of this 

study was to date the quartz porphyry in an equivalent section in the 

Little Harquahala Mountains, southwestern Arizona. 

Volcanic and sedimentary sections in the McCoy and Palen Mountains 

are visibly correlative. In the Palen Mountains, a dark gray rhyolite is 

interbedded with the basal sedimentary rocks. As will be demonstrated 

later using Sm-Nd data, this rock does not belong with the underlying arc 

"quartz porphyry" rocks and is attributed to back-arc type setting. The 

tectonic implication for the deposition of the McCoy Mountains Formation 

will be discussed in Part II of this study. 
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TIMING OF MESOZOIC ARC MAGMATISM 

Southeastern Arizona 

Reliable dates of Early Mesozoic igneous rocks in the study region are 

scarce. Published Rb-Sr and K-Ar ages on Mesozoic volcanic rocks from 

adjacent ranges to the east (Fig. 2) range from about 150 to 170 Ma 

(Kluth et al., 1982; May et al., 1986; Marvin et al. 1973). The Ali Molina 

Formation in the Baboquivari Mountains (Fig. 2) yielding zircon U-Pb ages 

of about 191 Ma ( Wright et al., 1981), may represent equivalent felsic 

rocks to the west, or may be a somewhat older unit. These ages were 

determined for felsic volcanic rocks that apparently do not represent the 

initial stages of magmatism. Preliminary Rb-Sr isotopic work in the Santa 

Rita Mountains indicated that the lower' member andesites of the Mt. 

Wrightson Formation may be considerably older than the stratigraphically 

higher, dominantly felsic, middle and upper members. 

The Santa Rita Mountains, southeastern Arizona contain the most 

complete Middle to Early Mesozoic section consisting of volcanic plutonic. 

rocks and associated redbeds. They also contain the largest eolian sand 

bodies of that period within the study region. Therefore, the Santa Rita 

Mountains were selected to do a complete zircon U-Th-Pb and whole-rock 

Rb-Sr dating of the Pre-Laramide igneous section. A dacite unit in the 

Huachuca Mountains that is interbedded with conglomerates believed to be 

correlative with Glance Conglomet'ate (Vedder, 1984) was also sampled for 

zircon U-Th-Pb dating. This study represents the first attempt at dating 

the complete pre-Laramide section of the Mesozoic in this part of the 

Cordillera. 

---------------::---------------------
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Southwestern Arizona and Southeastern California: 

An Early attempt to date arc volcanic rocks in this part of the study 

area was concentrated in the Little Harquahala Mountains, southwestern 

Arizona (Fig. 3). Prior to this study, it was thought (Spencer et al., 

1986) that these volcanic rocks interbedded with McCoy Mountains 

Formation and were younger than the regionally extensive "quartz-

porphyry" that underlies the McCoy Mountains Formation. The hope was 

to date the McCoy Mountains Formation. There is no agreement on the 

age of the sedimentary rocks (Harding and Coney, 1985; May, 1986 ; Stone 

et al., 1987). Up to the time of this study, there were not many published 

reliable dates on the volcanic section, although some dates for intrusives 

were available in figures, without discussion (Stewart et al., 1987). 

The Rb-Sr isochron that was obtained was coherent, but considerably 

younger than expected. It became necessary to date the rock with the 

zircon U-Th-Pb method in order to check the Rb-Sr date. Because of 

the wider geochemical implications the Rb-Sr data are discussed in 

Appendix III in the form of a for publication manuscript. The U-Th-Pb 

data are discussed in detail below. 
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ANALYTICAL TECHNIQUES Rb-Sr U-Th-Pb 

Rb-Sr Isotopes 

A minimum of 10 kg of rock was collected for each sample. Weathe-

red and altered surfaces were chipped off before crushing. Crushed chips 

were leached with a 10% acetic acid solution and further powdered in a 

steel mill. Sm-Nd and REE samples were treated differently and will be 

described in Part II of the dissertation. Well-mixed 200-300 mg aliquots of 

powder were 'Neighed for Rb-Sr chemistry. Samples were treated to a HF-

HN03 digestion overnight in closed beakers, after adding 87Rb-84Sr mixed 

tracer. Rb and Sr were separated using conventional ion exchange 

techniques. The solution was evaporated and further treated by HN03 

followed by HCI. Rb and Sr were separated using AG50W-X8 cation ion 

exchange resin in 10 ml columns and using calibrated 2.5 N HCI as eluent. 

Sr was loaded on a single Ta filament while Rb was loaded into a 

double Ta filament assemblage. Isotopic ratios were measured with a VG-

354 multi-collector solid-source mass spectrometer at the University of 

Arizona. Sr isotopes were measured with a multi-collector configuration in 

automatic mode, while Rb isotopes were measured on a single collector, 

manually. Sr isotopic ratios were normalized to 868r/88Sr = 0.1194. NBS 

SRM-987 Sr standard was run with every batch. An average 87S1'/86Sr 

ratio of 0.710255 ±24 (14 analyses) was obtained. NBS 607 feldspar 

standard was weighed and processed like a sample periodically, obtaining 

an average Rb concentration of 528.9 ppm and average Sr concentration of 

65.5 ppm, in close agreement with certified values of 523.9 ppm and 

65.485 ppm, respectively. 
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U-Th-Pb Isotopes 

Rock samples ranging in weight from 50 to 100 Kg were crushed and 

zircons separated with a combination of conventional density and magnetic 

separation techniques. Zircon separation was done at the University of 

Arizona. The non-magnetic zircons from each sample were divided into six 

size fractions. Some of the fractions were further split for abrading. 

Zit'con size splitting, abrading, chemistry and isotopic measurement was 

done by the author in Dr. Robert Zartman's Laboratory at the U.S. 

Geological Survey, Denver, Colol'ado. 

Zircon samples weighing from 3 to 28 mg were digested for up to 

three weeks, until all zircon grains were dissolved, using HF-HN03 

hydrothermal digestion procedure reported by Krogh (1973). 23!lU and 

230Th tl'acer solution were added before digestion, while 208Pb was added 

to a concentration aliquot after digestion. Lead was separated on anion-

exchange columns using an HBr elution technique (Manhes et al., 1978). 

Uranium and thorium were purified from the HBr elutriant on nitrate form 

anion-exchange columns. 

Lead was loaded on rhenium filament using the phosphoric - silica gel 

method for measurement on a solid-source single-collector 30 cm mass 

spectrometer. Uranium and thorium on triple filament were analyzed, both 

on 30 cm and 15 cm solid-source mass spectrometers. 

Total Pb blank ranged from 0.2 to 0.5 ng, depending on sample size. 

The following uncertainties are assigned to the measured lead isotopic 

0.1 %. Common lead correction was made by subtracting an amount equal 
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to that of the blank and with the same isotopic composition. The r~st of 

the common lead was assumed to be initial lead based on the model of 

Stacey and Kramers (1975), for the appropriate age. Variations in the 

values of the composition of the initial lead did not result in significant 

age variation. Uncertainty and errol' calculations were based on the 

method of Ludwig (1980). 
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RESULTS AND DISCUSSION 

Many of the analyzed zircon fractions showed complex isotopic 

systematics arising from the combined effects of radiogenic lead loss and 

incorporation of an inherited, older component. The occurrence of both of 

these phenomena in zircon from rocks of so young an age proved to be 

particularly frustrating. 

In order to achieve the dating precision that was required to distin-

guish between events that were not very much separated in time, a great 

deal of effort was spent in minimizing discordance by separating out grains 

that were corroded, had inclusions, and showed other physical defects. In 

one instance, simple sizing of the zircon was successful in producing a 

virtually Goncordant fraction. Usually, however, additional magnetic 

splitting and abrasion techniques were required to eliminate the more 

fractured and metamict grains, which appeared to be l'esponsible for most 

of the post-crystallization radiogenic lead loss. A combined approach 

resulted in coherent and stratigraphically consistent data. 

Southeastern Arizona: 

A small yield of zircon was recovered from an andesite near the 

middle of the exposed lower member of the Mt. Wrightson Formation. 

There was enough material to split the sample into four size fractions. 

The three coarsest fractions were first analyzed. They show the typical 

pattern of superimposed effects of radiogenic lead loss (variable 

206Pb/238U ages; Fig. 5) and the presence of an inherited, older compo-
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nent (variable and high 207Pb/206Pb ages; Table 1). The correlation of 

the 207Pb/206Pb ages with increasing grain size prompted me to take 

particular care in handling the -400 mesh-size fraction which was saved to 

analyze until last. Most of the grains that went into the analysis were 

hand picked and examined for inclusions or fractures. Despite its higher 

uranium content, the -400 mesh size fraction resulted in a concordance of 

the U-Pb and Pb-Pb ages (Table 1; Fig. 5). Thorium recovery for this 

fraction was not as successful as with the other size fractions, resulting in 

low signal. Although the Th-Pb age points in the general direction of the 

U-Pb and Pb-Pb ages, it is not as reliable as the latter ages. The data 

from all the fractions point to an age of 220 Ma (Fig. 5), but because of 

the clear effect of combined inheritance and radiogenic lead loss on the 

coarsest three fractions, I accept the concordant ages of the -400 mesh 

fraction as the true age. The lower member of the Mt. Wrightson, 

therefore, is assigned an age of 210 ± 3 Ma. This date is the oldest 

reliably obtained age of Early Mesozoic arc magmatism in this part of the 

Cordillera. Because the unit's contact with the Paleozoic or older rocks is 

obscured every where, this date may not be the date of initial arc 

magmatism, and magmatism may have initiated some time earlier. Even 

though the Rb-Sr isotopic data does not result in a properly defined 

isochron the reference line indicating an age of 230 Ma (Figure 6) was 

initially useful in pointing out the importance of this unit in dating Early 

Mesozoic magmatism in this region. It also indicates that certain volcanic 

flows may retain closed Rb-Sr isotopic systematics through younger 

regional magmatism, provided they do not experience pervasive secondary 
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alteration. In the Part II of this study it will be shown that different 

phases of this flow unit may have evolved from the same magma source. 

The Piper Gulch Granodiol'ite intrudes the lower member of the Mt. 

Wrightson Formation, and may intrude the base of the middle member. 

Abundant, clear, euhedral zircon were obtained from this'rock. The two 

analyzed size fractions were found to be virtually concordant, yielding an 

age of 188±2 Ma (Table 1). Within the uncertainty of the analyses there 

is no evidence of either radiogenic lead loss or an inherited, older 

component in the zircon from this pluton. Accordingly, the Piper Gulch 

Granodiorite is regarded as a bench mark that constrains the other dates 

of units with which it is in contact. 

Attempts to precisely date the middle membel' of the Mt. Wrightson 

Formation proved to be the most difficult. Sufficient zircon had been 

obtained from this rock to split it both by size and magnetically -- the 

initial analyses being performed on size fractions of Lhe least magnetic 

materiai. The tight clustering of the 2osPb/23BU and 2osPb/232Th ages, 

and the more dispersed and slightly older 207Pb/2osPb ages of three size 

fractions of zircon suggested the presence of a small inherited component 

(Table 1). Field observations seem to indicate that the Piper Gulch 

Granodiorite intrudes at least the base of the middle member. Based on 

this observations, we must consider the minimum age of initial deposition 

of the middle member to be 188±2 Ma. In that case, the U-Pb and Pb-Pb 

data may be indicating the combined effects of radiogenic lead loss and 

inheritance. 
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Table 1. U-Th-Pb Ages of Zircons of Mesozoic Rocks l Southern Arizona 

lsotppic composition of lead 
Mesh Concentration (1:!I:!m) (atom gercent) Age (in millions of ~ears) 
si:e U Th Pb 

20~Pb 20'Pb 207pb 206pb 
2(1~.Pb 207Pb 207Pb 20E:Pb 
238U 235U 20~·Pb mn; 

S6>-179 Mount Wrightson Formation, Lower Member 

-150+200 307.6 313.9 11.68 0.2314 65.79 6.873 27.11 172.5 lS3.7 330.2 153.6 
-200+250 319.0 12.70 .2720 M.17 7.308 28.25 173.3 181.1 276.6 
-325+400 354.7 364.9 13.34 .2962 63.18 7.556 28.97 160.4 165.1 233.8 145.8 

-400 372.9 309.4 17.44 .2412 65.35 6.:3.31 27.S7 209.7 209.9 212.2 233.3 

86-155 Mount Wrightson Formation, Middle Member 

-150+200 461.3 258.7 16.60 .2341 71.56 7.047 21.16 173.7 181.4 217.2 177.0 
-325+400 633.:3 341.4 20.32 .1054 77.21 5.421 17.26 178.2 180.0 203.1 178.2 

-400 725.1 379.9 23.88 .1357 76.22 5.824 17.82 179.3 181.4 208.1 179.6 
-150+200M 549.~. 313.0 20.00 .2406 71.15 7.114 21.49 179.2 181.6 212.0 177.5 
-150+200AN 439.5 236.1 14.84 .1102 76.66 5.530 17.70 186.0 190.3 243.6 191. 7 
-150+200AM 546.7 315.4 18.76 .1614 74.31 6.118 19.41 180.7 183.1 214.8 177.9 

86>-145 Piper Gulch Granodiorite 

-150+200 966.7 613.7 31.18 .0080 79.23 4.070 16.69 188.3 188.4 189.7 188.4 
-325+41)0 1041.7 561.6 32.66 .0106 81.10 4.208 14.69 187.3 187.7 193.5 188.0 

86-152 Gardner Canyon Formation 

-150+200 386.9 242.2 13.19 .0416 78.41 4.600 16.94 195.3 198.4 235.7 189.2 
-250+325 438.9 289.7 14.S0 .0234 72.98 4.051 15.93 194.1 197.0 232.0 186.9 
-325+400 432.3 299.5 14.69 .0285 78.09 4.388 14.69 194.4 197.5 233.6 182.0 
-150+200M 476.3 313.7 17.07 .1764 73.29 6.584 19.95 185.3 201.9 400.4 162.5 
-150+200AN 368.5 222.0 12.59 .0185 79.53 4.274 16.17 199.5 200.4 210.1 198 .. 4 
-150+200AM 407.5 257.8 14.52 .0237 78.82 4.430 16.73 205.9 211.6 276.3 201.5 

S6-156 Temporal Canyon Formation 

-200+250 52S.6 278.9 12.20 .0330 78.75 4.659 1~,,56 133.7 144.8 330.3 151.6 
-250+325 462.8 304.5 11.33 .1014 76.34 5.557 18.01 135.7 147.7 344.8 119.7 
-200+250A 446>.3 339.6 9.96 .0187 77.8S 4.322 17.77 128.3 136.7 284.5 113.4 

86-176 Glance Volcanics 

-100+150 448.6> 26>8.4 13.52 .0280 79.85 4.423 15.70 176.7 178.7 206.3 166.9 
-15()+200 481.5 309.5 15.02 .1140 75.81 5.476 18.60 169.9 172.1 20:!.5 156.9 
-200+250 500.4 315.2 15.13 .0447 78.90 4.~.13 16.44 174.4 176.4 202.0 160.1 
-250+325 536.4 :340.3 16.10 .0529 78.:38 4.705 16.87 171.7 173.7 200.6 159.0 
-325+400 M4.5 407.4 18.88 .1029 76.37 5.401 18.12 169.1 173.9 239.3 148.8 
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Isotopic composition of lead 
Mesh ConQentration (eem) (atom eercent) Age (in millions of ~ears) 
size U Th Pb 

20~Pb 20'Pb 207pb 208pb 
206Pb 207Pb ~ 
238U mu 206Pb 

86-101X Hovatter Volcanics 

-150+200 522.5 444.6 15.11 .0668 73.00 4.742 22.18 153.5 160.5 264.3 
-200+250 527.1 437.3 17.03 .0420 74.26 4.364 21.34 175.3 178.2 216.6 
-250+325 592.3 525.3 19.55 .0959 71.17 4.962 23.89 169.7 173.4 224.1 

-400 699.7 654.9 22.09 .0441 72.07 4.262 23.62 166.4 169.9 202.2 

96-135 Quartz porphyry of Little Harquahala Mountains 

-100+150 797.7 549.4 21.50 .0543 75.50 4.559 19.99 148.6 150.9 196.8 
-150+200 929.6 605.1 22.06 .0591 75.39 4.623 19.93 146.4 148.9 196.2 
-200+251) 981.5 599.7 23.10 .0522 75.57 4.516 19.86 144.9 146.6 176.9 
-325+400 1125.7 793.0 28.94 .0908 74.05 4.953 21.02 139.2 140.0 172.0 

238 -10 -1 235 -10 -1 232 
Deca~l~on!ran~~~ 23SU = 1.55125 x 10 yr, U = 9.8495 x 10 yr I Th = 4.9375 
~O~O 2~l '207 U/ 20eU = 137.99. Isotopic composition of common lead assumed to be 

Pb: Pbl Pb: Pb = 1: 18.4:15.6:38.3. M, magnetic fraction, A. abraded fraction, 
AN, non-magnetic half of abraded fraction, AM, magnetic half of abraded fraction. 

208Pb 
232Th 

151.0 
173.9 
173.4 
167.3 

159.1 
145.9 
155.9 
148.1 
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(200+250) tf7V' (-150+200) 

(-325+400) 

Figure 5. Concordia diagram for zircons from the lower member of the 
Mt. Wrightson Formation. The -400 fraction gives a concordant 
date of 210 +3 Ma. The other fractions show combined effect 
of radiogeni~ lead loss and inheritance of an older component. 
Nevertheless, the combined data points define a regression line 
that points. to an age of 220 Ma. The concordant date is 
preferred over the later. 
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The first attempt to look at a biased split of the zircon population, 

beyond that afforded by sizing, involved analysis of a more magnetic 

fraction. Although we expected an enhancement of radiogenic lead loss in 

the more magnetic fraction (-150+200M), and, indeed, did find an appre-

ciably higher uranium content compared to the equivalent non-magnetic 

size fraction, little age difference is seen between the magnetic and non-

magnetic fractions. Next we loaded a charge of the non-magnetic -150+200 

mesh-size fraction into a pneumatic abrader, and removed approximately 

half of its original volume. The abraded grains displaying noticeably 

smaller diameters were then split magnetically into two equal portions (-

150+200AN and -150+200AM) prior to analysis. The -150+200AN fraction 

showed, by its increased 207Pb/2ooPb age, an equivocal enhancement of 

the inherited component, although the -150+200AM revealed no complemen-

tary behavior. Apparently, the inherited component is associated with the 

cores of cel'tain non-magnetic (and, pI'esumably low uranium) zircon grains, 

but contributes only in a minor way to the isotopic systematics of bulk 

fractions. 

I speculate that the -325+400 fraction is most free of this inherited 

fraction indicated by the lower 207Pbj2ooPb age. Therefore, this is the 

maximum age allowable for the middle member of the Mt. Wrightson 

Formation, at least at the stratigraphic level the sample was collected. By 

themselves, the data can also be used to set a minimum age of about 178 

Ma, if we assume no post-cl'ystallization radiogenic lead loss. However, 

the uncertainty of the age assignment can be appreciably reduced if we 

apply the additional constraint that the middle member is at least as old 
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as the Piper Gulch Granodiorite. Similar isotopic behavior for zircon of 

the middle member have been reported by Riggs et al. (1986), who favored 

the higher 207Pb/206Pb ages in interpl'eting their results. An older Pb-

alpha age of 220 Ma given in Drewes (1971) appee~~s to be somewhat too 

old. It is interesting that the Zircon U-Pb age of 191 Ma for the Ali 

Molina Formation reported by Wright et al. (1981) lies within the permis-

sible age range of the middle member. Both units are comprised of similar 

intermediate to felsic volcanic rocks and contain interbedded sandstone, 

which suggests that they may be correlative. 

When the data for all the fractions are plotted in a concordia diagram 

(Fig. 6), a discordia chord with lower intercept of 172 ± 6 Ma (MSWD=2.8) 

is obtained. The uppel' intercept of 780 ± 290 is too poorly constrained 

to be chronologically significant. Similar upper intercepts have been 

obtained for Mesozoic rocks by other workers (Reynolds et al., 1987). 

This lower intercept age is similar to an eight point Rb-Sr isochron age of 

171 ± 3 Ma reported by May et al. (1986) on felsic Jurassic volcanic rocks 

in the Patagonia Mountains. Mineral K-Ar ages of 169 16 Ma and 177 ±.8 

Ma were reported by Marvin et al. (1978) on felsic volcanics in the 

Huachuca Mountains and Canelo Hills respectively. The latter ages are 

most likely minimum ages. 
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Figure 6. Concordia diagram for zircons from the middle member dacite of 
the Mt. Wrightson Formation. Six fractions are shown (two 
points ovel'lap completely). The upper intercept age does not 
have meaningful significance. 
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In summary, the maximum allowable age for the middle member of the 

Mt. Wrightson is about 200 Ma, if one assumes that the -325 +400 mesh 

fraction is virtually free of inheritance. For othel' units, as will be shown 

later, in which I was able to eliminate the inheritance component by 

abrading and hand picking, it was possible to collapse the differences in 

the U-Pb and Pb-Pb ages. It is very likely that the inheritance compo

nent was not totally eliminated in the -325 + 400 mesh fraction. A better 

upper limit is provided by the concordant ages of the Piper Gulch Grano-

diol'ite. In one locality the contact of the middle member and the Piper 

Gulch Granodiorite is marked by a. chilling zone of the later and sign of 

baking and alteration of the volcanic rocks. In other localities the 

contact relation seems more of a depositional nature. This indicates that 

the granodiorite may have intruded the base of the middle member, most 

likely as the felsic volcanism was still active. An age of around 190 Ma, 

similar to the zir\~on age reported by Wright et al. (1980) for the Ali 

Molina Formation, may be closer to the true age. A difference of 10 

million years does not alter the stratigraphic relation, nor results in 

significant change in Sm-Nd isotopic calculation discussed in Part II of 

this study. A lower limit of 172 Ma is consistent with previous dates that 

have been reported, and discussed above, for similar felsic volcanic rocks 

in the region. 

The upper member of the Mt. Wrightson was not sampled for zircon 

U-Th-Pb dating as there was no physical 01' chemical evidence to suggest 

that these units were significantly separated in time from each other. 

Attempts to divide similar felsic units using Rb-Sl' isotopic dating in the 
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Patagonia Mountains (May et al., 1986) showed that even though calcu-

lated ages were consistent with stratigrephic succession the ages were 

within the error limits of each other. Drewes (1971) l'eports that the 

division between the upper and middle members of the Mt. Wrightson 

Formation was arbitrary. Therefore, the lower age limit assigned to the 

middle member also encompasses the upper member of the Mt. Wrightson 

Formation. As will be shown later, a Lower Jurassic age of units that 

are younger and physically separated in the study area confirms this 

assessmen t. 

Redbeds and associated dacitic volcanic rocks of the Gardner Canyon 

Formation occur within the Sawmill fault zone. As pointed out. earlier, 

this is the only unit that depositionally lies on the Paleozoic. But because 

the unit does not come into contact with the Mt. Wrightson Formation its 

age and the age of similar redbeds that occur regionally and associated 

tectonic events were uncertain. Zit'con recovered from one of the dacitic 

flows within the Gardner Canyon Formation was first separated into siz~ 

and magnetic fractions. First three non-magnetic fractions: -150 +200,-

250 + 300, -325 +400 mesh, were analyzed. There was a significant 

disparity between the 206Pbj23sU and 2osPb/232Th and the 207Pb/:>osPb 

ages of the three fractions (Table 1). Here, both the U-Pb and Pb-Pb 

ages were distinctly clustered. This could mean that (1) the U-Pb 

correctly dated the unit at .... 185-195 Ma and the older Pb-Pb ages reflect 

inheritance, or (2) that the Pb-Pb ages corl'ectly dated the unit at "'235 

Ma and the U-Pb ages represent post-crystallization radiogenic lead loss, 

or (3) both phenomena were operative with the true emplacement age 
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having some intermediate value. 

In order to choose from the above three scenarios, a magnetic fraction 

and an abraded non-magnetic fraction were analyzed. This time the 

magnetic fraction (-150+200M) not only showed higher uranium and 

thorium contents with somewhat enhanced radiogenic lead loss, but also it 

definitely identified the presence of an inherited, older component. Unlike 

the middle member of the Mt. Wrightson Formation, where the inherited 

component is related to the cores of non-magnetic zircon grains, the 

Gardner Canyon FOl'mation contains an inherited component that is more 

magnetic than the bulk sample. Accordingly, the combination of abrasion 

and non-magnetic biasing ought to minimize contr'ibution from inheritance 

and radiogenic lead loss in the resulting -150+200 fraction. This reasoning 

appears to be essentially correct because the abraded -150+200AN fraction 

appreciably collapses the spread between 206Pb/238U and 207Pb/206Pb ages 

as predicted (Table 1 and Fig. 7). We take this fraction with the most 

nearly concordant ages to define, within its limits of uncertainty, the time 

of eruption of the Gardner Canyon Formation at 200 ± 5 Ma. This age 

for the Gardner Canyon is not significantly younger than the age of the 

lower member of the Mt. Wrightson Formation. However, it is consistent 

that the redbeds contain volcanic rock fragments believed to be of the Mt. 

Wrightson Formation. The deposition of the redbeds and associated 

volcanic ['ocks occurs between the times of the eruption of the lower 

member and the middle member of the Mt. Wrightson Formation. A change 

in magma composition from basaltic andesite and andesite to that of dacite 

and rhyolite also takes place during this interval of time. 
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Figur'e 7. Concordia diag-t'am for zit'cons from the Gardner Canyon 
Formation. The abraded, least magnetic fraction gives a neot'
concordant age of 200 Ma. 
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A second cycle of andesitic and felsic volcanism is represented by the 

Temporal and Bathtub Formations. An initial Rb-Sr isotopic dating of 

Temporal Formation (Table 2) showed an age of 151 ± 5 Ma (Fig. 8) with 

an initial ratio of 0.70659 ± 0.0002. The rocks that were dated were fresh 

and showed no alteration. Zil'cons were separated from an andesite unit 

of the Temporal Formation. The zircon yield was poor, but there was 

enough to size three fractions, each weighing less than 2 mg. The U-Th-

Pb isotopic analysis was done using a micro-chemistry procedure. The 

result is shown in Table 1. As with previous cases, the zircons show a 

large inheritance component in the 207Pbj206Pb ages. When plotted on a 

concordia diagram the data do not define a unique linear array, but do 

not contradict the Rb-Sr isotopic age of 151 Ma. The later age is 

identical to an Rb-Sr isotopic age of 151 ± 2 Ma on volcanics interbedded 

with Glance conglomerates in the Canelo Hills reported by Kluth et al, 

(1982). This correlation is consistent with local and regional stratigraphic 

relations. 
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Table 2. Rb-Sr Concentrations and Isotopic Data 
Temporal Formation, Southeastern Arizona 

Sample Rb Sr 87Rb/86Sr 87Sr/86SR 

85-164-A 205.96 57.04 10.468 0.728984 ±1O 

85-164-B 180.30 113.36 4.606 0.716620 ±10 

85-165 80.92 710.83 0.329 0.707288 ±10 

86-156 54.96 878.59 0.181 0.706922 ±10 
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Temporal Formation 

151 +/- 5 Ma 

o 4 8 12 
87Rb/86Sr 

Figure 8. Rb-S I' isor,hl'on fOl' the Temporal For'mation, showing an age of 
151 ± 5 Ma. This is identical to Rb-Sr age of 151+_ 2 Ma 
reported for cOI'relative unit.s in the Canelo Hills by Kluth at 
al., 1982. 
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A dacite unit interbedded with conglomerates in the Huachuca Moun-

tains (Fig. 2) and believed to be part of the Glance Conglomerate (Vedder, 

1984) was collected for zircon separation. This was done in an effort to 

compare previous Rb-Sr and K-Ar isotopic dating done on units thai may 

be directly correlative with the section in the Santa Rita Mountains. The 

zircon U-Th-Pb daia are shown in Table 1. The Pb-Pb ages of the three 

coarsest fractions are uniform but are significantly higher than the U-Pb 

and Th-Pb ages. The finest fraction shows the highest Pb-Pb age, 239 

Ma, clearly indicating that inheritance was a significant component in 

these ages. When plotted on a concordia diagram (Fig. 9), the points 

cluster very close to the concordia line, except for the fraction with the 

highest degree of inheritance. 

Based on the U-Pb, Th-Pb and Pb-Pb trends exhibited by similar zircons 

that had inherited components, the age is estimated to fall between 160 

and 170 Ma. This is higher than the 150 ± 5 Ma assigned to the 'remporal 

Formation by this study and the Rb-Sr date of 150 ± 2 Ma reported by 

Kluth et al., (1982) for equivalent rocks in the Canelo Hills. The differen-

ces, taking ihe errors into consideration, are not large enough to change 

the tectonic scenario drawn by the dates. 
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Southwestern Arizona southeastern California 

A felsic volcanic rock from the Hovatter Volcanics that was used in 

the Rb-Sr isotopic work (85-103) was latter recollected for zircon U-Th-Pb 

dating (86-101X). Four non-magnetic fractions were separated for analysis. 

The zircons, similar to other zircons in this study, show combined effect 

of inheritance and lead loss (Table 1). The first three fractions give 

lower intercept age of 162 Ma and upper intercept age 1,382 Ma, with 

MSWD value of 13. The 162 Ma age is similar to Jurassic ages around 165 

Ma reported for contemporaneous intrusive rocks in the region (Stewart et 

al., 1987). 

The zircon data made it clear that the 70 Ma age obtained by Rb-Sr 

isotopic method is too young. Subsequent systematic X-ray diffraction, 

neutron activation and whole rock chemistry study showed that the rocks 

are pervasively altered. The result of the study is discussed in a paper to 

be submitted for publication and included in this study as Appendix III. 

Related Rb-Sr Isotopic Study: 

Because there was no Paleozoic igneous activity in this part of the 

Cordillera (Pushkar and Damon, 1974; Dickinson, 1988, in press), the Rb-Sr 

isotopic values of Mesozoic and Proterozoic volcanics are distinct from 

each other. This makes the Rb-Sr isotope method a powerful tool for 

tectonic study. Such a study of Proterozoic metavolcanics, associated 

Mesozoic volcanics and conglomerates was undel'taken in ol'der to study 

the tectonic setting of Mesozoic arc magmatism. The result of the joint 
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mapping and isotopic study is discussed in Appendix II. The study shows 

an Early Mesozoic uplift, which has important tectonic implications for 

the paleogeography of the Cordillera. 
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STRATIGRAPHIC IMPLICATIONS 

The results form this study constitute the most complete dating of the 

pre-Laramide section in southern Arizona. The Santa Rita section is used 

to revise the stratigraphy previously proposed by other workers (Drewes, 

1971; Kluth, 1982; Vedder, 1984) and discuss the tectonic implication. 

The result of the dating in southwestern Arizona was able to clarify 

problems in correlation of Jurassic volcanics and sedimentary rocks in the 

Little Harquahala. The zircon dates from this study and equivalent dates 

reported by Reynolds et al., (1987) constitute the first reliable dates of 

the volcanic rocks. The Rb-Sr data are reported in Appendix III. The 

study in Appendix II was suggested by S.J. Reynolds. The Proterozoic 

volcanic samples were collected as part of this study. 

Revised strafigraphy of Early to Middle Mesozoic, southeastern 

Arizona: 

Fig. 10 is a schematic representation of the revised stratigraphy. The 

cente!' column, representing the Santa Rita Mountains, is correlated with a 

summary section representing equivalent rocks in southeastern Arizona. and 

part of the section from the Baboquivari Mountains. The lithologic details 

as expressed in each range was described previously in the general geology 

section. 
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The basaltic andesites and andesites of the lower Mt. Wrightson 

Formation represents the oldest unit dated so far. Andesites of similar 

composition and showing similarly old Rb-Sr isotopic age trends, but not 

part of this study, are known to occur in other localities in southeastern 

Arizona (Damon and Shafiqullah, personal communication). These andesites 

are not to be confused with younger andesites of t.he Temporal and 

Batht.ub Formations in the Santa Rita Mountains and andesites associated 

with Glance volcanics. 

The Gardner Canyon Formation and other Jurassic silty to conglo

meratic units, including the Monkey Canyon Formation, are correlative 

(Beaty, 1987), and cont.rary to positions assigned by previous workers, they 

are older than the middle and upper Mt. Wrightson Formation and Canelo 

Hills Volcanics. I believe t.hese redbeds form a t.ransition between early 

basic volcanism and later felsic volcanism. 

Based on dating from this study and other studies (Wright et a1., 1981; 

May et al., 1986), the dominantly felsic rocks of the middle and upper Mt. 

Wrightson Formation, t.he Canelo Hills Volcanics, the Ox Frame Formation 

and the Ali Molina Formation are assigned equivalent strat.igl'aphic 

positions. The interbedded eolian quartz arenites (Bilodeau and Keith, 

1986) are assigned an Early to Middle Jurassic age, from 170 to 190 Ma. 

Temporal and Bathtub Formation sedimentary rocks and associated 

volcanic rocks are correlated with the Glance Conglomerate and equivalent 

units elsewhere. Similar correlation was made by other workers, even 

though this study provides the first dates of the former formations. 
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In summary, arc magmatism initiated with mafic to intermediate 

volcanism consisting of basaltic andesites and andesites. This was followed 

by rifting and deposition of redbeds and minor dacite flows. The rifting 

was first described by Titley (1976) as "keyboard tectonics" which is 

similar to recent extentional Basin and Range rifting. The first cycle of 

volcanism concluded with the massive eruption of dacitic to rhyolitic lavas 

and ash. 

In the Santa Rita Mountains and elsewhere, a second cycle of volca-

nism, probably related to l'etUl'n of al'C magmatism and contemporaneous 

rifting, related to the opening of the Gulf of Mexico (Dickinson, 1981; 

Krebes and Ruiz, 1987), initiated as early as the end of the Middle 

Jurassic and continued to the Late Jurassic. 
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TECTONIC IMPLICATIONS 

The zircon U-Th-Pb data show that Mesozoic arc magmatism in this 

part of the southern Cordillera dates back to the Late Triassic, at least to 

210 Ma. This age is older than some workers have previously estimated, 

based on Rb-Sr whole-rock and K-Ar mineral ages [see Stewart et al., 

(1986) and Bilodeau and Keith (1986) for compilation]. Based on the U-

Th-Pb zircon ages and whole rock Rb-Sr data there is now documented an 

episode of basalt-andesitic to andesiiic magmatism, represented in the 

Santa Rita Mountains by the lower member of the Mt. Wrightson Forma-

tion, that precedes younger felsic volcanism and associated eolian sand-

stone by 10-20 m.y. In light of this new data, some important implications 

of this revised time-scale of Mesozoic volcanic activity may be mentioned. 

The Late Triassic Chinle Formation in the Colorado Plateau contains 

abundant volcanic detritus. The source volcanic terrane is inferred to 

have been to the south (Stewart et al., 1972; Blakely and Gubitosa, 1983). 

K-Ar dates on volcanic cobbles from the Chinle give an age between 196 

and 222 Ma (Pierce et al., 1985). Based on the belief that there were no 

rocks old enough in southern Arizona and northern Sonora, Stewart et al., 

(1986), suggested that the source terrane may have been displaced along an 

extension of the Mojave-Sonora megashear proposed by Silver and 

Andel'son (1974). In light of age data from this study, it may not be 

necessary to invoke the proposed megashear in order to provide a Triassic 

volcanic terrane as a source for the Chinle. 
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Convel'gent margin volcanism began along an active Andean-type 

magmatic arc within the western margin of the North American craton 

during Late Triassic time, supplying volcanic detritus to low lands further 

inland. Early Mesozoic uplift documented in western Arizona (Appendix II) 

shows that this region was an uplifted region at least for part of the 

Early Mesozoic. This may have been followed by a period of erosion, 

rifting, and the deposition of redbeds. Voluminous felsic tuffs and lavas 

wers deposited during Early to Middle Jurassic. At this time the volcanic 

arc terrane was adjacent to a northerly desert region, within the present 

day Colorado Plateau, where eolian sands were accumulating and lapping 

unto the arc terrane. The sands within the upper member of the Mt. 

Wrightson Formation show southerly direction of transport; The age data 

does not contradict the correlation of the sands to the Navajo Sandstone 

(Bilodeau and Keith, 1986; Riggs et al., 1986), but it is also possible that 

the sands correlate with units younger than the Navajo Supergroup. 

----_._- -----------------;--------------------
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II. CRUST-MANTLE INTERACTION 

INTRODUCTION 

At present the bulk of the net addition to the crust occurs along 

magmatic arcs both in oceans and along continental margins. This view of 

progressive net addition is not universally accepted (Armstrong, 1981); but, 

aside from the ultimate mass balance, it is agreed that these are sites of 

massive material addition to the crust, and crust and mantle interaction. 

The most widely accepted model of continental growth calls for 

subduction-related gl'owth along its mal'gins. (Windley, 1984; Allegre and 

Jaupart, 1985). This is shown to be true from the Phanerozoic to the 

present, but isotopic work suggests that the process has been operating 

during major crustal growth episodes, at least in the Proterozoic (Allegre 

and Ben Othman, 1980; Nelson and DePaolo, 1985; Patchett and Arndt, 

1986). 

Even though there is general agreement on the setting of such crustal 

addition, the exact mechanism for magma generation, the source region for 

the magma and the role of the different lithospheric components -

subducted ocean crust and sediments, overlying mantle wedge, and the 

ocean or continental crust - remain hotly debated issues (Hawkesworth et 

aI., 1982; Gt'een, 1984; Harmon et al., 1984; Kay, 1984; Myson, 1984; White 

and Patchett, 1984; Wyllie, 1984;). 

Cratonic continental margins, unlike island arcs which are moved 

about by ocean crust that is eventually subducted, offer relatively fixed 

settings for the study of geologically old magmatic arcs. The southern 

Cordillera of North Amet'ica is such a place. The western part (most of 
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California) is believed to be composed of suspect terranes (Coney et al., 

1980) and is underlain by relatively young crust. But further east in 

southeastern California and southern Arizona, Precambrian cratonic rocks 

are prominent, and the age of the basement is well characterized (Silver, 

1966; Anderson, 1983; Farmer and DePaolo, 1984; Nelson and DePaolo, 1985; 

Bennett and DePaolo, 1987). This makes the area very suitable for the 

study of the role of continental crust in arc magmatism. 

Regional Sr-isotopic data from Mexico and the western U.S. (Damon et 

al., 1983) seem to indicate variations cOl'l'elative to the age of underlying 

basement. Farmer and DePaolo (1984a,b) in a regional study of the 

western U.S. show that Mesozoic granites have a large cl'ustal component. 

In areas like the central volcanic zone (CVZ) of the Andes, there is a 

lack of agreement about the extent and. nature of continental crust 

involvement. Cenozoic rocks of the CVZ range in composition from basalt 

to rhyolite with 87Sr/86Sr ratios ranging from 0.7050 to 0.7090 and fNd 

values as low as -10, while rocks from the northern volcanic zone (NVZ) 

and Southern Volcanic Zone (SVZ) have ratios in the range of 0.7036 to 

0.7046 (James, 1982; Harmon et al., 1984). Some workers have invoked 

anatexis of andesitic crust or magma mixing (DePaolo,1981; Hawkesworth et 

al 1982), while others argue for alkali contamination by continental crust 

(James 1981; Harmon et al., 1984). The CVZ has a thick (70 km) crust 

compared to the NVZ and SVZ, the thick crust is cited as the reason for 

the isotopic enrichment. Crustal thickening in the central Andes occurred 

5 million years ago (James, 1971). In the Andes, the CVZ is underlain by 

Precambrian basement, whereas the NVZ and SVZ have basements of 
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Mesozoic age or younger (Harmon et al., 1984). Mesozoic rocks from the 

CVZ have depleted isotopic signatures similar to the NVZ and SVZ (Boily 

et al., 1984). The data fl'om Mesozoic rocks in the CVZ seems to argues 

against basement age as the main cause of difference , at least in the 

Andes , even though the crustal contribution would not have been easy to 

detect had the basement been young. 

The second part of the dissertation deals with the issue of the role of 

continental crust during subduction-related magmatism. The isotopic dating 

discussed in part one of the dissertation, in conjunction with comprehen-

sive and systematic sampling of both volcanic and plutonic rocks, including 

the oldest preserved ones makes it possible to address some of the 

following questions: 

-- What was the nature of pre-Mesozoic continental crust? 

-- What was the crust-mantle budget of the arc magmas? 

What was the chemical and isotopic composit.ion of initial 

magmatism? 

How did the composition change between different episodes 

of t.he same magmatic cycle and different cycles? 

How was the source region modified with t.ime ? 

-- What is the difference in composition between volcanic 

rocks and their plutonic equivalents? 

-- What are the chemical and isotopic influences of upper 

level crust.al modifications? 

-- Regionally what are the differences in the variations of 

the underlying crust? 
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Approach: 

Having established the sequence of events in part one of the disserta-

tion, a combined bulk composition, trace element, including rare earth 

elements(REE) and Sm-Nd and Rb-Sr isotopic systematics is used to 

attempt to answer the questions posed above. Such combined approach 

allows one to constrain some of the variables that come to play during 

magma genesis. 
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ANALYTICAL TECHNIQUES, MAJOR AND TRACE ELEMENTS 

Powders for major element chemistry were sent out to X-ray Assay 

Labs of Dan Mills, Canada. Blind duplicates were included to check 

reproducibility. The results were found to be in good agreement with 

neutron activation results obtained for selected samples. 

Samples for neutron activation trace element analysis were powdered 

in A1203-lined mill. Samples wel'e irradiated at the TRIGA nuclear reactor 

at t.he University of Arizona. Counting was conducted at the Gamma-ray 

Laboratory under the direction of Dr. William Boynton. Each sample was 

counted three times: two hours one week after irradiation, two more hours 

a week later, and finally a month after irradiation. Computer processing 

was conducted under the direction of Ms. Doleres Hill. Only trace 

elements with accuracy of 5 % or better Bre reported. Sm, Nd, Rb and Sr 

neutron activation and isotope dilution values agree well with each other. 
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MAJOR ELEMENT COMPOSITION 

Southeastern Arizona: 

Representative major element compositions and their calculated norms 

of Triassic and Jurassic igneous rocks in southeastern Arizona are shown 

in Tables 3 to 7. The volcanic rocks range in composition from basaltic 

andesite to rhyolite. Most of the rocks fall in the subalkaline field of 

Irvine and Baragar (1971) and on an AFM diagram they follow a calc-

alkaline trend. In the Hf-Th-Ta diagram (Wood et al., 1979),they fall in the 

destructive margin field (Fig. 11), similar to other arc-related igneous 

rocks (Gill, 1981). Care was taken to sample the least altered l'epresenta-

tive of each formation. 

In the Santa Rita Mountains, magmas related to initial arc magma-

Psm are dominated by basaltic andesites and andesites (Table 2) of the 

lower Mt. Wrightson Formation. Similar basic compositions were not 

erupted until about 50 m.y. later during the second cycle of arc magma-

tism represented by the Temporal Formation. The implications of the 

periodicity of the andesitic magmatism will be discussed later in conjunc-

tion with the Sm-Nd and Rb-Sr isotopic data. 

The dacites of the Gal'dner Canyon Formation plot in the rhyolite field 

even though primary phenocryst assemblage consist mostly of biotite and 

plagioclase without quartz. The rocks show signs of secondary silicifica-

tion and albitization, which is also expressed by large percentages of 

albite and quartz in the normative mineralogy (Table 5). Sample 85-125 

represents composition closest to pre-alteration composition. 
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Hf/3 

Figure 11. Th-Hf/3-Ta variation diagram. Volcanic rocks form this study 
fall in the destructive plate field, typical of arc calc-alkaline 
rocks (After Wood, 1979) • 

. __ ._---------------------------------
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A fresh Tertiary rhyolite dike (85-126) that cuts the formation is also 

shown for comparison. Volcanic rocks of the Gardner Canyon Formation 

represent the tt'ansition to felsic volcanism along the arc during Early 

Jurassic time. The evolution from basic to felsic compositions is also 

observed in the plutonic rocks. The older Piper Gulch Granodiorite, which 

is compositionally identical to the andesites of the lower member of the 

Mt. Wrightson Formation, is intruded by the more felsic Squaw Gulch 

Granite (Table 1). 

In the Santa Rita Mountains and elsewhere in southeastern Arizona the 

Jurassic dacitic to rhyolitic tuffs and lava flows are the most voluminous. 

This may be due to erosion of older basic volcanics. The tuffs were not 

proportionally sampled because thoy tend to be more vulnerable to 

alteration. Jurassic rocks from the Patagonia Mountains, Canelo Hills, 

Huachuca Mountains, which have been cot'l'elated with the middle member 

of the Mt. Wrightson Formation in Part I of this study, are similarly 

dominated by dacite and rhyodacite tuffs and flows. Rept'esentative 

compositions from the Santa Rita Mountains of the middle and upper Mt. 

Wrightson are shown in Table 4; Also shown are samples from Patagonia 

Mountains (Table 6), previously used for Rb-Sr geochronology and pale om a-

gnetism by May et al. (1986). The Ox Frame Formation in the Sierrita 

Mountains (Fig. 2) has been correlated with the Mt. Wrightson Formation 

and equivalent. units to the east (Drewes, 1981). In compositional detail, 

the correlation runs into difficulty. Unlike the Mt. Wrightson Formation, 

the lower member of the Ox Frame is described as felsic to intermediate 

-_._._-_ ... _._._- ---------------------------
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volcanics (Cooper, 1971), whereas the middle member is dominated by 

basaltic andesites that are similar in appearance and bulk composition to 

the lower membel' of the Mt. Wrightson Formation (Table 3). The Sierrita 

Mountains section is structurally complex and the andesites may not be 

temporally correlative with andesites of the Mt. Wrightson Formation. The 

dark green basaltic andesites of the Ox Frame Formation have undergone 

lower green-schist facies metamorphism resulting in albitization of 

plagioclase. This is reflected in the bulk composition by high Na20 

content of 7.8 %, Na20/K20 ratios of 12, and normative albite of 40 % of 

both andesite samples (Table 6). 

Volcanic rocks representing the second cycle of magmatism and 

sedimentation are shown in Table 7. The rocks range in composition from 

andesites to highly evolved (normative quartz of 48 %) rhyolite flows and 

tuffs. As previously stated andesite magmatism with minor amounts of 

basalts started again, after a hiatus of about 30 m.y., during this phase of 

volcanism. The andesites form this cycle cf volcanism are similar in bulk 

composition to the Triassic andesites. A noticeable difference between the 

Triassic andesites and the lete Jurassic andesites is that the latter has a 

much lower KS5 values of 2.2 % compared to 3.4 for the former; Similar 

temporal variations in KS5 values have been reported for Cascade andesites 

(White and McBirney, 1978). Temporal differences in trace element and 

isotopic composition will be discussed later on. 

Late Jurassic andesites from the Temporal Formation in the Santa Rita 

Mountains and andesites interbedded with Glance Conglomerate in the 

Huachuca Mountains have similar compositions, except for higher amount 
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of Na20 (11.41 %) in the latter, probably due to minor alteration resulting 

in higher normative albite of 57 %. All of the samples have K20/Na20 

ratios l'anging from 0.2 to 2, which is lower than the ratio of 3 that Krebs 

and Ruiz (1987) estimated as the upper limit for non-metasomatized rocks 

for equivalent rocks in the Huachuca Mountains and Canelo Hills. 

Western Arizona and southeastern California: 

This l'epresents the first comprehensive study of the evolution of the 

Jurassic igneous rocks in this region. Regional sampling was done in 

order to represent complete compositional range of the rocks. Tables 8 

and 9 show representative major element compositions of the rocks, 

including a sample from the Cretaceous Tank Pass Pluton for comparison. 

Table 8 shows the composition of samples from the Little Harquahala 

Mountains, where a detailed study of the rocks was carried out. As 

discussed in the chapter dealing with Rb-Sr isotopic resetting, the latter 

have been pervasively altered, resulting in the redistribution of alkali 

elements. 

The rocks range in composition from andesites to rhyodacite flows and 

tuffs. Volumetrically, a light to dark gray porphyritic rhyodacite regio-

nally known as the "quartz-porphyry" (Miller, 1971) is the most volumi-

nous. Overall, Jurassic rocks from this al'ea show much more restricted 

bulk compositional ranges than those observed in southeastern Arizona. 

This could be due to the fact that the rocks are a product of a single 

cycle of arc magmatism occurring all within in Mid-Jurassic time. Other 

options based on similar trace element and isotopic observations will be 
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considered later. The rocks follow a calc-alkaline trend in an -AFM 

diagram, similar to the rocks in southeastern Arizona. As in the case of 

southeastern Al'izona, a depletion in K20 with time is noticeable when 

comparing the composition of the Jurassic granodiorite (4.6 % K20 at 67 

% Si02) compared to the Cretaceous granite (4.3 % K20 at 73 % Si02). 

The sample from the Palen Mts (86-114) is the only sample of a unit 

found interbedded with the overlying sedimentary rocks of the McCoy 

Mountain Formation. It is fine grained dark gray rhyolite, which may not 

be part of the underlying Jurassic arc volcanic rocks. A unit similar to 

this, though thinner and greatly altered, is also present in the McCoy 

Mountains This l'ock has distinctly high MgO (L8 %), low K20 (2.5 %), 

Na20 (1.8 %) and AhOs (13 %) for a Si02 value of 71 %. This difference 

is also expressed in trace element and isotopic composition. 

Rocks from the Baboquivari Mts, south central Arizona (Fig.2), as 

noted previously, are much older' than equivalent rocks in southwestern 

Arizona and southeastern California. A hypabyssal porphrytic high-silica 

rhyolite (Sample 87-501) of the Ali Molina Formation and a basalt inter-

bedded with conglomerates of the Mulberry Wash Volcanic Formation 

(Sample 87-503) are shown in Table 6. The basalt is a quartz-nol'mative 

tholeiite (Irvine and Baragar, 1971), which is not a common composition in 

this arc setting and is probably related to l'ifting associated with the 

deposition of Mulberry Wash conglomerates. 
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SUMMARY OF MAJOR ELEMENT COMPOSITION 

In southeastern Arizona, Triassic-Jurassic calc-alkalic rocks were 

erupted in two major cycles of volcanism and associated sedimentation. 

Each cycle of magmatism started with eruption of dominantly basaltic-

andesitic to andesitic magmas, followed by voluminous dacitic to rhyolitic 

flows and tuffs. The rocks are enriched in K20, similar to recent arc 

magmas in the Central Andes, where magmatism is associated with thick 

continental crust (Thorpe et al., 1979). The felsic volcanic rocks are 

volumetrically dominant, similar to the Central Andes. The second cycle 

of andesitic and non-metasomatic felsic rocks are more depleted in alkalis 

compared to the first cycle rocks (Fig. Si02-K20), most likely reflecting 

temporal modification of the crustal-component source region. A similar 

trend is noted in southwestern Arizona. 

In southwestern Arizona and southeastern California, Jurassic arc rocks 

seem to be represented by a single compositionally l'estricted cycle of 

volcanism, consisting of dacitic to rhyolitic flows and tuffs and intrusive 

counterparts. Basalt and high-MgO, high-silica dacite, both associated 

with sedimentation, do not seem to belong to the same magma series. This 

is later confirmed by Nd isotopic results. 
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Table 3. Major Element Composition, 
Lower Mt. Wrightson Fm 

Sample 85-159 85-147 85-149 

Si02 53.80 56.40 55.60 
Ti02 1. 20 1. 08 1. 24 
A1203 16.20 16.20 15.60 
Fe203 9.10 6.93 8.61 
MnO 0.16 0.16 0.15 
t-fgO 3.62 3.34 3.32 
CaO 6.99 4.30 4.80 
Na20 3.07 3.50 3.63 
K20 2.82 4.50 3.78 
LOI 1. 93 2.00 1. 93 
P205 0.37 0.42 0.36 
SUM 99.50 99.20 99.20 

t-10LECULAR NORM 

Ap 0.99 1.13 0.96 
II 2.40 2.17 2.48 
Mt 2.32 1. 78 2.20 
Or 14.09 22.62 18.93 
Ab 15.33 17.59 18.18 
An 25.75 18.10 20.51 
Di 4.87 0.42 
Hy 17.95 16.53 18.70 
C 1. 01 
Q 14.39 17.07 15.66 
Total 98.07 97.99 98.07 
---------------
101= Loss on ignition 

00 
Total iron as Fe203 J-l 



Table 4. Major Element Composition of Middle & Upper Mt. Wrightson Fm and Intrusive Rocks, 
Southeastern Arizona. 

SAMPLE 85-153 85-156 85-157 85-161 86-154 86-155 85-148 86-149 

Si02 66.30 64.20 64.10 73.70 69.70 68.60 54.90 71.80 
Ti02 0.52 0.85 0.86 0.23 0.25 0.46 1. 06 0.25 
A1203 15.90 16.40 16.10 13.70 15.40 15.20 17.20 14.70 
Fe203 2.73 3.99 3.95 0.99 1.47 3.31 8.44 1.37 
MnO 0.06 0.11 0.08 0.04 0.15 0.10 0.16 0.05 
NgO 0.26 1.15 1.19 0.21 0.44 0.65 3.03 0.35 
CaO 1.27 1.16 1.48 0.26 0.56 1.35 5.57 0.47 
Na20. 5.27 5.74 4.52 1.43 5.01 2.97 3.18 4.26 
K20 5.26 4.56 4.63 7.41 5.34 6.34 3.95 5.90 
LOI 1.54 1.16 2.39 1.39 1. 62 1.08 1.39 1. 08 
P205 0.09 0.23 0.26 0.03 0.06 0.13 0.36 0.06 
SUM 99.40 99.80 99.80 99.50 100.20 100.40 99.50 100.40 

MOLECULAR NORM 

Ap 0.24 0.61 0.69 0.08 0.16 0.34 0.96 0.16 
II 1. 05 1. 70 1. 72 0.46 0.50 0.92 2.12 0.50 
Mt 0.70 1.02 1. 01 0.25 0.37 0.84 2.15 0.35 
Or 26.44 22.82 23.17 37.24 26.66 31.54 19.75 29.38 
Ab 26.50 28.72 22.62 7.19 25.02 14.78 15.90 21.21 
An 5.63 3.89 5.24 1. 06 2.30 5.64 24.84 1.84 
Di 
Hy 4.20 7.51 7.44 1.71 3.14 6.09 18.39 2.58 
C 3.15 4.55 4.86 4.46 4.12 3.61 0.13 3.78 
Q 30.55 28.02 30.86 46.15 36.11 35.17 14.37 39.12 
Total 98.45 98.84 97.61 98.60 98.38 98.93 98.61 98.92 

00 
N 

.,..-~ 
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Table 5. Major Element Composition of Volcanic Rocks 
Gardner Canyon Fm, SE Arizona 

SAf.1PLE 85-119 85-120 85-121 85-125 85-126 

Si02 72.60 75.30 75.40 69.90 74.60 
Ti02 0.39 0.35 0.34 0.46 0.06 
A1203 11.90 11. 50 10.90 14.20 12.00 
Fe203 2.65 2.39 2.36 3.30 0.64 
MnO 0.09 0.05 0.07 0.06 0.08 
~1g0 2.92 1. 02 2.09 1. 50 0.33 
CaO 0.55 1. 39 0.72 0.71 0.95 
Na20 4.02 2.42 4.31 3.41 2.63 
K20 0.77 2.13 0.61 3.23 5.23 
LOI 3.08 3.23 2.31 3.16 2.54 
P205 0.09 0.07 0.07 0.08 0.02 
SUM 99.20 100.00 99.30 100.20 99.20 

~fOLECULAR NORf>i 

Ap 0.24 0.19 0.19 0.21 0.05 
Il 0.79 0.70 0.68 0.92 0.12 
Mt 0.68 0.61 0.61 0.84 0.16 
Or 3.88 10.64 3.07 16.10 26.38 
Ab 20.24 12.09 21. 68 17.00 13.26 
An 2.01 6.36 3.03 2.87 4.62 
Hy 9.75 5.44 7.64 7.70 1. 79 
C 6.35 4.40 4.80 6.39 2.33 
Q 52.96 56.34 55.97 44.82 48.72 
Total 96.90 96.77 97.68 96.85 97.44 

--------------
*85-126 Tertiary rhyolite 00 

c.J 
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Table 6. Major Element Composition of Early to Middle Jurassic Igneous Rocks, SE 
From the Patagonia Mts,Sierrita Mts (158-168) and Baboquivari Mts (501-503) 

SAMPLE 84-13 84-20 84.151 86.158 86.164B 86.164C 86.168 87.501 87.503 

Si02 67.10 63.70 72.00 74.50 73.50 54.40 54.30 76.90 50.00 
Ti02 0.58 0.54 0.34 0.22 0.26 1.46 1.47 0.18 1. 20 
A1203 15.40 16.40 14.10 13.80 13.70 18.20 18.20 11. 90 15.30 
Fe203 3.67 4.61 2.47 0.95 0.96 10.00 10.10 1.10 9.29 
MnO 0.06 0.09 0.03 0.04 0.04 0.23 0.23 0.02 0.25 
MgO 1. 37 1. 20 0.20 0.15 0.11 2.65 2.67 0.13 8.59 
CaO 1.17 2.74 0.28 0.08 0.27 1. 53 1. 54 0.25 6.17 
Na20 4.60 5.19 2.65 3.32 3.08 7.78 7.85 3.12 2.75 
K20 3.62 2.51 6.60 6.10 6.86 0·.69 0.67 5.59 0.81 
LOI 2.00 2.23 1. 16 0.85 1. 00 2.62 2.70 0.77 4.39 
P2Q5 0.16 0.15 0.04 0.03 0.03 0.33 0.34 0.03 0.43 
SUM 100.00 99.60 100.10 100.20 100.00 99.90 100.10 100.10 99.40 

HOLECULAR NORM 

Ap 0.43 0.40 0.11 0.08 0.08 0.87 0.90 0.08 1.15 
II 1.16 1. 08 0.68 0.44 0.52 2.90 2.91 0.36 2.40 
Mt 0.94 1.18 0.63 0.24 0.25 2.53 2.55 0.28 2.37 
Or 18.09 12.58 32.97 30.46 34.33 3.42 3.32 27.92 4.05 
Ab 22.98 26.01 13.24 16.58 15.42 38.59 38.86 15.59 13.74 
An 4.51 12.48 1. 07 0.15 1. 10 4.86 4.82 1. 00 27.26 
Hy 7.84 9.24 3.91 1. 53 1. 39 19.43 19.58 1. 78 30.83 
C 5.37 3.73 4.42 4.31 3.32 7.71 7.66 2.79 0.83 
Q ~6.68 31.08 41. 82 45.36 42.59 17.10 16.74 49.43 12.99 
Total 98.00 97.77 98.84 99.15 99.00 97.40 97.33 99.23 95.61 

co 
.po 



..... -4 

Table 7. Middle to Upper Jurassic Volcanic Rocks, SE Arizona 

SAMPLE 85.164A 86.156 80-45 80-46 86-175 83-126 

Si02 76.50 59.50 79.20 78.60 71. 00 57.60 
Ti02 0.14 0.78 0.35 0.36 0.27 1.16 
A1203 12.1 17.90 9.78 7.65 14.10 17.40 
Fe203 1. 21 6.03 1. 91 0.91 1. 83 7.19 
MnO 0.04 0.12 0.06 0.07 0.04 0.11 
MgO 0.19 2.15 0.42 0.17 0.57 2.83 
CaO 0.07 5.21 2.03 4.25 0.62 2.08 
Na20 3.17 4.18 3.20 1. 32 2.23 6.27 
K20 4.75 2.45 2.90 4.36 7.30 2.22 
LOl 1. 08 1. 47 0.98 0.76 1. 77 2.70 
P205 0.03 0.31 0.02 0.01 0.06 0.45 
SUM 99.40 100.40 101. 80 99.80 100.00 100.30 

MOLECULAR NORM 

Ap 0.08 0.82 0.05 0.03 0.16 1.19 
II 0.28 1. 55 0.69 0.73 0.54 2.30 
toft 0.31 1.53 0.48 0.24 0.47 1. 82 
Or 23.90 12.17 14.35 22.12 36.51 11. 03 
Ab 15.95 20.76 15.84 6.70 11.15 31.14 
An 0.10 23.31 9.11 5.00 2.60 6.60 
Di 0.62 2.61 
Hy 2.22 12.99 3.11 3.75 15.50 
C 4.17 1. 87 3.53 6.21 
Q 51. 91 23.53 54.77 56.52 39.51 21.52 
Wo 5.29 
Total 98.91 98.54 99.03 99.23 98.23 97.32 

00 
OJ 
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Table 8. Major Element Composition Hovatter Volcanics and Needles Formations 
Little Harquahala Mountains. Western Arizona 

SAMPLE 85-101B 85-101C 85-103D 85-106A 85-106C 85-107 85-108 

Si02 61. 90 61. 60 61.30 57.80 60.20 57.50 62.40 
Ti02 0.16 0.65 0.66 0.99 0.88 0.98 0.68 
A1203 16.20 15.30 16.40 19.00 16.70 18.70 16.10 
Fe203- 5.63 7.43 5.81 5.06 5.94 5.73 5.92 
MnO 0.08 0.08 0.09 0.09 0.10 0.06 0.09 
f.lg0 2.29 2.53 2.43 2.42 2.16 2.27 2.81 
CaO 3.04 2.52 2.06 1. 89 4.07 2.30 2.72 
Na20 2.89 2.68 2.32 2.76 2.77 2.39 3.58 
K20 3.72 3.61 4.54 5.51 3.72 5.62 3.01 
LOI 3.00 3.00 3.39 3.39 2.62 3.93 2.47 
P205 0.16 0.37 0.15 0.32 0.26 0.27 0.14 
SUM 99.80 100.00 99.30 99.50 99.70 100.00 100.10 

MOLECULAR NORM 

Ap 0.43 0.98 0.40 0.86 0.69 0.72 0.37 
Il 0.32 1. 29 1. 32 1. 99 1. 76 1. 95 1. 35 
Mt 1.44 1. 89 1. 49 1. 29 1.52 1.46 1. 50 
Or 18.68 17.97 22.77 27.63 18.61 28.02 14.98 
Ab 14.51 13.34 11.64 13.84 13.85 11.92 17.82 
An 13.92 9.47 9.08 6.80 18.19 9.22 12.38 
Hy 13.91 16.29 13.49 11.55 12.71 12.26 14.29 
C 4.06 5.18 5.94 8.04 2.94 6.97 4.52 
Q 29.72 30.60 30.47 24.59 27.11 23.56 30.34 
Total 96.99 97.01 96.60 96.60 97.38 96.08 97.54 

--------------------
LOI= loss on ignition 

(Xl 

Total iron as Fe203 0) 
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Table 9. Major Element Composition of Mesozoic Igneous Rocks 
Southwestern Arizona, Southeastern California 

SAf.fPLE 85-111B 86-114 86-117 86-121 86-127 86-106 

Si02 69.00 71. 00 65.70 69.90 66.80 72.50 
Ti02 0.30 0.62 0.57 0.58 0.41 0.19 
A1203 14.50 13.80 15.90 14.10 15.90 14.60 
Fe203 2.97 4.94 4.14 4.53 3.27 1.46 
f\1nO 0.05 0.03 0.07 0.07 0.08 0.04 
MgO 0.77 1.80 1.59 2.] 5 1.05 0.31 
CaO 1. 96 1.17 1. 91 0.63 2.76 1. 31 
Na20 3.71 1. 72 4.19 2.01 3.84 4.70 
K20 3.04 2.51 4.74 3.34 4.61 4.30 
LOI 3.00 2.23 1. 31 2.31 0.93 0.62 
P205 0.10 0.04 0.17 0 . .15 0.11 0.10 
SUM 99.60 100.00 100.50 100.00 100.00 100.30 

MOLECULAR NORM 

Ap 0.27 0.37 0.45 0.40 0.29 0.27 
II 0.60 0.70 1.13 1.16 0.82 0.38 
Mt 0.76 0.84 1.05 1.15 0.83 0.37 
Or 15.25 21. 72 23.54 16.67 23.04 21.44 
Ab 18.61 12.91 20.81 10.03 19.19 23.44 
An 9.00 8.59 8.08 1. 90 12.88 5.70 
Hy 6.03 7.43 9.05 10.85 6.91 2.76 
C 4.18 4.85 3.69 7.98 2.30 3.30 
Q 42.29 38.64 30.89 47.57 32.82 41. 72 
Total 96.99 96.07 98.70 97.69 99.07 99.38 CD 

...;J 
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TRACE ELEMENT COMPOSITION 

Sou theastern Arizona 

Trace element data for the early andesites of the lower member of Mt. 

Wrightson Formation are shown in Table 10. Average upper crustal 

composition (Taylor and McLennan, 1985) is also shown for comparison 

(Table 16). The rocks, despite their basaltic andesitic to andesitic 

composition, are more evolved in their trace element content than felsic 

upper crustal composition • 

Trace element enrichment patterns relative to undepleted mantle for 

the lower member andesites are shown in Fig.12. They are enriched in 

large ion lithophile elements (K, Rb, Cs, Ba, Sr, Th, U, light REE) [LILE] 

compared to high field stl'ength elements (Nb, Ta, P, Hf, Zr, Ti) [HFSE] 

(Figure 12). The LILE enrichment includes both elements that are mobile 

during alt..el'ation like K and Rb and those that are relatively immobile like 

Th and LREE (Fig 12). This relative depletion in HFSE in arc magmas has 

been noted in many continental and island arc settings (Gill, 1981). White 

and Patchett (1984) have noted that the HFSE depletion in island arcs may 

be element selective. A similar trend is noted in this study in that Zr and 

Hf are less depleted compared to adjacent elements. One sample (85-:-147) 

actually shows relative enrichment in both Zr and Hf. The basaltic 

andesite sample (85-159) with pyroxene phenocrysts does not show signi-

ficant Ti depletion, although it is depleted in Sc, for which pyroxenes 

have large partition coefficients (Henderson, 1982). These observations 

seem to agree with tJ:le speculation that the depletion is due to Fe-Ti 

oxide residual mineral separation during arc magma generation (Gill, 1981). 
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Figure 12. Element variation diagram for andesites of the lower member 
of the Mt. Wrightson Formation. They show depletions in 
HFSE, typical of arc magmas. These rocks are enriched in 
LILE compared to younger Upper Jurassic andesites. 
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Figure 13. REE patterns of andesites of the lower member of the 
Mt. Wrightson Formation. 
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The Os enrichment noted by White and Patchett (1984) in island arc 

magmas is also clearly shown in these samples (Fig.12), even when 

compat'ed to upper crustal composition (Table 16). The similarities are 

supported by other trace element ratios discussed later. 

Rat'e earth element (REE) patterns for the lower member andesites are 

shown in figure 13. Despite the differences in type and abundance of 

phenocrysts, their REE patterns are almost identical, indicating that 

source-region residual mineralogy was more important in controlling REE 

abundance pattern, The rocks are enriched in REE (La '" 200 X 

chondrite). They have moderate LREE fractionation (La/YbN = 7) and a 

flat HREE patterns, 

Middle member dacites and rhyolites have trace element patterns that 

are coherent, and identical to those of the lower member andesito (Table 4 

and Figure 14). The greater depletion in Ti and Sc of the dacites and 

rhyolite may be explained by difference in bulk composition. Overall, it 

shows that the basic lower member flows are enriched in LILE for a given 

Si02. REE patterns for the middle member are identical to those of the 

lower member, except for varying degrees of negative Eu-anomalies, the 

most felsic rock has Eu/Eu* = 0.5, consistent with the removal of some 

plagioclase at mid-crustal levels, and also shows slightly lower LREE 

values. The decrease in LREE of felsic rocks have been attributed to 

fractional crystallization (Miller and Mittlefehldt, 1982). Accordingly, the 

most silica-poor sample actually shows a slight positive Eu anomaly 

(Eu/Eu* = 1.1). 
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Figure 14. Trace element variation diagram for felsic volcanic rocks of 
the middle and upper members of the Mt. Wrightson Forma
tion. Rocks from the two members are compositionally 
similar; the division between them was arbitrary (Drewes, 
1971). 
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Figure 15a. REE patterns of felsic volcanic rocks of the middle member 
of the Mt. Wrightson. The REE patterns are similar to lower 
member andesites, except for the small negative Eu anomalies 
of the middle memberj these anomalies are less prominent 
than those for younger JUl'assic felsic rocks (Fig. 25). 
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Figure 15b. REE patterns of upper member Mt. Wrightson Formation. Note 
the lack of negative Eu anomaly in the felsic rocks, compa
red to y~unger rocks (Fig. 25). 
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The volcanic-intrusive compositional coupling previously discussed with 

respect to major element data is mimicked by the trace element data in 

Fig. 16. The figure compal'es data from the Piper Gulch Granodiorite and 

lower member andesite of the Mt. Wrightson Formation with data from the 

Squaw Gulch Granite and upper member l'hyolite. What is significant is 

that, the Piper Gulch Granodiorite and lower member andesite of the Mt. 

Wrightson Formation, with only 55 - 56% Si02 composition, have incom-

patible element content as high as the latter with SiOz values of 70-72%. 

This is also shown in the REE content of the rocks (Fig.18). The 

enrichment pattern for rocks with the lower Si02 content is not explained 

by fradional crystallization process of a common parent magma. Sm-Nd 

isotopic data discussed later supports this observation also. 

Jurassic felsic rocks from the Patagonia Mountains, which are chrono-

logically correlated with felsic volcanic of the middle member of the Mt. 

Wrightson Formation, have trace element patterns similar to the latter 

(Fig. 18). The only noticeable difference is the extreme enrichment of one 

of the samples (84-151) in Zt', Hf and Th, which may be attributed to the 

presence of large amount of zircon in the unit. The REE pattern of that 

sample (Fig. 19), with slight concave upward pattern of the HREE, 

compared to the other samples, is consistent with zircon enrichment in the 

rock (Hanson, 1978). 

Data for a rhyolite unit of the Ali Molina Formation and rift-related 

basalt interbedded with the Mulberry Formation conglomerates, in the 

Baboquivari Mountains, are shown in Fig. 20. Data from a rhyolite of the 

upper member of the Mt. Wrightson Formation, in the Santa Rita 
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Figure 16. Trace element variation diagram for JUt'assic inh'usives (squares 
= Piper Gulch Granodiorite, crosses = Squaw Gulch Granite, 
diamonds = lowe I' Mt. Wrightson Formation andesite and 
triangles = UI-per Mt. Wrightson Formation rhyolite). 



If" 

e 

Q,) 
+J 

.., 

• .-f '" r80 
~or

o ..c: 
CJ 

""
~ go 
~or-

,,\/ 

'0-

~-t---'----r---~--~---T--~----~--~--~--~ 

Figure 17. REE patterns of Piper Gulch Granodiorite (solid line) and 
Squaw Gulch Granite. 
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Figure 18. Trace element variation diagram for Mid-Jurassic rocks in the 
Patagonia Mountains and Mustang Mountains. Also shown are 
correlative felsic rocks of the Mt. Wrightson Formation in the 
Santa Rita Mountains (triangles and Xs). The enrichment of 
85-151 (squares) in Th, Zr and Hf is attributed to zircon 
enrichment, otherwise the felsic units have compositions 
similar to each other. 
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Figure 19. REE patterns of Mid-Jurassic volcanic rocks from Patagonia 
and Mustang Mountains. Note the small negative Eu anomaly. 
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Mountains, which has been suggested as being correlative with the Ali 

Molina Formation, is also shown for reference. The felsic rocks are 

identical in their patterns, except fa l' Th (Fig.20). The REE pattern of 

the Ali Molina rhyolite (Fig.21) is identical to that of the Mt. Wrightson 

Formation rhyolite, discounting the large negative Eu anomaly of the 

former (Eu/Eu* : 0.2) (Fig. 21). The non-arc affinity of the basalt is 

indicated by its lack of depletion in HFSE (Ta, Nb, Ti). The basalt is 

enriched in REE, especially in LREE (La/YbN: 8.1), most likely due to 

assimilation of LREE-rich upper crustal rocks. This observation is 

supported by Rb-Sr and Sm-Nd data discussed later. A felsic volcanic unit 

(85-121) that is associated with the l'ed beds of the Gardner Canyon 

Formation, which forms a transition from basic to felsic volcanism, has an 

extremely fractionated LREE and depleted HREE (La/YbN : 8.9) pattel'n 

similar to the basalt (Fig. 21), except for noticeabily higher middle REE 

content of the basalt. 

Trace element data for andesites of the Ox Frame Formation, and 

interbedded rhyolite from what has been mapped by Cooper (1971) as the 

middle member and rhyolite of the upper member are shown in Table 13. 

The trace element patterns (Fig. 22) fOl' the rocks are less coherent than 

those of the andesites from the lower member of the Mt. Wrightson 

Formation (Fig. 12). The andesites of the Ox Frame are moderately to 

strongly altered. The Ba, Rb, and Y depletion in sample 86-164a is due 

to alteration of plagioclase to secondary albite, which is expressed in 40 % 

normative albite. Nevertheless, aside from the scatter in alkali and alkali 

earth elements, due to feldspar alteration, the data show a consistent 
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Figure 20. Trace element variation diagram for Jurassic Ali Molina 
rhyolite (squares) and Mulberry basalt (crosses). Upper Mt. 
Wrightson rhyolite (diamonds) is also shown for comparison. 
Note the similarities of the felsic rocks. Unlike arc rocks the 
basalt does not show HFSE depletion. It is enriched in 
incompatible elements compared to primitive mantle. 
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Figure 21. REE patterns of Ali Molina rhyolite (solid line) and Mulberry 
basalt. The basalt is enriched in LREE. Its epsilon Nd data 
indicates that it had incorporated a crustal component. 
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Figul'e 22. Trace element variation diagram for andesites (triangles and 
diamonds) and rhyolites of the Ox Frame Formation. The 
scatter in alkali and alkali earth elements is due to the 
alteration of the samples. Plagioclase is albite. 
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Figure 23. REE patterns of the Ox Frame Formation. In agreement with 
other trace element data (Figure 22), the andesites are LREE 
depleted compared to their felsic counter parts. 
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depletion and enrichment differences among the rhyolites and andesites. 

Unlike the Triassic andesites from the Santa Rita Mountains, the andesites 

are markedly depleted in LILE compar'ed to their felsic counterparts (Fig. 

23). The data seem to indicate that these andesites were derived from a 

source that had already undergone previous extraction of magma, if we 

assume a source similar to that attributed to the Mt. Wrightson andesites. 

This trend is further' demonstrated by the REE patterns of both rock 

types (Fig. 23). The felsic rocks have higher REE content than the 

andesites, except for Eu; The felsic rocks have marked negative anomalies, 

the most felsic with Eu/Eu* = 0.4 and one of the andesites having a slight 

positive Eu anomaly (Eu/Eu* = 1.1). Sm-Nd isotopic data, discussed later, 

also supports this depletion pattern. The presence of stratigraphically 

older felsic rocks (Coopel', 1971) in this section may be the result of the 

depletion. Older andesites that might have been correlative with the lower 

andesites of the Mt. Wt'ightson may also be missing from the section due 

to erosion. 

Volcanic rocks within the Temporal and Bathtub Formation in the 

Santa Rita Mts and correlative units associated with the Glance Conglo-

merate in the Canelo Hills and Huachuca Mountains belong to the second 

cycle of Jurassic magmatism and sedimentation. It was observed that 

unaltered andesites of this cycle were depleted in K20 compared to the 

Triassic andesites. The same depletion pattern is also expressed in their 

LILE content. Fig. 24 compares the trace element composition of both 

types of andesites, normalized to upper continental crust composition of 

Taylor and McLennan (1985). The younger andesites are depleted in LILE 
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Figure 24. Trace element variation diagram for average first cycle 
(Triassic) andesites and second cycle (Upper Jurassic) ande
sites normalized to an upper crust composition of Taylor and 
McLennan (1985). The older andesites are more enriched in 
incompatible trace elements, even though the older andesites 
are more mafic than the latter. The difference is also shown 
in their epsilon Nd values and is attributed to changes in the 
lower crust with time. 
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Figure 25. REE patterns of Upper Jurassic Temporal FOl'mation. Note the 
strong negative Eu anomaly. The rhyolite (dashed line) 
assimilated midd to upper crustal material during fractional 
crystallization. This is also expressed in the Nd isotopic 
difference of the rhyolite, as will be discussed later. Unlike 
the early andesites the upper Jurassic andesites have lower 
incompatible trace element content. 
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Figure 26. REE patterns for Upper Jurassic andesites and dacites from the 
Canelo Hills and Huachuca Mountains. The dacites show 
pl'ominent negative Eu anomalies, although not 8S prominent as 
that seen in figure 25. The rocks show strong signs of 
silicification and may have been more basic originally. 
Rhyolites from the same units in the Canelo Hills reported by 
Krebes and Ruiz (1987) show Eu negative anomalies as 
prominent as the one shown in Figure 25. 
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compared to the Triassic an.desites. On the other hand, they have nearly 

identical REE compositions (Fig. 25, 26). 

The REE composition of the felsic rocks (Fig. 25, 26) is characterized 

by strong to extreme Eu depletion (Eu/Eu* from 0.1 to .60). Similar 

observation was made on rocks from the same formation by Krebs and Ruiz 

(1987), which they attributed to their being associated with rifting. Aside 

from the negative Eu anomaly, the overall patterXi and abundance of the 

REE is similar to that of the Triassic-Jurassic first cycle arc magmas. 

Southwestern Arizona and southeastern California: 

The REE patterns of Jurassic Hovatter Volcanics (Fig 27) are identical 

to those of the lower member Mt. Wrightson Formation in southeastern 

Arizona (Fig. 13). Correlative Jurassic "quartz porphyry" volcanic rocks 

from the McCoy Mountains, California also have similar trace element 

patterns, including the REE (Fig. 28, 29). "Quartz Porphyry" from the 

Southern Plomosa Mountains, has lower REE content, but mimics the 

pattern of the above rocks. 

The REE pattern of the Hovatter Volcanics is interesting with respect 

to the mobility of REE during secondary alteration. In Part I of this 

study, it was shown that the Rb-Sr isotope systematics of these rocks was 

coherently reset. But, unlike the alkali elements, the REE seem undis

turbed because the REE pattern of these rocks (Fig.27) is identical to 

other rocks that similarly represent initial arc magmatism in the McCoy 

Mountains, southeastern California (Fig. 29) and Santa Rita Mountains, 
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Figure 27. REE patterns of Hovattel' Volcanics and Needles Formation 
volcanic rocks, Little Harquahala Mountains, southwestern 
Arizona. The patterns are identical to those of the lower 
member of the Mt. Wrightson Formation, representing initial 
arc magmatism. 



111 

southeastern Arizona. In many intermediate to felsic rocks the REE 

elements are contained in accessory minerals like zircon and sphene 

(Gromet and Silver, 1983). The fact that zircon ages date the magmatic 

event supports the argument of the immobility of REE in similar alteration 

environments. Initial 143Nd/144Nd values of these rocks are identical to 

143Nd/144Nd initial values of Jurassic intrusive and extrusive rocks in the 

surrounding ranges. 

Sample 86-114, a rhyolite interbedded with the McCoy Mountains 

Formation in the Palen Mountains, southeastern California was noted as 

having a distinctly different major element composition. This difference is 

also expressed in its trace element pattern. It has the least LREE to 

HREE fractionated pattern of the group (Fig. 29). It also has significantly 

lower LILE, Nb and Ta content compared to stratigraphically lower "quartz 

porphyry" rocks of equal Si02 composition (Fig. 28). This difference is 

clearly demonstrated in its Sm-Nd isotopic composition, which will be 

discussed later. Rocks that have similar trace element affinities have been 

associated with back-arc basins (Crawford et al., 1981). 

Jurassic Middle Camp Quartz Monzonite from the Dome Rock Moun-

tains, Arizona and Cretaceous Tank Pass Granite from the Granite Wash 

Mountains, were sampled to study in order to compare temporal variation 

in magma composition, as was done in southeastern Arizona. Similarly the 

younger Tank Pass Granite shows considerable depletion in LILE and other 

incompatible trace elements compared to Middle Camp Quartz Monzonite 

(Fig. 30), though it is more siliceous. It is lower in REE and shows 

extreme LREE to HREE fractionation (La/YbN = 65 !) - a "text-book" 
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Figure 28. Trace element variation diagram of Mid-Jurassic "Quartz 
Porphyry" and a rhyolite (86-114) form the Palen Mountains 
(diamonds). The later shows depletion in most incompatible 
trace elements. It has mantle-like Nd isotopic signature and 
may not be related to the arc magmatism. 
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Figure 29. REE patterns of Mid-Jurassic "Quartz Porphyry" volcanic rocks 
from the McCoy Mountains, southeastern California (solid 
lines) and Plomosa Mountains, southwestern Arizona (dashed 
lines with circles). The rhyolite from the Palen Mountains (86 
-114) is also shown (dashed lines with crosses). Note that it is 
depleted in LREE and enriched in HREE compared to the 
McCoy Mountains "Quartz Porphyry". 
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C 86-106 Granite' + 86-127 Granodiorite 

Figure 30. Tl'ace element variation diagram of granitoids from south
western Arizona. Note the enrichment in incompatible trace 
elements of the Jurassic Middle Camp Gl'anodiorite compared 
to the Cretaceous Tank Pass Granite (squares). 
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Figure 31. REE pattern of granitoids in southwestern Arizona. Note the 
the REE enrichment of the Jurassic Middle Camp Granodiorite 
compared to the Cretaceous Tank Pass Gl'anite. The extreme 
HREE depletion of the latter is typical' of melts that were in 
equilibrium with garnet. 
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example of a rock derived from a melt that had equilibrated with residual 

garnet (Fig. 31). The depletion in Sc (Fig. 30) is consistent with this 

observation. The Jurassic Middle Camp Quartz Monzonite has REE pattern 

(Fig. 31) identical to the Jurassic Piper Gulch Granodiorite (Fig. 17). 

Trace element data presented above, in conjunction with isotopic data 

presented below will be used to address the problems presented in the 

introduction. 



Table 10: Trace Element Composition of 
The Lower Member, Mt. WrighLson Fill 

85-147 85-149 85-159 

Rb 167.40 154.80 92.81 
Cs 15.44 17.69 14.22 
Ba 1633.00 803.90 959.20 
Th 7.41 7.48 5.71 
Nb 10.00 30.00 10.00 
Ta 0.66 0.50 0.49 
La 38.19 32.76 31. 08 
Ce 79.56 68.95 67.29 
Sr 451. 90 411.40 586.00 
p 1832.80 1570.97 1614.61 
Nd 36.20 35.67 35.03 
Zr 322.80 210.40 211. 80 
Sm 6.91 7.31 7.27 
Hf 6.44 4.30 5.11 
Ti 6706.00 7270.00 11930.00 
Tb 0.98 1. 01 1~01 
Y 40.00 40.00 43.00 
Yb 3.09 3.38 3.21 
Sc 18.45 21.35 25.74 
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~ 
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Table 11. Trace Element Composition of Middle Member and Upper Member, Mt. Wrightson Fm 
the Piper Gulch Granodiorite (85-148) and Squaw Gulch Granite (86-149). 

85-153 85-157 85-161 86-155 85-156 86-154 85-148 86-149 

Rb 147.80 162.10 364.50 321. 70 141. 30 174.20 171. 90 252.90 
Cs 6.47 8.86 20.32 13.88 6.29 4.75 9.99 7.17 
Ba 1010.00 1015.00 589.90 843.60 955.50 943.50 835.50 447.70 
Th 21.18 15-.02 20.48 13.09 17.54 8.46 32.25 30.13 
Nb 20.00 20.00 10.00 28.00 20.00 30.00 20.00 10.00 
Ta 0.90 0.85 1 .. 04 0.78 0.84 0.89 0.87 0.83 
La 50.12 34.72 31. 01 33.05 40.89 37.94 40.09 42.00 
Ce 93.70 77.39 70.58 59.09 85.37 86.15 83.03 62.95 
Sr 184.60 152.30 35.89 220.70 195.50 127.60 432.00 92.95 
P 392.74 1134.59 130.91 567.30 1003.68 261.83 1570.97 261. 83 
Nd 42.35 31.27 25.27 25.02 40.01 35.38 39.10 36.67 
Zr 351.70 346.80 264.40 280.40 360.20 248.00 278.30 98.70 
Sm 8.09 5.80 4.53 4.99 8.03 6.70 8.23 7.13 
Hf 6.93 7.05 5.94 6.26 7.51 6.63 5.47 4.95 
Ti 3066.00 3764.00 826.30 2424.00 3643.00 1229.00 7826.00 1139.00 
Tb 1.14 0.91 0.71 0.79 1. 02 0.86 1.12 1.09 
Y 50.00 50.00 22.00 35.00 20.00 25.00 30.00 66.00 
Yb 3.99 2.86 3.29 2.82 3.41 3.36 3.07 3.51 
Sc 6.73 8.80 3.51 6.68 8.91 4.41 17.50 3.12 

--00 



Table 12. Trace Element composition of Middle to Jurassic volcanic 
From Huachuca Mountains, Patagonia Mountains, and Canelo Hills. 

86-175 84-151 . 84-20 84-13 83-126 80-45 80-46 

Rb 402.90 305.20 81. 50 135.50 41. 31 95.49 151.80 Cs 18.95 6.63 3.87 7.54 3.92 5.43 6.49 Sa 1063.00 966.80 795.70 872.50 1070.00 751. 20 669.10 Th 18.16 40.94 11. 60 19.35 2.69 14.04 14.51 Nb 12.00 12.00· 16.00 17.00 20.00 
Ta 0.82 1. 52 0.71 0.98 0.91 0.92 1. 02 La 26.78 31.25 27.60 29.38 37.13 76.19 30.35 Ce 59.28 60.17 56.79 72.52 77.23 73.20 61.11 Sr 143.00 101. 20 534.60 566.10 776.20 92.31 73.48 P 261.83 174.55 654.57 698.21 1963.72 87.28 43.64 Nd 19.53 26.39 24.09 31. 33 37.34 46.10 31.43 Zr 203.40 564.20 189.90 258.70 286.10 294.10 157.20 
Sm 3.50 6.10 4.90 6.40 6.92 7.53 6.60 Hf 4.55 12.36 4.56 6.74 7.00 7.18 4.88 Ti 1236.00 1156.00 4542.00 2698.00 5427.00 3297.00 4960.00 Tb 0.56 1. 00 0.68 0.87 0.88 0.93 0.93 Y 21. 00 25.00 29.00 34.00 26.00 
Yb 2.11 3.99 2.33 2.88 2.73 3.74 3.31 Sc 3.74 6.88 11.56 8.43 15.86 5.71 3.05 

~ 
~ 
(0 
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Table 13. Trace Element Composition of Jurassic Volcanic Rocks 
From the Sierrita Mountains, & Baboquivari Mts (501,503) 

86-158 86-164B 86-164C 86-168 OX 87-501 87-503 

Rb 257.70 259.00 52.04 215.10 220.70 30.80 
Cs 4.41 5.41' 5.56 7.99 5.57 4.37 
Ba 862.10 1086.00 50.65 1433.00 318.40 487.70 
Th 22.54 21.37 3.92 3.79 31. 55 3.98 
Nb 11. 00 15.00 22.00 13.00 27.00 26.00 
Ta 1. 28 1.29 0.47 0.31 1. 65 0.76 
1a 33.03 31. 56 12.38 17.41 34.57 20.27 
Ce 65.09 66.36 29.40 38.91 68.55 44.14 
Sr 62.76 69.66 83.15 577.10 72.75 1029.00 
p 130.91 130.91 1440.06 1483.70 130.91 1876.44 
Nd 21. 40 25.15 14.21 19.62 23.76 21.64 
Zr 242.40 252.90 160.20 117.70 170.50 134.30 
Sm 3.97 4.52 3.52 3.98 4.40 4.23 
Hf 5.33 5.98 3.52 2.88 4.68 3.32 
Ti 604.90 802.80 5843.00 9244.00 617.50 8209.00 
Tb 0.64 0.73 0.61 0.59 0.78 0.64 
Y 24.00 36.00 10.00 24.00 31. 00 33.00 
Yb 2.63 2.79 2.20 1.53 3.09 1.68 
Sc 2.89 3.76 15.91 18.02 2.88 22.18 

..... 
N 
o 

~.~ 



Table 14. Trace Element Composition of Hovatter 
and Needles Formation Little Harquaha11a 
Mountains, Southwestern Arizona 

85-101B 85-106A 85-106C 85-107 

Rb 142.80 183.70 125.50 215.90 
Cs 4.43 6.82 4.08 7.43 
Ba 853.20 1423.00 952.80 1244.00 
Th 24.42 14.06 12.17 14.43 
Nb 20.00 30.00 20.00 30.00 
Ta 1.09 1.46 1. 14 1.34 
La 44.91 52.12 39.94 46.32 
Ce 88.46 107.30 84.90 102.10 
Sr 402.10 284.40 1071.00 172.20 p 698.21 1396.42 1134.59 1178.23 
Nd 34.48 44.62 34.51 40.48 
Zr 242.40 353.00 235.60 280.40 
Sm 6.74 7.95 6.28 7.40 
Hf 5.61 7.14 5.08 6.04 
Ti 4987.00 4479.00 5281. 00 5244.00 
Tb 0.96 1. 07 1. 01 1.12 
Y 60.00 40.00 20.00 40.00 
Yb 3.04 3.47 2.98 3.62 
Sc 13.81 12.63 12.89 14.84 

..... 
N ..... 

----.~ 
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Cs 
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Table 15. Trace Element Composition of Jurassic and 
Cretaceous (86-106) Igneous Rocks, 

Southwestern Arizona and Southeastern California 

85-111-B 86-117 86-121 86-114 86-106 86-127 

114.80 171. 60 138.10 90.14 81.12 162.90 
6.04 6.16 11.49 4.52 0.49 3.04 

927.20 972.80 749.30 796.50 918.00 686.40 
6.06 24.42 14.99 7.05 4.32 23.33 

20.00 14.00 27.00 12.00 14.00 21. 00 
0.75 0.91 0.81 0.56 0.58 1.18 

19.05 46.55 32.53 17.27 19.20 46.65 
40.87 88.95 68.72 39.82 36.85 89.44 

415.00 272.60 91.18 183.30 390.70 244.10 
436.38 741. 85 654.57 174.55 436.38 480.02 
16.83 33.61 28.97 19.92 12.67 33.62 

149.00 217.90 231. 70 242.10 130.40 204.00 
3.42 6.43 5.51 4.77 1. 82 6.55 
4.06 4.65 6.13 5.86 3.31 4.38 

2636.00 3329.00 2191.00 2787.00 1370.00 3253.00 
0.46 0.84 0.79 1. 00 0.16 0.84 

20.00 24.00 10.00 50.00 10.00 44.00 
1. 54 2.73 2.55 3.92 0.30 3.40 
6.35 8.98 11.10 14.86 1. 63 7.26 

~ 

N 
N 

~ ... ~ 



Table 16. Estimated Trace Element Compositions 
(from Taylor and McLennan, 1985; 

P from Henderson 1982). 

Upper Lower Primitive 
Crust Crust Mantle 

Rb 112.00 5.30 0.55 
Cs 3.70 0.10 0.02 
Ba 550.00 150.00 5.10 
Th 10.70 1. 06 0.06 
Nb 25.00 6.00 0.56 
Ta 2.20 0.60 0.04 
La 30.00 11. 00 . 0.55 
Ce 64.00 23.00 1.44 
Sr 350.00 230.00 17.80 
P 873.00 873.00 200.00 
Nd 26.00 12.70 1. 07 
Zr 190.00 70.00 8.30 
Sm 4.50 3.17 0.35 
Hf 5.80 2.10 0.27 
Ti 3000.00 6000.00 960.00 
Tb 0.64 0.59 0.09 
Y 22.00 19.00 3.40 
Yb 2.20 2.20 0.37 
Sc 11. 00 36.00 13.00 

..... 
N 
(.,) 
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Sm-Nd ISOTOPE SYSTEMATICS 

The REE element Sm has seven naturally occurring isotopes, one of 

which (147) decays to 143Nd with a half life of 1.06 X 1011 y (h = 6.54 

X 10 -12 yr-l). Because of the long half-life of 147Sm and the small 

Sm/Nd ratios of crustal l'ocks, it is not utilized for dating young crustal 

rocks. However, because the different magmatic reservoirs that form 

igneous rocks have distinct long-lived isotopic compositional ranges, it 

can be utilized as tracer of different magma sources (DePaolo and 

Wassel'burg, 1976). Unlike Rb-Sr isotope systematics, which are easily 

reset during secondary crustal processes (see Appendix III), the Sm-Nd 

isotopic systematics are fairly stable, owing to the immobility of REE 

during such processes (see previous chapter). 

Nd and Sm are preferentially extracted into the crust during mantle-

crust differentiation. The 147Sm/144Nd ratios of most crustal rocks fall 

within a narrow range of values, centered around 0.10-0.12 (Goldstein et. 

al., 1984). Nd is leS8 compatible than Sm, and therefore, crustal rocks 

have lower Sm/Nd ratios than mantle rocks, and accordingly lower 

143Ndf144Nd ratios. 

Nd isotopic values are discussed in terms of a parameter (f epilon 

Nd) that is derived by normalizing the initial 143Nd /144 Nd ratio against 

a chondritic uniform (CHUR) model (DePaolo and Wasserburg, 1976) as 

follows: 



143Nd/144NdROCK(T) 
fNd(T)=--------------------IXI0· 

143Nd/144NdcuUR (T) 

143Ndj144NdcRUR (T) = Ratio calculated for time T, assuming 

143Nd/144Nd present day ratio of 0.512638 

(normalized to 146Ndj144Nd =0.7219) and 

147Smj144Nd of 0.1966. 
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By definition rocks derived form such a reservoir have epsilon Nd 

values of zero. A rock derived from a depleted mantle (mantle that had 

previously experienced crustal separation) will have positive values. On 

the other, hand most rocks derived from older continental crustal will 

have negative values, with mixtures of the two end members falling in 

between. 

Evidence discussed in this part of the study will show the existence 

of a depleted subcontinental mantle. A depleted mantle model of DePaolo 

(1981) is used in calculations and figures for the 143Nd/144Nd isotopic 

composition of the subcontinental mantle source. 
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ANALYTICAL TEOHNIQUE, Sm-Nd 

Samples for Sm-Nd isotopic work were powdered in AhOs-lined mill, 

after leaching with 10 percent acetic acid. Unspiked samples were 

weighed into teflon beakers and treated with an HF-HNOs acid mixture. 

After open beaker evaporation, more HF-HNOs was added and put in high 

pressure vessels and left in the oven for one week at 150°0. The 

samples were further treated with distilled perchloric acid, followed by 

double-distilled 6N HOI • 

A 149Sm-150Nd tracer solution, prepared and calibrated by P.J. 

Patchett at Arizona, was added to the entire sample and allowed to 

equilibrate in a large volume of 6N HOI. Tracer calibration data are 

given by Patchett and Ruiz (1987). 

Element separation was done in two stages. The first stage consisted 

in passing the sample through AG50W-X12 ion-exchange resin in 8.9 ml 

quartz columns, using 2.5 N calibrated HOI. The REE fraction was 

treated with distilled perchloric, aftel' drying in order to remove resin 

dye and other organic materials. The samples were dissolved in 0.20 ml 

of calibrated 0.18 N HOI and passed through an ion-exchanged medium 

consisting of hydrogen di-2-ethylhexyl phosphate (HDEHP) absorbed onto 

Teflon (PTFE) powdel' and contained in 1.7 ml quartz column. Nd was 

separated with 0.18 N HOI followed by Sm separation with 0.5 N HOI. 

Nd and Sm were loaded into 3-filament Re assembly with HOI and 

heated slowly to dryness. The samples were analyzed with a VG-354 5-

collector mass spectrometer, Sm with a single collector, utilizing peak 

switching , and Nd using 5-collector routines. Run-time collector 
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configuration information is given by Patchett and Ruiz (1987). La Jolla 

Nd standard was measured with every batch, with an average (4 analyses) 

143Ndf144Nd value of 0.511869 ±11. 

Blanks weI'~ measured for Nd, Sm, and Sr. Nd blank was 207 pg and 

Sm 89 pg. One sample 87-503 was weighed and processed twice in order 

to check for reproducibility. Duplicate analyses agree within 0.20 

epsilon Nd units (Table 16). Errol's shown for' 143Nd/144Nd ratios are 2-

sigma absolute internal errors. The one sample that was weighed twice 

(87-503) shows a differ'ence of 4 units in the 143Nd/144Nd ratios (Table 

17). The Sm and Nd blanks and measured ratio errors are too low to 

effect the final l'esults. 
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ANALYTICAL RESULTS 

The analytical results and calculated ft~ d values are shown in Table 

17 and Fig. 32. Also shown are analyses of three Jurassic rocks from 

Farmer and DePaolo (1984) from the study area. The 143Nd/144Nd ratios 

are shown as they are reported in theil' paper. Comparisons using epsilon 

Nd values, should avoid differences in 146Ndj144Nd normalization values 

used at UCLA and Arizona. The -3.4 and -8.5 til d values reported by 

them for Jurassic intrusive rocks in the Sierrita Mountains and Babo-

quivari Mountains, respectively are identical to til d values obtained by 

this study fOl' volcanic rocks in each of the areas. 

Overall, the results of this dissertation cOllstitute the most complete 

coverage of the Middle to Lower Mesozoic section in this part of the 

Southern Cordillera. The results from southeastern Arizona indicate that 

Lower Mesozoic rocks are less negative than values originally thought to 

characterize the area (Farmer and DePaolo, 1983; 1984). This has 

important implications in relation to the degree and style of crust-mantle 

interaction. 

Southeastern and south central Arizona: 

Triassic basaltic andesite (85-159) and andesite (84-147) of the Mt. 

Wrightson Formation (85-159), in the Santa Rita Mountains, which are the 

earliest Mesozoic lava studied, have til d values of -B.1 and -B.4 (Fig.33). 

The latter is one of the two lowest til d values for Early Mesozoic rocks 

reported here from southeastern Arizona. In the Santa Rita Mountains 

the highest til d value of -3.B belong to Late Jurassic andesite (86-156) of 
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Table 17: Sm-Nd Isotopic Data From Southern Arizona ~ SE California 

SAMPLE # Sm-PPM Nd-PPM 147Sm/144Nd 143/144Nd AGE Eps Nd 

SE ARIZONA 
85-159 7.07 34.0 0.1255 0.512227 ±6 210 -6.1 
85-147 9.18 48.8 0.1148 0.512199 .±5 210 -6.4 

86-155 4.83 25.9 0.1123 0.512205 +5 180 -6.4 
85-161 5.79 31.9 0.1096 0.512258 ~6 180 -5.4 
85-153 7.25 38.5 0.1137 0.512291 .±7 165 -4.9 
85-121 2.92 16.5. 0.1064 0.512258 .±6 200 -5.1 • 
85-148 8.14 41.5 0.1183 0.512248 .±6 188 -5.7 
86-149 6.54 34.2 0.1154 0.512280 .±6 165 -5.3 

86-156 4.82 27.4 0.1061 0.512366 +6 150 -3.6 
85-164A 5.47 31.0 0.1066 0.512281 ±6 150 -5.2 

80-46 6.2 30.2 0.1239 0.512249 +6 150 -6.2 
83-126 6.79 35.6 0.1152 0.512380 +5 150 -3.5 
84-151 4.78 24.5 0.1177 0.512320 +6 150 -4.7 
86-175 4.3 24.4 0.1061 0.512246 ~ 165 -5.7 

SIERRITA MTS 
86-158 . 4.72 27.5 0.1038 0.512288 +6 200 -4.4 
86-168 5.06 23.9 0.1276 0.512375 ~6 200 -3;4 

BABOQUIVARI MTS 
87-501 5.5 31.1 0.1067 0.512089 +6 190 -8.5 
87-503 5.51 26.7 0.1243 0.512641 +s 190 1.8 

87-503-2 5.59 27.1 0.1243 0.512645 ±S 190 2.0 

SW ARIZONA & 
SE CALIFORNIA 

85-107 9.1 48.4 0.1136 0.512086 ±6 70 -9 
86-117 6.11 34.6 0.1065 0.512089 i6 165 -8.8 
86-114 5.87 24.0 0.1473 0.512585 +9 165 0.0 
86-127 6.48 35.7 0.1095 0.512071 +6 165 -9.2 
86-106 2.25 1.5.5 0.0876 0.512212 ~7 85 -7.1 

From Fal'mer and Dt)Paolo (1984) 
SIERRITA MTS 

AZ ST-4 0.119 0.511558 ±IS 200(?) -3.4 
BABOQUIVARI MTS 
AZ PUP-ll 0.111 0.511307 ±12 165 -8.5 

COMOBABI MTS 
AZ PR-363 0.105 0.511397 ±12 150 -7.2 
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Figure 32. Epsilon Nd values of Mesozoic volcanic and plutonic rocks 
from southeastern Arizona (squares) and south central 
(crosses), southwestern Arizona, and southeastern California 
(crosses). Also shown are inferred values for the basements 
for each region. See text for discussion. 
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the Temporal Formation. This increase in fN d values (i.e. less negative) 

with time is consistent with trace element and major element composition 

data discussed in the previous chapter. 

The 188 Ma old Piper Gulch Granodiorite has lower Nd value of -5.7 

compared to the younger Squaw Gulch Granite at -5.3. The -0.4 Nd 

difference may not be significant by itself, if it was not for the fact 

that the Granodiorite has 55 % Si02, while the latter has 72% (Table 4). 

This would not be compatible with a model that relates the basic and 

felsic rocks by fractional crystallization and assimilation of a common 

paren t magma. 

Similarly, Jurassic rocks in the Canelo Hills, Patagonia Mountains and 

Huachuca Mountains show similar trends to those described above in the 

Santa Rita Mountains. The highest fN d value belongs to andesite that 

belong to the last cycle of JUt'assic volcanism. Here, comparison of the 

felsic rocks based on rock type is made difficult because of signs of 

silicification as indicated by the 79 % Si02 and 7.7 % AbOa of one of 

the rocks. Nevertheless, their fN d values indicate that these rocks do 

not belong to a common parent magma body that evolved in a systematic 

way. 

Rocks from the Sierrita Mountains have the highest fN d values 

ovet'all. The middle member Ox Frame Formation andesite has fN d value 

of -3.4, which is similar to the -3.4 reported by Farmer and DePaolo 

(1984) for the compositionaly equivalent Jurassic Harris Ranch Granodio-

rite. The uppel' member rhyolite has fN d value of -4.4. In contrast, 

Jurassic rocks from the adjacent Baboquivari range have significantly 
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Figure 33. Geographical distribution of epsilon Nd values of Triassic -
Jurassic volcanic and plutonic rocks in southeastern and south 
central Arizona. Note the abrupt change in epsilon Nd values 
of both Lower Jurassic and Mid-Jurassic rocks between the 
Sierrita Mountains and Baboquival'i Mountains. Two points of 
Jurassic rocks from Farmer and DePaolo (1984) are also shown. 
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lower f» d values, -8.6 for the Ali Molina Formation and -8.6 for the Kitt 

Peak Granodiorite reported by Farmer and DePaolo (1984). This signifi

cant 4.6 f» d units difference between the adjacent ranges is too large to 

be explained by a small age difference (Fig. 33). Regionally, this appears 

to be a boundary between rocks with low f» d values to the west and 

higher f» d values to the southeast. 

The + 2 f» d units for the rift-related tholeiitic basalt, in the 

Baboquival'i Mountains, is the highest f» d value reported for Lower 

Mesozoic ['ocks in this area, il.1.dicating the presence of a depleted mantle 

under the Mesozoic arc. 

Western Arizona and southeastern Arizona: 

Epsilon Nd values are significantly lower in this region compared to 

those from southeastern Arizona. The increase starts at a sharp boun-

dary described above (Table 17). The lowest f» d value of this study,-

9.2 comes form the Middle Camp Quartz Monzonite in the Dome Rock 

Mountains. The f» d value of -8.8 of the Jurassic "quartz porphyry" 

volcanic rock from the McCoy Mountains and -9.0 from the correlative 

volcanic unit in the Little Harquahala Mountains, Arizona are not 

significantly different from that of the intrusive. 

A rhyolite interbedded with the base of the McCoy Mountains 

Formation in the Palen Mountains, California has the highest f» d value of 

o (zero). The possibility that it could be derived from undepleted mantle 

through melting and fractional crystallization is ruled out by its 
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Figure 34. Geogl'aphical distribution of epsilon Nd values of Jurassic 
volcanic and plutonic rocks in southwestern Arizona and 
southeastern California. Shown is also epsilon Nd value for 
the Cretaceous Tank Pass Granite in the Granite Wash 
Mountains. Note the highel' value of the latter. 
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high MgO content at 70 % Si02, depletion in LILE and flat REE pattern. 

Also, even rift-related basalt (87-503) shows some crustal contamination. 

Tank Pass Pluton, a Late Cretaceous granite from the Granite Wash 

Mountains, Arizona, was analyzed in order to observe a possible temporal 

variation. It has -tN d value of -7.1, a difference of about 2 fN d units, 

compared to the Jurassic Middle Camp Granodiorite. The higher trend in 

epsilon Nd values with time is similar to that observed in southeastern 

Arizona. Here, the difference may be attributable to depth of magma 

generation, because it was shown that the melt was in equilibrium with 

residual garnet (Fig. 31). 
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THE NATURE OF PRE-MESOZOIC BASEMENT AND MANTLE IN THE 

SOUTHERN CORDILLERA OF THE WESTERN UNITED STATES 

In order to make l'easonable estimates of the crust-mantle budget 

that went into making the Mesozoic arc rocks, one needs to constrain the 

age and composition of the two end members. Even though the mantle is 

thought to be less heterogenous than the lower crust, mantle heteroge-

neity throughout geological time has been inferred (Patchett et al., 1981; 

Ringwood and Irifune,1988), and the subcontinental mantle can remain 

coupled with the crust for extended period in its history (Richardson et 

al., 1984). 

The fN d value of +2 for the basalt in south-central Arizona (87-503) 

and 0 (zero) for rhyolite in the Palen Mountains indicate the existence of 

a depleted mantle, eventhough the fN d values don'L represent end-member 

mantle values. Further to the west, in the Sierra Nevada and Peninsular 

Ranges, granitoids show fN d values as high as +8, similar to island arc 

basalts (DePaolo, 1981b). The above observations and the fact that this 

was an arc setting and not related to hot-spot activity, where enriched 

mantle lavas would be expected, make it is safe to assume a depleted 

mantle with MORB Sm-Nd concentrations ratio as the mantle end-member. 

I prefel' ocean crust Sm-Nd concentration over that of island arc lavas, 

because the latter have undergone a more complex magmatic history, 

consisting of fractional crystallization and mixing (White and Patchett, 

1984), than one would expect at the mantle melting zone, before interac-

ting with the crustal component. 
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Constraints on the composition and age of the crustal component is 

more complex. There was no Paleozoic magmatic activity in the study 

region, and no Archean rocks are known (Condie, 1981; Dickinson, 1988). 

The youngest Proterozoic rocks consist of 1.4 Ga anorogenic granites and 

1.1 Ga diabase sills, but these intrude older Proterozoic basement rocks 

(Anderson, 1983; Condie, 1981; Livingston and Damon, 1968). There is 

general agreement that the crystallization age ranges fall between 1.65 

and 1.8 Ga, leaving about 100 m.y. as a possible inferred regional 

differences in the range of ages for the basement (Condie, 1981; 

Livingston and Damon, 1968). 

Bennett and DePaolo (1987) report Sm-Nd model ages of 2.0 - 2.3 Ga 

for Proterozoic rocks from an area that includes most of Study Area II of 

this study (Figure 35). The Sm-Nd model ages do not represent magmatic 

ages. The prefel'l'ed model for these ages is that the rocks constitute a 

mixture of 1.7 to 1.8 Ga mantle with Archean sedimentary rocks from the 

craton (Bennett and DePaolo, 1987) and is consistent with the crust 

production periods delineated for North America (Patchett and Arndt, 

1986). Proterozoic rocks in southwestern Arizona and southeastern 

California have undergone granulite-facies metamorphism (Reynolds et al., 

in press). Therefore, Study Area II in southwestern Arizona and south-

eastern California is inferred to be underlain by Proterozoic granulite 

basement with significant Archean component. 

In contrast, Bennett and DePaolo (1987) infer Sm-Nd model ages of 

1.7-1.8 Ga for southeastern Arizona that covers Study At'ea I (Figure 35). 

This Sm-Nd model age range is not significantly different from 
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Figure 35. Distl'ibution of Protel'ozoic terranes having distinct Sm-Nd 
model ages (After Bennett and DePaolo, 1987). Terranes 
numbered with Roman numerals. Ages shown al'e Sm-Nd model 
ages. In Terrane III model ages are close to crystallization 
ages. The dashed line in central Arizona is a possible 
boundary between Terrane I and III by this study. Transform 
fault proposed by Bennett and DePaolo (1987). 
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crystallization ages of Proterozoic rocks in the al'ea. Rhyolites intruding 

the Pinal Schist, which crops out in much of southern Arizona, had been 

dated at 1715 ± 15 Ma by zircon U-Pb isotopic method (Silver, 1967) and 

a quartz diorite at 1690 ± 30 Ma by Rb-Sr whole-rock method 

(Livingston, 1969), indicating that the age of the basement is greater than 

1. 7 Ga. The close agreement between Sm-Nd model ages and crystalliza-

tion ages of Proter'ozoic rocks can be explained by a model in which 

mantle-derived rocks are produced in a Proterozoic island-arc system, far 

from the influence of the Archean continental m'ust, and latsr accreted 

to the continental margin. Proterozoic accretionary tectonics, similar to 

Phanerozoic accretions along the western continental margin (Coney et 

al., 1980), have been proposed for other belts around the Wyoming craton 

(Condie, 1981; Duebendorfer and Houston, 1987). 

The boundary between the two Proterozoic provinces (Fig. 35) needs 

further refinement, Bennett and DePaolo (1987) favor a Proterozoic left-

lateral shear zone, that transports province 1 400 to 1000 Km to the, 

south, as a boundary between the two terranes (Fig, 35). They favor 

such a boundary solely based on the assumption that these terranes were 

distributed symmetrically around the Wyoming craton, Symmetry alone is 

not a convincing argument, even though there is progressive southward 

(present day reference) dect'ease in crystallization and Sm-Nd model 

ages. 

Bennett and DePaolo (1987) delineat0d the Sm-Nd model age province 

in southern Arizona with Eocene two-mica granite data, Sm-Nd model 

ages of many of the two-mica granites considerably younger ,than the age 



140 

of the basement, indicating that they al'e not fully derived from the 

crust. Asmerom et al., in press, (Appendix IV) have argued that two

mica granites in the Cordillera are det'ived from mid-crustal sources 

similar to Jurassic volcanic and plutonic rocks. Therefore, differences in 

Jurassic volcanic and plutonic rocks, which represent the first lower crust 

melts since the Proterozoic, rather than two mica granites, may be better 

indicators of differences in the basement. The ttl d data for Jurassic 

rocks (Table 17) indicate that thet'e is no significanc difference in the 

Nd values of Jurassic rocks as far east as the Baboquivari Mountains. 

The sharp boundary of 4,6 ttl d units between Lower Jurassic rocks in 

the Baboquivad Mountains and Sierrita Mountains (Fig. 33) is also 

repeated in Mid-Jurassic rocks, as shown by the data from Farmer and 

DePaolo (1984), Such a shal'p boundal'y, across a few kilometers (Fig. 

33), may represent a Proterozoic terrane boundary, most likely an accre

tionary suture zone between an island al'C and a continent. An alterna

tive view would be to have the same basement and attribute the diffe

rence in f II d values in Lower and Mid-Jurassic rocks to differences in the 

amount of mantle contribution. It seems rather fortuitous that the 

contrasting mantle contribution during the Early Jurassic would be 

repeated 30 m.y. later. The first alternative seems more reasonable, but 

the differences will not be fully resolved until Proterozoic (> 1. 7 Ga) 

l'ocks, instead of two-mica granites, are studied. 

The differences in the location of the boundary effects only the 

samples fOl'm the Baboquivari Mountains. Regardless of the location of 

the Proterozoic terrane boundary, the above models point to contrasting 
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basement compositions across the Mesozoic magmatic arc. In southeaster 

Arizona, from the Sierrita Mountains and to the east, the basement is 

juvenile crust with little or no Al'chean component, while the crust to 

the west has a considerably higher Sm-Nd model ages, up to 400 m.y. 

oldel' than its age of crystallization. 
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CRUST-MANTLE BUDGET IN MESOZOIC ARC MAGMAS AND IMPLICATIONS FOR 

GROWTH OF CONTINENTAL CRUST 

One of the main aims of this study is to constrain the amount of 

juvenile mantle material that was added to the crust during Triassic and 

Jurassic arc magmatism. 

Models of the lower crust discussed in the previous chapter allow us 

to constrain the range in isotopic and chemical composition of the crust 

and mantle end-members. There is general agreement that the mantle 

end-member' is a depleted mantle, similar to the depletecl mantle model of 

DePaolo (1981). A +2 fN d value for basalts in areas of low fN d values is 

a good indication that such an assumption is valid. 

The lower crust model proposed in this study, consisting of an island-

arc type basement for southeastern Arizona, and a granulite-type base-

ment for the basement to the west, in combination with the fN d values 

obser'ved for Proter'ozoic rocks (Bennett and DePaolo, 1987) result in a 

narrow range of isotopic and concentration values for each segmen~. 

Table 18 shows values used in calculating the mantle-crust balance in 

Triassic-Jurassic arc magmas. The Nd concentration, calculated to have 

Sm/Nd ratio consistent for 1.8 Ga depleted mantle-derived crust, is 

similar to an intermediate to mafic lower crust composition estimate of 

Taylor and McLennan (1985). This is also in the range of Nd concentra-

tions measured for island-arc andesites by White and Patchett (1984). 

The mafic nature of this basement has also been suggested by other 

workers based on Pb-isotopic data (Sawyer and Zartman, 1985), and 
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chemical arguments (Anthony, 1986). The til d value for the early 

Mesozoic basement of -10 is narrowly constrained by til d values for 

proterozoic rocks (Bennett and DePaolo, 1987; Nelson and DePaolo, 1985). 

The Nd concentration for the western basement of 18.5 ppm is 

similar to an avel'age of 244 Lewisian granulite gneiss samples (Taylor and 

McLennan, 1985). Granulite-facies metamorphism of Proterozoic rocks in 

western Arizona and southeaste['n California is observed at the surface 

(Reynoldl3 et al., in press). Elsewhere, granulites have Sm-Nd isotopic 

values comparable to their granitoid counterparts (Ben Othman et al., 

1984). 

The amount of mantle material added for each sample was calculated 

with a two-component mixing equation, similarly used by Patchett and 

Bridgwater (1984): 

Ccrust (t II d ,rock - til d ,crust) 
Xmantle = 

Cmantle (t II d ,mantle - til d ,rock) 

X.antle 
% Mantle = -----100 

(1+ Xmantle) 

Where Xmantle, Ccru9t, Cmantle and til d ,rock are fraction of 

mantle for one part of crust (basement), Nd concentration of the 

basement, Nd concentration of mantle end-member, and til d value of 

Mesozoic arc ['ock, l'es'pectively. 



TABLE 18 
----------------------------------------------------------------
SE Arizona 

Component 

Proterozoic Basement 
Mantle (Depleted) 

sw, SC Arizona & SE Califol'nia 
Proterozoic Basement 
Mantle (Depleted) 

Nd-concentration 

12.5 ppm 
10.0 ppm 

18.5 ppm 
lO,O ppm 

iN d Value 

-10 
tNd at T 

-15 
tNd at T 

144 
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Result: 

The results of the calculations will vary widely depending on the 

estimates of the end-member concentration and isotopic values. The 

calculations, however, are useful in showing reasonable estimates of 

mantle input. 

Table 19 and Fig. 36 show the results of the above calculations. 

Samples from southeastern Al'izona show % mantle values between 21 and 

42 percent. Significantly, the early andesites of the Mt. Wrightson 

Formation fall in the lowest range of incorporated % mantle, which is 

consistent with trace element data presented before (Figure 12). 

Samples from south-central and southwestern Arizona and southeas-

tern California, with a more felsic model basement have % mantle 

components in a narrow range of 38 to 48 percent. Overall, they fall in 

the field defined by southeastern Arizona samples, indicating that in both 

sectors of the arc about the same amount of 20 to 40 percent of new 

mantle material was added (Fig. 36). This is reasonable, considering that 

they are both in the same arc environment, and their trace element data 

does not show that one sector had more crustal involvement. The diffe-

rences in the measured fN d values, in agreement with trace element 

data, reflect differences in basement fN d and not degree of mantle 

involvement. 

Fig. 37 and Fig. 38 are trace element discrimination diagrams based 

on Pearce (1983). The elements used in the diagram, and especially their 

ratios, are not effected by alteration. Rocks from both areas fall in the 

same l'egion in the diagrams. Three samples with distinctly high % mantle 
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Table 19 
Sample Age ~ Mantle 

SE Arizona 

85-159 210 26 
85-147 210 24 

86-155 180 24 
85-161 180 30 
85-153 165 33 

85-121 200 32 

85-148 188 28 
86-149 165 31 

86-156 150 41 
85-164 150 31 

84-151 170 34 

80-46 150 25 
86-175 165 28 
83-126 150 41 

86-158 200 36 
86-168 200 42 

SW I SC Arizona & SE California 

87-501 190 42 
87-503 190 84 

85-107 70 38 
86-117 165 40 
86-114 165 77 
86-127 165 38 
86-106 85 48 
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Figure 36. Diagram showing the result of model calculations of percent 
mantle incorporated in arc rocks from the two study regions. 
Southeastern samples are shown as squares. Twenty to forty 
percent. mantle input. is the range for both study areas. The 
three exceptions are discussed in the text. 
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components: 87-503, 86-114 and 86-106, fall in the discrimination diagram 

(Fig 37), away from the other sample either close to the mantle array 

defined by MORB data (Pearce, 1983) 01' towards the island arc lavas field 

(86-114), three of them forming the closest trend towards the mantle 

array. 

Sample 57-503 is the arc-related basalt from the Baboquivari Moun-

tains (Haxel et al., in press). The calculated 16 percent crustal contribu-

tion is consistent with moderate enrichment in LREE (Fig. 21). The 

steep LREE to HREE fractionation observed for the Cretaceous Tank Pass 

Pluton (86-106) (Fig. 31) was attributed to melt equilibration with garnet 

residue, indicating a greater melt component with an eclogite source , 

compared to the Jurassic Middle Camp Quartz Monzonite (Fig.31). 

Consistent with the trace element data (Fig. 30) the difference is 

reflected in the large % mantle component of 48 percent of the Tank 

Pass Granite. 

The third sample with a large % mantle component (77 percent) is a, 

the rhyolite interbedded with the basal section of the McCoy Mountains 

Formation in the Palen Mountains, southeastern California (86-114). In 

the trace element discrimination diagram (Fig. 38) it plots towards, the 

island arc trend. The rhyolite shows some compositional attributes similar 

to t'ocks of the boninite series rocks found in island arcs like the 

Marianas : high MgO and lower Ti and REE for a given Si02 (Boloomer 

and Hawkins, 1987). These rocks have been associated with initiation of 

back-arc rifting (Crawford et aI, 1984). - The 77 percent mantle compo-

nent of the rhyolite, combined with nearly flat REE pattern (Fig. 29) is 
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Figure 37. Th/Yb - Ta/Yb variation diagram for southeastern Arizona 
samples (After Pierce, 1983). The larger figure is an expanded 
area where continental arc fall in the smaller inset figure. 
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Figure 38. Th/Yb - Ta/Yb variation diagram for sample from south
western Arizona and southeastern California; also shown is 
the basalt with epsilon Nd value of +2. The rhyolite with 
epsilon Nd value of 0 (zero) plots towards the island arc 
trend (After Pierce, 1983). 
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consistent with a melting of an olivine-rich source suggested by the trace 

element and major element data. 

Aside from the uncertainty in the magnitude of mantle contributions, 

associated with estimates of the model composition of the basements, it 

is clear that there was significant net addition of mantle material during 

both mafic and felsic arc magmatism. 

In the two localities, where Jurassic rocks were studied both by 

Farmer and DePaolo (1984) and this study (the Sierrita and the 

Baboquivari Mountains), the two studies reach very different conclusions. 

For the Harris Ranch Granodiorite (-h d =-3.4) in the Sierrita Mountains, 

Farmel' and DePaolo (1984) estimated 30 percent of mantle input, but for 

the Kitt Peak Granodiorite (fNd = -8.5) in the Baboquival'i Mountains, 

with similar bulk composition, they attribute no mantle contribution. 

Similar to their conclusion, based on model calculation described above, 

I estimate 42 percent mantle input to the Ox Frame andesite, in the 

Sierrita Mountains, having an identical fN d values of -3.4. In contrast 

to their conclusion, 42 percent of mantle input is calculated for the Ali 

Molina Formation rhyolite in the Baboquivari Mountains, with fN d value 

identical to the -8.5 value of Farmer and DePaolo (1984). The Santa Rita 

Mountains data (Table 17) show that fN d values for felsic and mafic 

rocks are similal', wit.h early mafic andesites having some of the lowest 

values. 

The model of the contrasting lower crust basement with an accretio

nary suture boundary, i::J consistent with similar amount of mantle input 

for both areas (Fig. 36) during arc magmatism. The 4.6 fN d units 
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differences in Jurassic rocks between adjacent ranges is an indicator of 

the basement difference, as described in the previous chapter. The three 

samples that show distinctly higher mantle input also show corresponding 

distinction in their trace element and bulk compositions. 

The data indicate that a significant amount of new crust is added 

along magmatic arcs as late as the Mesozoic compatible with continental 

growth along magmatic arcs (All\:gre and Jaupart, 1985). Unless there is 

a corresponding large mantle sink, the data seem to argue for the conti

nuous, albeit small, growth model of the continental crust. 

By inference, results f1'om this data also show the clear involvement 

of depleted mantle and continental crust in the production of arc magmas. 

This study shows the same amount of mantle involvement in both settings 

with contrasting basement compositions: an island-arc type basement in 

southeastern Arizona and a felsic granulite basement in the terrane to 

the west, both of the same Proterozoic age, but with significantly 

different Sm-Nd model ages. As shown previously, the influence of 

continental crust and the mantle are expressed in mobile and immobil,e 

trace elements, supporting the model that a1'gues for anatexis of conti

nental crust or magma mixing (Hawkesworth et al., 1982; DePaolo, 1981), 

over models that favor alkali contamination by continental crust (Harmon 

et al., 1984; James 1981). 

The nature of the mantle involved, whether it is the subducted slab 

or a peridotite wedge, is harder to constrain, because the contribution 

from the continental crust tends to mask the slab-derived components, if 

they were involved (Leeman and Hawkesworth, 1986). Even the most 

------- ------------------------------------
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mafic components in this study show considerable amounts of crustal 

involvement (16 percent for the tholeiitic basalt, til d = +2). The presence 

of a peridotitic mantle is hinted with the high MgO rhyolite in the Palen 

Mountains (86-114, til d = 0), but this unit is not part of the volcanic arc 

assemblage. 

Apart form the crust-mantle balance issue, the data for 86-114 has an 

important tectonic implication. There is much controversy surrounding 

the setting, correlation and age of the McCoy sedimentary rocks (Harding 

and Coney, 1985; May, 1985; Stone et al ., 1987). Harding and Coney 

(1985) proposed that the McCoy sedimentary rocks were deposited in a 

rift-bound basin contemporaneous with arc magmatism. Others (May 1985; 

Stone et al., 1987) argued that the sedimentary rocks, at least in the 

upper section, al'e younger than suggested by Harding and Coney (1985). 

The Palen Mountains (sample 86-114) data seems to suggest that basin 

formation was related to back-arc l'ifting, after cessation of arc magma-

tism. This would support a correlation of the McCoy Mountains Forma-

tion with the Besbee Group' in southeastern Arizona. 
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MAGMA EVOLUTION AND CRUST MODIFICATION 

Detailed study in the Santa Rita Mountains was conducted to address 

two basic issues: 1) How are the different rocks with different bulk 

compositions related to each other, if they are related? and 2) How do 

the magmas and their source regions evolve with time? 

Magma Evolution: 

The evolution of magmas from dominantly basalt-andesitic to the later 

more felsic dacites and rhyolite flows and tuffs may seem to indicate a 

system that is undergoing a closed system fractional crystallization (CFC), 

01' assimilation and fractional crystallization (AFC). 

Fig. 39 shows K/Rb ratios of lower, middle and upper members of 

the Mt.Wrightson Formation. During CFC the K/Rb ratio is not expected 

to change (Leeman and Hawkesworth, 1986) resulting in a flat trend, 

while AFC evolution results in a curved tl'ajectol'Y. Two distinct trends 

are observed in Fig. 39. There is a general increase in K/Rb ratios from 

lower member basaltic andesites (L in diagram) to upper member dacites 

(U), contrary to an CFC evolution. An AFC system is also ruled out if 

the material that is being assimilated (in this case lower crust matel'ial) 

has a lower K/Rb ratio. An AFC model would explain the trend if Rb-

depleted lower crust material is evoked as the crustal component. High 

K/Rb ratio Precambrian granulites are common (Rudnick et al., 1985). 

But fill d values for the rocks tend to increase with age (Table 17), and 

therefore are not consistent with a systematic AFC model. Also, the 
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Figure 39. K/Rb - Rb variation diagram for Mt. Wl'ightson 'Formation 
volcanic rocks. CFC = Closed fractional crystallization path, 
AFC = assimilation and fractional crystallization. U = upper 
member dacites and rhyolite, M = middle member dacites and 
rhyolites, and L = lower member andesites. 
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l'hyolites of the middle member plot in a low K/Rb field (Fig. 39). 

Therefore, an AFC model does not apply for the system as a whole. The 

significant age separation between the lower member and the rest of the 

rocks makes it highly unlikely that these rocks are related in any closed 

system way. Even fOl' rocks that do not have a significant age separa-

tion, as in the case of the middle and upper members, a systematic 

evolutionary path is unlikely. 

Dacites and rhyolites of the middle member (m) may be related 

through a two-stage AFC process. Initial melting would be followed by 

upper crustal level fractional crystallization, as indicated by the negative 

Eu anomalies in the more felsic rocks, even though they have higher Nd 

values. The lower K/Rb ratios of the felsic rocks are consistent with 

such an observation. This leadl'l to the decoupling of Rb-Sr and Sm-Nd 

systematics. Similar decoupling is reported by other workers (McCulloch 

et aI., 1987). 

Gromet and Silver (1987) have argued against crustal contamination of 

the western Peninsular Ranges Batholith, based on the observation that 

the rocks have uniform 87Sr/86Sr and 1BO ratios of the rocks, while 

DePaolo (1981), based on t~3Ndf144Nd data argued to the contrary. As 

clearly demonstrated in this study Sr, Rb, and other alkalis are mobile, 

and would be so during plagioclase fractionation in middle and upper level 

magma chambers. The REE on the other hand are less mobile, and 

therefore, less vulnel'able to modification at middle and upper crustal 

levels. Oxygen, similar to Rb-Sr would also be mobile, during fractiona-

tion driven fluid circulation. This would explain the uniform 87Sr/86Sr 
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and 180 values of the rocks. The 143Ndf144Nd data are more indicative 

of source region contribution, and better suited for crust-mantle balance 

study. 

On the other hand valid Rb-Sr isochrons may be obtained for rocks 

with differ'ent tN d values, if they have undergone second-stage fractional 

crystallization at different levels of the crust. 

Lower crust Modification: 

Figure 37 shows the change in ttl d with time for Jurassic and Triassic 

rocks. Ther'e is significant negative c01'1'elation of ttl d with time, i.e. the 

younger rocks have higher (more mantle-like) ttl d values • 

It was shown that K55 of andesites in southeastern Arizona decrease 

with time, in agreement with the ttl d data. Andesites of the lower 

member of the Mt. Wrightson have the lowest tN d values, and high K20 

and REE content. Trace element data also demonstrate the same 

observation. Fig. 37 shows the trend of andesites with age. The 

andesites move towards the basalt (57-503) and the mantle array defined 

by MORB data with decreasing age. 

The sample of the Cretaceous Tank Pass Granite has markedly 

higher fN d value (-7.1) compared to the Jurassic Middle Camp Granodio

rite (ttl d value of -9.2) even though it is more felsic. The REE and Sc 

data point to garnet as the l'esidue miner'al. The data can be interpreted 

in two ways: 1) The crust was sufficiently thickened to stabilize garnet 

------------------------------------------
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as residue, in which case the fH d data would show that the lower crust 

has become more mantle-like; or 2) the rock contains a greater mantle 

component that had previously equilibrated with an eclogite source. In 

either case, it shows that the lower crust was sufficiently modified, 

becoming more mantle like, in order to drastically change the trace 

element signature of the smaller mantle component. 

The progressive hybridization of the lower crust has an important 

implication for the genesis of Cordilleran peraluminous granites, which 

formed in Arizona around 55 Ma. Some workers have attributed their 

origin to melting of the lower Ct'ust based on theil' low initial 87S r /86Sr 

ratios (Shuster and Bickford, 1986; Farmer and DePaolo, 1983). But these 

rocks have low "h d values, as low and in some cases lower than the Early 

Jurassic rocks (Farmer and DePaolo, 1984; this study). Their derivation 

from the lower crust seems highly unlikely in light of the above data. 

Asmerom et al., in press (Appendix IV) have argued against a lower crust 

source based on trace element and 87Sr /86S r data and model calculations. 
, 

The combined data indicate that the lower crust gets hybridized with 

repeated injection of mantle magma. This has an important implication 

for the composition of the lower crust. Based on this data, the lower 

crust composition may be becoming more mark with time long sites of 

prolonged arc magmatism, which is true for most of the continental crust, 

assuming the most widely accepted model of continental growth, which 

calls for subduction-related gl'owth along continental mal'gins (Allegre and 

Jaupart, 1985; Windley, 1984). 
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SUMMARY AND CONCLUSION 

This study, in two parts, addressed the questions of timing of 

Mesozoic arc magmatism and ('elated tectonic issues and the nature of 

crust-man tIe interaction. 

The dates in this study represent the most complete reliable dates 

on the Mesozoic section in this part of the Cordillera. It was shown 

that, contrary to previous estimates (Stewart et al., 1986), Early Mesozoic 

igneous activity dates back to the Late Triassic. The 210 ±3 Ma is a 

minimum age of initial arc magmatism. The contact between Lower 

Mesozoic and Paleozoic rocks is erased due to later igneous activity. The 

only Lower Mesozoic unit that rests on the Permian Rain Valley Forma-

tion is the Gardner Canyon Formation, dated at 200 Ma, and equivalent 

redbeds. 

The displacement, along a megashear, of a possible Lower Triassic 

volcanic source for the Chinle Formation of the Colorado Plateau is not 

necessary, in light of the dating in this study. Rb-Sr isotopic and 

regional mapping data discussed in Appendix III show that this part of 

the Cordillera was uplifted and eroding during the Early Mesozoic. 

The cOl'relation of the thick eolian sands that are associated with Mid-

Jurassic felsic volcanism with the Navajo Supergroup (Bilodeau and Keith, 

1986; Riggs et al., 1986) is allowable by the dates obtained in this study_. 

The transition from mafic to felsic magmas seen in the volcanic rocks 

is also expressed in the intrusive rocks. The Piper Gulch Granodiorite, 

concordantly dated at 188 ±2 Ma is intruded by the felsic Squaw Gulch 

Granite. The transition to felsic magmatism is not reflected by 

---------------------------------------
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lower fN d values. Also, andesites belonging to the second cycle of 

Jurassic volcanism, dated at 151 ± 5 Ma, have higher (ltd than Late 

Triassic andesites. The only felsic rocks that show significant lowering 

of their (ltd values are those with strong negative Eu anomalies, indica-

ting the incorporation of mid- to upper ct'ustal material during fractional 

crystallization. It was shown that the lower crust may be progressively 

hybridized by the mantle along sites of arc magmatism. This lower crust 

modification towards mantle-like composition with time, casts doubt on 

the possibility of deriving the younget' two-mica granites from the lower 

crust. Asmerom et al., (in press) (Appendix IV) have argued against the 

their derivation form lower crust metasedimentary source. 

The Mesozoic Sm-Nd isotopic data in this study in conjunction with 

Proterozoic data from Bennett and DePaolo (1987) are used to calculate 

up to 40 percent of mantle input during the Mesozoic arc magmatism. 

This estimate can be variable, depending on the end-member compositions 

used for the mixing calculations, especially at high amounts of crustal 

contribution. Nevertheless, mantle contribution to the crust, greater than 

the amount that is cancelled by a mantle counter-sink, like sediment 

subduction, seems to support a continuous growth model of the continen-

tal crust. 

The combined geochronological, trace element, and isotopic work 

provided much more information than that would have been possible using 

only one of the approaches. Also, the combined use of intrusive and 

volcanic rocks offers greater detail in information than that possible 

using only intrusive rocks. 
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APPENDIX I 
Sample Location and Description 

Santa Rita Mountains: 

85-147 

85-149 

85-159 

86-179 

85-156 

Lower member of the Mt. Wrightson Formation. Lower 
Triassic. Dark greenish gray porphyritic andesite, with 
plagioclase and hornblende phenocrysts. Plagioclase 
partially altered to albite, also minor amounts of 
secondary epidote along fracture joints. Longitude 110° 
49'10" W, latitude 31°37'28" N 

I,0I'I8r member of the Mt. Wrightson Formation. Andesite 
similar to 85-147. Outcrop located 1 km east of 85-147 
on north side of Piper Gulch Trail. 

Lower member of the Mt. Wt'ightson Formation. Dark gray 
basaltic andesite with plagioclase and minor amounts of 
clinopyroxene phenocrysts. North of Temporal Gulch, 
longitude 1l0049'43" W, latitude 31°39'31" N. 

I,C)wer member of the Mt. Wdghtson Formation. Light 
bt'own flow-banded andesite (?). The rock is moderately 
altered. Collected for zircon separation only. 
Longitude 1l0047'50" W, latitude 31°36'12" N. 

Middle membet' of the Mt. Wdghtson Formation. Mid
Jurassic. Dark purplish gray dacite flow with unaltered 
polysynthetica11y twinned plagioclase phenocrysts up to 
15%. Longitude 1l0049'14" W, latitude 31°43'05" N. 

85-157 Middle member of the Mt. Wrightson Formation. Dark 
purplish brown tuff wi th abundant quartz and 

plagioclase phenoct'ysts. Longitude 1l0049' 10" W, 

85-161 

86-155 

latitude 31°43'06" N. 

Middle member of the Mt. Wrightson Formation. Light 
brown finely laminated rhyolite flow. Plagioclase 
phenocrysts, up to 10%, is partially altered. 
Longitude 110°49' 37" W, latitude 31°39' 05" N. 

Middle member' of the Mt. Wdghtson Formation. Medium 
gray porphyd tic t'hyodaci te, wi th plagioclase 
pheno(~rysts. Sample collected for zircon separation 
also. Sample site is at Bellow Spring, near top of 
Mt. Wrightson. Longitude 110°51' W, latitude 31°41' N. 
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85-153 Upper member of the Mt. Wrightson Formation. Mid
Jurassic. Dark purplish gray dacite flow. Plagioclase 
phenocryst, up to 15% is partially altered to albite. 
On Cave Creek Canyon, longitude 110°48'37" W, latitude 
31 ° 42 '46" N. 

86-154 Upper member of the Mt. Wrightson Formation. Light 
purplish gray flow-banded rhyolite. Longitude 110°47' 
" W, latitude 31°43'13" N. 

85-148 Piper Gulch Granodiorite. Lower Jurassic. Hornblende
biotite granodiorite. Sample for zircon separation [86-
145] was collected from the same area. Longitude 
110°49'44" W, latitude 31°37'54" N. 

86-149 Squaw Gulch Granite. Sample collected northeast of 
Squaw Peak. Longitude 110°49'42" W, latitude 
31°36'12" N. 

85-119 Gardner Canyon Formation. Lower Jurassic Light brown 
porphyritic dacite with altered plagioclase and biotite 
phenocrysts, about 30 % and 10% respectively. All of 
the Gardner Canyon Formation samples have high Si02 due 
to silicification. Samples 85-119, 85-121, and 85-125 
are mineralogically similar to each other; 85-120 has 
less biotite phenocrysts. 86-152 was collected for 
zircon separation. All of the samples collected from an 
out crop area 0.4 km across. 85-126 is a Tertiary 
rhyolite dike. Longitude 110°46'01" W, latitude 
31°43'11" N. 

85-164A Temporal Formation. Upper Jurassic. Light purplish gray 
fl()w-banded rhyoli te . It contains scat tered angular 
lithic fragments that were separated from sample before 
crushing. Longitude 1l0047'59" W, latitude 31°38'51" N. 

85-164B Temporal Formation. IDlyolite tuff with quartz 
phenocrysts. Collected a few meters away from 85-l64A. 

85-165 Temporal Formation. Dark gray porphyritic andesite, 
with fresh plagioclase phenocrysts (2-3 nun long). 
Longitude 110°48'07" W, latitude 31°38'48" N. 

86-156 Temporal Format ion andes ite, similar to 85-165. 
Collected for U-Pb-Th zircon analysis. Longitude 
110°47'44" W latitude 31°37'35" N . , 
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Huachuca MC)Wltains: 

83-126 

86-175 

Glance Conglomerate volcanic member. Upper Jurassic. 
Dark gray andesite chips from a sample collected by L. 
Vedder (not discussed in her thesis). Longitude 
110°20'18" W, latitude 31°21'30" N. 

Glance Conglomerate volcanic member [same as zircon 
sample 86-176]. Light bt'own porphyritic rhyodacite 
interbedded with conglomerates of the Glance 
Conglomerate. Larbe plagioclase phenocrysts look 
partially altered. High H2O content is most likely due 
to K-metasomatism. Longitude 110°23'50" W, latitude 
31°23'49" N. 

Canelc) Hills: 

80-45 and 80-46 Ash flow tuff powder samples from Kluth 
(1982). Lower Jurassic. Longitude 110°33' W, latitude 
31°32'01" N. 

Patagonia and Mustang Mountains: 

84-13 

84-20 

84-151 

Purplish brown ash flow tuff chips from May (1985), 
from Mustang MOWltains. Mid-Jurassic. The chips are 
crumbly. Longitude 110°26' W, latitude 31°41' N. 

Purplish gray dacite chips from May (1985), from 
Corral Canyon, Patagonia Mountains. Mid-Jurassic. 
Longitude 110°42'18" W, latitude 31°27' N. 

Grayish brown dacite flow with pink K-feldspar 
phenoct'Ys ts (abot! t 2 mm long) and minor amounts of 
epidote spots. Mid-Jurassic. From May (1985). Longitude 
110°42'18" W, latitude 3lo 27'N. 

- .. -.-.. _._-----------------------------
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Sierrita Mountains: 

86-158 Ox Frame Formation. Upper Triassic - Lower Jurassic . 
Fine-grained light gray rhyolite. The rock is heavily 
jointed. Weathered surfaces were chipped off before 
crushing. Longitude 111°12'17" W, latitude 31°53'07" N. 

86-l64B Ox Frame Formation. Porphyritic rhyolite flow, thinly 
interbedded with andesite flow [86-l64C]. Quartz and 
albitized plagioclase phenocrysts constitute about 15% 
of the rock. Longitude 111°12'04" W, latitude 
31°52'01" N. 

86-l64C Ox Frame Formation. Dark gray andesite, interbedded 
with 86-164B. It contains very dark patches of altered 
mafic minerals. 

86-168 Ox Frame Formatioll. Dal'k greenish gray altered 
porphyritic andesite. Plagioclase phenocrysts altered 
to albite (7) Longitude 111°12'08" W, latitude 
31 0 52'23''N. 

Baboquivari Mountains: 

87-501 

57-503 

Ali Molina Formation. Lower Jurassic. Coarse-grained 
light gray hypabyssal rhyolite. Longitude 111°39' 23" W, 
latitude 31°54'42" N. 

Mulbert'y Wash Volcanic FOt'mation. Lower Jurassic. Fine
grained bluish green basalt. The flow, about 2 m thick 
is interbedded with conglomerate of the Mulberry Wash 
Volcanic Formation. The rock is jointed and moderately 
altered. Longitude 111°35'49" W, latitude 31°44'23" N. 
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Little Harquahala Mountains: 

85-101B to 85-103 Hovatter Volcanics. Mid-Jurassic. Samples 
described in Appendix III as sample 1 to 4 [there are 
more Rb-Sr samples than those used for REE and Sm-Nd 
isotopic work]. Samples collected from an area centered 
at longitude 113°36'35" W, latitude 33°41'55" N. 

85-106 to 85-108 Needles Formaticm, equivalent to Hovatter 
Volcanics. Samples correspond to 5 to 9 in Appendix 
III. JJongitude 113°33'03" W, latitude 33°40'27" N. 

Granite Wash Mountains: 

86-106 Tank Pass Pluton. Upper Cretaceous. Coarse-grained 
porphyritic gr'anite. Contains K-feldspar phenocrysts up 
to 3 cm long. Biotite and the feldspars look fresh. 
Sample collected from a granite quarry. 
Longitude 113°42'07" W, latitude 33°50'44" N. 

P1omosa Mountains: 

85-111B "Quartz Porphyry". Mid-Jurassic. Light greenish gray 
porphyritic rhyolite tuff. Quartz phenocrysts, up to 3 
n~ long, constitute about 20 % of the rock. Plagioclase 
and groundmass look heavily altered. Longitude 
114°04'27" W, latitude 33°36'18" N. 

Dome Rock Mountains: 

86-127 Middle Camp Granodiorite. Mid-Jurassic. A hornblende
biotite granodiorite. The mafic minerals show moderate 
amounts of chlorite alteration. Longitude 114°22' 11" W, 
latitude 33°39'07" N. 
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McCoy Mountains: 

86-117 

86-121 

"Quartz Porphyry " . Mid-Jurassic. Medium greenish gray 
porphyritic dacite. Phenocl'ysts consist of plagioclase 
and quartz. Greenish hue due to chlorite and sericite 
alteration. Longitude 114°56' 06" W, latitude 33°48' 36" 
N. 

"Quartz Porphyry". Mid-Jurassic. Light gray porphyritic 
rhyodacite tuff. It contains altered plagioclase ( to 
albite?) and quartz phenocrysts. Longitude 114°56'W, 
latitude 33°49'N 

Palen Mountains: 

86-114 Fine-grained dark gray rhyolite interbedded with 
sedimentary rocks of the McCoy Mountains Formation. 
Sample located near the McCoy Mountains Formation 
sedimentary rocks - volcanic contact in the Palen 
Mountains. Longitude 115°02'06" W, latitude 49°30'N. 

-_._ .... _---------------------------
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Mesozoic rocks in west-central Arizona and southeastern California 

contain evidence for an episode of Late Triassic to Middle Jurassic 

uplift, An unconformity cut on TI'iassic to Protel'ozoic rocks is overlain 

by a pre-I60 Ma conglomerate containing clasts of Proterozoic crysta-

lline rocks, The uplift is an important early Mesozoic paleogeographic 

feature and may be part of the long-sought source terrane for detritus in 

Triassic and Jurassic units, such as the Chinle Formation, of the 

Colorado Plateau. 
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INTRODUCTION 

The early Mesozoic paleogeography of the southern Basin and Range 

Province is poorly known, largely because the region has subsequently 

experienced widespread magmatism, deformation, metamorphism, and 

Neogene burial (Burchfiel and Davis, 1981; Reynolds and others, 1986, 

1988). Lower Mesozoic sedimentary rocks on the adjacent Colorado 

Plateau, howevel', are less deformed and have yielded a wealth of 

stratigraphic and sedimentologic data for making paleogeographic 

inferences (Blakey and Gubitosa, 1983). For example, facies relationships 

and paleocurrent data from the Upper Triassic Chinle Formation on the 

Colorado Plateau require a source of detritus from the south and 

southwest (Stewart and others, 1972, 1986). Clast types in the Chinle 

Formation indicate that the source area included Paleozoic rocks, 

Proterozoic crystalline rocks, and volcanic rocks that yield K-Ar 

whole-rock ages of 196 to 222 Ma (Peirce and others, 1985; Peirce, 

1986). The uplifted source area has not been recognized in the south-

western U.S. and is inferred by some workers to probably have been 

located in Mexico (Stewart and others, 1986). 

New geologic mapping, geochronology, and stratigraphic studies in 

west-central Arizona and southeastern California have identified areas 

that were part of an early Mesozoic uplift. This uplift l'epl'eSents an 

important element of the early Mesozoic paleogeography of southwestern 

North America and may represent part of the long-sought source tenane 

for detritus in Triassic and Jurassic rocks of the Colorado Plateau. 

---------------------------------
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STRUCTURAL AND STRATIGRAPHIC SETTING 

West-central Arizona and southeastern California are located in the 

southern Basin and Range Province, between the Colorado Plateau and 

the coastal batholith belt of southern California and northwestern 

Mexico (Fig. 1). The area was part of the Cl'aton of North America 

during Paleozoic time (Stone and others, 1983), but evolved into an 

orogenic setting by early Mesozoic time. Intense late Mesozoic deforma

tion, accompanied by generally low-grade metamorphism, formed the 

Maria fold and thrust belt, an east-west-trending zone of mostly 

south-verge nt, large-scale folds and both brittle and ductile thrust zones 

(Reynolds a~d others, 1986). The region was also affected by middle 

Tertiary crustal extension, which formed gently dipping ductile shear 

zones and detachment faults with tens of kilometers of normal displace

ment (Davis mId others, 1980; Reynolds and Spencer, 1985; Howard and 

John, 1987). The eumulative result of the Mesozoic and Tertiary 

deformations was to obscure original stratigraphic relations and to 

juxtapose rocks with different Mesozoic histories. 

Mesozoic supracrustal rocks of west-central Arizona and south

eastern California can be subdivided into four stratigraphic units (Figs. 2 

and 3). The basal Mesozoic unit is the Buckskin Formation, which 

consists of variably calcareolls, quartzose to slightly feldspathic clastic 

rocks, local conglomerate, and gypsum-anhydrite rocks (Reynolds and 

Spencet', in press). This unit rests disconftwmably on Permian Kaibab 

Limestone and is correlated largely with the Lower and Middle(?) 

Triassic Moenkopi Formation based on similarities in stratigraphic 
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position and lithology (Reynolds and others, 1987). 

The next overlying unit consists of quartzite and quartzofeldspathic 

sandstone with local intel'bedded volcaniclastic rocks and a basal 

conglomerate. In the Buckskin Mountains of west-central Arizona, the 

unit rests with a gentle unconfOl'mity on the underlying Buckskin 

Formation and has been named the Vampire Formation (Reynolds and 

others, 1987; Reynolds and Spencer, in press). In the southern Plomosa 

Mountains (Miller, 1971), a strikingly similar conglomerate unconformably 

overlies Proterozoic metavolcanic rocks. In the Palen Pass area of 

southeastern California, the unit consists of a thick basal conglomerate 

and an upper quartzite (Stone and Kelly, in press) and conformably 

overlies rocks correlated with the Buckskin Formation. The upper 

quartzite in the Palen Pass area has been correlated with the Lower 

Jurassic Navajo and Aztec Sandstones (LeVeque, 1982; Hamilton, 1987), 

but may correlate with stratigraphically higher units on the Colorado 

Plateau, such as the Entrada and Carmel Formations (Reynolds and others, 

1987). 

The third Mesozoic unit consists of a regional suite of rhyodacitic 

to rhyolitic volcanic rocks (Tosdal and others, in press), which confor

mably overlie and are locally interbedded with the Vampire Formation 

and correlative rocks. The volcanic rocks have been locally dated at 

about 160 Ma by U-Th-Pb isotopic analyses of zircons (Reynolds and 

others, 1987). The felsic volcanic unit is unconformably to conforma-

bly(?) overlain by the fourth Mesozoic unit, the Late Jurassic (?) and 

Cl'etaceous McCoy Mountains Formation (Harding and Coney, 1985; Stone 
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and others, 1987). 

EVIDENCE FOR EARLY MESOZOIC UPLIFT 

The Mesozoic stratigraphic sequence contains evidence for an uplift 

event in Late Triassic to Middle Jurassic time (Figs. 2 and 3). The basal 

Triassic Buckskin Formation consistently overlies Permian Kaibab 

Limestone, the stratigraphically highest Paleozoic unit, and generally 

contains only sparse, well-rounded clasts of quartzose and carbonate 

rocks, presumably derived from underlying Paleozoic units. This shows 

that west-central Arizona and adjacent southeastel'n Califol'nia were not 

affected by an episode of Late Permian or Early Triassic deformation 

and uplift recognized in the western Mohave Desert (Miller, 1981; 

Walker, 1987). 

In contrast, the Vampire Formation depositionally overlies units 

ranging in age from Pr'otel'ozoic to Triassic (Fig. 3) and contains a wide 

assortment of angular to rounded clasts reflecting a lithologically diverse 

nearby source. In the western Buckskin Mountains, the base of the 

Vampire Formation is a low-angle unconformity that locally cuts out 

several hundred meters of section of the underlying Buckskin Formation 

(Spencer and others, 1986). In the Granite Wash Mountains to the 

southeast, the Vampire Formation concordantly overlies the Buckskin 

Formation in one thrust sheet but unconformably overlies Proterozoic 

granite and Cambrian quartzite in the next highest thrust sheet (Laubach 

and others, 1987; Reynolds and others, 1987). In the southwestern 

Plomosa Mountains (Millet', 1970), cong'lomerate correlative with Vamph'e 
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Formation unconformably overlies Proterozoic metavolcanic rocks. In the 

Palen Pass area of southeastern California, Vampire-equivalent units 

concordantly overlie rocks correlated with the Buckskin Formation 

(stone and Kelly, in press). 

The basal unit of the Vampire Formation is generally a conglomerate 

that varies greatly in thickness and clast composition (Fig. 3). In the 

Palen Pass area, the conglomerate contains subrounded to subangular 

clasts of Paleozoic car'bonate and quartzose ('ocks, granite, and fine--

grained, felsic hypabyssal('?) rocks. In the Granite Wash Mountains, the 

conglomerate contains small clasts of granite, vein quartz, and quartzite 

derived from the underlying Proterozoic and Cambrian units. In the 

southwestern Plomosa Mountains, the conglomerate is composed of large, 

angular clasts derived from the underlying metavolcanic unit, with less 

abundant clasts of Paleozoic quartzite and carbonate rocks, Proterozoic 

(?) quartzite, and quartose clastic rocks probably derived from the 

Buckskin Formation. In the Buckskin Mountains, the conglomerate, 

contains large, angular clasts of foliated metavolcanic rocks, quartzite, 

vein quartz, granite, felsite, and clastic rocks derived from the Buckskin 

Formation (Reynolds and others, 1987). In addition, the poorly sorted 

matrix of the conglomerate locally includes 2-cm-Iong crystals of pluton-

derived microcline. Igneous clasts in the conglomerate of the basal 

Vampire Formation were most likely derived from either Proter'ozoic or 

Mesozoic rocks (Paleozoic igneous rocks are absent in the region). In 

Cl'der to further cons,train the age of the igneous clasts, Rb-Sr whole-

rock isotopic analyses were done on a granite clast and a fine-grained 
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metavolcanic clast from conglomerate in the western Buckskin Mountains 

(Table 1). Both clasts have higher Rb/Sr ratios and higher measured 

87S1'/86S1' ratios than known Mesozoic igneous rocks in the region (Fig. 

4). Calculated model ages on the metavolcanic clast are about 400 to 500 

Ma, implying a pre-Mesozoic age for the rock (Table 1). Considering 

the regional setting, we interpret the metavolcanic rock to be a 

Proterozoic rock that was altered, probably including loss of Sr from 

plagioclase, after its eruption and metamorphism. 

Calculated model ages on the gl'anite clast range from about 200 to 

300 Ma, implying that the granite is Permian or Triassic in age or else 

is some other age, but is altered. The granite clast has a much higher 

Rb/Sr ratio than known Triassic granitoid rocks of southern California 

(Barth, 1985). 

The presenee of granitic and metavolcanic clasts in the conglomerate 

requires that a crystalline terrane, in part of Pl'oterozoic age, was 

exposed before and during deposition of the Vampire Formation, probably 

in Late Triassic to Middle Jurassic time. The proximal character of the 

conglomerate implies that at least part of the uplift was located nearby. 

A preserved relict of the uplift is exposed in several areas in 

west-central Arizona (Fig. 3). In the Salome Peak area of the Granite 

Wash Mountains, the Vampire Formation depositionally overlies Protero-

zoic granite and Cambrian quartzite (Laubach and others, 1987). This 

l'equires that the entire Paleozoic section, which is regionally about 1 km 

thick, was removed by erosion before deposition of the Vampire Forma-

lion. In this section, the Vampire Formation is depositionally overlain 
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by felsic volcanic rocks similar to t.hose dated at about 160 Ma in 

adjacent mountain· ranges (Reynolds and others, 1987). 

In the southwestern Plomosa Mountains, Vampire Formation conglo-

merate unconformably overlies metavolcanic rocks variously interpreted 

to be Proterozoic (Miller, 1970) 01' Mesozoic (Robison, 1980; Harding and 

Coney, 1985). A Proterozoic age is favored because the metavolcanic 

l'ocks were metamol'phosed and strongly deformed prior to being incorpo-

rated as clasts in the overlying Vampire conglomerate. Also, three 

samples of the metavolcanic rocks, analyzed by Rb-8r whole-rock isotopic 

methods, have much higher (i,e" more radiogenic) 8781'/8681' ratios than 

Mesozoic volcanic !'ocks in t.he t'egion and yield Proterozoic model ages 

(Table 1; Fig, 4), The metavolcanic rocks have similar 8781'/8681' ratios 

to the analyzed metavolcanic clast from the Vampire conglomerate and 

are a probable source of the clast. 

A Proterozoic age fot' t.he metavolcanic !'ocks requires that the 

entire Paleozoic section and an unknown amount of Proterozoic rocks 

were removed by erosion before deposition of the Vampire conglomerate, 

The Proterozoic rocks may have locally remained exposed at the surface 

after deposition of the conglomerate, because they (1) locally are directly 

overlapped by Jurassic volcanic rocks that overlie the Vampire con glome-

rate, and (2) reappear as clasts in a conglomerate that concordantly 

overlies the Jurassic volcanic rocks. From these relations hops, we infer 

that the uplifted Proterozoic terrain was not completely buried until 

eruption of the Jurassic volcanic rocks, probably at about 160 Ma. 

In a higher thrust sheet in the southern Plomosa Mountains, Jurassic 
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volcanic rocks and overlying McCoy Mountains Formation were deposited 

on lower Paleozoic carbonate rocks (Miller, 1970; P. Stone, 1987, oral 

communication). Thin lenses of conglomerate beneath the Jurassic 

volcanic rocks have been inferred to be part of the McCoy Mountains 

Formation (Harding and Coney, 1985), but are more likely correlative with 

conglomerate in the Vampire Formation. 

REGIONAL IMPLICATIONS 

The presence of Proterozoic-clast-bearing conglomerate in the 

Vampire Formation, stratigraphically below Jurassic volcanic rocks dated 

at about 160 Ma, indicates that an important uplift event affected 

southwestern North America during early Mesozoic time. This uplift is 

reflected in the Granite Wash and Plomosa Mountains by an unconformity 

where Vampire Formation overlies Pt'oterozoic crystalline rocks and lower 

Paleozoic strata. The uplift event postdates the Buckskin Formation, 

which is probably cot'l'elative in large part with the Lower and Middle(?) 

Triassic Moenkopi Formation, and predates the Vampire Formation and 

overlying 160 Ma volcanic t'ocks. The age of the Vampire Formation is 

constrained between Late Triassic and Middle Jurassic time (Reynolds and 

others, 1987). The uplift, therefore, probably occurred in Late Triassic to 

Early Jurassic time, and may have locally persisted into Middle Jurassic 

time. 

A sedimentologic record of this· uplift may be preserved within the 

Mesozoic stratigraphy of the Colorado Plateau to the northeast of 

west-central Arizona (Fig. 1). The Colorado Plateau received a major 
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influx of detritus, including granitic and volcanic clasts, from the south 

and southwest during deposition of the Upper Triassic Chinle Formation 

(Stewart and othel's, 1972, 1986; Peirce, 1986). This influx, therefore, 

occurred within the same time period as the uplift event in west-central 

Arizona and southeastern California. The uplift in west-central Arizona 

could be a part of the Chinle-source terrane that has eluded geologists 

for decades (Stewart and others, 1986). The uplift could also be one 

source of clasts in conglomeratic rocks of the stratigraphically higher 

Lower Jurassic Glen Canyon Group Marzoff, 1988). 

Because Proterozoic rocks were exhumed within the uplift, the entire 

Paleozoic section must have been locally removed. This could have been 

accomplished by broad, regional warping and gradual beveling of the 

Paleozoic section. Alternatively, uplift was more localized and the 

uplifted terrane was separated from stable Colorado Plateau to the 

northeast by one or mOl'e faults. A distinction between a gradual versus 

an abrupt uplift of the northeast edge cannot be made until the full 

extent of the uplift is known. 

Effects of the uplift are probably manifested in southwestern Utah, 

southern Nevada, and adjacent California, where conglomerate and 

unconformities are interpreted to be temporally correlative with parts of 

the Early Jurassic Glen Canyon Group (Walker, 1987; Marzolf, 1988) or 

Middle Jurassic parts of the San Rafael Group (Busby-Spera and others, 

1987). These unconfol'mities, however, do not cut deeply into underlying 

strata. 

The uplift could also have extended into the Transverse Ranges and 
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southernmost part of California, southwesternmost Arizona, and adjacent 

Mexico, helping account for the general lack of preserved Paleozoic 

rocks in these areas. Although some Paleozoic ['ocks were probably 

eroded during regional Late Cretaceous and early Tertiary uplift (Miller 

and Morton, 1980; Reynolds and others, 1988), it would have been easier 

to denude Paleozoic rocks over a wide region in early Mesozoic time, 

prior to widespread Late Mesozoic thrusting that would have buried, and 

therefore helped preserve, Paleozoic rocks beneath thrust sheets of 

Proterozoic crystalline rocks (Reynolds and others, 1986). An early 

Mesozoic uplift event would also help explain why Jurassic volcanic rocks 

are locally in close proximity to deep-level granitoid plutons inferred to 

be of Triassic age (Haxel and others, 1985; Barth and others, 1988). The 

extreme contrast in crustal level between these two types of rocks might 

reflect Late Triassic to Middle Jurassic uplift of the deep-level Triassic 

pluton prior to Jurassic volcanism. 

There are several possible causes of the Late Triassic to Middle 

Jurassic uplift. Uplift could have been associated with initiation of the 

Cordilleran-margin magmatic arc in Triassic time (Miller, 1978; Walker, 

1987). This is consistent with the abrupt influx of abundant volCilnic 

ash and detritus during deposition of the Upper Triassic Chinle Forma-

tion on the Colorado Plateau (Stewart and others, 1972). Volcanic rocks 

of Late Triassic age are locally preserved in southern Arizona (Riggs and 

others, 1987; Asmerom and others, 1988) and volcanic cobbles in the 

Petrified Forest mem~er of the Chinle Formation have yielded K-Ar 

whole-rock ages of 196 to 222 Ma (Peirce and other's, 1985). Also, 
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plutens knewn 0.1' inferred to' be Triassic in age are present in Senera, 

just south ef the Arizena-Mexice berder (Figure 3 ef Stewart and 

ethers, 1986) and in southwestern Arizena and seutheastern Califernia 

(Barth, 1985; Tesdal, 1986). 

Uplift ceuld also. have accempanied Late Triassic and Early Jurassic 

thrusting and deformatien related to' plate cenvergence aleng the western 

centinental margin. Thrust faults and defermatien ef this age are 

decumented in the Clark Meuntains (Burchfiel and ethers, 1970; Burchfiel 

and Davis, 1981) and Old Dad and Cew Hele Meuntains (Dunne, 1977) in 

the Mehave Desert, and in the Inye Meuntains area of east-central 

Califernia (Dunne and ethers, 1978). In additien, deformatien and 

metamerphism are interpreted to' have accompanied emplacement ef a 

Triassic(?) pluten in the Trige-Mule Meuntains area ef seutheastern 

CaUfer'nia (Tosdal, 1986). Early Mesezeic defOl'matien may also. be 

present in the Eastern Transverse Ranges ef seuthern Califernia, where 

thrusting juxtapesed two. different tel'ranes prior to' 165 Ma (Pewell, 

1981). 

A third alternative is that uplift is related to' transcurrent 0.1' 

divergent mevement aleng a plate beundary to' the seuth 0.1' seuthwest, 

pessibly related to' plate reerganizatiens that led to' the epening ef the 

Gulf ef Mexico. 
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SUMMARY 

Recent structural, stratigraphic, and geochronologic studies have 

uncovered evidence for a Late Triassic to Middle Jurassic uplift in 

west-central Arizona and southeastern California. The uplift event 

produced an unconformity on Triassic, Paleozoic, and PI'oterozoic l'ocks. 

The unconformity is overlain by Late Triassic (?) to Middle Jurassic ('1) 

conglomel'ate that contains clasts of Proterozoic crystalline rocks, Triassic 

and Paleozoic sedimentary rocks, and granite. In the southern Plomosa 

Mountains, 160-m.y.-old(?) Jurassic volcanic rocks locally rest directly on 

Proterozoic and lower Paleozoic rocks along the unconformity, which 

implies that the uplift locally pel'sisted into Middle Jurassic time. 

The uplift is a possible source for detritus shed north and north

eastward onto the Colorado Plateau during deposition of the Upper 

Triassic Chinle Formation and Jurassic Glen Canyon and San Rafael 

Groups. The uplift had probably ceased to be an important paleogeo

graphic feature by 160 Ma, when it was overlapped by Jurassic volcanic 

rocks. The regional extent of the uplift is unknown, but might encom

pass much of southern California, southwestern Arizona, and adjacent 

Mexico. The uplift constitutes an important new aspect of the early 

Mesozoic paleogeography of the southwestern North American Cordillera. 
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Table 1. Rb-Sr Whole-Rock Analyses 

SAMPLE 
Rb 

ppm 

CLASTS IN VAMPIRE 
86-178 (granite) 159.7 
86-178 (metavolc.) 129.6 

FORMATION, BUCKSKIN MOUNTAINS 

METAVOLCANIC ROCKS, 
86-128 109.9 
86-129 76.4 
PM-8 77.2 

52.3 8.87 0.73953 265 234 
448 47.2 7.98 0.76089 484 

SOUTHERN PLOMOSA MOUNTAINS 
64.4 4.96 0.76244 
43.2 5.16 0.80146 
58.5 3.84 0.7738 

796 739 
1205 1235 
1231 1159 
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IOOkm , , SONORA 

Figure 1. Location of study area (pattet'ned box) and igneous rocks of 
known or inferred Triassic age (dots). 
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Figure 2. Distl'ibution of Mesozoic volcanic and sedimentary rocks in 
west-central Arizona and southeastern California. Capital letters 
indicate the stratigraphic succession in each area. See figure 1 for 
location of area. 
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5 

Figure 3. Generalized stratigraphic sections for key locations. Sources 
of data are as follows: (1) Stone and Kelly (1988); (2) Spencer and 
other's (1986) and Reynolds and Spencer (in press); (3) Reynolds and 
others (1987); (4) Laubach and others (1987); and (5) Reynolds, 

, Spencer, and p, Stone, unpublished data. , 
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Figure 4. Rb-Sr-isotopic diagram of analyzed samples (see Table 1) and 
model isochrons for 200, 500, 1000, and 1500 Ma at an assumed 
initial 87SI'/86S1' of 0.706. Stippled field is for numerous samples of 
Jurassic volcanic rocks in the region (Yemane Asmermom, 1988). 

_ .. _ ........ -------------------------------------
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APPENDIX III 

COHERENT RESETTING OF Rb-Sr AGES OF VOLCANIC ROCKS BY LOW

GRADE BURIAL METAMORPHISM 

Yemane Asmerom, Paul Damon, M. Shafiquallah, William Dickinson 

Dept. of Geosciences, University of Arizona, Tucson, AZ 85721 

Robert E. Zartman U.S. Geological Survey, MS 963, Federal Center, 

Denver CO 80225 

Some workers have reported Rb-Sr ages of volcanic rocks they 

believed to be reset ages, i.e. isotopically re-equilibrated, and therefore 

younger than the age of extrusion l-Z. The open-system behavior was 

presumed to be compositionally dependent, with SiOz-rich pyroclastic 

rocks are the most susceptible to resetting!. Here we report a reset high-

quality whole-rock Rb-Sr isochron for volcanic rocks, both tuffs and 

lavas, having SiOa compositions as low as 57 %. The same rocks were, 

also dated by the zircon U-Th-Pb method, giving an average crystalliz-

ation age of 169 Ma, over two times older than the Rb-Sr age. The 

data demonstrate that Rb-Sr ages of volcanic rocks, even lava flows with 

low SiOa content, are susceptible to coherent resetting during low-

temperature burial metamorphism, or diagenesis. 

In the Little Harquahala Mountains, W. Arizona, calc-alkaline 

Hovatter Volcanics (Fig. 1) underlie a thick sequence of clastic sedimen-

tat'y rocks, equivalent, to the McCoy Mountains Formation of E. California 

and W. Arizona (Fig. 1). The volcanic rocks are related to initial 
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Mesozoic arc magmatism in this part of the North American Cordillera. 

The Si02 content of the volcanic rocks we used for the Rb-Sr isochron 

(Fig. 2) range from 57% to 63 % • Texturally, the rocks range from 

phenocryst-rich pyroclastic rhyodacite to porphyritic andesite flows. 

Zircons from one of the volcanic units (sample 2), using the U-Th-Pb 

method, give closely grouped 2D6Pb/239U, 2D7Pbf2311U and 2DBPbf232Th 

Mid-Jurassic ages of 166 to 178 Ma (Table I). The 2D7Pb/2DoPb ages are 

more variable, which we interpret to be caused by a component of 

inherited older zircons in the rocks. When plotted on a concordia 

diagram, they don't define coherent linear array, but show characteristics 

of combined inheritance and lead-loss. The lead isotopic pattern is 

typical of other dating we have done on similar Mesozoic rocks that come 

through Mid-Proterozoic basement. The Jurassic age for the volcanic 

rocks is consistent with regional geological relations and other age dating 

done on equivalent units elsewhere 3. 

In contre-st, comhined whole-rock Rb-Sr isotopic data of t.he samples 

define a coherent nine-point isochron (Fig. 2), with a Late Cretaceous 

age of 70 ±3 Ma (2-sigma]) and initial ratio of 0.70990 ±O.OOOI (2-sigma). 

In hand specimen, the rocks at'e blocky with well-pt'eserved igneous 

textures, except for slight hints of alteration. Their RbiSI' ratios (Table 

2) and bulk chemical compositions (Table 3) are similar to other unalter'ed 

volcanic rocks. Petrography, X-ray diffraction, and microprobe dat.a, on 

the other hand, show that the miner'als and gl'oundmass of the rocks, 

except for quartz, have been pervasively altered to an assemblage 

consisting of albite, quar'tz, illite, magnetite, and minor ilmenite, epidote, 

-------------- ----------------------------
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and calcite. Si02 is negatively correlated with K20 and 87Sr/86Sr. x-

ray back-scattering shows that most of the potassium is contained in the 

ground mass. Because quartz was stable during alteration, the felsic end-

members, with a higher proportion of quartz phenocrysts, acquired a 

lower proportion of K-rich clay minerals. The redistribution of aluminum, 

potassium, and alkalies seems contained within the volcanic rocks. 

Calculated 87St'/86Sr ratios for the rocks at Mid·-Jurassic are similar to 

our results from other Mesozoic volcanics in southern Arizona and rule 

out significant exchange of alkalies with surr'ounding older crust. 

Diagenesis, or burial metamorphism of the volcanic rocks probably 

started during deposition of the overlying sediments, which are broadly 

constrained to be Late Jurassic to Late Cretaceous in age4,5,3. Upper-

limit ambient temperature during burial and subsequent thermal events is 

constrained by the stability of illite, a clay mineral with structural 

formula of (K,Na)x(AI,Fe,Mg)y(Si,Al)4010(OH)2, x and yare variable 

amounts of elements indicated (Table 3). Illite is metastable above 

280°C6, Eslinger and Savin7 found that during burial metamorphism of 

Belt Supergroup argillite, illite recrystallizes to dioctahedral mica 

between 200° to 300°C. Fe and Mg increase the stability of illite 8. Illites 

from our study area contai!'} significant amount of Fe and Mg (Table 3), 

and may have been stable up to 300°C. 

The youngest regional thermal event is recorded by reset biotite 

K/ Ar9 and reset plut.onic Rb-Sr minet'al isochrons (Asmerom, unpublished 

data) of around 55 Ma. The fact that our whole rock isochron was not 

reset again by the Tertiary regional thermal events may indicate that, for 
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coherent resetting of whole-rock Rb-Sr isochl'on, diagenetic bulk mineral 

alteration due to combined elevated-thermal and high-fluid environments 

may have been necessary. The McCoy Basin, in which about 7 Km of 

sediments overlying the volcanic sequence were deposited4 , would have 

provided such an environment. This is similar to a mechanism proposed 

for the ,resetting of Rb-Sr ages of shales during diagenesis 10. The reset 

Rb-Sr age of the volcanic rocks may represent the end of sedimentation 

and closure of the McCoy Basin. The 70 Ma age, however, may also 

reflect the age of subsequent thrust-related burial and low-grade meta-

morphism. Metamorphism of Jurassic and older rocks, around Late Creta-

ceous time, has been reported within the surrounding region 11. 

Our data show that Rb-Sr isotopic ages of volcanic rocks at wide 

compositional ranges and textures can be susceptible to coherent 

resetting. Therefore, there may not be a reliable compositional 01' 

textural criteria, as argued by Bell and Blenkinsop 1 or Gale et a1., 2, to 

help distinguish between volcanic rocks that are susceptible to resetting 

and those that are not. Volcanic rocks may undergo thorough diagenetic 

alterations similar to those of buried sediments. The goodness of fit of 

data points, in the absence of a complimentary isotopic dating method 

like zircon U-Th-Pb method, or clear demonstration that alteration 'has 

not taken place, can lead to el'l'OneOUs age estimates. 
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Table 1 
Hovatter Volcanics [ Sample I 4 J zircon age data 

Isotopic composition of lead 
Mesh concentration {E~ml {aton Eercentl Age !in millions of ~earsl 
size U Th Pb 206Pb 207Pb 207Pb 209Pb 

204 Pb ~o6Pb 207 Pb ~o8Pb 239 U 235 U 206Pb 232Th 

-150+200 522.5 444.5 17.65 .1270 70.75 5.520 23.59 170.7 177.1 263.2 167.9 
-200+250 527.9 437.1 17.06 .0430 74.19 4.393 21.38 175.2 178.2 219.4 174.1 
-250+325 599.4 19.60 .1040 70.82 5.123 23.94 166.7 170.5 223.5 

-400 698.7 654.8 22.08 .0440 72.07 4.262 23.62 166.4 168.8 202.1 167.3 

U-Th-Pb analytical technique similar to that described by Zartman et al., I~ ~as used. 
Decay constants: 2J8U :1.55125 X 10-I~yr-l; ~JSU =9.8495 X 10- 10yr- 1 2J~Th =4.9375 X 10- ll yr- 1 

~J8U/~JSU : 137.8S 
Common lead isotopic composition: 204Pb : 206 Pb : 207 Pb : 208 Pb : I: 18.4: 15.6: 38.3, based on 
model of stacey and Kramers1J ; Data reduction based on Ludwig l4 • 
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Table 2. 
Isotope dilution concentrations and isotopic ratios of whole-rock 
samples. 

Sample # Concentration Isotopic ratios 

RB SR 87RB/86SR 87SR/86SR 

1 137.91 400.97 0.995 0.710820 
2 132.34 267.92 1.430 0.711251 
3 128.74 532.11 0.700 0.710525 
4 180.33 259.82 2.009 0.711762 
5 127.58 1075.1 0.343 0.710216 
6 121. 82 116.81 3.018 0.712770 
7 182.17 286.13 1.843 0.711629 
8 212.89 164.85 3.738 0.713641 
9 113.98 426.24 0.774 0.710505 

Whole-rock Rb and Sr were separated using conventional ion exchange 
teclUliques, after adding 87Rb-84Sr tracel'. Isotopic ratios were 
measured with a VG-354 multi-collector solid-source mass spectrometer. 
S1' isotopic ratios were normalized to 86S[,/88S1' = 0.1194. NBS SRM-987 
Sr standard was run with every batch, obtaining 87Sr/86 Sr = 0.710247 ± 
.000015 (2-sigma). Deviation expeeted for duplicate sample measure
ments are, 87Sr /86Sr =0.0001 and 87Rb/86Sr = 2 % (2-sigma). See 
Patchett & Ruiz 15 for details on chemical separation and measurement 
techniques. 
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Table 3. 
Representative whole-rock, and average mineral composition. 

Whole-rock* Mineral** 
SAMPLE # 8 9 ALBITE STD.DEV. ILLITE STD.DEV. 
Si02 57.5 62.4 69.4 0.5 48.6 2.16 
A120a 18.7 16.1 21.1 0.5 25.5 0.45 
CaO. 2.30 2.72 0.41 0.17 0.14 0.09 
MgO 2.27 2.81 0.00 0.0 3.20 0.31 
N820 2.39 3.58 12.3 0.8 0.38 0.20 
K20 5.62 3.01 0.25 0.20 9.85 0.58 
Fe2031 5.73 5.92 
Fe01 0.00 5.36 0.23 
MoO 0.06 0.09 0.00 0.07 0.06 
Ti02 0.98 0.68 0.00 0.04 0.04 
P20S 0.27 0.14 
L012 3.93 2.47 

* Whole-rock composition determined by X-ray fluorescence. 
** Mineral analysis was done by electron microprobe. Compositions 
represent an average of four determinations and their standard 
deviation. 
---- not determined. 
1 Total iron. 2 LOI = loss on ignition. 
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Fig. 1 

I I 
o 3km 

D Cenozoic rocks and cover 

0+ + + Late Cretaceous granodiorite 
+ + 

+ • . 

I\:~{(.~I Mc~oy Mts. Formation 
;:i::;'.!i:":' sedimentary rocks 

fW; .. ::l Jurassic Hovatter Volcanics 

1 
N 

I 

I11III Paleozoic sedimentary rocks 

: ... :: Undivided Jurassic and Precambrian 
~::~: metamorphic and plutonic rocks 

-Contact 
- Fault contact 
.L.U Thrust fault 

• Sample collection areas 

Geologic map of the Little Harquahala Mowltains, 
W. Arizona (generalized from Spencer et al.,16) 
Samples 1-4 come froDl the western sample area and 
samples 5-9 from the eastern sample area. Volcanics 
in the eastern sample area have been referd to as 
Needle Formation ( Spencer et al., 16). 

200 



Fig, 2 

201 

0,717~-------------------------------

0.715 

0.713 

0.711 

0.709 
70 +/-3Ma 

MSWD=2.16 

0.707 -+--.,--r----r---.,.----.---.......--.---_---l 

0.0 1.0 2.0 3.0 4.0 

87Rb / 86Sr 

Upper Cretaceous l'eset Rb-Sl' isochroll for the Hovatter 
Volcanics (see Table 2 for data and analytical method). 
Zire')1l U-Th-Pb method gives Mid-JUl'assie age of 166 to 178 
Ma (Tab1e1), which is more than twice the Rb-Sr age. 



202 

APPENDIX IV 

GEOCHEMISTRY OF LATE CRETACEOUS GRANITOIDS FROM NORTHEASTERN 
WASHINGTON: IMPLICATIONS FOR GENESIS OF n~O-MICA CORDILLERAN GRANITES 

Yemane Asmerom 

Laboratory of Isotope Geochemistry 

Department of Geosciences, University of Arizona 

Tucson, Arizona 85721 

Mohammed Ikramuddin 

Geochemistry Laboratory, Department of Geology 

Eastern Washington University 

Cheney, Washington 99004 

Kirk Kinart 

Battle Mountain Exploration Company 

Battle Mountain, Nevada 89820 

ABSTRACT 

Mesezoic two-mica granites and I-type granodiorites from north-

eastern Washington have initial 87Sr /86Sr ratios around 0.7100, similar to 

many other Cordilleran granitoids. Metapelite and calc-silicate country 

rocks, equivalent to the Belt Supergroup, have measured 87Sr/86Sr ratios 

in the range of 0.91 to 0.98. Unlike many of their Cordilleran counter-

parts, the northeastern Washington two-mica granites are enriched in U, 
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Rb, and other incompatible elements, and therefore cannot have been 

derived from depleted lower crust sedimentary sources. Both the two-mica 

granites and I-type granodiorites have similar rare earth element and 

trace element enrichment patterns. Trace element modeling shows that it 

is feasable to derive the two-mica gl'anites by 60% partial melting of a 

granodiorite-like source. The close association of Cordilleran metamorphic 

core complexes and older I-type granodiorites with two-mica granites 

supports this model. 

INTRODUCTION 

Mesozoic granitic rocks in northeastern Washington form one of the 

largest bodies of inner Cordilleran two-mica granites (Miller and Bradfish, 

1980). These two-mica rocks occur within a larger batholithic terrane 

that also includes hornblende-biotite granodiorites and tonalites (Miller 

and Engels, 1975). Granites in our study area (Fig. I), which form part 

of the Loon Lake batholith, NE Washington, intrude Precambrian metas

edimentary rocks, equivalent to the Belt Supergroup (Becraft and Weis, 

1963; Nash and Lehrman, 1975). The granites are similar, in their bulk 

composition and mineralogy, to many other two-mica granites in the 

North American Cordillera. These Cordilleran granites within the craton, 

like granites from the Idaho batholith, typically have low to moderate 

87S r / 868r initial ratios of around 0.710. Their low initial ratios are 

attributed to their being derived from depleted lower crustal sources 

(Shuster and Bickford, 1985; Farmer and DePaolo, 1983). But Loon Lake 

granites, unlike many other Cordilleran two-mica granites, are enriched in 

incompatible elements including Rb and U (Keith and Reynolds, 1980). We 

--~~ -~~~ ----------------------------
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have measured the Rb-Sr isotopic compositions, r'are eal'th element (REE) 

concentrations and major and trace-element compositions of granites, 

granodior'ite, and metasedimental'y country rocks and propose a model for 

the genesis of the two-mica granites that may apply to other similar 

granites in the North American Cordillera, 

GEOLOGIC SETTING 

The study area (Fig. 1) is at the edge of what is considered to be 

the Proterozoic continental margin of this part of North America. The 

oldest rocks within the study area consist of metasedimentary rocks 

equivalent to Proterozoic Belt Supal'group rocks. To the west, Paleozoic 

sedimentary and metamorphic rocks are believed to rest on older crust of 

oceanic affinity (Al'mstrong et al., 1977). 

The Belt rocks are intruded by Mesozoic granitic rocks of the Loon 

Lake batholith, which is a composite body of hornblende-biotite and 

biotite granodiorites, two-mica and biotite granites, aplite, and granite 

dikes (Becraft and Weis, 1963; Miller and Clark, 1975; Miller and Engels, 

1975). The granitic rocks have an age range from Early Jurassic to 

Eocene (Miller and Engels, 1975). Oldest ages (''' 200-170 Ma) were 

obtained on granodiorites; all the two-mica granites are younger. A 

similar age trend is observed within our study 81'ea. Eocene Sanpoil 

andesite flows and dikes (Pearson and Obradovich, 1977), and Miocene 

Columbia River Basalt are the youngest rocks. 

PETROGRAPHY 

The granites within the study area contain 30% to 45% quartz, 25% to 

40% orthoclase, 20% to 35% plagioclase (average normative An13), 3% to 
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5% biotite, and less than 1% muscovite, apatite, magnetite, zircon, rutile, 

pyrite, and epidote. Garnet and allanite are common accessory minerals, 

and no sphene (Miller and Engels, 1975). Ol,thoclase is the dominant 

phenocryst, up to 5.5 cm long (Kinart, 1980; Becraft and Weis, 1963). 

On the basis of biotite and whole-rock composition data, Asmel'om 

(1981) recognized that the porphyritic granite has two distinct phases, 

which he designated as Eastel'n and Western granites (Fig. 2). Ludwig et 

al. (1981) found that U-Pb and fission-track dates were consistently older 

fOl' granite samples from the Eastern granite than from the Western 

granite. The granodiorite is composed of 35% to 40% plagioclase (norma

tive An4o-so), 25% to 30% quartz, 10% to 15% orthoclase, 7% to 15% 

biotite, 7% to 12% hornblende and 1% to 2% sphene and lesser amount of 

apatite, magnetite and zircon. Both biotite and hornblende show variable 

degrees of alteration to chlorite and magnetite. 

ANALYTICAL TECHNIQUES 

Major, minor, and trace element content of 82 outcrop and drill c0t:e 

samples were analyzed by flame and electrothermal atomic abaol'ption 

spectrophotometry. Uranium was determined by laser-induced fluore-

see nee. U.S. Geological Survey G-2 and GSP-1 rock standards and 

replicate samples were analyzed between our samples and yielded results 

within 5% of recommended values (Flanagan, 1973). 

REE and Y were determined, on selected samples, by a Perkin-Elmer 

induced coupled plasma unit (ICPU) at Eastern Washington University, 

after ion-exchange separation, following the method of Crock and Lichte 
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(1982). Results on U.S. Geological Survey standards BCR-l, AGV-l, and 

GSP-l and CANMET standards SY-2 and SY-3 were within 5% of the 

values reported by Crock and Lichete (1982). 

Fractions for whole-rock Rb-8r isotopic determinations were dissolved 

in HF and HNOa, after adding 87Rb-84Sr mixed tracer. Rb and Sr were 

separated using conventional ion exchange techniques (Patchett and Ruiz, 

1987). Isotopic ratios were measured with a VG-354 multi-collector solid

source mass spectrometer at the University of Arizona. Sr isotopic ratios 

were normalized to 868r/88Sr = 0.1194. National Bureau of Standards 

SRM-987 Sr standard was run with every batch, obtaining an overall mean 

87Sr/86Sr of 0.710247 ± 0.000015 (2-sigma). 

RESULTS AND DISCUSSION 

Major and Trace Elements 

Major and trace element data for a representative suite of rocks from 

the granodiorite, and Eastern and Westel'n granites are given in Table 1. 

The complete major and trace element data will be reported elsewhere. . 

The Eastern granite samples have Si02 in the range of 70% to 73%, 

whereas Western granite samples have 74% to 76% 8i02. The composi

tional break may not always applYI as the contact between these bodies 

may be gradational in the Midnite Mine area (Fig. 1). They range from 

weakly peraluminous to stl'ongly pel'aluminous, with nOI'mative corundum 

up to 3%. They have average K20 and Na20 content of 4.87% and 3.16%, 

l'espectivly. Unlike many 8-type granites, they have moderately elevated 

Na20; this characteristic is common to many Cordilleran two-mica 

granites (Miller and Bl'adfish, 1980). They differ from S-type granites of 
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the Lachlan fold belt of southeastern Australia in that they do not 

contain the characteristic mineral cordierite (White et al., 1986). 

The granodioi'ite, in contrast to the granites, has a characteristically 

high Ti02, up to 0.76%, which is expressed in abundant and visible sphene 

(Miller and Engels, 1975), and high iron content. Both the granite and 

granodiorite are enriched in incompatible trace elements, and high K20 

content (Table 1) compared to average gr'anodiol'ite and granite (Taylor 

and McLennan, 1985). They have low Ni content, similar to many arc

related rocks. 

REE and Rb-Sr Isotopic Data 

Average chondrite-normalized REE data for the granodiorite, and the 

Eastern granite (the least evolved of the granites), are shown in Figure 

2. The two bodies have overlapping REE concentrations and similar 

overall patterns, except for the small negative Eu anomaly of the granite. 

The granodiorite REE pattern is similar to that of other arc-related calc

alkalic plutons (Gromet and Silver, 1983). Timing of Early Jurassic 

Kootenay Arc magmatism (Archibald et al., 1983) coincides with K-Ar 

dates obtained on granodiorites by Miller and Engels (1975). The REE 

data for country-rock metapelite of the Togo Formation, equivalent to 

part of the Belt Supergroup, are also shown in Figure 2. The REE con

centration pattern, including the size of the negative Eu anomaly fits 

that of the granitic samples, suggesting that the granites may have been 

derived from the sediments. However, derivation from the sediments is 

incompatible with Rb-Sr isotopic data. 

Table 2 shows Rb-Sr concentration and isotopic data for granodiorite, 
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granites, and Precambrian metapelite (MS015) and calc-silicate (MS002) 

country rocks. The granite data define a best-fit line corresponding to 

an age of 74.7 ±3 Ma (2-sigma); the initial 87Sr/86Sr ratio is 0.70931 t 

0.00040 (Figure 3). The age is in good agreement with a 75 Ma U/Pb 

zircon age reported by Ludwig et a1. (1981) for the same rocks. 

The granodiorite samples have only a small range of Rb/Sr ratios, and 

we were therefore unable to define a meaningful isochron. However, the 

data clearly show that the granodiorite is much older than the granite, 

unless the granodiorite has a much higher 87S r /86Sr initial ratio. Small 

dikes of the granite extend into the granodiorite for several meters 

(Becraft and Weis, 1963), indicating that the granodiorite is older. 

Regionally, the granodiorites show older age trends than the granites 

(Miller and Engels, 1975); this is also true throughout the Cordillera 

(Armstrong, 1982). The 87S r,/B6Sr' isotopic ratio difference is most likely 

due to an age difference in the range of 100 Ma. This is in agreement 

with a 175 Ma age reported by Miller and Engels (1975) for a granodio-

rite 50 km to the northeast. If an age of 175 Ma is assumed, the 

granodior'ite samples give 87Sr/86Sr initial ratios in the range of 0.71. 

An age difference in the range of 100 m.y. rules out the possibility that 

the granodiorite and the granite are related by fractional crystallization. 

The initial ratio for the granite and model initial ratios for the 

granodiorite are typical for granitoids within cratonic parts of the 

Cordillera (Kistler and Peterman, 1973; Armstrong et al., 1977; Farmer and 

DePaolo, 1984). Metapelite and calc-silicate county rocks have measured 

87Sr/B6Sr ratios in the range of 0.91 to 0.98 (Table 2). 
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Oordilleran peraluminous granites with moderately elevated 87S1'/86Sr 

initial ratios ('" 0.710), like those from the Idaho batholith, are believed 

to be derived from a U- and Rb-depleted oldel' lower crust SOUl'ce 

(Shuster and Bickford, 1985). Granitoids in our study area, however, are 

enriched in U, Rb, and othel' incompatible elements. The endchment in 

incompatible elements is observed in all of the granitoid types and 

therefore is not related to fractional cl'ystallization. A depleted source 

for the granites seems highly unlikely. The 87Sr /86Sr ratios of the 

sedimental'y country rocks, 01' un depleted lower crust equivalents, are too 

high to have been dominant components of granites with a 87Sr /86Sr 

ratio of 0.710. 

Several observations lead us to conclude that the granites were 

derived by partial melting of an are-related I-type granodiorite 01' 

granodiorite-like source rather than a depleted sedimentary source: (1) 

There is a similarity in alkali, REE, and other trace element enrichment 

of the granites and granodiorite. In other areas where granodiorites are 

not enriched in uranium, two-mica granites also tend to be not enl'iched. 

(2) The Ni content is low and Na20 content is moderately high, compared 

to granites del'ived from sedimentary sources ( TaylOl' and McLennan, 

1985). (3) There are similarities in 87S r /B6Sr initial ratioR of the granites 

and granodiorite. The agreement of the Rb-Sl' age with the zircon U-Pb 

age of the granites may be taken as an indication of an isotopically well-

homogenized source domain. 

Numerical Modeling 

Numerical modeling was used to test the feasibility of deriving a melt 
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that is similar in composition to that of the Eastern granite (the least 

evolved) from a mid-crustal source, similar in composition to the grano-

diet'ite, Oomparison of the REE pattern (Figure 2) indicates that if 

the granites were derived by melting of a source with a REE pattern 

similar' to that of the granodiol'ite, then no fractionation of the REE nor 

any significant. change in their concentration could have taken place, 

Therefors, accessory miner'als with large distribution coefficients, such as 

sphene and zircon, could not have been part of the residue mineralogy, 

and in that case, REE melt-residue distribution equilibria can be modeled 

with major residue minerals. 

The concentration of trace element i in the liquid during batch 

partial melting is expressed as: 

QI/Qo = 1 / CE + [Q][I-E)) (1) 

(2) 

and where QI = concentration of element i in the liquid, Qo = its initial 

concentration in the source rock, E = the degree of partial melting ( 1), 

liD = mineral (jJlmelt distribution coefficient for element i, Kj = weight 

proportion of mineral j in the r'esidual solid in equilibrium with the melt 

(Schilling and Winchester', 1967; Hanson 1978). Rb, Sr, Ba and REE, a 

total of 13 elements for which we could get r'easonable KD values in the 

granite compositional range (Arth, 1976), were used in model calculation. 

Using values of average Eastern granite, the least evolved granite 

body, for QI, and average composition of our granodiorite for Qo, the 
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residual mineral weight proportion X, for !! number of minerals, and 

degree of partial melting, E, were calculated. We used a least-squares 

technique, after linearizing using Taylor series expansion (See Minster and 

Allegre, 1978 for complete treatment of the subject). 

A solution with a l'esidual mineralogy of 40% clinopyroxene, 24% 

plagioclase, 20% quartz, 16% biotite, less than 1% hornblende and 60% 

partial melting of the granodiorite-like source was obtained. The residual 

mineralogy assemblage in equilibrium with a granitic melt and the 

predominance of clinopyroxene over hornblende is reasonable in light of 

experimental work by Naney (1983). This re9ults in an aluminous, NazO

rich melt similar to Cordilleran two-mica granites. The calculated REE, 

Rb, Sr, and Ba values of the model granite (melt) are compared to those 

of the Eastel'n granite in Figul'e 4. Taking the uncertainties in the liD 

values and assumptions regarding balch partial melting into consideration, 

the match is excellent (R2 = 0.83). 

CONCLUSIONS 

We have shown the feasibility of obtaining the so called S-type 

granites through partial melting of I-type granitoids associated with arc 

magmatism. These two granitic rock types are commonly found associated 

with each other thl'oughout the Cordillera; the I-type is almost always 

older (Armstrong, 1982). In Arizona, most Mesozoic two-mica granites 

were emplaced in a relatively shol't time span, aftel' the Lal'amide and 

prior to the extensive mid-Tertiary thermo-magmatic event. The spatial 

association of two-I\lica gl'anites and COI'dillel'an metamorphic core 

complexes had also been noted (Armstrong, 1982). Initial generation of 



212 

arc-related magmatism and the resulting thermal and structural instability 

may be a necessary precondition for the genesis of the evolved two-mica 

gl'anites. 

The elevated 87S r /86Sr ratios of the granodiorite and granite indicate 

the contribution of an older crustal component. This component was 

probably added during arc-related magmatism, and not as a result of bulk 

melting of sediments, or of souI'ces with sedimentary origin. Jurassic and 

Laramide arc-related granitoids within the craton also have elevated 

initial ratios, The thermal reactivation and partial melting of I-type 

granitoids that already had a crustal contribution, results in the genera

tion of "minimum-melt" type, high Si02 and Na20 granites. This explains 

the high large ion lithophile (LIL) element content in many two-mica 

gl'anitea and the only moderate 87Sr/86SI' ratios. Other workers have 

also suggested a quartzofeldspathic source as one possible source for 

peraluminous magmas (Miller, 1985; White et a!., 1986). Many two-mica 

granites, like some Tertiary Arizona granites (Keith and Reynolds, 1980), 

are not as enriched in LIL elements as the ones from our study area. 

The difference may be due to compositional difference of the crustal 

component in the igneous source I'ock. 

The label "S-type" may be a misnomer with I'elation to most Cordi

lleran, and othel' similar two-mica granites (White et. a]., 1986). 
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TABLE 2 
---------------------------------------------------------------

SAMPLE # Rb S1' 87 Rb/86 Sr 87 Sr/86S1' 
---------------------------------------------------------------
Granites 

AK-4 398.2 71.60 16.11 0.72471 
D-445 386.4 61.77 18.14 0.72910 
GR-2 421.9 26.97 45.48 0.75779 
~-110 428.9 54.10 22.99 0.73305 
MM-91 320.5 77.70 11.95 0.72203 
MM-I05 310.3 69.71 12.90 0.72398 
AK-1 262.2 253.9 2.989 0.71263 
TL-89 247.2 254.0 2.817 0.71206 
MM-114 288.6 308.0 2.711 0.71254 
8M-2 322.3 130.6 7.148 0.71590 

Granodiori te 
B8-1 150.6 305.2 1.429 0.71938 
8S-2 128.2 327.4 1.134 0.71879 
88-3 172.9 308.3 1.624 0.71915 
S-2 192.6 314.6 1.773 0.71887 
S-6 151.2 341.8 1.281 0.71788 

Metasediments 
MS002 232.36 15.22 45.35 0.98045 
MS015 258.65 11. 20 68.18 0.91699 



110· 

Mzcg 
/Jzg 

Mzug 

WASHINGTON 

Cenozoic volconlc and 
all uv 101 cover 

Mesozoic Western granite 

Mesozoic Eastern gronlte 

Mesozoic gronltes, 
uod If I erentl at cd 

/Jzgd Mesozoic granodiorite 

~ Paleozoic sedimentary rocks 

~ Precombr Ian 
~ metasedimentary rocks 

2 kID 

Figure 1. Generalized geologic map of parts of the Loon Lake 

219 

batholith that covers the study area (after Becraft and Weisr 1963). 
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Figure 2. Chondrite-nol'malized rare earth element pattel'ns of 

Eastern granite (d~shed lines), granodiorite (black), and 

metasedimentary rocks (solid lines). 
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Figure 3. Rb-Sr isochron of Loon Lake granites in the study area. Age of 

74.7 Ma is in good agreement. with 75 Ma zircon U/Pb age obtained 

on same rocks by Ludwig et al. (1981). 
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