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ABSTRACT 

A MAJOR ELEMENT GEOCHEMICAL STUDY OF LARAMIDE 

IGNEOUS ROCKS OF THE COLORADO MINERAL BELT 

DANIEL R. LUX 

Major element chemical analyses for igneous rock samples from 

the Colorado mineral belt are presented along with chemical analyses 

from the literature. Petrographic data which was collected is also 

presented. Samples range from basaltic to granitic compositions but 

rocks with intermediate silica contents are most common. Data 

indicates that these rocks have calcalkaline characteristics, with 

the exception of one sample which is silica-undersaturated. Lead and 

strontium isotopic data taken from the literature, suggest that 

source materials in the lower crust are 1700 to 1800 m.y. old. 

The association in time and space suggest Laramide structural 

deformation and igenous activity are related. However, it appears 

that Precambrian structures control the emplacement of Laramide 

igneous rocks along the Colorado mineral belt. Distribution of ore 

deposits and Pb isotopic values for ores are in agreement with partial 

melting of Precambrian lower crust. Models involving the generation 

of Laramide igneous rocks by melting along a subduction zone are 

considered unfavorable. 



Acknowledgements 

Student research grants awarded by Sigma XI and the Geological 

Society of America helped to defray expenses related to field work 

and manuscript preparation. Ihe Rice University, Department of 

Geology provided a vehicle for summer field work, I would like to 

thank North Table Mountain Ranch, Inc. of Golden, Colorado; the 

Helena Mine of Leadville, Colorado; and the Navajo Indians for grant¬ 

ing permission to collect samples on private land. I am very grateful 

to Dr. J. M. Rhodes of Lockheed Electronics Corporation, Houston, Tx. 

for his generosity in the use of his x-ray flouresence laboratory for 

whole rock analyses. 

I am also grateful to Drs. B. C. Burchfiel, R. J. Arculus, and 

R. R. Schwartzer for their helpful suggestions and critical review 

of the manuscript. I am also indebted to Mr. Jordan Papadopoulos 

who served as field assistant for this project. I am most deeply 

indebted to my wife, Suzanne, who contributed the typing and more 

important was always understanding of the problems of a graduate 

student. 



Table of Contents 

Introduction,       Page 1 

Tectonics of Colorado     Page 5 

The Laramide Plutonic Belt.,.,   Page 9 

Sampling.    Page 12 

Petrography.   Page 14 

Geochemistry        Page 32 

Discussion Page 57 

Summary       Page 65 

Appendix A      .Page 68 

Appendix B.         Page 69 

Appendix C.       .Page 71 

References Cited     Page 72 



Introduction 

The Mesozoic history of the Cordllleran system began with the 

Sonoma orogeny in Permo-Trlassie time. In all likelihood, this 

represents the closing of a marginal basin and the accretion of the 

Klamath-Sierran arc complex onto the North American eraton (Burchfiel 

and Davis, 1975) • 'Ibis can be attributed to a change from passive 

plate behavior to active northwestward drift of the North American 

plate associated with spreading on the newly formed Mid-Atlantic 

Ridge (Coney, 1972). Shortly thereafter, a truncation of NE-SW 

trending paleozoic géosynclinal assemblages occured in the vicinity 

of southern California (Burchfiel and Davis, 1975s Hamilton and Myers, 

1966). Whether this truncation was the result of rifting or transform 

faulting remains unclear. Active drift of North America gave rise to 

the developement of an Andean type margin on its leading edge (Hamilton, 

1969a). This margin was characterized by underflow of the ferallon 

plate beneath the North American plate resulting int l) the emplacement 

of deep sea sediments, turbidites, volcanics and ultramafics of the 

Franciscan formation and its associated metamorphism (Hamilton, 1969a; 

Burchfiel and Davis, 1975; Ernst, 1970) 2) genesis of calcalkaline 

magmas and the developement of a batholith chain along the leading 

edge of the plate (Hamilton, 1969a) 3) eastward directed eastward 

migrating thrust faults of the Sevier orogenic belt and its associated 

magmatism and regional metamorphism (Burchfiel and Davis, 1975; 

Armstrong and Suppe, 1973s Armstrong and Hanson, 1966; Armstrong, 1968). 

The end of the Mesozoic Era was coincident in time with the initial 

spreading in the North Atlantic and Arctic oceans. This represented a 
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major reorganization of plate motions. Northwestward drift of North 

America changed to south westward drift away from Europe (Coney, 1972). 

Eastward thrusting in the central part of the Sevier orogenic belt and 

associated magmatism and metamorphism ceased at this time (Burchfiel and 

Davis, 1975» Armstrong and Suppe, 1973)* Tectonlsm and magma tism, 

which were associated throughout the Mesozoic, shifted simultaneously 

to produce the basement uplifts of the southern Rocky Mountains and 

igneous rocks of the Colorado mineral belt (figure l). North and 

south of this area of foreland basement uplifts, laramide deformation 

and magmatic activity occurred in Paleozoic géosynclinal sequences. 

A knowledge of the chemical composition of these rocks provides a key 

to understanding the type of melting event which occurred. An under¬ 

standing of processes controlling magmatic activity greatly contributes 

to our understanding of this major transition in the evolution of the 

Cordilleran system. 
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Figure 1. Sample locality map with the Colorado mineral belt defined 

by Laramide igneous rocks, geology after King (1969)» Only the last 

two digits of sample numbers are used here. 
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Tectonics of Colorado 

Rocks within basement uplifts of Colorado, Wyoming and Arizona 

show some evidence of a Precambrian orogeny (Gilluly, 1963). Hills 

and others (1975) suggest that a possible Proterozoic plate boundary, 

marked by shear zones and igneous contacts, can be observed in the 

Sierra Madre Mountains of southern Wyoming. Rocks to the north of 

this NE trending boundary yield radiometric dates consistently older 

than 2500 m.y. Rocks south of this boundary date radiometrically 1800 

m.y. or younger. NE trending shear zones of Precambrian age are also 

found in Colorado (Tweto and Sims, 1963» Gilluly, 1963) (see figure l). 

Early Paleozoic sedimentary rocks are thin, reaching a maximum 

thickness of 350m in western portions of Colorado and thinning eastward 

(Tweto, 1975)* Unconformities are common indicating the Colorado area 

was elevated above sea level several times. The ancestral Rockies and 

Uncompahgre uplifts, which were dominated by a NW trend, rose in the 

Pennsylvanian, shedding coarse debris to adjacent basins. Orogenic 

sediments reach a maximum thickness of 450m in the deepest basins 

(Tweto, 1975)» Deposition of arkose continued into the Permian. Thin 

and incomplete Triassic and Jurassic sequences are present. Thick marine 

to continental sandstones and shales were deposited during Cretaceous 

times, largely Cenomanian and younger (Gilluly, 19ô3î Tweto, 1975)* 

The Laramide orogeny began in the late Cretaceous as dated by the 

first appearence of coarse elastics in basins which border the uplifts 

(Tweto, 1975) (see figure 2). The appearence of these conglomerates 

first occured in the southwest and later in northeastern parts of 

Colorado (Tweto, 1975)* By Paleocene times, all of the basins were 
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receiving elastics shed from the uplifts. Orogeny ended during Eocene 

time in all of the southern Bocky Mountains. 

Basement uplifts trend N-S to NNW, Border faults often have total 

displacements of 9-13km (Gilluly, 1963). Up-thrown blocks are bounded 

by high angle reverse faults or thrust faults which sometimes can be 

shown to steepen at depth. The Front Range and Sangre de Cristo - 

Sawatch Range parallel uplifts of the ancestral Rockies. Tweto (1975) 

interprets this as ancient faults, as old as Precambrian, reactivated 

in both Pennsylvanian and Late Cretaceous times. However most of the 

other uplifts cross cut uplifts of the ancestral Rockies or formed in 

areas unaffected by the ancestral Rocky uplifts. 
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Figure 2. Laramide basins (dot pattern) and Iaramide basement 

uplifts (slash pattern) after Tweto (1975)» 
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The laramide Plutonic Belt 

The spacial and temporal association of tectonism and magmatism 

that existed during the Sevier orogeny was preserved during the 

Laramide orogeny. The first locally derived conglomerates of the 

Denver, North Park, South Park and San Juan basins (fig. l) contain 

abundant andesite pebbles and andesite flows (Tweto, 1975)» All 

basins bordering the basement uplifts contain volcanics or evidence 

of nearby volcanic source terrains. The extent of the volcanism 

will never be known due to extensive Cenozoic erosion. Hoblitt and 

Larson (1975) have also demonstrated the contemporaneity of uplift 

and igneous activity using independent means. Remnant magnetism 

of Laramide hypabyssal igneous bodies of the Front Range show varying 

degrees of rotation from an unrotated reference of equivalent age. 

This indicates intrusion was continuous and contemporaneous with 

uplift, younger rocks showing less rotation than older rocks. Marvin 

and others (1974) provide a summary of all radiometric age dates of 

rocks in Colorado published at that time. Several more dates have 

been published since that time. The dates fall into four groups, 

1) Precambrian 2) Laramide (80-50 m.y.) 3) Oligocène (40-20 m.y,) 

4) Miocene to recent. Laramide igneous rocks are restricted to the 

Colorado mineral belt and nearby basins. Igneous rocks of other ages 

are more widespread. The Laramide Plutonic belt extends from the 

Front Range near Boulder to Arizona (ïbur Corners area) (see figure 

2) . The narrow northeastern portion of the plutonic belt is only about 

15km wide. It contains closely spaced hypabyssal stocks, sills and 

dikes. Volcanics are found in the neighboring basins. To the 
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southwest the plutonic belt becomes less well defined and igneous 

centers become more Isolated and widely scattered. 

Laramide magmatlsm is contemporaneous with uplift but the NE 

trend cuts accross N-S trending basement blocks. The NE trend is 

the same trend that is followed by shear zones consisting of cataclastic 

gneisses» myIonites and broad granulated zones in the Frecambrian 

basement (Tweto and Sims» 1963)» Movement along these shear zones 

has been demonstrated by thinning and facies changes in sedimentary 

formations as they cross these shear zones (Tweto and Sims» 1963). 

It has been interpreted that these shear zones have influenced the 

localization of laramide igneous rocks (Tweto and Sims» 1963)» It 

remains unclear why these shear zones would localize igneous activity 

while basement faults, with displacements of 9-13^“» should exert very 

little control on the emplacement of igneous rock bodies. 

The allignment of hypabyssal plutonic centers has caused several 

workers to predict the existence of a batholith chain extending along 

the length of the Colorado mineral belt (Crawford, 1924; Lovering 

and Goddard, 1938* Tweto and Sims, 1963; Tweto, 1968). The mineral 

belt is marked by negative Bouguer gravity anomalies, including the 

largest negative Bouguer anomaly in the continental United States 

(Behrent, 1968). Isaacson and Smithson (1976) and Tweto and Case 

(1972) have completed detailed gravity work in the Aspen and Leadville 

areas respectively. The workers interpret the negative Bouguer 

anomaly as the result of large batholiths of relatively low density 

rock intruding higher density gneisses and schists. On the basis of 

the geophysical evidence, it is postulated that these batholiths are 

continuous along the mineral belt in order to account for negative 
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gravity anomalies and geologic relations. The proportion of the 

anomaly contributed by Laramide or later Cenozoic magmatism remains 

unclear. 

Igneous rocks of the plutonic belt range from basalt to granite 

but most are classed as monzonites and granodiorites. The petrogenesis 

of these igneous rocks has been the subject of considerable discussion. 

Armstrong (1973) suggested that the "remarkable length, distinctive 

character and geographical coherence" of the mineral belt could 

conceivably represent a plume trace. Age dates of Laramide igneous 

rocks show no apparent systematic age progression as is observed in 

oceanic sea mount chains which are thought to have a nantie plume 

origin. Lipman and others (1971) have suggested that rocks of the 

mineral belt are the product of magmas generated at a subduction zone 

because of the intermediate character of the rocks and an increasing 

potash content eastward accross the western United States. Their 

sampling included rocks of Tertiary age while Laramide age rocks were 

ignored. Gilluly (1971) has argued against a subduction model because 

of the extreme distance, approximately 1500km, of the plutonic belt 

from the North American plate boundary. This would have required 

a very small angle of dip on the Benioff zone. Gilluly (1971) instead 

favors the hypothesis that some irregularity in the low velocity zone 

could have triggered the magmatism tectonism observed in the southern 

Rocky Mountains, Because of the close association of Laramide igneous 

rocks and shear zones in the Precambrian basement, Lovering and Goddard 

(1950) proposed melting of continental materials, with heat supplied 

by the shearing, gave rise to the magmas which yielded rocks of the 

Colorado mineral belt. 
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Sampling 

Laramide age igneous rocks of Colorado were sampled during the 

summer of 1975* Sampling was completed entirely within the Colorado 

mineral belt, southwestward along the trend of the mineral belt and 

from basins neighboring the mineral belt (figure 2). Samples were 

collected from Igneous bodies that have been radiometrically dated as 

80-50 m.y.b.p. or where geologic relations indicate a laramide age. 

Rock type, age, location and references are given in table 1. 

Sampling was begun in the Front Range near Boulder. This area 

was chosen because it has the highest concentration of laramide igneous 

rocks and a large portion of my field season was spent in that area. 

Most samples came from National Fbrest land or road cuts and little 

difficulty was encountered in sampling. In all cases the freshest 

possible samples were collected. Ferromagnesian minerals were fresh 

in most cases. Flagioclase appearance proved to be a good indicator of 

the freshness of the rock in the field. In many cases, rocks were 

collected from mineralized areas which sometimes presented serious 

problems in collecting fresh samples. Unfortunately some samples 

collected were too badly altered to yield meaningful whole rock 

chemical data. Petrographically the altered rocks were often very 

useful. 

A total of 85 samples were collected. Commonly 1 or 2 samples 

were collected from an igneous body but occasionally more than two 

samples were collected at one site. 
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Petrography 

Based on petrographic examination and classification» laramide 

igneous rocks of the Colorado mineral belt range from basalt to 

granite. These end members are rare and monzonites and quartz mon- 

zonites are most common. Quartz diorltes, granodiorites, andesites and 

dacites are also common. Bock chips were stained for potassium feldspar, 

using the method of Bailey and Stevens (i960) to aid in classification. 

Optical examination of polished sections using reflected light have 

shown opaques to be magnetite. Some grains showed exsolution lamellae, 

probably Ti rieh, suggesting considerable solid solution of opaque 

minerals. 

Granite 

Granite is typically holocrystalline, hypidiomorphic granular with 

a grain size range of 1-1 Omm. Grid twin microcline with some Carlsbad 

twins dominates the rock making up about 50 percent of the rock. 

Quartz is about 30 percent with muscovite, plagioclase, biotite, ore 

and minor accessory minerals making up the remaining 20 percent. 

Color index is 5* A typical paragenesis is ore - biotite - plagioclase 

- muscovite - quartz - microcline. 

Basalt 

Basalt is typically porphyritic or glomeroporphyritic and holo¬ 

crystalline. Phenocrysts range from 0.5 to 4.0mm in a very fine 

grained groundmass. Euhedral to subhedral zoned pyroxenes (figure 3b) 

with 100 twins and oscillatory zoned subhedral plagioclase are present 

both as phenocrysts and groundmass and represent 80 percent or more of 

the rock. Orthopyroxenes are also present as phenocrysts. Anhedral 

opaques and euhedral apatite are common as is olivine (figure 4) 
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Figure 3* 3a is a zoned amphibole crystal shown in plain light with 

some evidence of a rim showing reaction with the melt. Crystal is 

1.5mm in long dimension. 3b is a zoned clinopyroxene grain 2mm in 

length. This photomicrograph was taken through crossed niçois. 
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3b 
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Figure 4. Olivine grain suffering variable degrees of iddingsite 

alteration seen with crossed niçois. Field of view is 3.5mm. 
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which suffers from variable degrees of iddingsite alteration. Olivine 

rarely reaches 10 percent. Color index is 55-65* A representative 

paragenesis is opaque - olivine - apatite - plagioclase - pyroxene. 

Biotite was found as an alteration product in the groundmass. Some 

orthoclase is also present in the groundmass. 

Granodlorites 

Granodiorites and granodiorite porphyries are both found in the 

mineral belt and have hypidiomorphic granular and porphyritic textures 

respectively. Plagioclase, commonly zoned, (figures 5 and 6) is the 

most abundant feldspar with potassium feldspar in lesser but significant 

amounts. Often late stage, interstitial, optically continuous quartz 

or potassium feldspar will enclose other minerals creating poikilitic 

textures (figure 7). Quartz is commonly 10 percent of the rock and 

opaques never exceed 5 percent of the total. Hornblende is the common 

ferromagnesian mineral and is sometimes rimmed or replaced in a patchy 

alteration by biotite. Muscovite, sphene, apatite, clinozoisite, 

epldote and zircon occur as accessory minerals. Grain size varies 

from aphanitic to grains larger them 6mm in phaneritic rocks. The 

color index is 35*^0• The paragenesis is opaques - apatite - plagioclase 

- hornblende - biotite - quartz - potassium feldspar. 

Latites 

All the latites axe porphyritic and holocrystalline with color 

index ranging from 15-30* Grain size varies from aphanitic to 5*0mm. 

Plagioclase, which commonly shows oscillatory zoning and some alteration, 

and orthoclase are present in approximately equal amounts to total 

60-?0 percent of the rock. The most common ferromagnesian mineral 

is hornblende which shows variable degrees of replacement by biotite, 
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Figure 5* % shows compositional zoning revealed by selective alteration 

of the core. Grain is 3rom long. 5b shows compositional zoning revealed 

by alteration of the rim. Grain is 2mm long. Both axe seen through 

crossed niçois. 
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5b 
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Figure 6. Extreme oscillatory zoning In a plagioclase phenocryst 

seen through crossed niçois. Width of the grain Is 0.?5mm. 

Figure 7. Orthoclase (black) encloses plagioclase and blotlte 

creating polkilitlc textures. Seen with crossed niçois. Field is 

3.5»™» 



* 
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through patchy alteration. Hornblende is often zoned or twinned 

(figure 3a). Quartz is always present and often in amounts greater 

than 10 percent warren ting the terra quartz latite. Quartz is found 

in the groundraass and as phenocrysts which show spectacular embayments 

and reaction rims due to reaction with the melt (figure 8). In some 

samples quartz phenocrysts have beta-quartz morphology of a hexagonial 

dipyramid. Opaques» apatite» zircon» sphene and alteration chlorite 

and epidote make up a very small portion of these rocks. 

Monzonltes 

Color index of monzonites varies from 10 to 30 percent and textures 

are porphyritic or hypidiomorphic granular. Grain size varies from 

slightly less than 1mm to 8cra. Subhedral plagioclase is often highly 

zoned and present in approximately the same proportions as orthoclase. 

Orthoclase is commonly anhedral and interstitial. Augite» hornblende 

and biotite are the ferromagnesian minerals. Any combination of these 

ferromagnesian minerals is found and the name of the most common one 

can be used as a modifier in the rock name (eg. augite monzonite). 

Augite and hornblende are both zoned and twinned. In many samples 

quartz is present in amounts greater than 10 percent and therefore 

requires the name quartz monzonite. Usually quartz is both anhedral 

and interstitial enclosing other minerals creating poikilitic textures 

as does orthoclase. Equant opaque minerals and apatite are always 

present. Sphene» zircon» muscovite» clinozoisite» epidote and chlorite 

are present as accessory and alteration minerals in some samples. 

Dlorltes 

Holocrystalline diorites, with a color index of 35-^0 percent 

are most common. Textures are porphyritic and hypidiomorphic granular 
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Figure 8. Close examination of these resorbed quartz phenocrysts 

with embayments shows a rim, indicating reaction between crystal and 

melt. Photomicrograph was taken with crossed niçois. Field of view 

is 3«5mm. 

Figure 9. Central clinopyroxene grain enclosed in amphibole with 

some patchy alteration to amphibole as seen with plain light. 

Clinopyroxene grain is 1.5mm long. 





with an average grain size ranging from 0.5mm to 4.0mm. Subhedral 

plagioclase has oscillatory zones but not in the great abundance as 

in the latites and monzonites. Minor alteration is present. Orthoclase 

is present in minor amounts and is often interstitial as is quartz. 

Some quartz diorites are present. Augite, hornblende and biotite 

are the ferromagnesian minerals and occur in various combinations , 

with any one being dominant. Augite is found being replaced by hornblende 

in patchy alteration and reaction rims. Apatite and ore minerals are 

ubiquitous. Accessory minerals Include zircon and sphene. Alteration 

minerals include epidote, calcite and chlorite. 

Rhyodaclte, Dacite, Andesite 

These rocks are grouped together here because of similar appearence 

and typical association in the calcalkaline series. Differences do 

occur, such as quartz content, plagioclase composition, type and kind 

of ferromagnesian phenocrysts but they have many things in common. 

All are porphyritic and holocrystalline with an average grain size 

from aphanitic to 10mm. Euhedral plagioclase phenocrysts are always 

present with oscillatory zoning. Biotite is the main ferromagnesian 

mineral in the rhyodacites while clinopyroxene or amphibole dominate 

in dacites and andesite. Common hornblende is most common but red 

brown basaltic hornblende does occur in sample 75-49• Quartz pheno¬ 

crysts show spectacular non-equilibrium textures, being resorbed and 

commonly have a rim due to reaction with the melt. Potash feldspar is 

present in the groundmass but rarely as phenocrysts. Apatite and 

opaques are ubiquitous accessory minerals. Primary sphene, zircon 

and muscovite and secondary chlorite, epidote and calcite are also 

present, Ferromagnesian minerals are subhedral to anhedral and show 



(27) 

evidence of reaction with the melt. 

Igneous rocks of the mineral belt are primarily classified as 

latite, monzonite and granodiorite on the basis of color index» 

orthoclase to plagioclase ratio and quartz content. They have an 

abundance of potassium-rich minerals» such as orthoclase» biotite» amphi¬ 

bole and in some cases muscovite. No feldspathoid minerals were observed 

in the rocks. From such a mineralogy it could be expected that whole 

rock chemical data should plot within calcalkaline fields on chemical 

variation diagrams. With the exception of sample 75-24, all rocks 

more sllicious than basalt have quartz in the mode and are therefore 

not part of an alkaline suite. Sample 75-24 is the only rock which is 

nepheline normative, and will be discussed in the geochemistry section 

below. 

Typically, granites, latites, monzonltes and granodiorites occur 

in batholiths which were emplaced along convergent plate margins. 

Hamilton and Myers (1967) have proposed that plutonic rocks are genetically 

related to the overlying extrusive rocks (andesite, dacite and rhyolite) 

with which they are commonly associated. Generally, only one series, 

plutonic or extrusive, is extensively exposed, depending on the depth 

of erosion. Based upon the petrology, geochemistry, occurence and 

association of both extrusive and plutonic rocks found in known calcal¬ 

kaline suites, the rocks of the Colorado mineral belt appear to be 

calcalkaline. 

Many petrographic textures found in rocks of calcalkaline suites 

can be found in igneous rocks of the Colorado mineral belt. Andesitic 

rocks of calcalkaline affinity generally have high amounts of plagioclase, 

often 50 percent or more. Diorites, quartz diorites and their extrusive 
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equivalents in the Colorado mineral belt, have 40 to 55 percent modal 

plagioclase. Plagioclase phenocrysts show non-equilibrium textures, 

also common in rocks of the calcalkaline suite. Phenocrysts are rarely 

euhedral and often show some evidence of resorbtion by the melt. Zoning 

of plagioclase is omnipresent. Zoning is seen as slight differences 

in the extinction angles of adjacent zones, and by selective alteration 

of the cores or rims (figure 5)* Oscillatory zoning is often extreme, 

with as many as 30 to 40 zones found in a crystal only several milli¬ 

meters in length (figure 6). 

Yoder (1969) has shown that high water contents of magmas help 

to explain both the oscillatory zoning of plagioclase phenocrysts and 

the high plagioclase content of the rocks. Changes in the water pressure 

of the system can greatly affect the composition of plagioclase in 

equilibrium with the magma, as can be demonstrated in the binary system, 

albite-anorthite. In this system, at constant temperature, a slight 

increase in the water pressure of the system can lower the plagioclase 

solidus such that the An component of the plagioclase forming is 

significantly raised (Yoder, 1969). Extrapolated to natural systems, 

this can account for zoning in plagioclase provided water pressure is 

high and variable. 

A second theory for the developement of oscillatory zoning in 

plagioclase is the diffusion-supersaturation theory reviewed by Yance 

(1962), Lofgren (1974-) and Sibley and others (1976). It states that 

differences in crystalization rates and diffusion rates bring about 

periods of non-equilibrium crystal growth which axe separated by 

periods of no crystal growth. Diffusion of an anorthite-rich component 

to the crystal face will lead to supersaturation of this component at 
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the crystal-liquid interface and its subsequent crystalization. 

Crystalization will continue until the diffusion of anorthite-rich 

component can no longer keep up with crystalization, at which time the 

crystalization will cease. Slowly the anorthite-rich component will 

again diffuse to the crystal-liquid interface and the sequence will be 

repeated. 

Recent studies of zoned synthetic plagioclase (Lofgren, 1974) 

have lent support to the diffusion-supersaturation model. Lofgren's 

microprobe examination of samples has shown that each oscillatory 

zone is homogeneous or continuously reversed. Rims on the plagioclase 

grains are shown to be zoned continuously normal. Chemical gradients, 

with respect to Na and Ca, are found frozen in the glass near the 

crystals. Sibley and others (1976) emphasized that the diffusion- 

super saturation model best explains regular oscillatory zones but that 

large changes in zone composition and appearence are most likely due 

to changes in the conditions of the melt, such as water pressure and 

temperature. 

Yoder (1969) also demonstrated how relatively high water pressures 

can lead to the formation of plagioclase rich magmas such as high 

alumina basalts and andesites. Bowen (1928) showed that the binary 

system diopside-anorthite has a eutectic point. Yoder (1969) has 

shown that this eutectic point shifts towards anorthite with increased 

water pressure. Extrapolation to natural systems at high water pressures, 

indicates that melts crystalizing clinopyroxene would lead to liquids 

rich in plagioclase. Conversely, partial melting in a water enriched 

environment could lead to the formation of plagioclase rich melts. 

Hydrous minerals such as biotite and hornblende are widespread in 
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rocks of the mineral belt, offering evidence of a magma with a signif¬ 

icant water content. Deuteric alteration is common. 

Ferromagnesian minerals, such as amphiboles and pyroxenes, are 

often zoned (figure 3) • Alteration of pyroxenes to form amphiboles 

by patchy replacement and reaction rims are the most common alterations 

(figure 9)» Abundant non-equilibrium textures, such as these, axe 

common in calcalkaline rocks (Yoder, 1969). Hornblendes are frequently 

anhedral and rounded, indicative of resorbtion by the melt. Hornblende 

is observed in reaction both as irregular patches and as rims to form 

biotite. 

Another feature of rocks of the Colorado mineral belt is an 

abundance of many different types of xenoliths. They range in size 

from about 0.5 meters observed in the field, down to a few millimeters. 

Some appear to be country rock, which show both igneous and metamorphic 

textures. Country rock xenoliths have been partly assimilated by the 

melt forming gradational contacts in some instances. Other xenoliths 

show cumulate textures and could represent early formed crystals which 

were separated from the melt and later reincorporated. Sample DL7575 

is an altered latite which includes a clinopyroxene-magnetite xenolith 

with cumulate texture. The xenolith was not in equilibrium with the 

magma as seen by a reaction rim of amphibole. Sample DL7593 contains 

an amphibole plagioclase xenolith with cumulate texture and this 

xenolith appears to have been in equilibrium with the melt. 

Dacites and rhyodacites commonly have quartz phenocrysts which 

show spectacular embayments (figure 8), indicating resorbtion by the 

magma. In some samples quartz shows beta-quartz morphology. This 

indicates quartz was stable at higher temperature and pressure, but 
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with changing conditions of the system, quartz did not remain in 

equilibrium. In some cases reaction rims are observed around these 

quartz phenocrysts (figure 8). 

Igneous rock types and rock associations in the Colorado mineral 

belt are similar to those of calcalkaline suites. The presence of 

alkali rich minerals, hydrous minerals, and occurance of quartz suggest 

a calcalkaline character. Non-equilibrium textures such as resorbed 

quartz, oscillatory zoning in plagioclase, zoned ferromagnesian 

phenocrysts and break down of ferromagnesian phenocrysts or reaction 

to other ferromagnesian minerals are common to calcalkaline rocks. 

The overall petrographic character suggests the intermediate rocks 

of the Colorado mineral belt are calcalkaline. 
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Geochemistry 

Using a geochemical classification, igneous rocks from the mineral 

belt are termed basalts, andesites, dacites, rhyolites and their 

plutonic equivalents. Based upon silica content (table 2) only three 

samples can be classified as basalts (less than 53 percent silica). 

About half the samples fall in the andesite range (53-62 percent silica) 

with the remaining samples approximately equally divided between dacites 

(63-68 percent silica) and rhyolites (greater than 68 percent silica). 

Most of the rocks with low or intermediate silica content also 

have high alumina content (greater than 16 percent alumina). Granitic 

samples show a decline in alumina, which is characteristic for rocks 

of high silica contents. Many samples are peralurainous having corundum 

in the norm while others are metaluminous. Data are plotted on an 

alumina versus silica variation diagram (figure 10). Two samples 

plot noticeably lower than the main trend. Sample HL-1 is a basaltic 

andesite from the Ralston Reservoir sill near Golden, Colorado. 

Sample DL7505 is also from the Ralston Reservoir sill and samples 

DL7508 and DL7510 are basaltic andesites from North Table Mountain, 

Golden, Colorado. The sill and flows are believed to be petrogenetically 

related. These three samples are circled on the figure (10), and 

all fall within the main body of data from the mineral belt. Data 

for HL-1 was taken from Hoblitt and Larson, 1975» The analysis had 

a sura of 101.31 excluding HgO and thus is considered of questionable 

quality. Sample DL7566 is from an andesite flow north of Ouray, 

Colorado. Samples DLM-3, DLM-2 and DL7565 are rhyodacites and an 

andesite, respectively, collected from the same area. They are of 
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Table 2. Whole rock chemical analyses for samples from the Colorado 

mineral belt. Cation norms are given below. In 75 samples total 

iron Is listed as FeO. For cation norms FeO/FegO^ ratios were cal¬ 

culated using the equations of LeMaitre (1976) (see appendix A). 

75 samples from present author» EH- samples are from Eckren and 

Houser, 1965» HL- samples are from Hoblitt and Iarson, 1975» DLM- 

samples axe from Dickinson and others, 1968; other samples are from 

Kuntz, 1968. For rock types that correspond to sample numbers see 

Appendix B. 



Table 2 

EH2 7524 7508 7510 7505 7518 7566 7549 EH3 

Si02 50.0 51.13 52.36 53.16 53.20 53.57 55.10 55.20 55.3 

Ti02 0.85 0.93 0.88 0.88 0.8? 0.87 0.89 0.69 0.72 

A12°3 17.3 17.17 16.19 16.33 16.56 17.03 14.92 17.15 16.7 

Fe2°3 2.9 5.0 

FeO 5.8 8.17 8.54 8.53 8.39 8.90 7.15 7.11 1.8 

MnO 0.16 0.22 0.18 0.19 0.18 0.20 0.24 0.14 0.15 

MgO 3.4 3.13 3.85 3.50 3.31 3.22 3.96 2.81 2.5 

CaO 9.0 7.94 6.66 7.17 6.88 7.19 5.02 4.21 6.0 

Na20 3.3 5.08 2.62 2.77 3.04 3.26 2.50 4.20 4.0 

h° 1.1 4.57 4.40 4.39 4.40 3.99 3.63 3.75 1.9 

p2°5 0.49 0.69 0.58 0.59 0.56 0.71 0.4 5 0.45 0.36 

S 0.03 tr 0.01 0.01 0.02 0.01 0.01 

H20 2.8 0.5 2.6 2.7 0.9 0.8 3.7 2.5 4.1 

C02 

TP 

2.8 0.61 

r 

Cl 

Sum 99.9 99.56 98.86 100.22 98.35 99.76 97.57 98.22 99.14 

Q 2.99 0.0 2.08 2.13 0.87 0.95 10.29 3.28 10.20 

OR 6.95 26.89 27.16 26.76 26.80 23.94 23.02 23.02 11.95 

AB 31.63 18.92 24.55 25.64 28.11 29.69 24.07 39.14 38.18 

AN 31.12 10.49 20.26 19.74 19.09 20.34 20.12 17.50 23.39 

NE 0.0 15.87 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

CPX 10.51 19.37 8.21 10.36 9.83 8.91 2.75 0.90 4.60 

OPX 11.21 0.0 10.59 8.22 8.76 9.22 13.53 10.09 5.04 

OL 0.0 1.36 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

MT 3.24 4.37 4.60 4.61 4.08 4.21 3.89 4.09 3.22 

IL 1.26 1.29 1.28 1.26 1.25 1.23 1.33 1.00 1.07 

HM 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.56 

AP 1.10 1.44 1.27 1.27 1.21 1.51 1.01 0.98 0.80 

C 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Tàtle 2 (cont.) 

7577 EH4 HL1 EH5 
Si02 55-71 55.9 56.20 56.8 
no2 0.91 0.78 0.75 0.72 
A12°3 16.56 17.2 14.4 16.7 
FB2°3 

4.8 4.5 3.1 
FeO 7.11 2.8 5.0 3.8 
MnO 0.15 0.16 0.06 0.12 
MgO 2.87 3.1 7.5 3.1 
CaO 6.78 6.4 6.6 6.5 
Na20 3.93 3.9 2.8 3.7 

«2° 3.59 2.0 3.10 2.1 

P2°5 
0.48 0.37 0.25 0.29 

S 

V 0.8 2.2 2.6 

C°2 0.20 0.05 0.58 
F 0.08 
Cl 0.02 
Sum 98.91 99.81 101.31 100.11 

Q 2.56 9.01 4.00 9.18 
OR 21.59 12.19 18.13 12.85 
AB 36.15 36.09 24.85 34.38 
AN 17.08 24.24 17.37 23.55 
NE 0.0 0.0 0.0 0.0 
CPX 11.14 4.79 10.72 6.29 
OPX 5.71 6.59 18.73 8.73 
OL 0.0 0.0 0.0 0.0 
MT 3.47 5.17 4.65 3-35 
IL 1.29 1.12 1.03 1.04 
HM 0.0 0.0 0.0 0.0 
AP 1.02 0.80 0.52 0.63 
C 0.0 0.0 0.0 0.0 

7565 EH7 EHô DLM3 7572 
57.41 57.4 58.6 58.6 58.72 
0.72 0.60 0.68 0.70 0.84 

16.08 16.7 17.4 I6.3 17.17 
0.9 2.6 6.3 

6.42 5.5 4.4 0.56 5.83 
0.15 0.14 0.12 0.18 0.14 

2.55 2.2 3.0 2.3 1.76 

3.69 5.8 4.8 5.3 5.64 
4.84 4.2 4.4 3-9 3.86 
2.48 2.1 2.1 2.5 3.30 
0.45 0.34 0.30 0.46 0.35 
1.31 tr 

2.7 4.0 1.6 2.47 0.9 
0.20 0.5 0.05 

98.80 100.08 O
 

O
 

O
 

V
/i 99.62 98.51 

7.55 7.30 8.30 22.86 9.31 
15.36 12.95 12.60 14.86 20.02 

^5.51 39.32 40.0? 35.18 35.55 
15.53 21.39 21.84 -3.84 20.29 
0.0 0.0 0.0 0.0 0.0 

0.45 5.04 0.27 0.0 4.86 
10.36 11.40 12.5? 6.38 5.20 
0.0 0.0 0.0 0.0 0.0 
3.20 0.98 2.?6 0.26 2.82 

1.05 0.87 0.96 0.98 1.20 
0.0 0.0 0.0 4.24 0.0 

0.99 0.74 0.64 9.68 0.75 
0.0 0.0 0.0 9M 0.0 
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Tkble 2 (cont.) 

MG4 EH8 7592 7513 
Si02 59.18 59.42 59.46 59.64 
T102 0.75 0.68 0.71 0.65 

A12°3 16.24 16.79 16.25 16.31 
Fe2°3 3.23 3.23 
FeO 4.21 3.29 5.31 5.32 
MnO 0.18 0.13 0.15 0.13 
MgO 3-56 2.24 1.58 2.05 
CaO 5.77 5.57 5-29 5.06 
Na20 2.98 4.15 4.33 3.45 

3.04 2.82 3.44 4.52 
P2°5 0.39 0.35 0.31 0.35 
S 0.01 0.01 

H2° 0.72 1.06 1.0 1.1 
co2 0.44 
F 

Cl 

Sum 100.25 100.17 97.84 98.59 

Q 11.86 9.84 8.71 9.22 
OR 18.23 16.95 20.96 27.45 
ÂB 27.13 37.86 40.06 31.80 
AN 22.27 19.16 15.19 16.08 
NE 0.0 0.0 0.0 0.0 
CPX 3.34 5.28 7.81 5.88 
OPX 11.85 5.78 2.88 5.15 
OL 0.0 0.0 0.0 0.0 
MT 3.42 3.43 2.70 2.74 
IL 1.06 0.96 1.02 0.93 
HM 0.0 0.0 0.0 0.0 
AP 0.83 0.74 0.67 0.75 
C 0.0 0.0 0.0 0.0 

7552 7594 EH9 7546 7569 
60.42 60.43 61.1 61.48 61.51 
0.70 0.72 0.66 0.70 0.62 

16.26 16.45 16.9 17.16 16.74 

3.8 
5-98 5.50 2.3 5.38 5.09 
0.10 0.17 0.09 0.14 0.15 

2.55 1.72 2.1 1.66 1.61 

5.29 4.93 4.7 5.51 5.12 

3.15 4.36 4.0 2.47 3.76 

3.55 3.55 2.9 2.83 2.89 

0.35 0.33 0.31 0.34 0.33 
tr 0.02 0.01 tr 

0.8 0.9 1.4 1.0 1.5 
0.10 

99.15 99.08 100.36 98.68 99.32 

12.96 14.05 13.83 20.49 14.64 
21.47 22.01 17.43 17.39 17.54 

28.91 41.03 36.49 23.04 34.63 
20.18 7.77 19.91 26.09 20.79 
0.0 0.0 0.0 0.0 0.0 

3.45 0.0 1.38 0.0 2.45 
8.45 7.37 5.34 7.95 5.94 
0,0 0.0 0.0 0.0 0.0 
2.83 2.88 4.04 2.35 2.42 
1.00 1.05 0.93 1.01 0.89 
0.0 0.0 0.0 0.0 0.0 

0.75 0.72 0.66 0.74 0.71 
0.0 3.11 0.0 0.94 0.0 
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'fo.ble 2 (cont.) 

EH11 EH10 7579 EH12 
Si02 62.6 62.65 63.05 64.6 
no2 0.35 0.42 0.47 0.30 

A12°3 17.6 16.18 16.80 16.5 

Fe2°3 1.9 2.35 1.3 
FeO 2.1 2.63 3.82 1.8 
MnO 0.07 0.16 0.08 0.12 
MgO 1.1 1.43 0.99 1.0 
CaO 4.3 4.96 3.63 3.7 
Na20 5.1 4.45 5-01 3.7 

2.0 2.75 3.26 2.7 
p2°5 0.19 0.28 0.19 0.10 
S 0.01 

H2° 1.5 0.93 0.4 1.9 
C°2 1.3 1.5 
F 

Cl 

Sum LOO.11 99.69 97.71 99.22 

Q 13.54 13.41 12.31 22.04 
OR 12.08 16.48 19.80 16.74 
AB 46.77 40.48 46.19 34.81 
AN 19.64 17.65 12.38 18.56 
NE 0.0 0.0 0.0 0.0 
CPX 0.71 4.35 3.87 0.0 
OPX 4.33 3.96 2.35 4.63 
OL 0.0 0.0 0.0 0.0 
MT 2.03 2.49 2.35 1.42 
IL 0.50 0.59 0.67 0.44 
HM 0.0 0.0 0.0 0.0 
AP 0.41 0.59 0.41 0.22 
C 0.0 0.0 0.0 1.15 

7553 EH13 7528 HBD4 LT1 
64.70 65.2 65.67 66.00 66.39 
0.42 0.32 0.41 0.41 0.28 

16.19 16.8 15.95 16.34 17.46 

2.3 1.86 1.13 
4.07 1.1 3.50 2.55 1.20 

0.07 0.08 0.07 0.07 0.03 
1.50 1.0 1.00 1.92 0.95 
4.32 3.7 3.72 2.55 1.20 

3.51 4.0 3.88 3.77 4.90 

2.67 2.4 3.67 2.54 1.83 
0.23 0.16 0.25 0.23 0.14 

tr 0.01 
1.2 1.6 0.7 0.60 1.40 

1.2 

98.88 99.86 98.83 100.22 99-24 

21.04 22.78 18.77 24.15 25.93 
16.26 14.68 22.18 15.37 11.27 
32.45 37.15 35.59 34.64 45.80 

20.53 17.91 15.59 11.41 5.24 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 1.28 0.0 0.0 
6.46 2.86 3.69 7.67 3.49 
0.0 0.0 0.0 0.0 0.0 

1.91 2.15 1.78 1.99 1.23 
0.60 0.46 0.58 0.58 0.41 
0.0 0.23 0.0 0.0 0.0 
0.50 0.35 0.53 0.49 0.31 
0.25 1.44 0.0 3.69 6.33 
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Table 2 (cont.) 

7503 

Si°2 66.8 5 

TiO, 0.32 

A1
2°3 

16.10 

Fe2°3 
FeO 2.95 

MnO 0.06 

MgO 0.28 

CaO 2.80 

Na20 3.21 

¥> 2.96 

P2°5 0.13 

S tr 

H2° 2.8 

C02 
F 

Cl 

Sum 98.46 

Q 29.14 

OR 18.51 

AB 30.47 

AN 13.79 

NE 0.0 

CPX 0.0 

OPX 2.85 

OL 0.0 

MT 1.22 

IL 0.47 

HM 0.0 

AP 0.29 

C 3.27 

7548 DLM2 

66.8 7 66.9 

0.40 0.40 

15.42 15.3 
1.4 

3.37 3.5 
0.08 0.10 

1.04 1.7 

2.35 3.8 

3.83 3.5 

3.47 2.1 

0.18 0.20 

0.01 

2.2 1.1 

0.05 

99.22 100. 

23.42 24.83 

21.24 12.71 

35.59 32.15 

10.85 17.95 

0.0 0.0 

0.0 0.0 

4.49 8.94 

0.0 0.0 

1.72 1.50 

0.58 0.57 
0.0 0.0 

0.39 0.43 

1.72 0.94 

LG13 7517 
6?.01 67.44 

0.51 0.25 
16.32 16.21 

1.61 

1.97 2.46 
0.07 0.08 

1.54 0.74 

3.13 3.51 
3.20 3.07 

4.09 3.30 
0.27 0.12 

0.01 
0.20 1.2 

99.85 98.39 

22.25 23.40 

24.44 24.53 

29.03 29.13 

13.91 13.96 

0.0 0.0 

0.0 0.0 

5.64 4.31 

0.0 0.0 

1.70 0.15 

0.72 0.72 

0.0 1.48 

0.57 0.57 

1.75 1.75 

7558 7545 

67.34 67.56 

0.34 0.37 

16.11 15-20 

3.06 2.99 

0.12 0.06 

0.78 1.06 

3.03 2.50 

4.01 4.06 

3.51 3.81 
0.18 0.23 

0.02 0.03 

1.1 1.1 

99.60 98.97 

21.38 21.28 

21.13 23.06 

36.65 37.30 

14.11 11.15 

0.0 0.0 

0.0 0.0 

3.60 4.16 

0.0 0.0 

1.56 1.57 

0.48 0.53 

0.0 0.0 

0.38 0.49 

0.70 0.45 

HL4 EH14 

68.0 68.4 

0.25 0.17 

15.9 16.7 

2.00 1.3 

1.4 0.78 

0.06 0.06 

1.7 0.36 
3.10 1.8 

2.4 6.0 

3.6 2.8 
0.06 0.10 

1.40 

0.48 0.34 

0.10 

99.05 100.21 

29.54 17.26 

21.93 16.61 
22.20 54.03 

15.44 8.30 

0.0 0.0 

0.0 0.0 

5.37 1.16 

0.0 0.0 

2.15 1.36 

O.36 0.24 

0.0 0.0 

0.13 0.21 

2.88 0.84 
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liable 2 (cont.) 

EH15 EH16 HL2 7534 QMP5 7519 HL5 QM9 HL3 
Si02 68.? 68.9 68.90 68.92 68.91 69.14 69.9 70.38 71.7 
Ti02 0.20 0.18 0.17 0.26 0.28 0.36 0.12 0.20 0.20 
A12°3 17.1 17.4 14.9 16.04 16.61 14.86 14.7 16.81 14.2 
Fe2°3 1.4 1.3 1.4 1.16 1.4 0.61 0.59 
FeO 0.64 0.43 1.2 2.29 1.51 2.8 5 0.69 0.98 0.22 
MnO 0.06 0.05 0.06 0.02 0.05 0.07 0.11 0.03 0.03 
MgO 0.78 0.54 1.10 0.40 1.11 0.62 0.60 0.82 0.45 
CaO 1.7 2.3 1.7 1.29 1.51 2.16 3.10 0.98 0.38 
Na20 4.0 5.4 3.10 3.19 3-56 2.84 2.7 3-79 4.0 
K2° 3.6 3.0 4.7 4.56 4.06 5.70 3.9 3.61 4.4 
p2°5 0.11 0.08 0.6 0.19 0.16 0.15 0.04 0.09 0.02 
s 0.01 0.02 

«2° 2.0 1.0 2.5 0.52 0.5 0.35 
co2 0.12 0.13 0.96 1.30 0.20 
F 0.08 0.06 0.08 
Cl 0.01 
Sum 100.41 100.71 98.87 99.67 100.66 98.83 98.82 100.42 96.48 

Q 25.59 18.88 27.59 28.44 25.90 23.81 30.70 29.24 29.07 
OR 21.67 17.65 28.67 27.97 24.37 34.49 24.06 21.75 27.09 
AB 36.55 48.22 28.71 29.70 32.44 26.09 25.29 34.67 37.39 
AN 7.85 10.83 4.65 5.35 6.54 9.96 15.77 4.35 1.83 
NE 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
CPX 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
OPX 2.19 1.48 3.90 2.05 4.35 2.75 1.83 3.15 1.29 
OL 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
MT 1.23 0.74 1.51 1.21 1.23 1.56 1.53 0.65 0.17 
IL 0.28 0.25 0.24 O.38 0.40 0.51 0.17 0.28 0.29 
HM 0.17 0.41 0.0 0.0 0.0 0.0 0.0 0.0 0.31 
AP 0.23 0.17 1.30 0.41 0.34 0.32 0.09 0.19 0.04 
C 4.22 1.39 3.44 4.49 4.43 0.50 0.56 5.67 2.51 
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Table 2 

GR9 7547 WR1 EH17 

Si02 71.78 72.51 76.0 76.0 

Ti02 0.30 0.09 0.07 0.04 

a1
2°3 13.65 14.97 14.03 14.0 

FS
2°3 

1.70 0.37 0.5 
FeO 1.67 1.12 0.28 0.29 

MnO 0.09 0.04 0.09 0.02 

MgO 0.72 0.24 0.45 0.07 

CaO 1.67 1.56 0.28 1.3 

Na20 3.42 3.14 2.92 3.6 

KgO 4-. 57 3.93 4.76 4.7 

P2°5 
0.31 0.05 0.03 

S 0.01 

H20 0.88 1.2 0.74 0.20 

002 0.05 

F 

Cl 

Sum 100.76 98.86 100.66 100.77 

Q 28.18 33.85 37.27 3.70 

OR 27.42 24.05 28.70 27.88 

AB 31.15 29.16 26.72 32.42 

AN 6.35 7.67 1.22 6.47 

NS 0.0 0.0 0.0 0.0 

CPX 0.0 0.0 0.0 0.0 

OPX 3.16 1.26 1.49 0.27 

OL 0.0 0.0 0.0 0.0 

MT 1.80 0.57 0.39 0.52 

IL 0.42 0.13 0.10 0.06 

HM 0.0 0.0 0.0 0.0 

AP 0.66 o.n 0.06 0.0 

C 0.86 3.20 4.04 0.68 

(cont.) 
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Figure 10. Alumina vs. silica diagram which illustrates the high 

alumina content (greater than 16 percent) of basic and intermediate 

rocks of the Colorado mineral belt. HL-1 is associated with the 

circled data points. DL7566 is associated with the data point 

plotted as a solid triangle. 
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equivalent age and are believed to be oogenetic. The andesite (DL?565) 

is plotted as a triangle on the figure (10). These oogenetic samples 

fall within the main high-alumina trend with other samples from the 

mineral belt. DL7566 is a somewhat altered sample and the sum of the 

major element analysis is low (table 2). In both cases where data are 

greatly separated from the main trend the analyses are considered of 

questionable quality. Poor quality analyses appear to be the reason 

that they are unrepresentative of the high alumina character of igneous 

rocks of the Colorado mineral belt. 

Both cation and C.I.P.W. norms were calculated using computer 

programs (table 2). Normative analyses of mineral belt rocks from 

the literature were recalculated so all normative calculations given 

here are done by the same method. With the exception of sample DL7524, 

all samples are quartz normative, ranging from 0.8? to 33*85 percent 

quartz. Sample DL7524 is a phaneritic diorite, containing a small 

amount of modal quartz, approximately 40 percent plagioclase, 30 

percent orthoclase, with minor amounts of apatite, opaques and accessory 

minerals. Normative calulations show 15*87 percent normative nepheline 

(table 2) which is anomalous for a rock from the Colorado mineral belt. 

Some stocks however do have a quartz poor facies such as the syenodiorites 

of the Eldora Stock (Hart, 1964). However, in all cases, these facies 

occur in plutonic rocks with oogenetic rocks which are all quartz 

normative. Such an association of basaltic alkaline rocks and calcal- 

kaline rocks is not uncommon. Fbr example in oceanic regions andesites 

and silica-undersaturated basalts occur in the Lesser Antilles Arc 

on the island of Grenada (Arculus, 1976). In continental regions the 

same association occurs at the Raton-Clayton volcanic field, New 
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Mexico (Stormer, 19?2) and at the San Francisco volcanic field, Arizona 

(Moore and others, in press). 

Chemical analyses and normative calculation data can be plotted 

on chemical variation diagrams each of which display different character¬ 

istics of these rocks, A variation diagram which utilizes the high 

alumina content of calcalkaline rocks to distinguish between the cal- 

calkaline and the tholeiitic series is the alumina versus normative 

plagioclase composition diagram (Irvine and Baragar, 1974). The diagram 

(figure 11) effectively separates rocks of calcalkaline and tholeiitic 

suites in the basalt range, down to a normative plagioclase composition 

of An 35* The dividing line has been extended to more sodic plagioclase 

compositions in figure 11. Of the 57 analyses used, three samples plot 

in the tholeiitic field. Two of these are HL-i and DL7566 which have 

questionable analyses. The third is HL-5, a rock of granodioritic to 

monzonitic composition from a sill in the Front Range near Boulder, 

Colorado (Hoblitt and Larson, 1975)* It has a silica content of 69.9 

percent. This diagram is not effective in separating the two series for 

such silicious rocks and because it plots in the calcalkaline field in 

other diagrams it is best considered a calcalkaline rock. 

Another diagram which separates calcalkaline and tholeiitic 

suites for rocks of intermediate compositions is the ternary plot of 

total alkalis - FeO - MgO, or AFM diagram (figure 12). Irvine and 

Baragar (1971 ) used this diagram to define the calcalkaline series. 

Lack of iron enrichment in rocks of intermediate compositions is the 

dominant feature of this diagram. Basaltic rocks are fairly well 

separated, but the AlgO^ versus normative plagioclase composition is 

more successful for distinguishing basalts. Highly silicic rocks, 
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Figure 11. Alumina vs. normative An composition diagram which 

distinguishes between tholeiitic (lower field) and calcalkaline 

(upper field) suites, most effective for rocks with low to intermediate 

silica contents. Ik ta are from the Colorado mineral belt. 
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Figure 12. AFM diagram which distinguishes between tholeiitic 

(upper field) and calcalkaline (lower field) suites, most effective 

for rocks of intermediate silica contents. Data are from the Colorado 

mineral belti triangles - this paper; solid squares - Kuntz (1968); 

solid circles - Dickinson and others (1968); open squares - Hoblitt 

and Larson (1975)J open circles - Ekren and Houser (1965)» 
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such as rhyolites and granites» from both the tholeiitic and calcal- 

kaline suites plot in the total alkali comer. This diagram is there¬ 

fore unsuccessful at separating the two series for rocks with granitic 

compositions. Figure 12 shows an AFM diagram for analyses of rocks 

from the mineral belt. The dividing line between calcalkaline and 

tholeiitic rock is from Kuno (1969)» Most of the analyses plot within 

the calcalkaline field. Two samples (DL7503 and EH-9) plot in the 

tholeiitic field. Sample DL7503I a badly altered quartz latite porphyry 

from the Manhattan district contains sericitized plagioclase and 

hornblende in which iron is oxidized. The sum of the major element 

analysis for this sample is low (table Z), and alteration probably 

accounts for its deviation from the calcalkaline field. Sample EH-9 

falls slightly within the tholeiitic field. It is petrographically 

classified as a granodiorite porphyry. The major element analysis 

sum is good. The data is taken from Ekren and Houser (19^5) in their 

study of the Ute Mountains laccolith cluster. They interpret these 

igneous rocks to be a oogenetic suite. Another analysis of the same 

granodiorite porphyry falls in the calcalkaline field as do other 

samples from the Ute Mountains. One other data point plots away from 

the main trend. It is the square which plots further towards the MgO 

corner than any of the other samples. This is sample HL-1 from Hoblitt 

and Iarson (1975)» whose analysis was questioned above. 

A third diagram often used to distinguish between tholeiitic 

and calcalkaline suites is the total alkali versus silica diagram. 

Figure 13 is a plot of the data from the Colorado mineral belt. 

The tholeiitic field lies below the dividing line, which is taken from 

Kuno (1969). Samples HL-4 and DLM-2 plot in the tholeiitic field. 
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Figure 13. Total alkalis vs. silica diagram which distinguishes 

between tholeiitic (lower field) and calcalkaline (upper field) suites. 

Data are from the Colorado mineral belt* symbols as in figure 12 

with open triangles from the NE mineral belt and solid triangles from 

Stf mineral belt. 
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HL-4 is granodioritic to monzonitic in composition (Hoblitt and Larson, 

1975) and ÏÏLM-2 is a rhyodacite (Dickenson and others, 1968). Both 

these samples follow the high-alumina trend and lack iron enrichment 

and therefore have been classed as calcalkaline using the previous 

diagrams. Irvine and Baragar (1971) found the alkali versus silica 

diagram to be only 90 percent effective in correctly separating control 

data into tholeiltic and calcalkaline suites. These two samples which 

plot near the boundary line are here regarded as belonging to the 

calcalkaline series. 

If a dividing line would be drawn on figure 13 to separate alkaline 

rocks from both calcalkaline and tholelitic suites, some of the samples 

from the mineral belt would plot slightly into the alkaline field. 

Other calcalkaline characteristics and the quartz normative nature of 

these samples rules out the possibility that they belong to an alkaline 

suite. The diagram then, emphasizes the alkali-rich nature of rocks 

of the mineral belt, which is important in considering the petrogenesis 

of these rocks. One sample plots well into the alkaline field, due 

to its low silica and high alkali content. This is sample DL7524 

which is the nepheline normative sample described above. 

Irvine and Baragar (1971) showed that a ternary plot of normative 

albite (Ab) - anorthite (An) - orthoclase (Or) can characterize the 

alkaline nature as sodic or potassic. Figure 14 shows data from the 

Colorado mineral belt plotted on an An-Ab-0r diagram. The middle field 

is not enriched in sodium or potassium. Sodium-rich rocks plot towards 

the Ab comer, potassium-rich rocks towards the Or comer. Most of 

the samples are "normal", that is, not enriched in sodium or potassium. 

Some are potassium enriched, with only a very few enriched in sodium. 



Figure 14. Ab - Or - An diagram which distinguishes between Na-rich 

rocks (lower left field), "normal" rocks (middle field) and K-rich 

rocks (upper right field). Data are from the Colorado mineral belt. 
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LT-1 is most enriched in sodium, EH-14 next and EH-16 barely falls in 

the sodium-rich field. The two EH samples are monzonites from the Ute 

Mountains and LT-1 is a leucotonolite from Buckskin Gulch intrusive 

complex. These localities are widely separated in the mineral belt. 

Potassic samples come from most parts of the mineral belt and in general 

the potassic samples are low in silica. About half the rocks that 

plot into the mildly alkaline field correlate to potassium or sodium 

rich rocks. Other mildly alkaline rocks contain more equal amounts 

of sodium and potassium. 

Ratios of Mg/Mg + Fe ratios for basaltic and andesitic rocks of 

the Colorado mineral belt have a mean of about .58. In some cases 

values for FegO^ were calculated from total iron assuming a standard 

oxidation using the equation of LeMaitre (1976). The .58 ratio was 

similar to the Mg/Mg + Fe ratio of .606 calculated for average andesites 

using the average andesite values of Chayes (1969)• Very similar 

Mg/Mg + Fe ratios indicate a similar type origin. 

It has been suggested that TiOg content can be effectively used 

to distinguish between rocks of the calcalkaline series and other rock 

types (Chayes, 1964). Chayes divided samples into circumoceanic rock 

suites (calcalkaline) and oceanic rock suites (for the most part 

alkaline oceanic island rocks). For rocks of basaltic composition, 

less than 54 percent silica, he noted that most circumoceanic samples 

contained less than 1.75 percent TiOg, while oceanic samples contained 

greater than 1.75 percent TiOg. Of the few samples from the mineral 

belt that fall in that low silica range, all samples have low TiO^ 

contents, with a maximum of 0.93 percent TiOg (table 2). With respect 

to TiOg content rocks of the Colorado mineral belt appear calcalkaline. 
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On the AFM and alkali versus silica diagram samples are plotted using 

different symbols so both approximate location and the source of the 

data can be seen. Location is indicated only generally as NE or Stf 

mineral belt. In some cases rocks from one area will show a unique 

feature different from other samples in the mineral belt. For example, 

igneous rocks from Buckskin Gulch stock (solid squares) analysed by 

Kuntz (1968) have low iron enrichment which shows up very well on the 

AFM diagram. On the alkali versus silica diagram rocks from Ute 

Mountains (open circles) analysed by Ekren and Houser (1965), show a 

consistant alkali enrichment at intermediate silica contents. Mafic 

rocks with high alkali content from the NE part of the mineral belt 

also plot together (open triangles) on this diagram. In general, there 

is considerable overlap but a distinctive character for certain areas 

is evident. 
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Discussion 

The formation of calcalkaline magmas has been a controversial 

subject among geologists for many years. Many models have been proposed 

for their origin. The application of these models to Igneous rocks 

of the mineral belt follows below. 

Lovering and Goddard (1950) suggested that mineral belt igneous 

rocks formed from magmas generated in the crust due to frictional 

heating from recurrent movement along Precambrian shear zones. A 

crustal origin for calcalkaline rocks was suggested by Waters (1955)* 

87 86 
In view of the high 'Sr/ Sr, 0.?60 to 0.800 ratios of basement 

87 86 
rocks, (Moorbath and others, 1967) and the low 'Sr/ Sr ratios for 

Laramide igneous rocks, 0.705 to 0.7077* (Simmons and Hedge, 1976) 

this model can be discarded. In addition calculations by Wyllie 

(1971) suggest the liquldus temperature of an Intermediate magma is 

too high to permit melting within the crust. 

Tilley (1950) proposed that assimilation of granitic materials by 

a basaltic magma can result in a calcalkaline rock. In the case of 

the mineral belt, strontium Isotopic values suggest this is not a viable 

mechanism for the formation of these rocks, although very small 

amounts of contamination can be permitted in some intrusive centers 

(Simmons and Hedge, 1976). 

Bowen (1928) hypothesized that andesites can evolve from 

fractional crystallization of a basaltic magma. Separation of early 

formed phases from basalt magmas leads to the enrichment of the 

melt in silica and alkali elements which can produce major element 

characteristics of andesites. Lack of iron enrichment which is 



present in calcalkaline rocks, can be produced by the early separation 

of magnetite (Osborn, 1962), While major element characteristics can 

be fairly well reproduced through magnetite fractionation, trace 

element concentrations, such as vanadium which is strongly partitioned 

into the magnetite structure, restrict the amount of magnetite which 

could have separated from average andesites (Taylor, 1969). However, 

in many rocks of the mineral belt, textural relationships indicate 

that magnetite was an early formed phase and could have separated 

early from parental magmas. 

Experimental studies of basalts, in both natural and synthetic 

systems, under hydrous conditions at pressures up to 30kbar, have 

shown that amphibole is a liquidus or near liquidus phase (Yoder 

and Tilley, 1962} Green and Ringwood, 1968; Cawthom and O'Hara, 

1976). Composition determinations of these amphiboles shows them to 

be low in silica (38-42$) and be nepheline-normative (Green and 

Ringwood, 1968; Cawthom and O'Hara, 1976). Fractional crystallization 

of such amphiboles from basalt will lead to silica enrichment to 

produce intermediate type magmas. The Fe/Mg ratios of these amphiboles 

are high enough that significant iron enrichment does not occur. 

Residual liquids from such a process show calcalkaline trend when 

plotted on AMF diagrams (Green and Ringwood, 1968). Cawthom and 

O'Hara (19?6) have shown that the major element chemistry of residual 

melts in synthetic systems are similar to andesites and are in accordance 

with this hypothesis. Using known partition coefficients, it appears 

that alkali element and REE concentrations of natural andesites seem to 

be in agreement with amphibole fractionation models (Ringwood, 1974). 

Xenoliths of amphibole and plagioclase, with igneous textures, are 
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present in mineral belt rocks (eg. DL7593)• These xenoliths could 

represent early formed crystals that were separated from the magma and 

later reincorperated. In some samples, textural relationships indicate 

that magnetite was an early formed phase. Thus, both magnetite and 

amphibole fractionation is probably of some importance in the evolution 

of these rocks. 

There is evidence that low pressure fractional crystallization did 

occur at some localities in the mineral belt. At localities like 

Buckskin Gulch Stock and the Ute Mountains intrusive centers, different 

rock types appear to represent successive stages in the evolution of a 

magma which is undergoing fractional crystallization. In many localities 

only one rock type occurs and there is little evidence that extensive 

low pressure fractional crystallization occurred. A recent study of 

REE concentrations of igneous rocks from selected localities along the 

mineral belt in the NE Front Range, shows that for most samples light 

REE were not greatly enriched over chondritlc abundances and show 

negligible Eu anomalies (Simmons and Hedge, 1976). 

Of the 58 major element analyses present here, only three are basaltic 

(less than 53# silica). Of these the lowest silica content is only 50#* 

The lack of basalts in the mineral belt indicates that either fractional 

crystallization of basalt was extremely effective and almost all basalts 

were subsequently modified to form rocks of andesitic composition or that 

magmas of basaltic composition never existed on any large scale in the 

mineral belt during Laramide times. Though it is possible that nearly 

all basalts would fractionate so that little parental material would be 

observed, I think it is improbable. I believe that the parental magma 

is instead, a basaltic andesite with calcalkaline affinities. 
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Two alternative hypotheses remain to be considered. The first 

suggests that partial melting of certain types of source materials leads 

to the developement of magmas which require very little modification 

to resemble andesites of similar composition to rocks of the Colorado 

mineral belt. Partial melting of mantle peridotite in a water-rich 

environment has been suggested to produce primary calcalkaline magmas 

(Yoder, 1969? Kushiro and others, 1968; O'Hara, 1965? Boettcher, 1973)» 

Experimental studies at hydrous pressures up to JOkbar, have shown that 

enstatite melts incongruently to form fosterite and a silica-rich 

liquid. This is sited as evidence that calcalkaline magmas of inter¬ 

mediate silica content can be in equilibrium with olivine-rich peridotite 

and therefore be magmas generated in the mantle. However, the degree to 

which these silica rich liquids of synthetic systems resemble andesites 

has been questioned (Ringwood, 1974). Other characteristics of andesites 

such as high alumina content and most trace element concentrations are 

explained very well by this model. Features of the mineral belt such as 

lack of parental basaltic materials and isotopic values for strontium 

from the rock samples make this model of primary calcalkaline magmas 

very appealing. 

The second alternative for mantle generated calcalkaline rocks is 

that partial melting of basalt, hydrated basalt or its metamorphic 

equivalent (amphibolite or ecologite), which has been carried into the 

mantle along a subduction zone, could produce parental magmas with 

appropriate compositions (Green and Ringwood, 1968; Dickenson, 1968). 

Partial melting of basalt, being the approximate inverse of fractional 

crystallization, can yield silica and alkali enriched melts that have 

major and trace element abundances similar to those observed in 
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calcalkaline suites. Such a model was favored by Lipman and others 

(1972) for Tertiary igneous rocks of Colorado. 

Of all the models presented both partial melting of mantle 

materials and melting of subducted oceanic crust are the most appealing. 

Tectonic setting is also an important factor when considering the 

petrologic evolution of calcalkaline rocks. Present day convergent plate 

boundaries are characterized by large quantities of calcalkaline 

igneous rocks, a trench and an inclined seismic zone, characterized by 

intermediate to deep seismic activity. This association was influential 

in the developement of the idea of partial melting of subducted basalt. 

However, andesites occur in areas with no apparent association to a 

subduction zone. Examples are the Pliocene to Recent basaltic andesites 

and rhyodacites of the San Francisco volcanic field, Arizona (Moore 

and others, in press) and the Oligocène to Recent andesites and dacites 

of the Raton-Clayton volcanic field of New Mexico (Stormer, 1972a). 

In both cases calcalkaline rocks occur in association with silica- 

undersaturated basic rocks. Thus rock type does not define the 

tectonic setting and further considerations must be made. 

Lipman and others (1972) proposed that melting along two east 

dipping parallel subduction zones could explain Early Cenozoic igneous 

activity in the Western United States on the basis of potassium content. 

Elston (1976) has proposed melting along a single east dipping subduction 

zone with a more shallow dip to explain the same data. When potassium 

contents from Laramide igneous rocks from Colorado are considered 

neither model fits the data. Potassium contents in Laramide igneous 

rocks of the mineral belt show no systematic variation across Colorado. 

Another important consideration is the distance from the mineral 



belt to the nearest possible plate boundary. On a present day base 

it is about 1500km to the western boundary of the North American 

Plate. This is about twice as far from a plate margin as any recent 

igneous center, whose origin is believed to be related to subduction 

at a plate boundary (Gilluly, 1971)* However, the present geography 

of the Western United States does not reflect the paleogeography of 

Laramide times. Since that time there has been considerable extension 

in the Basin and Range province. To accurately evaluate the distance 

of the mineral belt from a possible plate boundary, this extension 

must be considered. Using a maximum value of extension of 100 percent 

(Hamilton and Myers, 1966) calculated values for the distance to either 

a western or southwestern plate boundary are still about 1000km, which 

greatly exceeds distance of known examples of Benioff zone related 

igneous rocks. 

To use a subduction related model one must then also explain why 

the eastward migration of magmatic activity ceased at the western 

margin of the Colorado Plateau and then very shortly thereafter 

began again east of the Colorado Plateau in the area of Colorado. If 

magmas were generated at a Benioff zone one would expect a more contin¬ 

uous transition across this region. 

The mineralization in Colorado could potentially yield a great 

deal of information about the source of the magma. Sillitoe (1975) 

has shown that in areas where it is apparent that calcalkaline igneous 

rocks originate at a subduction zone (Andes Mountains) the type of ore 

involved in mineralization shows a regular zonation away from the 

plate margin. This zonation is Fe, (Au)-Cu, Ag-Pb-Zn, Sn-Mo-W. 

Although large Mo deposits (Climax) and W deposits (Boulder County) 



exist, other types of mineralization also exist in large quantities, 

primarily Pb-Zn, Ag, Au, which do not fit a subduction related hypothesis. 

In addition to extreme distances from a plate margin there is 

other data which favors a melting of mantle or lower crustal material. 

Zartman (197*0 showed that lead isotopic data from rocks and ore 

deposits of the Western United States can easily be placed into coherent 

groups. These groups reflect characteristics of the source materials 

that were melted to form the rocks and ores. The grouping is based 

primarily on the isotopic ratio of lead which is the daughter product 

of radiometric decay of uranium. The provinces of the Rocky Mountain 

uplifts is characterized by the lowest ^^Pb/^**Pb and ^^Pb/^^Pb 

ratios which indicates the least radiogenic source areas. Such 

unradiogenic source areas could be lower crustal or mantle materials 

(Zartman, 197**’) that have been deplea ted in their radiogenic components 

during some previous event. Also of interest is the fact that in the 

northern Rockies the lead isotopic ratios produce a secondary isochron 

which gives a date of 2700 m.y. or greater. In the southern Rockies a 

secondary isochron is also present which gives a date of 1800 m.y. or 

less. It is interesting to note that igneous contacts and shear zones 

in the Sierra Madre Mountains of Southern Wyoming separate a basement 

age province to the north of 2500 m.y. or greater from a basement age 

province to the south of 1800 m.y. or younger. Abundant igneous rocks 

of intermediate composition, less than 1800 m.y. in age, south of this 

boundary and a total lack of such igneous rock north of this boundary 

has suggested to Hills and others (1975) that this could represent a 

Precambrian plate boundary. They have suggested that a subduction zone 

dipping southeast from that boundary could be the source of the 
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intermediate igneous rock. Simmons and Hedge (1976) have reported 

that strontium isotopic data from igneous rocks of the Colorado mineral 

belt also reflect a Precambrian event in their source materials. When 

initial strontium ratios axe plotted against Rb/Sr, a pseudoisochron 

which yields an age of 1700 m.y, is observed. The date of 1?00 m.y, 

of basement rock of Colorado and the secondary and pseudoisochrons of 

1700 m.y, suggests a relation between the Precambrian event of that 

age and igneous rocks of Iaramide age. That relation is that the 

magmas of Laramide age were probably derived from mantle or lower 

crustal rocks which were formed or last disturbed during the Precambrian 

event. 
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Summary 

A major transition in the evolution of the Cordillera of the 

Western United States occured at about 70 m.y. when tectonisra and 

magmatic activity of the Sevier orogeny shifted to previously stable 

era ton areas of Colorado to cause the Laramide orogeny. This shift 

correlates with a major reorganization of plate motion related to 

new spreading in the North Atlantic and Arctic Oceans. 

Geochemically, igneous rocks of the mineral belt range from 

basaltic to granitic compositions with a large majority being in the 

range of andesite and dacite. The major element chemical composition 

of rocks analysed indicates they have calcalkaline characteristics 

except one sample which is silica-undersaturated. The calcalkaline- 

alkaline association is common in many localities but alkaline rocks 

of the mineral belt make up only a very small minority. Petrographic 

features are similar to those found in other calcalkaline rock suites. 

Strontium isotopic values (Mborbath and others, 196?! Simmons and 

Hedge, 1976) are also similar to values obtained in other calcalkaline 

suites. 

Field relationships in certain stocks and intrusive centers contain 

rock types which appear to represent a fractionation sequence. This 

is verified by geochemical data. However, many of the samples show 

little evidence of extensive fractional crystallization. Most samples 

show no evidence of extensive assimilation of crustal materials but 

87 86 
in some samples high initial 'Sr/ Sr values suggest minor contamination 

did occur. Major element data are very similar to values obtained 

where a subduction origin seems apparent. Tectonic factors place some 



(66) 

restrictions on a subduction model. Distances involved are far greater 

than observed in any presently active convergent plate margin system. 

The difference in distance is 300-400km. One might also expect the 

Colorado mineral belt to parallel the plate margin if they were related 

as is the case in active plate margins and the associated plutonic 

belts. The mineral belt parallels neither the N-S or the SE-NW trending 

plate margins suggested for that time. The sudden shift in igneous 

activity across the Colorado Plateau is also hard to explain in a 

subduction related hypothesis. 

Many features indicate that Laramide igneous rocks are strongly 

associated to Precambrian features. The mineral belt roughly parallels 

the suggested Precambrian plate boundary in Southern Wyoming. Shear 

zones that were active during Precambrian time are paralleled by the 

NE orientation of the mineral belt. Often these shear zones are found 

near major stocks of the Front Range and Sawatch Range segments of the 

mineral belt. Though surface relations do not show these stocks to 

intrude along fault planes it has been suggested that these shear zones 

might provide zones of weakness at depth along which magmas worked 

their way to the surface. If this is the case the shear zones were 

influential in localizing the igneous rocks along the trend of the 

mineral belt. There are shear zones with a NE trend that show no 

relation to igneous rocks. However, the mineral belt could be the 

surface expression of a mantle inhomogeniety at depth which was more 

easily melted than the surrounding material. 

The lack of association of laramide igneous rocks to other tectonic 

features also strengthens the idea that these igneous rocks can be 

linked to Precambrian features. Laramide faults which border the 
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Rocky Mountain basement uplifts have been shown to be as large as 11km. 

These faults, which trend N-S, show no effect in localizing igneous 

rocks, which trend NE, even though the deformation and igneous activity 

were coincident in time and space. Similarly, NW structural trends 

which could be related to Ancestral Rocky Mountain uplifts show no 

control in the emplacement of rocks of the mineral belt. 

The most compelling evidence comes from the lead and strontium 

isotope data. Secondary lead isochrons and rubidium-strontium pseudo¬ 

isochrons both indicate a 1700 m.y. event. This coincides with the 

1700 m.y. age of basement rocks in Colorado. 

Partial melting of mantle peridotite or lower crustal basaltic 

materials is consistant with the developement of the calcalkaline 

rocks of the mineral belt. Isotopic evidence suggests that the source 

of the magmas was unradiogenic so a buildup of radiogenic heat is an 

unlikely cause of melting. Two other possible causes of melting axe 

possible. The first is that uplifts relieved pressures and thereby 

crossed the solidus of the parental materials causing melting and 

release of volitiles stored in the source materials. The second is 

that though the Benioff zone was not the source of the magmas it 

provided a rise of the geothermal heat and/or a release of volitiles 

that caused melting of the overlying mantle or lower crustal materials. 

An inhomogeneous mantle area beneath the mineral belt is a possibility 

for the restricted area of melting. 
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Appendix A 

The amount of normative quartz of feldspathoid is dependant on 

the oxidation state of the iron in the sample. Iron in plutonic rocks 

is usually more oxidized than iron in volcanic rocks. When the rock is 

altered and iron is oxidized or when only total iron is determined values 

for FeO and FegO^ must he calculated to calculate a normative compo¬ 

sition. LeMaitre (i9?6) has suggested the following relations to 

calculate a mean oxidation value for iront 

Ox = FeO/(FeO + Fe^) 

for volcanic rocks 

Ox * 0.93 - 0.0042 SiOg - 0.022 (NagO + KgO) 

for plutonic rocks 

Ox = 0.88 - 0.0016 SiOg - 0.02? (NagO + KgO) 



Appendix B 

Authors and rock types which correspond to sample numbers listed 

in table 2 are given here. 

Ekren and Houser (1965) 

EH2 - microgabbro 

EH3 “ diorite porphyry 

EH4 - 

EH5 - 

EH6 - 

EH7 " " 

EH8 - granodiorite porphyry 

EH9 - 

EH10 - 

EH11 - 

EH12 - 

EH13 - " 

EH14 - quartz monzonite porphyry 

EH15 " " 

EHl6 " " " 

EH17 - graonphyre 

Dickinson and others (1968) 

DLM2 - rhyodacite tuff breccia 

DLM3 “ rhyodacite 
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Appendix B (cont.) 

Hoblitt and Larson (1975) 

HL1 - mafic latite (shoshonite) 

HL2 - granodioritic to quartz monzonitic 

HL3 - " " 

HIA - H » » 

HL5 - " " " 

Kuntz (1968) 

MG4 - melagranodiorite 

HBD4 - hornblende-biotite dacite 

LT1 - leucotonolite 

LG13 “ leucogranodiorite 

QMP5 - quartz monzonite porphyry 

QM9 - quartz monzonite 

GR9 - gray rhyolite 

WR1 - white rhyolite 



Appendix C 

Analytical Methods 

Samples were thin sectioned and examined and the freshest samples 

were chosen for major element analysis. Samples were crushed and hand 

picked to remove altered rinds. The samples were split several times 

to insure a representative sampling. Further grinding was done in a 

Spex type hall mill. Fused glass discs were prepared using a 

lanthanum-bearing lithium borate fusion mixture. Major element 

analyses were then completed on an automated siemens X-ray flourescence 

spectrometer. U. S. G. S. rock standards and Apollo il rock materials 

were also analysed as standards. Thin sections were stained by the 

method of Bailey and Stevens (i960) using cobaltinitrite to stain 

orthoelase yellow. 
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