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ABSTRACT 

Petrology and Geochemistry of the Mormon Mountain 

Volcanic Field, Arizona 

David Gust 

Geologic mapping, petrologic and geochemical studies 

have confirmed the existence of a contemporaneous bimodal 

suite in the Mormon Mountain volcanic field, Arizona. This 

suite is composed of a transitional alkalic basalt series 

with high alumina affinities and a calc-alkalic silicic 

series. The basalts represent a complex interplay of 

partial melting of mantle pyrolite (0.1 per cent water) 

at depths of 50 to 70 km and fractional crystallization. 

Two petrogenetic models are proposed for the calc-alkalic 

series, a co-genetic model and a non co-genetic model, 

least squares linear mixing calculations, phase chemistry 

and petrologic observations suggest that the calc-alkalic 

rocks may be related to the basalts by fractional 

crystallization of undersaturated amphibole from a hydrous 

alkali basalt (co-genetic relation). An alternative non 

co-genetic origin for the calc-alkalic series involves 

the melting of lower crust material (gabbro or norite). 

These petrogenetic models can be tectonically related to 

the Cenozoic activity of the East Pacific Rise and the 

probable sub-oceanic mantle characteristics of the Basin 

and Range province. 
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INTRODUCTION 

The Mormon Mountain volcanic field, like the nearby 

San Francisco volcanic field, is characterized by extensive 

alkali olivine basalt flows, cinder cones and localized 

silicic centers of high silica andesite, dacite, and 

rhyodacite. The close association of these varied rock 

types, both temporal and spatial, suggests the possibility 

of a co-genetic relationship for this bimodal suite. This 

study examines the field relations, petrography, phase 

chemistry, and geochemistry of the suite in an effort to 

ascertain the petrogenetic history and to determine whether 

a co-genetic relationship exists (i.e. differentiation by 

crystal fractionation). In addition, speculations are made 

as to the underlying cause for the thermal event which 

generated these magmas, in the hope that these hypotheses 

can then be applied to other areas of similar bimodal 

volcanism of the Colorado Plateau. 

The Mormon Mountain volcanic field is located thirty 

miles south of Flagstaff, Arizona and is situated near the 

physiographic edge of the Colorado Plateau (fig.l). The 

field covers approximately 450 square miles, and is distinct 

from the much larger and younger San Francisco volcanic 

field to the north. This study examines only the northern 



Figure 1. Index map illustrating the location of the study 
area (shaded rectangle) in relation to Flagstaff, 
Arizona. The area depicted by the large map is shown in 
relation to the physiographic boundaries of the 
Colorado Plateau (insert map). 
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part of the Mormon Mountain volcanic field, an area of 

approximately 40 square miles. This area includes Mormon 

Mountain, the major silicic center of the field, and the 

adjacent plateau-type rim basalts. 

As both past and present research has concentrated 

on the younger and much more beautifully exposed San 

Francisco volcanic field, the Mormon Mountain volcanic 

field is virgin territory for the geologist. Robinson (1913) 

spent one day in the area, completing a traverse to the 

summit of Mormon Mountain at its eastern flank. He noted 

the dacite dome on the south flank of the mountain and 

concluded "that the mountain is made of coalescing latitic 

flows". His memoir on the San Francisco volcanic field 

(Robinson, 1913) includes major element analyses of the 

dacite, a latite, and a basalt from Mormon Mountain. Moore 

(personal communication, 1977) has visited the area and 

obtained a sample of chilled dacite from the top of the 

mountain for K/Ar radiometric dating. McKee (unpublished 

data) has dated this sample at 3.1 + .06 m.y.. Damon and 

others (1974) have dated basalts from nearby Oak Creek 

Canyon and Lower Lake Mary, obtaining ages of 5.88 + .91 

m.y. and 6.00 + .30 m.y., respectively. The basalts of 

Mormon Mountain are probably similar in age to these 

basalts. 
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FIELD RELATIONSHIPS 

The Mormon Mountain volcanic field consists of 

localized silicic centers of andesite, dacite and rhyodacite 

surrounded by a relatively flat plateau of alkali olivine 

basalt (Plate 1). Occasional cinder cones dot the surface 

of this plain. The detailed field relations of many of the 

rock types remain obscure as contacts are not well exposed. 

The exposed amount of basalt greatly exceeds that of the 

silicic rocks, but the volume of total volcanic material 

extruded has not been calculated. 

Basaltic Rocks 

The alkali olivine basalts are apparently erupted 

from northwest-trending fissures that are recognized in a 

few localities. The inherent nature of fissure-type 

eruptions (i.e. a relatively flat, uniform plateau of 

basalt) prohibits the recognition of individual flows. 

Some small flows are, however, discernable as having been 

erupted from cinder cones. These flows are of minor 

importance when compared to the voluminous plateau-forming 

basalts. The cinder cones, composed of red and brown cinders 

with occasional bombs of alkali olivine basalt, are 

aligned in a northwest orientation, paralleling the 
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orientation of the fissures. A lineament map (fig. 2) 

illustrates the dominance of this northwest trend in the 

San Francisco and Mormon Mountain areas. These trends are 

parallel to the trend of the edge (both structural and 

physiographic) of the Colorado Plateau. Such coincidence 

suggests some structural control in the eruption of the 

Mormon Mountain basalts. 

Small scattered outcrops of a plagioclase phyric basalt 

occur near the western end of Mormon Mountain. The proximity 

of this basalt to the silicic rocks of Mormon Mountain and 

its distinctly different appearance compared to most of the 

alkali olivine basalts, suggests that it may be more closely 

related to the silicic rocks than the other mafic volcanics. 

Silicic Rocks 

The silicic volcanic rocks consist of coalescing high 

silica andesite and dacite flows and rhyodacite domes. 

The andesite and dacite flows are generally subdued by 

weathering and mantled by a thick soil deposit. These 

characteristics, in combination with very little dissection, 

make the mapping of individual flows impossible. The 

andesite flow(s) is apparently overlain by dacite flows and 

outcrops only on the east and south sides of Mormon 

Mountain. The dacite flows are widespread and characterized 
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EXPLANATION 
SEDIMENTARY ROCKS 

ES 

Pc-s 

Recent Alluvium 

Tertiary Sedir- • s 
1 .u i L : erentiated 

Kdihah Limestone 
Coo-niiio Sandstone 
and Supai Formation 

IGNEOUS ROCKS 
Intermediate Staq..* 
Voloanics 

Older Basalts 

Contact 

Fault, Dashed Whore 
Indefinite 

V^Indi ates Down thrown 
Side 

Figure 2. lineament and generalized geologic map of the 
San Francisco Plateau, Little Colorado River Area, 
Arizona, illustrating the predominance of northwest¬ 
trending faults. The eruption of the rim basalts is 
controlled by these faults. (Map modified from M.E. 
Cooley,(1960), Physiographic Map of the San Francisco 
Plateau, Little Colorado River Area, Arizona. Faults 
and other lineaments are by the U.S.G.S., Flagstaff. 
The Mormon Mountain study is outlined by heavy black 
lines.) . 
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by a black and pink mottling. They often exhibit a very 

thin platy flow structure (fig. 3). These flows have a 

similar appearance and are difficult to distinguish as 

distinct flow units. 

A rhyodacite dome, located on the southern flank of 

Mormon Mountain possibly represents the final eruptive 

stage of Mormon Mountain. The dome is roughly circular in 

shape and is topographically set apart from the rest of 

the mountain. A similar rhyodacite dome of lesser extent 

outcrops approximately six miles south of Mormon Mountain, 

and is located in the middle of a basalt cinder cone. This 

rhyodacite occurs without any accompanying andesite or 

dacite flows. The occurrence of this rhyodacite as a plug 

in a basalt cinder cone suggests that at least some of the 

silicic rock was erupted after the basaltic phase of 

volcanism. 

Summary 

Field relationships suggest that: 

1) the eruption of the basalts was structurally controlled 

by northwest-trending fissures 

2) the silicic centers stratigraphically overlie the basalts 

and were erupted after the main phase of basaltic volcanism 

3) the silicic rocks represent only a small portion of the 
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Figure 3. Photographs of a 
dacite flow near Mormon 
Lake illustrating the 
characteristic thin, 
platy flow structure of 
this unit, (a) Dacite 
flow in a massive outcrop 
(b) Close-up view of the 
outcrop pictured above. 
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total amount of volcanic material erupted in the Mormon 

Mountain volcanic field. 
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PETROLOGY AND PHASE CHEMISTRY 

This section presents the petrography and phase 

chemistry of the Mormon Mountain volcanic suite. A tabulated 

summary of the petrographic data is presented as Table 1; 

Table 2 summarizes the phase chemical data with 

representative analyses of groundmass and phenocryst phases 

of the different members of the suite. All phase chemical 

studies were conducted using an ETEC-Autoprobe electron 

microprobe. Further discussion of analytical techniques 

can be found in Appendix 1. 

Basaltic Rocks 

The basalts of the northern part of the Mormon 

Mountain volcanic field are characterized by dominant 

alkali olivine basalts and rare plagioclase phyric basalts. 

These basalts are petrographically uniform; the major 

differences are the relative abundances of the three 

phenocryst phases. The basalts are aphanitic to fine¬ 

grained with intersertal to intergranular textures. They 

are all porphorytic, containing phenocrysts of olivine, 

clinopyroxene and occasional plagioclase (except in one 

instance)(fig. 4, fig. 5). Most samples are vesiculated 

with some containing zeolitic amygdales, however, in 
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Figure 4. Photomicrograph of a typical alkali olivine 
basalt illustrating the intergranular texture of the 
rock. 

Figure 5. Photomicrograph of the feldspar basalt with 
plagioclase phenocrysts and relict amphiboles (large 
black hexagon, center of photo). 
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general weathering is minimal and the rocks are unaltered. 

The groundmass phases of all the basalts are similar 

and constitute between 50 to 80 per cent of the modal 

mineralogy. Olivine, FOgg-Fo^g, occurs as small subhedral 

to euhedral grains which are often completely altered to 

iddingsite. The clinopyroxene, augitic in composition, is 

light green, subhedral to euhedral, and is frequently found 

in clumps rather than dispersed grains. The subhedral to 

euhedral plagioclase laths, An^-An^g , are occasionally 

flow-aligned. Magnetite occurs both as small euhedral grains 

and as larger anhedral patches. Exsolution lamellae of 

titanomagnetite (?) are observed in most grains. An alkalic 

residuum, when present, is a dark, murky potassium-rich 

glass found only in small amounts in a few samples. To date, 

nepheline has not been found in any basalt. 

The compositions of the phenocryst phases of these 

basalts exhibit only slight variation between samples. 

However, their relative abundances change noticeably. The 

plagioclase phyric basalt, as noted previously, is distinct 

from the other alkali olivine basalts as it contains a much 

higher proportion of plagioclase phenocrysts. Olivine and 

clinopyroxene phenocrysts are present in all samples. In 

addition, occasional glomerocrysts of clinopyroxene and 

plagioclase are observed. One sample contains quartz 
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xenocrysts, deeply embayed and surrounded by a reaction 

rim of micro-crystalline clinopyroxene. 

Olivine occurs as large (up to 5 mm), subhedral to 

euhedral, prismatic phenocrysts with distinctive iddingsite 

rims. The grains often contain inclusions of Cr-Al-rich 

spinel and magnetite. Although not optically distinguishable, 

microprobe analysis reveals a slight compositional zoning 

ranging from cores of Fogg to rims of Fog 7 (fig. 6) . 

Phenocrysts of clinopyroxene, Ca43Mg43^Fe^3^5 (fig. 6), 

are subhedral to euhedral and exhibit sector twinning and 

concentric zoning. Microprobe analysis shows a general 

decrease in Ca and A1 towards the rim, with a corresponding 

increase in Mg and Fe. The minor elements, Mn, Cr, Na and 

Ti, remain essentially constant. A1 contents of the 

phenocrysts are, in general, moderate (2 to 4 per cent 

AI2O3), however the clinopyroxene phenocrysts of the 

plagioclase phyric basalt possess high alumina cores (6 per 

cent AI2O3). The clinopyroxene phenocrysts often contain 

inclusions of euhedral spinel and magnetite similar in 

composition to those found in the olivine phenocrysts. 

Plagioclase phenocrysts are relatively rare in the 

alkali olivine basalts, occurring as small subhedral laths 

approximately twice the size of groundmass plagioclase. 

The compositions of these phenocrysts are similar to the 
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Figure 6. Compilation of microprobe phase chemical analyses 
of clinopyroxene, orthopyroxene and olivine, (a) Clino- 
pyroxene analyses from alkali divine basalt ( ■ pheno- 
crysts,B groundmass) and feldspar basalt (o phenocrysts). 
(b) Clinopyroxene analyses from hornblende andesite (♦ 
phenocrysts). (c) Clinopyroxene analyses from two 
pyroxene dacites (o,• phenocrysts). (d) Composite of 
the range of clinopyroxene analyses from all rocks of 
the Mormon Mountain suite, (e) Grthopyroxene analyses 
from two pyroxene dacites. (f) divine analyses from 
basaltic rocks (■,o, ophenocrysts of alkali olivine 
basalts, vphenocrysts of feldspar basalt,a groundmass 
of alkali olivine basalt ). 
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groundmass plagioclase compositions, in contrast, the 

plagioclase phyric basalt contains numerous plagioclase 

phenocrysts, compositionally zoned from An75 to Ang0 

(fig. 7). Both basalt types contain rare, partially resorbed 

fragments of large calcic phenocrysts. 

The plagioclase phyric basalt also contains large 

'relict amphiboles' (suggested by their crystal morphology, 

fig. 5), now consisting of magnetite, clinopyroxene and 

plagioclase. These pseudo-phenocrysts probably represent 

the breakdown of basaltic hornblende to crystal clots of 

clinopyroxene and magnetite (Stewart, 1975) . 

The general order of crystallization for these basalts, 

as inferred from petrographic observations, suggests the 

appearance first of magnetite and spinel, followed by 

olivine and clinopyroxene. Plagioclase is the last phase 

to crystallize. Occasionally, two generations of opaques 

are apparent, reflecting a break in the crystallization 

of these phases. 

Silicic Rocks 

The silicic volcanic rocks of Mormon Mountain consist 

of flows of hornblende andesite and pyroxene dacite and 

domes of rhyodacite. These distinctions are chemical, not 

petrographic, as the rocks are commonly glassy to aphanitic. 
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The hornblende andesite contains phenocrysts of basaltic 

hornblende and clinopyroxene (fig. 8). The pyroxene dacites 

contain clinopyroxene and orthopyroxene phenocrysts which 

often occur as two pyroxene glomerocrysts of considerable 

size (.5 to 2 cm)(fig. 9). Accessory basaltic hornblende, 

surrounded by large magnetite rims, occur in some samples. 

The rhyodacites contain phenocrysts of plagioclase and 

basaltic hornblende (fig. 10). All phenocrysts are set in 

a trachytic to pilotaxitic groundmass of plagioclase, 

glass and opaques (magnetite and ilmenite(?)) with occasional 

intergranular clinopyroxene. The plagioclase, which occurs 

as small laths, has a compositional range of An^ to An^ 

(andesite), An^^ to An42 (dacite) and An4Q to A^5 

(rhyodacite)(fig. 7). Light to dark brown glass is fresh 

and exhibits only minor devitrification phenomena. Normative 

mineralogy of the glass from microprobe analysis reveal 

that it consists of a mixture of primarily quartz and 

potassium feldspar. Opaques are generally euhedral to 

subhedral, small grains with abundant exsolution lamellae. 

Magnetite and ilmenite were tentatively identified by 

reflected light techniques. 

Basaltic hornblende'phenocrysts of both the hornblende 

andesite and the rhyodacite are large (up to 1 cm), subhedral 

to euhedral, prismatic grains with extensive kelyphitic rims 
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I mm 

Figure 8. Photomicrograph of hornblende andesite illustrat¬ 
ing pilotaxitic texture with phenocrysts of basaltic 
hornblende (lower left) and clinopyroxene (upper right). 

Figure 9. Photomicrograph of pyroxene dacite illustrating 
trachytic texture and glomerocryst of clinopyroxene 
and orthopyroxene. 

I mm  . 
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Figure 10. Photomicrograph of rhyodacite with hornblende 
phenocrysts, plagioclase phenocrysts (two generations, 
large one, upper left, and small equant grains in 
groundmass) and groundmass glass. 
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of magnetite. These phenocrysts are sometimes totally 

resorbed, leaving only opaque clots of magnetite and 

clinopyroxene. Microprobe analysis of the hornblende 

phenocrysts of the andesite reveal moderate Ti contents 

(3 per cent TiC^), somewhat between that of basaltic 

hornblende and kaersutite (Deer, Howie, and Zussman, 1966). 

These phenocrysts are undersaturated with respect to silica, 

having 5 to 10 per cent normative nepheline. The hornblende 

phenocrysts of the rhyodacite are similar to those of the 

andesite, but contain less TiC^ (1.5 per cent) and more 

SiC^. Their degree of undersaturation is less than the 

andesitic hornblendes. 

Phenocrysts of clinopyroxene are common in all silicic 

rocks of the Mormon Mountain suite except for the 

rhyodacites. These phenocrysts are moderately sized (.5 cm), 

subhedral to euhedral grains, commonly exhibiting sector 

twinning and concentric zoning. The compositional range is 

from augite to salite (fig. 6). Microprobe analysis of zoned 

individual phenocrysts reveal a decrease in Ca, Al and Na 

with a corresponding increase in Mg (hornblende andesite) 

and Fe (pyroxene dacite) toward the rim of the grain. In 

general, the clinopyroxene phenocrysts of the hornblende 

andesite contain twice as much Ti as do those of the pyroxene 

dacite. These higher Ti contents, present as titanaugite 
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(Yagi and Onuma, 1967), may reflect different origins of 

the two phenocryst sets. 

Orthopyroxene phenocrysts, ranging in composition 

from bronzite to hypersthene (fig. 6), occur only in the 

pyroxene dacite. They are commonly associated with the 

clinopyroxene as two pyroxene glomerocrysts. Individual 

grains of orthopyroxene are subhedral to euhedral, exhibit 

slight pink-green pleochroism, and are occasionally 

twinned. Core-rim microprobe studies of individual grains 

reveal slight compositional variations with an increase in 

Fe and a sympathetic decrease in Mg toward the rim. 

Plagioclase phenocrysts occur only in the rhyodacites. 

There are two generations of phenocrysts, distinguishable 

by both morphology and compositional range. The first 

generation of phenocrysts consists of large (up to 1 cm) 

rectangular grains with oscillatory zoning. Core-rim 

microprobe analysis reveals compositional variations from 

An^ to An^Q (fig. 7). The second generation of phenocrysts 

occur as small (3 mm) equant grains ranging in composition 

from An^ to An24 (fig. 7). These phenocrysts are commonly 

twinned and exhibit only normal zoning. Microprobe studies 

reveal an increase in K from the first to the second 

generation. 

Occasional xenoliths consisting of basaltic hornblende 
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and skeletal plagioclase are found in the pyroxene dacite 

flows near Mormon Lake. The plagioclase of these xenoliths 

is often altered, both by reaction and weathering, however, 

some compositional data was obtained. Microprobe analysis 

of several plagioclase grains reveal that they are normally 

zoned, possessing cores of Anj^ and rims of An47# The 

hornblende, with well developed kelyphitic rims, is similar 

in composition to the high titanium undersaturated basaltic 

hornblende phenocrysts of the hornblende andesite. These 

xenoliths may represent cumulates of the hornblende andesite 

caught by the ascending dacite magma. 
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GEOCHEMISTRY 

Fifty-three major element analysis were determined 

for rocks from the Mormon Mountain volcanic suite. Analytical 

techniques included atomic absorption and electron microprobe 

analysis of fused glass beads and are discussed in Appendix 

1. All analyses were recalculated to 100 per cent on a 

volatile free basis. Iron was determined as FeO with Fe^O^ 

being calculated as Fe20.j = TiC^ + 1.5 (Irvine and Barager, 

1971). Representative analyses of the major rock types and 

their cationic normative mineralogies are presented as 

Table 3. The remaining analyses can be found in Appendix 2. 

The volcanic suite of Mormon Mountain is classified 

according to the systems of Irvine and Barager (1971)(fig. 

11), Church (1975)(fig. 12a) and Middlemost (1973) (fig. 12b). 

These classifications yield similar results and illustrate 

the bimodality of the suite. A distinct silica gap, from 

SiC>2 = 52.5 to 60.2, separates the suite into a basaltic 

group and a silicic group. The geochemistry of each of 

these rock groups is discussed below. 

Basaltic Rocks 

The basalts of the Mormon Mountain suite represent a 

transitional alkaline to subalkaline basaltic series as 

illustrated by a Cpx-Opx-Ol diagram (fig. 13)(Irvine and 

Barager, 1971). The basalts also exhibit high alumina 

tendencies (16 to 18 weight per cent A^Oj) characteristic 
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01 

Figure 11. Ne-01-Q projection of cation norms of the 
Mormon Mountain volcanic suite illustrating 1) the 
bimodal character of the suite and 2) the transitional 
nature of the basalts. Circles indicate basalts with 
normative nepheline; squares, basalts with normative 
hypersthene; and diamonds, silicic rocks. Dashed 
lines are traces of Yoder and Tilley's (1962)"critical 
plane of silica saturation". Heavy line is the alkalic- 
subalkalic dividing line proposed by Irvine and 
Barager (1971). 
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Figure 12. Alternative classification schemes for the 
volcanic suite of Mormon Mountain, (a) Classification 
scheme of Church (1975). (b) Classification scheme of 
Middlemost (1973). 
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Cpx 

Figure 13. Ol-Cpx-Opx projection of cation norms from the 
Mormon Mountain basalts in which normative nepheline 
equals 0 and normative quartz equals 0. This diagram 
again emphasizes the transitional natute of the 
basaltic series. Dividing lines of alkalic and sub- 
alkalic fields determined by Chayes (1965). 
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of such transitional suites (fig. 14)(Schwarzer and Rogers, 

1974). They range from 15 per cent normative nepheline to 

15 per cent normative hypersthene, but lack any petrographic 

features, modal nepheline or an olivine-pyroxene reaction 

relationship, which characterize strongly undersaturated 

(basanites) or oversaturated (tholeiites) basalts 

(Wilkinson, 1967). 

Presentation of the geochemical data on a MgO Harker- 

type variation diagram (Wright, 1974)(fig. 15) suggests 

that for most of the major elements, no systematic variation 

exists with respect to MgO. However, TiC^ generally decreases 

and AI2O3 generally increases with decreasing MgO, a trend 

noted by Miyashiro (1973) to be associated with calc- 

alkalic (high alumina) series. 

Silicic Rocks 

The silicic rocks of the Mormon Mountain volcanic 

suite range from andesites (SiOj - 60 to 61 per cent) 

through dacite (Si02 * 61 to 68 per cent) to rhyodacite 

(SiOj = 68 to 70 per cent). The suite is calc-alkalic, as 

shown on an A^O^ vs. normative plagioclase diagram (fig. 16) 

(Irvine and Barager, 1971). Displayed on a SiO Harker-type 
4M 

variation diagram (fig. 17) as suggested by Wright (1974) 

for silicic suites, the Mormon Mountain suite exhibits a 
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Figure 14. Na 0 + KO versus SiO variation diagram 
showing various2proposed curves for making the dis¬ 
tinction between various types of basalts. Curves B, 
C, D, and E are taken from the literature and based 
on rock suites from different areas. Curve A separates 
strongly alkalic from mildly alkalic rocks and curve F 
separates high alumina series from tholeiitic series 
(from Schwarzer and Rogers, 1974). The Mormon Mountain 
basalts (circles) are mildly alkalic transitional 
to subalkalic with high alumina affinities. 
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Figure 15. MgO (Harker) variation diagram for the basaltic 
rocks of the Mormon Mountain suite. Although most of 
the major elements exhibit no systematic variation with 
MgO, Ti02 generally decreases and Al90o increases with 
respect to MgO. z J 
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Figure 16. Al2CL versus normative plagioclase diagram 
illustrating the calc-alkalic nature of the silicic 
rocks of the Mormon Mountain suite (after Irvine 
and Barager, 1971). 
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Si02 

Figure 17. SiO^ (Harker) variation diagram of the silicic 
rocks of tne Mormon Mountain suite. Most of the major 
elements exhibit systematic variation with respect to 
SiOj, characteristic of a suite related by differ¬ 
entiation (Wright, 1974). 
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systematic decrease in MgO, FeO, CaO and TiO^ and an increase 

of I^O with increasing Sit^. Na2Û and display an 

erratic behaviour with respect to SiC^. 

All of the silicic rocks contain normative quartz, 

from nine per cent in the andesites to twenty-five per cent 

in the rhyodacite. Approximately seventy per cent of each 

rock is composed of normative orthoclase and plagioclase. 

The dacites contain normative corundum and are per-aluminous 

by Shand's (1943) classification. This alumina oversaturation 

is also observed in the SiO^ variation diagram (i.e. the 

erratic behaviour of AI2O3). 
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DISCUSSION 

Petrogenetic Models 

The Mormon Mountain volcanic suite is apparently 

bimodal, being composed of an alkali basalt series and 

a calc-alkalic silicic series. Field relationships, phase 

chemistry, geochemistry and sparse geochronolgy suggest 

that this bimodality may be an accident of nature caused 

by limited exposure of Mormon Mountain due to the lack of 

large scale erosion. Intermediate rocks, such as basaltic 

andesite, may have been erupted and later concealed by 

high silica andesite and dacite flows. The possibility 

of a co-genetic relationship for this suite remains strong, 

until data with greater resolving power (i.e. trace element 

and isotopic data) is obtained. Therefore, any discussion 

of the petrogenetic history of the Mormon Mountain volcanic 

suite must include two fundamentally different models, a 

co-genetic model and a non co-genetic model. 

Model A (co-genetic), which ignores the bimodality 

and attributes it to lack of exposure, emphasizes a 

petrogenetic history based on fractional crystallization 

of a hydrous alkali basalt magma. Model B, the non co- 

genetic model, depends upon separate melting events of 

different parental materials to generate basaltic and 
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andesitic magmas. These magmas in turn, differentiate to 

account for the variations observed in the alkali basalt 

series and the calc-alkalic series. Model A and Model B 

are discussed in detail below. 

Model A, A Co-Genetic Model 

Model A can be subdivided into two different 

petrogenetic processes: 1) the generation of a hydrous 

alkali olivine basalt magma and 2) the subsequent fractional 

crystallization of this magma to generate calc-alkalic 

rocks. These two processes are discussed separately in the 

following sections. 

Petroqenesis of the Basalts 

The alkali olivine basalts of the Mormon Mountain 

volcanic suite are chemically and mineralogically similar 

to the basalts of the San Francisco Volcanic Field 

(Robinson, 1913; Moore, 1974; Moore, Wolfe, and Ulrich, 

1976), the cenozoic Basin and Range (Leeman and Rogers, 

1970) and the Western Colorado Plateaus (Best and Brimhall, 

1974). Table 4 and Figure 18 illustrate these similarities 

(note that the basalts of Mormon Mountain correlate best 

with the Cedar Ranch (5.5 m.y.) and Woodhouse (.8-3.0 m.y.) 

age basalts from the San Francisco field). In addition to 
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Table 4. Comparison of Mormon Mountain Basalts with 
Similar Basalts from the Basin and Range and the 
San Francisco Volcanic Field 

Sample 1 2 3 4 5 6 7 

SiC2 48.43 50.50 48.50 47.80 50.00 49.40 48.28 

Ai2°3 
16.34 15.53 15.10 16.00 15.60 15.60 15.63 

Fe203 2.88 2.77 2.90 2.60 2.10 - 2.18 

FeO 7.08 7.07 6.90 8.80 8.91 10.70 8.74 

MnO 0.17 0.12 0.15 0.18 0.20 - 0.14 

MgO 8.10 7.83 7.45 7.30 9.00 7.70 8.42 

CaO 11.02 10.30 9.50 9.50 9.60 9.10 10.41 

Na2° 3.40 3.11 3.52 3.60 2.90 3.40 3.15 

K2° 0.94 0.87 1.48 1.10 0.50 1.10 0.85 

Ti02 1.57 1.33 1.77 2.30 1.27 1.70 1.80 

Cationic 
Norm 

Q 
C — — — » — 

Or 5.52 5.16 8.94 6.55 2.94 6.55 5.02 
Ab 22.34 27.68 26.43 25.34 25.91 27.50 24.24 
An 26.36 25.90 21.43 24.41 27.94 24.22 25.99 
Ne 4.77 3.51 4.31 - 1.94 2.41 
Cpx 22.34 20.25 21.33 18.42 15.57 16.99 20.51 
Opx - 7.10 - - 11.47 « - 

01 13.51 8.86 12.69 15.02 12.22 20.41 17.03 
Mt 2.99 2.90 3.10 2.74 2.18 - 2.28 
11 2.17 1.86 2.52 3.24 1.76 2.38 2.51 

Number of 
Samples 12 17 36 1 1 1 2 

1 and 2- Mormon Mountain? 3- Basin and Range (Leeman and Rogers, 1970)? 
4- San Francisco volcanic field, Woodhouse Age (Moore, 1974)? 5- San 
Francisco volcanic field, Cedar Ranch Age (Moore, 1974)? 6- Gunlock 
flow, Great Basin, Utah (Best and Brimhall, 1974)? 7- San Francisco 
volcanic field, Sitgreaves Mountain (Moore, Wolfe and Ulrich, 1976) 



40 

Si02 

Figure 18. Na2° + K2° versus SiOj diagram illustrating 
the similarity of the Mormon Mountain basalts with 
basalts from other areas. Refer to Figure 14 for 
explanation of the various curves. (■ Mormon Mountain; 
o San Francisco Volcanic Field; O Transition zone, 
Colorado Plateau-Great Basin; ▲ Average of Basin and 
Range. References for these areas are listed in 
Table 4.) 
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these chemical and mineralogical likenesses, the geophysical 

characteristics (reviewed by Leeman and Rogers (1970)) of 

each area are similar, suggesting that petrogenetic models 

postulated for these areas may be applied to the basalts 

of Mormon Mountain. 

Directly applying the experimental research of 

Green and Ringwood (1967), Leeman and Rogers (1970) 

developed a model for the generation of the Cenozoic alkali 

olivine basalts of the Basin and Range. They suggested that 

these basalts were the result of 20 per cent partial 

melting of hydrous mantle material (pyrolite) at depths 

of 40 to 60 km. Essential to their model is the high 

geothermal gradient observed for the Basin and Range (Roy, 

et.al., 1968). Moore (1974) applied this model in developing 

a petrogenetic history for the basalts of the eastern San 

Francisco Volcanic Field. He concluded that the alkali 

basalts were the result of 5 to 20 per cent partial melting 

of mantle material below 40 km. Stoeser (1973) in examining 

the ultramafic xenoliths which occur in many of the alkali 

olivine basalts of the San Francisco field, concluded that 

they formed as cumulates from parental alkali olivine 

basalt magmas at depths up to 45 km (14 kb). The parent 

magmas had to be generated at depths greater than 45 km. 

Best and Brimhall (1974) postulated a similar model for 
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the generation of the hawaiites of the Western Colorado 

Plateaus, calling upon low degrees of partial melting at 

depths of 65 km or less and extensive olivine fractionation, 

A seismic refraction study of crustal structure in 

central Arizona (Warren, 1969) located the M-discontinuity 

at 40 km beneath sea level. Seismic velocities of the upper 

mantle immediately beneath the M-discontinuity are similar 

to those cited for incipiently melted pyrolite (Ringwood, 

1975). The alkali basalts of Mormon Mountain are possibly 

generated in this zone, 40 to 70 km below sea level, by 

partial melting of hydrous mantle material. 

A petrogenetic grid for basalts, constructed from 

the experimental data on the melting of pyrolite with 0.1 

per cent water displays the results of increasing degrees 

of partial melting and depth of magma separation on basalt 

composition (Ringwood, 1975). If the Basin and Range 

geotherm (Roy, et. al., 1968) is superimposed on this grid 

(fig. 19), its intersection with the wet pyrolite solidus 

occurs near 40 km. Slightly less drastic geotherms, perhaps 

more suitable for the Colorado Plateau, intersect the 

solidus between 40 and 60 km. Partial melting of 2 to 10 

per cent at these depths would generate alkali olivine 

basalts with alkali affinities. Such basalts are observed 

in the Mormon Mountain field. 
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Figure 19. Petrogenetic grid of Ringwood (1975) with the 
geotherm of the Basin and Range (Roy and others, 1968) 
superimposed. The Basin and Range geotherm intersects 
the pyrolite (0.1% H2O) solidus at 40 km. Partial 
melts of 2 to 5 per cent generate alkali olivine 
basalts and basanites at depths of 50 to 70 km. These 
basalts would be similar in composition to the basalts 
of the Mormon Mountain suite. 
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The transitional nature of the basaltic series can 

be explained in part, by varying degrees of partial 

melting (i.e. the higher the degree of partial melting, 

the more subalkalic the basalt) if these basalts suffer 

no crystal fractionation. Basalts of this type should 

possess Mg/Mg + Fe ratios which reflect equilibrium with 

mantle material (Ringwood, 1975). This ratio is approximately 

equal to .80 (Cawthorn and O'Hara, 1976). The basalts of 

Mormon Mountain have Mg/Mg + Fe ratios ranging from 82 to 

67; the lower ratios reflecting the fractionation of 

various ferromagnesium phases. The variability observed 

in the basaltic suite of Mormon Mountain is best explained 

by a complex interplay of both partial melting and 

fractional crystallization. 

Petrogenesis of the Calc-Alkalic Suite 

The second petrogenetic process of Model A involves 

the fractional crystallization of various phases from 

hydrous alkali basalt to generate andesitic liquids. The 

crucial step in this process involves the penetration 

of the low pressure thermal divide which separates alkalic 

magmas (undersaturated) from silicic differentiates 

(oversaturated)(Yoder and Tilley, 1962). The remaining 

silicic rocks, the high silica andesite, ?,ac.i o.es and 
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rhyodacite, are produced by fractional crystallization 

of the andesitic liquid. 

Arculus (1976) presented a fractional crystallization 

model for the basanatoid-dacite association from the 

island of Grenada. He utilized the fractionation at moderate 

pressures of an undersaturated amphibole in addition to 

clinopyroxene, olivine and spinel to derive a subalkalic 

basalt from a basanatoid containing greater than 5 per cent 

normative nepheline. continued amphibole fractionation 

produced an andesitic liquid, which in turn,fractionated 

to yield a dacite. These conclusions were verified 

experimentally by Cawthorn, Curran and Arculus (1973). 

Cawthorn and O'Hara (1976), Cawthorn, Curran and 

Arculus (1973), Heltz (1976? 1973), Holloway and Burnham 

(1972), Eggler and Burnham (1973) and Mysen (1973) have 

investigated the effects of amphibole on magma composition 

over a variety of conditions. Cawthorn and O'Hara (1976) 

and Cawthorn, Curran and Arculus (1973) showed that the 

fractionation of an undersaturated amphibole (2 to 5 per 

cent normative nepheline) from a hydrous alkali olivine 

basalt is possible at moderate pressures (2 to 10 kb) and 

will lead to the development of andesitic liquids. The 

results of Cawthorn and 0'Hara's(1976) study are presented 

as Figure 20. This phase diagram traces the crystallization 
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Figure 20. Weight per cent projection from diopside, vapor 
and Na20 into part of the plane CaA^C^ -MgO-SiC>2. 
Shaded insert shows region presented in main diagram. 
Liquid B fractionates amphibole A, driving liquids to 
composition D. A mechanism similar to this experimental 
study is proposed to derive the calc-alkalic suite 
from the alkalic basalt suite of Mormon Mountain. 
(Diagram reproduced from Cawthorn and O'Hara (1976)). 
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of a hydrous alkali olivine basalt at 5 kb pressure with 

excess vapor. A detailed discussion of both equilibrium 

and fractional crystallization in this system can be found 

in their paper. Olivine and clinopyroxene precipitate 

before amphibole, which, when it occurs, is undersaturated 

(2 to 5 per cent normative nepheline). At the appearance 

of amphibole, olivine and clinopyroxene no longer precipitate 

but, are instead in reaction to form additional amphibole. 

Fractional crystallization preserves some olivine and 

clinopyroxene as they are removed from the system. The 

remaining liquid becomes increasingly silicic as amphibole 

continues to crystallize. At lower temperatures, plagioclase 

begins to form, and amphibole and plagioclase precipitate 

together. The liquid at this point is approximately andesitic 

in composition. 

Piwinskii and Wyllie (1968) examined the melting 

behaviour of tonalités and granodiorites under hydrous 

conditions at low pressures (1-3 kb). They found the 

liquidus phases to be hornblende followed shortly by 

plagioclase. If the andesitic liquid of Cawthorn and O'Hara 

(1976) is placed into this system, it would exhibit the 

same behaviour as the tonalité. The phases precipitating 

from the andesite derived by amphibole fractionation from 

an alkalic basalt, are the same as those found on the 
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liquidus of more silicic systems. Piwinskii and Wyllie's 

(1968) results appear tô be a logical extension of the 

conclusions of Cawthorn and O'Hara (1976). The fractional 

crystallization of a ferrOmagnesium phase from an andesitic 

liquid would produce increasingly silicic liquids (Bowen, 

1928). It is therefore possible to derive dacites and 

rhyodacites similar to those of Mormon Mountain, from 

an andesite by fractional crystallization of hornblende 

and plagioclase, which is itself derived by fractional 

crystallization from an alkalic basalt. 

In order to test possible fractional crystallization 

models, least square linear mixing calculations (Wright 

and Doherty, 1970? Bryan, Fingers and chayes, 1969) were 

employed. Fractional crystallization models were derived 

for a hypersthene normative basalt,a high alumina basalt, 

an andesite, a dacite and a rhyodacite. The observed 

compositions for these rocks are averages of non-phyric 

samples at certain Si02 weight per cent levels. The 

fractionating phases were chosen on the basis of petrography 

and phase chemical studies. Minerals which exhibited a 

range in composition were approximated by the compositions 

of end members, which the program mixed to select a 

suitable composition for the model. Solutions were acceptable 

only if 1) the residuals were less than the analytical 
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error (SR^ < error^)(Wright,et.al., 1975)(see Appendix 1 

for a discussion of analytical error) and 2) the amounts 

of fractionating phases were justifiable petrographically. 

The results of the least square mixing calculations found 

to be acceptable are presented in Tables 5-9 and graphically 

illustrated as a flow chart (fig, 21). 

As stated previously, the Mg/Mg + Fe ratios of the 

basalts suggest that some of the variation observed in the 

basaltic series is a result of fractional crystallization. 

The least square linear mixing calculations compliment 

this suggestion by requiring the fractionation of olivine, 

clinopyroxene and spinel to generate a hypersthene normative 

basalt from a nepheline normative alkalic basalt. Continued 

fractionation of these phases, with the addition of minor 

amphibole, accounts for the high alumina (feldspar) basalt. 

The phases required for these fractionation schemes are 

present in the various members of the basaltic series, 

hence, the fractional crystallization model outlined in 

the flow chart (fig. 21) is petrographically and 

geochemically valid for the Mormon Mountain basaltic series. 

The fractionation of amphibole, plagioclase, 

clinopyroxene, and various opaques, ail of which are 

phenocrysts in the hornblende andesite, from the high 

alumina basalt,generates the andesite. Another less silicic 
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Table 5a. Least Squares Approximation to Average He-norm Alkali Olivine 

Basalt 

Observed Calculated Variables wt i<> 

Si02 46.05 48.79 Alkali 01. Basalt 77.4 

A1
2°5 

17.48 17.78 An 71 12.5 

FeO 10.40 10.75 Po 84 4.1 

MgO 7.82 7.96 Augite 2.8 

CaO 10.55 10.69 Spinel 5.5 

Na20 

KgO 

Ti02 

5.44 

0.88 

1.59 

5.08 

0.62 

1.55 SR2 = .568 

Table 5b. Compositions of Variables in Table 5a. 

Si02 

Aik. 01 Basalt 

50.51 

An 71 

51.12 

Po 84 

40.51 

Augite 

49.92 

Spinel 

AI2O5 16.87 50.29 - 4.75 20.65 

PeO 9.95 0.99 15.25 6.O6 60.76 

MgO 6.64 - 44.25 15.91 14.05 

CaO 10.59 14.26 0.19 22.10 - 

Na20 5.42 5.16 - O.46 - 

^0 0.76 0.18 - - - 

TiOp 1.48 - - 0.81 4.56 
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Table 6a. least Squares Approximation to Average Hyp-norm Alkali 

Olivine Basalt 

Observed Calculated Variables wt io 

Si02 50.31 50.34 High Al basait 75.7 

AI2O3 16.87 16.93 Plagioclase 5.4 

FeO 9.93 9.97 Augite 10.1 

MgO 6.64 6.71 Amphibole 8.5 

CaO 10.59 10.56 Magnetite 2.2 

Na20 3.42 3.16 

0.76 0.99 
r\ 

Ti02 1.4S 1.31 S R = .170 

Table 6b. Compositions of Variables in Table 6a. 

High Al Basait Plagioclase Augite Amphibole Magnetite 

Si02 52.77 51.54 49.51 42.87 - 

AI2O5 18.13 50.54 6.45 13.76 3.84 

FeO 8.56 0.71 7.07 10.45 90.83 

MgO 5.17 - 15.35 15.85 - 

CaO 9.20 13.75 20.42 11.41 - 

Na20 3.71 3.30 0.45 2.32 - 

KgO 1.26 0.16 - 0.69 - 

Ti02 1.20 - 0.75 2.65 5.33 
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Table 7a. Least Squares Approximation to Average High Al Basait 

Observed Calculated Variables Wt. <fo 

Si02 52.77 52.89 Andesite 44.4 

A12°3 18.13 18.26 Augite 10.0 

PeO 8.56 8.67 An 61 2.4 

MgO 5.17 5.33 An 56 24.9 

CaO 9.20 9.19 Amphibole 14.1 

Na20 5.71 3.61 Magnetite 4.2 

KgO 1.26 0.95 
A 

Ti02 1.20 1.06 ER = .200 

Table 7b. Compositions of Variables in Table 7a. 

Andesite Augite An 61 An 56 Amphibole Magnetite 

Si02 60.75 50.98 52.22 54.33 42.87 - 

AI2O3 17.61 3.98 30.17 29.01 13.76 3.84 
PeO 5.41 8.31 1.09 0.57 10.45 90.83 

MgO 3.60 14.99 15.85 - 

CaO 5.59 20.67 12.17 11.00 11.41 - 

Na20 4.36 0.47 4.06 4.83 2.32 - 

K^O 1.77 0.28 0.26 0.69 - 

TIO2 0.91 0.59 2.65 5.33 
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Table 8a. Least Squares Approximation to Average Andesite 

Observed Calculated Variables wt io 

sio2 60.75 61.16 Dacite 89.2 

AI2O5 17.61 17.17 Amphibole 10.6 

FeO 5.41 5.64 Magnetite 0.2 

MgO 3.60 3.89 

CaO 5.59 5.73 
Ua20 4.36 3.63 

KgO 1.77 1.85 
p 

Ti02 0.91 0.92 SR = 1.07 

Table 8b. Compositions of Variables in Table 8a. 

Dacite Amphibole Magnetite 

Si02 63.49 42.87 - 

A12°3 17.61 13.76 3.84 

FeO 4.88 10.45 90.83 

MgO 2.47 15.85 - 

CaO 5.07 11.41 - 

Na20 3.79 2.32 - 

K^O 1.99 O.69 - 

Ti02 0.70 2.65 5.33 
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Table 9a. Least Squares Approximation to Average Andesite 

Observed Calculated Variables wt io 
Si02 60.75 60.77 Rhyodacite 55*3 

A12°3 
17*61 17*47 Amphibole 17*9 

FeO 5*41 5*44 An 40 24*9 

MgO 3.60 3*57 Magnetite 1*9 

CaO 5*59 5*80 

Na20 4.36 4*72 

K^O 1*77 1*49 

Ti02 0.91 0.72 SR = .316 

Table 9b. Compositions of Variables in Table 9a. 

SiOr 

A12°3 
FeO 

MgO 

CaO 

Na20 

K^O 

Ti02 

Rhyodacite Amphibole An 40 

70.07 42.87 57*59 

14.68 13*76 27*33 

3*31 10.45 0.20 

1*35 15*85 - 

3*17 11.41 8.06 

4.83 2.32 6.55 

2.35 0.69 0.27 

0.26 2.65 - 

Magnetite 

3*84 

90.83 

5*33 
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Figure 21. Flow chart of petrogenetic Model A (co-genetic 
model) proposed for the Mormon Mountain volcanic 
suite. 
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andesite may have been generated by similar fractionation, 

however it is not found at Mormon Mountain. The net result 

of the large extrapolation in the least square calculation 

from the high alumina basalt (SiC>2 = 52.5 per cent) to the 

hornblende andesite (SiC^ = 60.5 per cent) is the large 

amount of hornblende and plagioclase fractionation required. 

The hornblende and plagioclase xenoliths found in the dacite 

may possibly be the result of such extensive fractionation. 

The derivation of the pyroxene dacite from the 

hornblende andesite requires the dehydration of the andesitic 

magma to account for the absence of hornblende and the 

presence of orthopyroxene and clinopyroxene in the dacite. 

Eggler (1972) studied the stability of amphibole in water 

undersaturated andesitic melts and concluded that the 

breakdown of amphibole was a function of total pressure, 

temperature and the fugacity of 1^0. The products of this 

breakdown are plagioclase, clinopyroxene, orthopyroxene 

and opaques. The dehydration curves of amphibole at various 

water fugacities are presented in Figure 22. The maximum 

stability of amphibole as shown in this diagram is 5.5 kb 

o 
and 940 C (4.5 per cent water). These conditions are 

probably applicable to most calc-alkalic melts. Above this 

temperature, or below this total pressure and/or water 

content, the dehydration of amphibole occurs. It is proposed 
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Figure 22. Schematic P-T projection of solidus and amphi¬ 
bole out reactions for various xVjp . (a) Solidus for 
andesite-H20, after tonalité solidus; HLO-undersatu¬ 
rated solidi; and amphibole + quartz dehydration 
curves, dashed where metastable, (b) Upper limits of 
amphibole in andesite melt for various . (from 
Egg1er, 1972) 
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that such changes occurred during the formation of the 

dacite from a fractionating andesitic melt. The dacite 

therefore, probably represents the results of a complex 

process of amphibole fractionation and dehydration. 

The rhyodacite, however can be derived directly 

from the hornblende andesite by continuing amphibole and 

plagioclase fractionation. It is hypothesized that the 

hornblende andesite was split into two magma bodies, 

perhaps at different depths, one in which amphibole was 

stable (rhyodacite parent) and one in which the dehydration 

of amphibole occurred (dacite parent). The occurrence of 

the rhyodacite as a dome and the dacite as widespread 

flows support this hypothesis. 

Model B, A Non Co-Genetic Model 

Model B accepts a non co-genetic origin for the Mormon 

Mountain volcanic suite. Under this assumption, the 

fractional crystallization process required in Model A 

is rejected, due to the absence of any intermediate rock 

types. Model B, as stated briefly before, consists of 

two separate melting events of different parental material 

to generate the alkalic basalt and the calc-alkalic 

series. Fractional crystallization of the parental magmas 

account for the variations observed within each series 

(fig. 23) as stated previously (Model A). 

The petrogenesis of the basalts has already been 

examined in detail in Model A. Model B requires no 
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Figure 23. Flow chart for the petrogenetic Model B (non oo¬ 
genetic model) for the Mormon Mountain volcanic suite. 
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fundamental changes to generate the basalts. The least 

square linear mixing solutions of Model A (Table 5 and 6) 

illustrate that the hypersthene normative alkali basalts 

and the high alumina basalts could be derived from 

nepheline normative basalts by fractional crystallization 

of olivine, clinopyroxene, spinel and amphibole. These 

results are equally applicable in the context of Model B. 

It is the petrogenesis of the calc-alkalic series 

which distinguishes Model B from Model A. Model B requires 

an andesitic liquid to be generated by melting and not by 

fractional crystallization of various phases from a 

basaltic parent. Once the andesitic liquid is produced, 

the generation of the remaining silicic rocks would be 

accomplished by a fractional crystallization scheme 

similar to that outlined in Model A. 

Baker and Ridley (1970) in discussing the petrogenetic 

history of the bimodal suite of Mount Taylor, echoed the 

arguments of Green and Ringwood (1968) on the formation 

of calc-alkalic magmas. They (Baker and Ridley) postulated 

that the Mount Taylor andesites were formed by either : 

1) direct partial melting of water-saturated mantle at 

depths of 100 to 150 km or 2) fractional crystallization 

or melting of a hydrous basalt at depths of 30 to 40 km. 

Their data, which consisted of major elements, trace 

elements and isotopic data, did not allow them to distinguish 

which process was responsible. 

Lowder (1973) examined a late Cenozoic transitional 
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alkali olivine - tholeiitic basalt and andesite from the 

margin of the Great Basin in southwestern Utah. His 

conclusions on the petrogenesis of the andesite discounted 

fractional crystallization of various phases from basalts. 

He proposed two possibilities for the generation of the 

andesite : 1) contamination of some basaltic magma by 

young crustal material with unusually high Sr and Ba 

contents and which contains abundant alkalies and silica 

or (more likely) 2) liquids derived by small degrees of 

partial melting of an unusually Sr and Ba rich mantle 

material. 

Although data is lacking to pinpoint the origin of 

the andesitic magmas of Mormon Mountain, it appears that 

the melting of a hydrous basalt (gabbro or norite) is the 

most plausible petrogenetic of the three mentioned above. 

Seismic velocities at the depths of 35 to 40 km under 

the Colorado Plateau (Warren, 1969) correspond to those 

given for gabbro and norite (Clark, 1966). Xenoliths of 

noritic and anorthositic granulites collected at Williams, 

Arizona (approximately 50 miles northwest of Mormon 

Mountain) exhibit evidence of partial melting. In addition, 

Sr isotope studies now underway on the San Francisco 

Volcanic Field suggest crustal origins for the silicic 

rocks. 

Helz (1976) summarized experimental data on the 

melting of basalt at P ^ = 5 kb. She concluded that 

quartzo-feldspathic liquids would always be produced by 
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partial melting (up to 70 per cent in a tholeiite) and 

that the composition of these liquids usually have high 

A^Os/SiC^ ratios. The peraluminous nature of such 

liquids is expressed by normative corundum. The silicic 

rocks of Mormon Mountain are generally high alumina, with 

some being peraluminous (dacites). Helz's studies 

experimentally verify that the model postulated for the 

generation of the andesitic liquids of Mormon Mountain 

is possible. 
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Volcano-Tectonic Speculations 

The occurrence of bimodal alkalic, calc-alkalic 

suites, such as those found on the southern margin of the 

Colorado Plateau can not be explained by subduction 

related mechanisms. Various volcano-tectonic models have 

been proposed for the western United States which might 

explain these suites. However, until more data is gathered 

on these volcanics to better define their petrogenetic 

histories, these models remain only speculations. Several 

of these models are discussed below with respect to the 

petrogenetic hypothesès postulated for the Mormon Mountain 

suite. 

Christiansen and Lipman (1972) characterize the 

volcanism observed in the San Francisco Volcanic Field 

and other similar areas as fundamentally basaltic.They 

interpret the silicic members of these suites to be alkalic 

differentiates of basaltic magmas, which are the effects 

of regional extension (the exact relationships of this 

association are unclear). However, recent data (Moore, 1974 

Gust, this study) suggests that alkalic differentiates are 

of minor importance; instead the suites are dominantly 

calc-alkalic. The fractional crystallization model proposed 

for Mormon Mountain (Model A) does not require any change 

in the vague volcano-tectonic model of Christiansen and 

Lipman. If however, Model A proves to be unfeasible in 

light of new data, the alternative petrogenetic model, 
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Model- Br requires the rejection of this volcano-tectonic 

model as these volcanic suites can no longer be considered 

fundamentally basaltic. The bimodal character imposed by 

the adoption of Model B, is similar to the earlier bimodal 

nature of subduction related suites (Lipman, Prostka and 

Christiansen, 1972). 

Suppe and others (1975) reviewed the topography, 

seismicity and Quaternary volcanism of the western United 

States in order to construct a second volcano-tectonic 

model. They interpreted the interrelated and distinctive 

patterns of spatial distribution of the volcanism and 

seismicity to reflect traces of hot spots. These traces 

are represented by the Yellowstone-Snake River Plain 

volcanic chain and the Raton-Trans New Mexico volcanic 

chain (fig. 24), and were created by the movement of the 

North America Plate over fixed hot spots. This particular 

model does not offer any explanation of the San Francisco 

volcanics with regard to hot spots (mantle plumes) as 

no similar volcanic chain is found extending across the 

Colorado Plateau. 

Eastwood (1974) reviewed temporal, spatial and 

petrological data for the volcanic rocks of mid-Tertiary 

and Plio-Pleistocene age of the southern Colorado Plateau. 

He concluded that the geometric coincidence of the 

northeast-northwest lineaments in this area with the axis 

of the East Pacific Rise in the Gulf of California (fig. 25) 

suggested a tectonic causal relationship between the 
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Figure 24. Map of the western United States showing various 
proposed plate boundaries and major Cenozoic volcanic 
fields. The two northeast-trending volcanic chains are 
traces of hot spots. The relative motion of the North 
America Plate is shown by vectors at Raton and Yellow¬ 
stone, with vector 1 being the preferred model. This 
particular model of hot spot traces does not account 
for the volcanism of the San Francisco Peaks, (from 
Suppe and others, 1975). 
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Figure 25. Map showing the relationship of the Colorado 
Plateau to spreading centers of the East Pacific Rise. 
Numbered lineaments, shown by circles with points 
indicating direction, correspond to the occurrence of 
volcanic fields with those trends.These fields are: 
1) Northeast-trending Jemez zone (includes Pinacate 
volcanics, Superior-Superstition Mountains, Mount Baldy, 
Bandera lava field, Mount Taylor and Jemez Mountains 
2) Northeast-trending Front Range zone (includes Henry 
Mountains, San Juan Mountains) 3) Northwest-trending 
Mount Baldy-San Francisco Peaks zone and 4) Northwest¬ 
trending Superior-Superstition-Aquaris-Mohon Mountains 
zone. (Diagram modified from Eastwood (1974)). 
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Plio-Pleistocene volcanism and the activity of the 

spreading center. Wyllie (1971) constructed a schematic 

section of the petrology of hydrous peridotite in 

suboceanic mantle extending outward from the crest of a 

midocean ridge. This diagram is . reproduced as Figure 26 

and illustrates that garnet peridotite co-exists with 

liquid (basalt) at distances of several hundred kilometers 

from the ridge and at depths of 60 to 200 kilometers. The 

thermal structure associated with an active spreading 

center is thus capable of generating partial melts at 

distances (450 km) and depths (60 to 70 km) required 

to support petrogenetic Model A. Areas of anomalous water 

concentrations (10 to 15 per cent water) might lower the 

solidus of lower crustal material (gabbro; (Wyllie/ 1971)) 

enough to generate partial melts of calc-alkalic affinities 

(Model B). Minor regional extension would provide 

pathways and means for concentrating these partial melts. 

Thus, both Model A and Model B can be related to a thermal- 

tectonic model associated with an active spreading center. 
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Distance km 

Figure 26. Schematic section showing the petrology of 
peridotite with traces of water in the suboceanic 
mantle, extending from the crest of a midoceanic 
ridge. Note that liquid co-exists with garnet 
peridotite at distances up to 400 km at depths of 
50 to 200 km. This model may represent the situation 
which exists in the mantle of the Basin and Range 
during Cenozoic time (from Wyllie, 1971). 
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SUMMARY AND CONCLUSIONS 

Geologic mapping, petrologic and geochemical studies 

have confirmed the existence of a contemporaneous bimodal 

suite in the Mormon Mountain volcanic field, Arizona. 

This suite is composed of a transitional alkalic basalt 

series with high alumina affinities and a calc-alkalic 

silicic series. Two petrogenetic models have been proposed 

to account for this suite, a co-genetic model and a non 

co-genetic model. 

The transitional character and the Mg/Mg + Fe ratios 

of the Mormon Mountain basalts suggest a complex interplay 

of partial melting and fractional crystallization . The 

use of Ringwood's (1975) petrogenetic grid and the Roy and 

others' (1968) geothermal gradient for the Basin and 

Range, suggest that these basalts resulted from 2 to 10 

per cent partial melting of hydrous mantle pyrolite at 

depths of 50 to 70 km. 

Least squares linear mixing calculations using as 

variables the geochemical and phase chemical data from the 

Mormon Mountain volcanic suite support the possibility of 

deriving the calc-alkalic rocks from the basaltic series 

by fractional crystallization of hornblende (Model A, 

co-genetic model). This possibility is further strengthened 

by petrologic observations ('relict' amphiboles in a high 

alumina basalt) and experimental data on the crystallization 

of hydrous alkali basalt liquids. 
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Model B, a non co-genetic model, relies upon two different 

partial meltings of different parental materials (mantle 

and lower crust) to explain the bimodal character of the 

suite. Similar models have been proposed for similar 

bimodal suites in the western United States. Experimental 

data on the melting of hydrous basalt shows that silicic 

liquids (andesitic in composition) can be generated by up 

to 70 per cent partial melting. Model B combines these 

observations in addition to geophysical data about the 

nature of the lower crust of the Colorado Plateau, to 

postulate partial melting of gabbro or norite to generate 

an andesitic liquid comparable to the hornblende andesite 

of Mormon Mountain. The remainder of the silicic suite 

is derived from this andesitic parent by crystal 

fractionation processes. 

These petrogenetic models can be tectonically related 

to the Cenozoic activity of the East Pacific Rise (Eastwood, 

1974). A model, constructed for the petrology of the 

mantle extending outward from the mid-ocean ridge based on 

a steady state thermal convection cell (Wyllie, 1971), 

suggests that the volcanism of thé southern Colorado 

Plateau could be caused by partial melting at depths of 

60 to 120 km and be related to the thermal structure of a 

spreading center. 
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APPENDIX 1. ANALYTICAL METHODS 

Phase Chemistry 

Phase chemical analyses of olivine, clinopyroxene, 

orthopyroxene, plagioclase and glass were done on an 

ETEC-Autoprobe electron microprobe with three fully 

focusing spectrometers. Operating conditions for these 

analyses were: 15 Kv (plagioclase and glass) and 20 Kv 

(olivine and pyroxenes) accelerating potential, .25 

microamperes specimen current on benetoite, 3-4 micron 

spot size and 30 second counting time. Standards consisted 

of natural minerals and synthetic glasses and were chosen 

to correspond roughly with the unknown to minimize 

corrections. Approximately ten grains per sample with 

five to ten points per grain were probed. The data was 

reduced by computer using PROBEG IV, written by Dr. J.A. 

Wood. PROBEG IV corrects for instrument drift, background 

effect, fluorescence effect and atomic number effect 

through an iterative process. An acceptable analysis for 

minerals was determined both by the total sum of the oxides 

and the calculated stoichiometry of the mineral. 

Major Element Geochemistry 

Major element geochemistry was determined for 

fifty-three samples. Twenty of the samples were analyzed 

by atomic absorption at the University of Alabama by Dr. S. 

H. Stow. Standard techniques of sample preparation as 
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outlined by Shapiro (1975) were used. Triplicate runs 

of each sample were averaged for the final analysis. 

The remaining thirty-three samples were analyzed by 

electron microprobe using fused glass beads. These analyses 

were conducted at both Rice University and The Australian 

National University (Dr. R. J. Arculus, analyst). Sample 

preparation, performed at Rice, was similar to that 

described by Brown (1977). Operating conditions for the 

Rice ETEC-Autoprobe electron microprobe were: 15 Kv 

accelerating potential, .25 microamperes specimen current 

on benetoite, 20 micron spot size, and 30 second counting 

time. Procedures for the analyses conducted at A.N.U. are 

discussed by Nicholls (1974). Each geochemical analysis 

is the mean of 20 individual analysis of two fused beads 

(10 analysis per bead), except for one oxide, Na2Û. The 

ETEC-Autoprobe yielded poor values for Na^O (due possibly 

to diffusion and/or volatilization of Na); consequently 

only 10 analysis from the A.N.U. probe comprise the Na2Û 

values. 

Analytical Precision, Accuracy and Error 

The analytical precision was determined for the 

ETEC-Autoprobe electron microprobe for fused glass bead 

analysis by using 51 replicate analysis on two beads of 

the U.S.G.S. standard BCR-1. The sample mean (x), standard 

deviation (cr) and coefficient of variation (cv) are 

presented in Table Ala. Similar statistics for the energy 
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dispersive probe of A.N.U. are given by Nicholls (1974) 

and are also presented in Table Ala. It appears that the 

analytical precision of the A.N.U. and the ETEC-Autoprobe 

are comparable, with the coefficient of variation for 

the major element oxides being below five per cent for 

both techniques. 

Table Alb is a comparision of the mean values for 

BCR-1 from both probes with the reference values for 

BCR-1 (Flanagan, 1973), to determine the accuracy of 

these techniques. The standard deviation of the mean (x) 

is reported at the 99 per cent confidence level (3^) and 

incorporates the sample size (3o^ = 3(d/Jn); n = number 

of samp les). A a andAb are the deviations of the probe 

means from Flanagan's values and show that there is no 

statistical difference between the techniques. 

Analytical error is reported for the purpose of 

comparision with the results of the residuals from the 

least square approximation modeling. The analytical 

error is arbitrarily defined as twice the analytical 

precision (Wright, et.al., 1975) and is presented as 

Table Ale. A single value for analytical precision 

was determined by choosing the most accurate value of 

the particular major element from Table Alb, and noting 

the precision of the technique which produced that value 

(Table Ala). 



79 

Table A1a. Mean and Standard Deviations of Replicate Analyses of 
BCR-1 from ETEC-Autoprobe and A.N.U. Energy Dispersive Electron 
Microprobe * 

ETEC-Aut oprobe (51) A.N.U. probe (É 
X cr c 

V 
X O' c 

V 

Si02 55.57 ±0.55 1.0 54.60 ± 0.40 1.0 

Ti02 2.31 + 0.11 4.7 2.36 + 0.06 2.5 
Al2°3 13.42 + 0.28 2.1 14.00 + 0.10 .7 
FeO 12.31 + 0.30 2.4 12.60 + 0.30 2.3 
MnO 0.22 + 0.03 13.6 0.17 + 0.02 11.7 
MgO 3.55 + 0.14 5.9 3.60 + 0.10 2.7 
CaO 6.97 + 0.18 2.6 7.30 + 0.10 1.4 
Na20 2.76 + 0.41 14.8 3.60 + 0.10 2.7 
KgO 1.59 + 0.16 10.0 1.72 + 0.02 1.2 

* Values determined by Nicholls (1974). 

Table A1b. Comparison of Mean Values of BCR-1 from Fused Glass Bead 
Analysis by Microprobe with Reference Values of Flanagan (1975) 
for Determing the Accuracy of the Glass Bead Technique 

A (5< 'i> B (3< -1) c A B 

Si02 55.37 + 0.23 54.60 ± 0.42 55.39 0.02 0.79 
Ti02 2.31 + 0.04 2.36 + 0.06 2.24 0.07 0.12 

A12°3 13.42 + 0.12 14.00 + 0.10 13.83 0.41 0.17 
FeO 12.31 + 0.12 12.60 + 0.32 12.31 0.00 0.29 
ffoO 0.22 + 0.01 0.17 + 0.02 0.18 0.04 0.01 

MgO 3-55 + 0.06 3.60 + 0.10 3.52 0.03 0.08 

CaO 6.97 + 0.07 7.30 + 0.10 7.03 0.06 0.27 
Na20 2.76 ± 0.17 3.60 + 0.10 3.32 0.56 0.28 

1^0 1.59 + 0.06 1.72 + 0.02 1.73 0.17 0.01 

A. ETEC-Autoprobe mean values; B. A.N.U. probe mean values; C. Flanagan 
(1973) reference values for BCR-1; A = C-A; B= C-B. 
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Table A1c. Arbitrary Analytical Error for Least Squares Approximation 
Comparison 

Si02 l+
 

•
 o
 

Ti02 + 0.12 

AI2°5 

FeO 

+ 0.20 

+ 0.60 

MgO 

CaO 

Na20 

HgO 

+ 0.20 

± 0.36 

+ 0.20 

± 0.04 

£ (Error)2 = 1.835 
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APPENDIX 2. MAJOR ELEMENT ANALYSES OF THE MORMON MOUNTAIN 

VOLCANIC SUITE 
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