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ABSTRACT
Hypabyssa1 and volcanic rocks at Cripple Creek comprise a 

phono 1ite-dominated continental alkalic suite in which mafic 

members appeared last in the volcanic cycle. The mineralog- 

ical, major element, and trace element variations of the 

suite indicate the rocks are differentiation products of an 

alkali basalt parent, or parents, of nearly identical compo

sition, through fractional crystallization of olivine, au- 

gite, magnetite, apatite, sphene, plagioclase, aegirine-au- 

gite, sanidine, and nosean. Major and trace element vari

ations in the suite are shown using Zr as a differentiation 

index. The major elements show rapid decrease or increase 

in the mafic and intermediate compositional range, but very 

little or no increase or decrease in the phono 1i tes. Th and 

U increase proportionally to Zr, and their constant ratios 

suggest the rocks of the suite are cogenet ic. La, Rb and Pb 

trends suggest that they are more incompatible than Zr in 

the mafic and intermediate rocks. Nb has a trend which sug

gests that it became less incompatible as differentiation 

proceeded. Sr, Ba, Ce, and 5 exhibit maxima and their de

crease in the trachytes is attributed to their removal by 

the fractionation of plagioclase, sanidine, and nosean. Cu, 

Ni, and V decrease rapidly through the mafic and intermedi

ate rocks, then remain constant in the phono 1 i tes.

i i i
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The rock type eruptive and intrusive sequence of interme

diate to feisic to mafic, dominance of phono 1i te over mafic 

and intermediate rocks, and wide area 1 distribution of pho

no li tes, are attributed to style of primary magma generation 

and emplacement, structures available for ascent of magmas 

to shallow depths, and degrees of magma differentiation be

fore or during their ascent to the surface. Age, geologic 

setting, and style of volcan ism suggest Cripple Creek vol

can ism was produced by subduct ion-related processes.

i v
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INTRODUCTION
Alkalic rocks (as defined by Irvine and Baragar, 1971) 

generally are acknowledged as the product of differentia

tion, via crystal fractionation, of alkali basalt parent 

magmas generated by partial melting of the mantle at deep 

levels (Green and R i ngwood, 1967; Kay and Gast, 1973; Frey,

Green, and Roy, 1977). However, in many continental alkalic 

centers the volume of felsic rocks observed far exceeds that 

of mafic and intermediate rocks which may be very minor or 

absent, as is the case in Kenya (Williams, 1972). Bailey 

(1964) suggested that phono 1 i t i c magmas could be generated 

by partial melting of upper mantle or lower crust. However, 

L i ppard ( 1973) pointed out that trace element data indicate 

these are highly differentiated magmas produced by extensive 

crystal fractionation.

The Cripple Creek volcanic suite is an example of a 

phono 1 ite-dominated system, but with mafic and intermediate 

compositions present as well. The Cripple Creek a 1ka1 i c 

volcanic and hypabyssa1 rocks range in composition from bas

alt through 1 at i te and trachyte to phonolite. Phonolite 

comprises the largest volume of rock, intermediate rocks are 

about one third the volume of phonolite, and late mafic 

rocks occur only in minor amounts (Lindgren and Ransome,

1906).
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The isolation of the Cripple Creek volcanic center from 

other volcanic fields, minera1ogica1 trends, and regularity 

of chemical patterns suggest that the alkalic suite was the 

product of a single magmatic system (though not necessarily 

a single magma). The rocks at Cripple Creek represent an 

entire rock suite from mafic to felsic, which presents the 

opportunity to evaluate crystal fractionation as a process 

for the derivation of the suite from a common parent magma, 

or magmas of similar composition. This study examines the 

pétrographie and compositional variation of this suite, es

tablishes its consistency with a differentiation model, and 

evaluates the possible mechanisms for its formation. The 

Cripple Creek volcanic center is not unique in its origin, 

but is genetically consistent with alkalic complexes world- 

w i de.

Alkalic rocks are rare in Colorado and the Cripple Creek 

suite differs from other occurrences in the State. Other 

alkalic volcanic fields and intrusions of various ages are 

the Spanish Peaks (Smith, 1979), the Rosi ta Hills - Silver 

Cliff district (Siems, 1968), the alkalic stocks of the 

Colorado mineral belt (eg.. Climax and Henderson; Book- 

strom, 1981), the Jamestown district (Bookstrom, 1981), the 

1 at i te flows of Table Mountain in Golden, and the Wet Moun

tains alkalic rocks (Armbrustmacher and Hedge, 1982).
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The tectonic setting of the Cripple Creek volcan ism is 

enigmatic because of its temporal setting near the end of 

subduct ion-related volcanic activity to the west and near 

the beginning of Rio Grande rifting. Geochemical data can

not resolve this enigma, but distance from the rift, age, 

and style of eruption all argue against a rift related 

origin.

PREVIOUS WORK
Three comprehensive investigations of the Cripple Creek 

district have been made. The earliest was by Cross and 

Penrose of the U . S. Geological Survey in 1894, followed in 

1904 by Lindgren and Ransome, also of the Survey and finally 

by Lough 1in and Koschmann in 1935. Numerous studies of nar

rower scope have focused on the different aspects of min

eralization, petrology, mineralogy, and geochemistry, some 

of which include Lough 1i n (1927), Koschmann (1949), Tobey 

(1969), Gott (1969), Wobus and others (1976), Owe 1 ley (1984), 

and Thompson and others (1985).

LOCATION, TERRAIN, AND HISTORY
The Cripple Creek Mining District is located in Teller 

County, Colorado, approximately 35 km west of Colorado 

Springs and 33 km north of Canon City (Figure 1). It lies 

on a greatly dissected plateau that slopes gently westward
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Figure 1. Location map of the Cripple Creek district.
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for 65 km from the base of Pikes Peak.

The elevation in the immediate vicinity of the volcanic 

center ranges from about 2,600 meters to nearly 3,300 me

ters. Phono 1i te intrusions are found as high as 3,400 meters 

on the southwest flank of Pikes Peak and as low as 2440 me

ters at Mitre Peak. The topography is one of high relief 

with most of the phono 1i te intrusions forming quite large 

hills.
The hills of Cripple Creek and vicinity are covered with 

grasses or aspen and spruce. The vegetation yields few rock 

outcrops, but the prospect pits that are found everywhere in 

the district yield exposures that otherwise might have gone 

unnoticed. Old and new mine workings, mine dumps, tailings 

piles, and 1 each heaps make surface mapping very difficult 

in some areas, especially in the area around the abandoned 

towns of Independence and Altman northwest of Coldfield.

After numerous attempts by prospectors to find ore in the 

Cripple Creek and Pikes Peak area, mining in the district 

began in 1891 following a discovery of go 1 g by Robert Womack 

in 1890 (Cross and Penrose, 1895). Cripple Creek developed 

into one of the most famous gold districts of the world, and 

since 1891 it has produced about 600 metric tons of gold and 

71 metric tons of silver; more than the total output from 

all other mining districts of the Front Range combined
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(Gott, 1969).

After 1891 mining increased at an accelerating rate until 

1900, when the maximum annual output of 25 metric tons of 

gold attained (Loughlin and Koschmann, 1935). In 1917 the 

district's production began to decline rapidly and remained 

very low until the early I970's when mining activity in- 

creased after gold prices rose. Mining in the early 1980's 

has been sporadic, with most production from bulk tonnage 

disseminated deposits and reworking of mine dumps.

The gold at Cripple Creek occurs principally as tell un

ities in veins within or in intimate association with the 

Cripple Creek volcanic complex. The ore deposits and geo

logy have been studied in detail by many authors, some of

whom include Cross and Penrose, 1895, Lindgren and Ransome, 

1906, Loughlin and Koschmann, 1935, Koschmann, 1949, and 

Thompson and others, 1985.

GEOLOGY

The Cripple Creek volcanic center lies at the southern 

end of the Front Range of the Rocky Mountains (Figure 2).

It is approximately 66 km east of the eastern bounding fault 

of the Rio Grande rift along the western flank of the Mos

quito Range (Tweto, 1979), 15 km east of the 36 to 29 m.y.

old Thirtynine Mile volcanic field (Van A 1stine, 1969), and 

about 150 km northeast of the 35 to 26 m.y. San Juan volcan-
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ic field (Steven, 1975). Cripple Creek intrusive rocks that 

have been age dated indicate volcan ism occurred over a large 

span of time. Aegirine-augite in a syenite yielded a K-Ar 

date of 34 + 1 m.y. (McDowell, 1966) and sanidine in phono- 

1i te yields K-Ar dates ranging from 27.9 + 0.7 m.y. to 29.3 

± 0.7 m.y. (Epis and Chapin, 1975; Wobus and others, 1976). 

However, there may be some interlaboratory bias, and volcan- 

ism may not have occurred over this length of time.

The Cripple Creek volcanic center erupted at the junction 

of four Precambrian rock bodies (Plate 1) which, in addition 

to Larami de shear zones in these rocks, may have been a pos

sible zone of structural weakness along which magma could 

ascend (Loughlin and Koschmann, 1935; Lovering and Goddard, 

1950). The following brief descriptions of the country 

rocks are from Lindgren and Ransome (1906), Wobus and others 

(1976), and Hutchinson (personal communication).

The pre-Boulder Creek age Womack gneiss borders the vol

canic center to the west. It is a biotite gneiss that is 

most 1 y enclosed by the Cripple Creek quartz monzonite. This 

dark, brownish-gray medium-grained rock consists principally 

of orthoc1ase, plagioclase, quartz and biotite. To the 

south and east of the volcanic center is a granodiorite 

gneiss of Boulder Creek age (1.7 Ga). This augen gneiss is 

pinkish-gray and medium to coarsely crystalline. To the



T-3160 9

northwest and southwest is the Cripple Creek quartz monzon

ite of Silver Plume age (1.45 Ga). It is a pale-red, me

dium-grained porphyritic rock that outwardly looks similar 

to the Pikes Peak granite though it has more plagioclase and 

a distinct planar flow structure. The 1.04 b.y. old Pikes 

Peak peraluminous granite bounding the volcanic center to 

the north is the most extensive of the Precambrian rock bo

dies (Hutchinson, 1972). It is a pale-pink to red coarse

grained rock consisting largely of alkali feldspar with 

lesser quartz and plagioclase.

Faults and shear zones played a prominent role in the 

location of the volcanic center and dikes. The faults and 

shear zones trend north to northwest in the eastern part of 

the volcanic center and north-northeast to east-northeast in 

the western part of the volcanic center (Loughlin and 

Koschmann, 1935). Major faults and shear zones outside the 

district, such as the Oil Creek fault to the north and the 

Fourmi le Creek fault to the southwest (Plate 1) had no 

effect on the emplacement of the volcanic rocks but were 

prominent in the Laramide and Neogene uplift of the area 

(Tweto, 1979).

The volcanic and hypabyssa1 rocks at Cripple Creek range 

in composition from alkali basalt and andésite through 1a- 

t i te and trachyte to phonolite. Phonolite comprises the
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largest volume of rock, intermediate rocks are about one 

third the volume of phono 1i te, and late mafic rocks occur 

only in minor amounts (Lindgren and Ransome, 1906). The 

term 1 at i te-phono1i te was adopted by Lindgren and Ransome 

(1906) to designate three or more varieties of porphyritic 

rocks intermediate in composition between typical 1 at i te and 

phonolite. Latite-phono1îte is not used in this study to 

classify lithologics. It is used only in Plate 1 as a rock 

name for the bodies of rock from which no samples were taken 

for this study and which were so named by Lindgren and 

Ransome (1906).

The largest portion of the volcanic rocks occupies a 

roughly elliptical subsidence crater about 6 km by 3 km that 

trends northwest-southeast (Lindgren and Ransome, 1906).

The crater contains at least 1000 meters of breccia and 

lacustrine and fluvial sedimentary rocks (Thompson and 

others, 1985) into which dikes and irregular masses of al

kaline rocks were intruded. Several out lying phono 1i t i c 

intrusions and dikes are found up to 10.5 km from this cen

ter (Plate 1), and together they define a volcanic field 

covering an area of over 200 square kilometers.

The Cripple Creek volcanic crater is generally cone shap

ed (Lindgren and Ransome, 1906). Its contact with the su»—  

rounding Precambrian host rocks is usually very steep, near
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70 to 80 degrees on the average, but is very irregular, de

creasing to 30 degrees in some places and dipping away from 

the center in others (Lindgren and Ransome, 1906). Loughlin 

and Koshmann (1935) show that the main crater separates

downward into a group of subcraters or roots. Repeated ex

plosions also produced steep walled craters within the main 

breccia mass, described below, such as the "Cresson blowout" 

(Loughlin and Koshmann, 1935). Phono 1i te dikes occur rough

ly radial or concentric to the main mass (Cross and Penrose, 

1894; Wobus and others, 1976).

The main crater is filled primarily with consolidated 

breccia, tuff agglomerate, and lacustrine and fluvial sed

imentary rocks (Loughlin and Koshmann, 1935). The fragmen

ta 1 material is the product of a series of explosive erup

tions that took place during the earlier stages of the vol

canic activity (Loughlin and Koshmann, 1935). These early

eruptions, which gave the crater its form, were followed by 

no less than 10 stages of intrusion, represented, in approx

imate order, by two varieties of 1 atite-phono1îte, two of 

trachyte, two of phono 1i te, and at least five of basaltic 

rock (Loughlin and Koshmann, 1935).

The intrusive bodies inside the crater and the phono 1 i te 

intrusions in the surrounding area are upward-flaring sills, 

dikes, or stock-1ike bodies. Where mine workings expose the
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deeper portions of these bodies, they taper downward into 

dikes at shallow depths (Loughlin and Koschmann, 1935). Mi

nor explosions took place at intervals during or between in

trusive stages which locally shattered intrusive rocks, es

pecially the marginal parts of some of the larger masses, so 

that their boundaries and structural relations are obscure 

(Loughlin and Koshmann, 1935).

The structure and composition of the breccia masses sug

gest collapse and mixing of rock types occurred during erup

tions. In the main crater the rock fragments are mainly 

varieties of latite-phono1ite, although small fragments of 

granite, gneiss, and schist are abundant. The Cresson blow

out especially shows the effects of mixing in that it con

sists of fragments of different varieties of basalt, breccia 

from the main crater, different dike rocks, and a small 

amount of Precambrian granite, all cemented in a basaltic 
matri x .

In a few places in shallower levels of the crater, the 

breccia is distinctly bedded. In some places it is nearly 

horizontal and in others it is considerably tilted (Loughlin 

and Koschmann, 1935). Carbonized wood has been found in

several parts of the crater, and down to 250 meters in 

depth. These features indicate that the volcanic rocks, 

trees, and presumably weathered surface rocks were blown
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into the air and fell back in a mixed mass, the latter poi—  

ions of which were winnowed by settling through the air 

forming beds both on the crater floor and on its sloping 

walls (Lindgren and Ransome, 1906, Loughlin and Koschmann,

1935).

A large proportion of the area designated breccia by 

previous authors (Cross and Penrose, 1895; Lindgren and 

Ransome, 1906; Loughlin and Koschmann, 1935) consists pre

dominantly of sedimentary rocks and tuff. Thompson and 

others, (1985) show almost the entire eastern half of the 

basin as lacustrine and fluvial sedimentary rocks. This 

author found that almost anywhere within the main volcanic 

center (and outside, such as at Copper Mountain) sedimentary 

rocks are present, and they may occur as the major rock 

type. Since the breccia and the sedimentary rocks are in

terbedded, the term "breccia and sediment" will be used to 

designate them, with the distinction that sedimentary rocks 

may be locally dominant (Plate 1).

TECTONIC HISTORY

The Phanerozoic tectonic history of the Cripple Creek 

district may be divided into three orogenic events separated 

by periods of quiescence, and a rifting event that accompan

ied the latest uplift. After Precambrian sedimentation, me

tamorphism, intrusion, and erosion, and a long period of
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sedimentation from Precambrian time, a mild late Paleozoic 

orogenic event uplifted low mountains called the Ancestral 

Rocky Mountains (Mallory, 1960). Erosion and sedimentation 

followed in a time of quiescence until the Late Mesozoic, 

when the Laramide orogeny began. Laramide uplifts locally 

occurred along reactivated Ancestral Rocky Mountain struc

tural trends (Tweto, 1975). Uplift in the Front Range was 

rapid but not synchronous throughout. Uplift progressed 

laterally north and south, and may not have occurred in what 

was to be the Cripple Creek district until Pal eocene time 

(Tweto, 1975).

During the Laramide in the Cripple Creek - Pikes Peak 

area a broad, shallow, steep-sided uplift formed. During 

this period of compression, a network of NW- and ENE-trend

ing fracture zones and less prominent NNE and ESE fracture 

zones formed that later exerted much control over the loca

tion of the Cripple Creek volcanic center (Loughlin and 

Koschmann, 1935; Lovering and Goddard, 1950).

Quiescence followed the Laramide orogeny, and by late 

Eocene time erosion had beveled these mountains to a low 

relief surface that extended throughout south-centra1 Colo

rado (Epis and Chapin, 1975). In Neogene time, uplift re

curred on a large scale, character i zed by north- to north

west-trend i ng basement-cored uplifts and intervening basins
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(Tweto, 1975), resulting in the present topography.

Small scale plutonism and extensive volcanic activity 

accompanied the Late Mesozoic and Tertiary orogenic events 

(Steven and Epis, 1968; Steven, 1975). In contrast to the 

broad region affected by the basement uplifts, the distribu

tion of contemporaneous igneous activity in Colorado was re

stricted to a narrow elongate zone about 500 km long and 

mostly less than 50 km wide, known as the Colorado mineral 

belt (Figure 3) (Steven, 1975; Lipman, 1981). The northeast 

trend of the mineral belt crosscuts at nearly 90 degrees to 

Laramide structural trends.

The mineral belt contains at least three interspersed 

populations of intrusive and volcanic bodies. The Laramide 

population, mainly in the 70 to 50 m.y. age range, is con

centrated largely in a fairly sharply defined and narrow 

inner zone. A middle Tertiary episode (39 to 26 m.y.) 

(Steven, 1975) was more widespread, and had the effect of 

widening the intrusive belt as generally defined, even to 

include the Cripple Creek center (Figure 4, after Steven, 

1975). A third and late Tertiary population (15 to 10 m.y.) 

is less voluminous than the other two and is widely diffused 

through the mountain region (Tweto, 1975).

The mid-Tertiary volcanic field consisted largely of in- 

termed i ate-compos i t i on volcanic rocks. Most are calc-alkal-
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Figure 3. Colorado mineral belt (stippled). X - intrusive 
bodies of known or inferred Laramide age; outlines show main 
bodies of exposed Precambrian rocks. (After Tweto, 1975).
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ic or alkali-calcic andesitic, rhyodac i t i c , and quartz 1 at i- 

tic lavas and breccias (Steven, 1975). Younger, more silic

ic ash-flow tuffs and associated quartz latitic and rhyoli- 

tic lavas were erupted in large volumes in parts of the 

field.

The rocks of the mid-Tertiary volcanic field in general 

have compositions within the typical ranges for continental- 

margin subduct ion-related igneous suites and tend to become 

more alkalic to the east, as reflected in the fairly regular 

increase of the K ^ O / S i r a t i o  across the field (Lipman and 

others, 1972). A significant variant exists along the east
ern margin of the field where the more alkalic syenod i or i tes 

of the Spanish Peaks area, about 150 km south of Cripple 

Creek (if indeed these rock are subduct i on related, see 

Smith, 1979), trachytes of the Rosita Hills-Silver Cliff 

area, about 73 km south of Cripple Creek, and phonolite of 

Cripple Creek occur (Steven, 1975). Fluid-rich pyroclastic 

volean ism in general is a characteristic common to subduc- 

tion-related volcan ism, and it is a unifying characteristic 

among the San Juan, Rosita Hills-Silver Cliff, Thirtynine 

Mile, and the Cripple Creek volcanic fields.

A fourth tectonic event, formation of the Rio Grande rift 

(See Figure 2), began between 32 and 27 Ma depending on 

which segment of the rift is considered (Lipman, 1969;
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Chapin, 1979). West of Cripple Creek the rift began to de

velop at about 27 Ma (Chapin, 1979), though Tweto (1979) 

suggested that rift development may have begun in the San 

Luis Valley as early as Oligocene or possibly Eocene time. 

Rift development is generally thought to have ended by the 

late Pliocene (Lipman, 1969). In Colorado the rift is at 

its widest, about 75 km, in the San Luis Valley, and then 

narrows considerably to the north. Where the rift occurs 66 

km due west of Cripple Creek it is only about 10 km wide.

Igneous rocks contemporaneous with rifting in Colorado 

occur from New Mexico to the Wyoming border (Tweto, 1979). 

The rift segment from Alamosa (about 150 km SSW of Cripple 

Creek in the San Luis Valley) to Leadville (about 110 km NW 

of Cripple Creek in the Arkansas River valley) is charactei—  

i zed by a near absence of synrift volcan ism (Chapin, 1979). 

One criterion for igneous rocks to be related to rifting is 

a maximum age of about 26 to 27 m.y. as suggested by Tweto 

(1979). Rift volean ism in southern Colorado evolved from 

early alkalic basalt to later voluminous tholeiitic rocks, 

both of which are restricted to the rift proper or on its 

immediate flanks (Lipman, 1969). Tholeiitic basalts give 

way to alkalic basalts northward through New Mexico, but 

north of the San Luis Valley all basalts are alkalic (Lip

man, 1969; Akoi and Kudo, 1976; Tweto, 1979). Eruptive
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styles of Rio Grande basaltic rocks include fissure erup

tions with abundant terminal pyroclastic activity, highly 

fluid lava eruptions from isolated vents, large outpourings 

of highly fluid lavas without conspicuous vents, and shield 

volcanoes (Renault, 1978).

Because of Cripple Creek's location near both the Rio 

Grande rift and large calc-alkalic volcanic fields in 

south-central Colorado, and because Cripple Creek volcan ism 

occurred near the end of the Oligocene igneous event and 

near the start of rift volcan ism, the tectonic setting of 

Cripple Creek vo1 cani sm is a matter of some debate. This 

author believes that evidence favors the subduction-re1ated 

setting, as will be discussed in more detail in a later 

sect i on
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PETROGRAPHY
The petrography of Tertiary rocks at Cripple Creek has 

been previously described in detail by Cross (1895) and 

Lindgren and Ransome (1906). However, the descriptions pre

sented here are a condensation and generalization observa

tions made of the rocks of this current study.

Streckeisen's (1979) system was used to classify the 

rocks and for that reason the nomenclature used in this 

study differs from that used by previous authors. Such 

names as trachydolerite and 1 atite-phono1ite of Lindgren and 

Ransome (1906) correspond respectively to the foid-bearing 

augite trachyte, augite biotite andésite, lat i tes and augite 

phonolite of this study. The basalt names monchiquite and 

vogesite are not used here, but the term alkali basalt is 

used in this study since it is a commonly used term. The 

entire suite is alkalic as defined by Irvine and Baragar, 

(1971). Because of grain size considerations, trachyte is 

used in preference to syenite. The rock names of samples 

analyzed in this study are listed in Table 2 in the 

append i x.

From field observations, the Cripple Creek suite may ap

pear to be bimodal in nature, as reflected by the restric

tion of mafic and intermediate rocks to the volcanic crater 

and by the widespread distribution of phonolites. However,
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mineralogies! variation in the suite suggests that the pho

no li te evolved from trachytic magma, and that the trachyte 

in turn had evolved from alkali basaltic magma, each as a 

result of compositional changes attributable to crystal 

fractionation. To emphasize this concept of evolving mag

ma, the following descriptions of the Cripple Creek rock 

suite will not dwell on mineralogies 1 and textural details, 

but rather will generalize mineralogy according to rock 

type, starting with the most mafic and working through to 

the most felsic.

A 1ka1i basa 1ts

The alkali basalts are aphanitic to porphyritic-aphanitic 

rocks which have pilotaxitic texture and are black colored 

on fresh surfaces. The major constituents of the alkali 

basalts are plagioclase (about 557.) and augite (about 26%).

Plagioclase compositions are about An44 in the samples 

studied here, although Lindgren and Ransome (1906) report 

plagioclase compositions to An80. Sanidine commonly rims 

the subhedra1 laths of plagioclase. The plagioclase laths 

average about 0.2 to 0.5 mm long and 0.3 mm wide, but may be 

larger than I mm long as phenocrysts. The laths often con

tain small inclusions of augite.

Augite occurs principally as phenocrysts in these rocks, 

attaining sizes of 5 mm by 2 mm or larger while the average
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size is around 1 mm by 0.5 mm. The generally euhedra1 crys

tals are colorless or very pale green in thin section. Com

positional zoning is common and may affect an entire crystal 

or only the outer portions. Augite commonly has inclusions 

of magnetite, apatite, and occasionally irregularly shaped 

anal cite or glass. San i dine, which accounts for 5 to 107. of 

the modal mineralogy, occurs înterstitia11 y to plagioclase 

and augite, commonly as rims on plagioclase laths.

Accessory minerals in the basalts include olivine, bio- 

tite, magnetite, apatite, and anal cite. The alkali basalts 

are the only rock type containing olivine, which does not 

exceed 17. in any sample studied. It occurs as equant euhe

dra 1 to subhedra1 grains that may attain a diameter of 0.5 

mm. Bi otite comprises only 1 or 27» of the rock and occurs 

as small equant anhedra1 grains no larger than 0.05 mm in 

diameter. It may be found in close association with magne

tite or distributed evenly throughout the rock. Magnetite 

(3 to 57») occurs as subhedra 1 to anhedra 1 grains that range 

in size from 0.05 to 0.6 mm in diameter, but show a bimodal 

size distribution with the larger grains occurring as micro- 

phenocrysts. Apatite occurs in concentrations of 1 to 27» as 

euhedra1 prisms also in two size ranges. The larger apatite 

crystals, which average about 0.05 mm by 0.02 mm in size, 

occur commonly in close association with augite or magne
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tite, or included in them. Some grains have cores that con

tain minute opaque inclusions and exhibit a light brown to 

light purple pleochroism. The smaller apatite crystals 

average about 0.005 by 0.001 mm and are found included in 

all other phases. Anal cite comprises 1% or less of any 

sample and is found interstitial to the other phases, but 

only in isolated patches.

Andes ites

The andésites are porphyritîc-aphanitîc to fine-grained 

porphyrîtic-phanerîtîc and are black to gray or have a "salt 

and pepper" color. Their groundmass texture is generally 

hypid iomorphic granular. The major constituents of the an

désites are plagioclase (about 73%), augite (about 13%), and 

biotite (about 10%).

Plagioclase occurs as subhedra1 to anhedra1 laths averag- 

ing about 0.5 by 0.2 mm, but reaching 1.6 mm or larger in 

length as phenocrysts. Plagiocalse compositions are about 

An3 0, and sanidine commonly rims the plagioclase laths. 

Augite is similar to that in the basalts though present in 

lesser amounts (around 10 to 15%) and smaller in size (ave

raging about 0.7 by 0.3 mm). Biotite occurs as subhedra1 to 

anhedra1 grains that range considerably in size depending on 

the rock, but are usually less than 1 mm in diameter. Many
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grains may be in optical continuity over large volumes of 

the rock (up to 1 cm ). Apatite and magnetite inclusions 

are common. Sanidine (5 to 15%) occurs principally in 

i nterst i c i es and as rims on plagioclase.

Accessory minerals are magnetite, apatite, and sphene. 

These minerals occur distributed throughout the rocks, but 

magnetite and apatite also occur in close association with 

or included in augite. In contrast to the basalts the andé

sites contain no f e 1 dspatho i ds . Magnetite (27.) occurs as 

equant subhedra1 to anhedra1 grains that average about 0.1 

mm across. Apatite has the same characteristics as in the 

basalts, but the larger class averages 0.15 by 0.05 mm. 

Sphene (less than 17.) occurs as euhedra 1 to subhedra 1 grains 

generally less than 0.1 mm across.

Lat ites

The 1 at i tes are porphyr i t i c-aphan i t i c and black to fine 

grained porphyr i t i c-phaner i t ï c with a "salt and pepper" 

color on their fresh surfaces. Groundmass textures are hy- 

pidiomorphic granular. The major constituents are plagio

clase (about 407.) , sanidine (about 38%), and mafic minerals 

(about 20%) that may be augite and/or hornblende, and magne

tite.

Plagioclase compositions average about An28. The crys

tals are euhedra1 to anhedra1 and range in size from 0.1 to
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0.4 mm measured on the long axis. Phenocrysts may be pres

ent as large as 1.8 by 0.4 mm. Some laths may have rims of 

sanidine. Augite occurs as colorless to very light green 

euhedra1 to subhedra1 grains (in thin section) that may oc

cur as microphenocrysts or as small groundmass crystals. In 

both instances they are usually less than 1 by 0.3 mm. 

Hornblende, a rare mineral in the Cripple Creek suite, is 

found in one 1 at i te as anhedra1 phenocrysts up to 1.8 mm 

long. The hornblende laths were partially or completely 

dehydrated, leaving euhedra1 pseudomorphs composed of au

gite, biotite, magnetite, and feldspar. Accessory min

erals are magnetite, apatite, and sphene, and their dis

tribution is similar to that in the basalts and andésites.

As in the andésites, the 1 at i tes lack fe1dspathoids. Mag

netite oxides occur as euhedra1 to subhedra1 grains that 

reach sizes of 0.7 mm across but average about 0.05 mm. In 

one sample magnetite comprises 157. of the rock. Apatite is 

found in the same mode of occurrence as in the basalts and 

andésites. Sphene (less than 17») was found in only one sam

ple where it formed euhedra1 mi crophenocrysts averaging 

0.4 mm across.

Trachytes

The trachytes are porphyr ï t i c-aphan i t i c and gray to light
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gray in color on their fresh surfaces. Groundmass textures 

are hyp i d i omorph i c granular or trachytic. The major consti

tuents are sanidine (70 to 90%) and plagioclase (<1 to 20 %).

Sanidine occurs principally as small subhedra1 to anhe

dra 1 micro!ites (trachytic texture) or tabular grains (hypi- 

diomorphic granular texture), as rims on plagioclase, and in 

some rocks as sparse euhedra1 to anhederal phenocrysts. The 

groundmass crystals range in size from 0.1 to 0.5 mm measur

ed on the long axis. Phenocrysts may measure as large as 8 

by 5 mm. Plagioclase occurs principally as euhedra1 to an

hedra 1 phenocrysts up to 8 mm long whose compositions range 

from An8 to An20. Some plagioclase phenocrysts have sani

dine rims. In the rocks where plagioclase occurs as a 

groundmass constituent the grains are 0.1 to 0.5 mm across.

The pyroxene found in the trachytes is aegirine-augite.

It occurs principally as euhedra1 to anhedra1 phenocrysts up 

to 3 mm long, but also as small subhedra1 groundmass crys

tals that average 0.06 to 0.1 mm long. The aegirine-augite 

has a darker green color in thin section than the augite in 

the basalts, andésites, or latites, and zoning may be seen 

in plain light with the rims of phenocrysts having a darker 

green color than the cores. Aegirine-augite comprises less 

than 5% of these rocks.

Fe1dspathoids are present in the trachytes, though in
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small amounts (2 to 5%). The feldspathoids, nosean and 

sodalite, both may be present in a rock or either one may 

occur as the only fe 1 dspatho i d present. Soda 1 i te (about 27.) 

occurs as euhedra1 to subhedra1 equant grains that average 

about 0,015 mm across, and are generally found included in, 

but also between, sanidine grains. Nosean occurs as equant 

euhedra1 to subhedra1 phenocrysts that often have a hexagon

al shape and minute opaque inclusions aligned in a grid-like 

pattern that sometimes are so abundant as to make the crys

tal almost opaque. The crystals average about 0.2 to 0.6 mm 

in diameter but may occur as microphenocrysts 2 mm across.

Other accessory minerals are biotite, apatite, and magne

tite, of which magnetite is the only one present in all 

samples. Biotite (less than 17.) occurs as subhedra 1 to eu

hedra 1 grains less than 0.1 mm in diameter evenly distribu

ted throughout the rock, but it occurs also as a product of 

hornblende dehydration. Apatite (less than 17.) occurs as 

euhedra1 prisms that range in size from minute needles to 

crystals as large as 1.2 mm long. Magnetite (2 to 57.) 

occurs as equant subhedra1 to anhedra1 grains commonly in 

two size groups that average 0.3 mm and 0.015 mm.

Phono 1 ites

The phono 1ites exhibit the most consistent mineralogy of 

the Cripple Creek rock suite. They a me easily recognizable
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by the gray-green color of their fresh surface which is a 

result of their abundant aegirine. These porphyr i t i c-aph- 

anitic rocks almost always have a groundmass texture which 

is trachytic. The major constituents of these rocks 

are sanidine (65 to 80%), one or more fe1dspathoids (10 to 

25%), and aegirine (5 to 17%). Sanidine and nosean are gen-. 

era 11 y the only phenocrysts found in the phono1ites, though 

Lindgren and Ransome (1906) reported phenocrysts of nephe- 

line; phenocrysts rarely exceed 1%. Sanidine is the prin

cipal groundmass constituent, usually occurring as anhedra1 

mi cro1 i tes that range in size from 0.01 to 0.3 mm long and 

average about 0.1 mm. Sanidine phenocrysts are euhedra1 and 

average around 4 mm long, but reach 1.5 cm. Ragged aegir- 

ine crystals may reach 5 by 1 mm in samples collected from 

the centers of shallow intrusions.

Nosean, sodalite, and nepheline commonly occur together 

in the phono 1 ites, but rarely a sample may contain only so

da li te or nepheline in addition to nosean. Nosean and soda- 

1îte are the most ubiquitous of the fe1dspathoids, being 

present in almost every sample. Nosean, which occurs exclu

sively as euhedra1 to subhedra1 phenocrysts, usually compri

ses no more than 1% of any rock. As in the trachytes, no

sean contains abundant minute opaque inclusions that may be 

arranged in a grid-like pattern. Sodalite, the most abun-

iOOLORADO ^ T' T2
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dant fe1dspatho i d of the phono 1ites, is present in concen

trations ranging from 1 to 20% but averaging around 10%. It 

occurs most commonly as small euhedra! to anhedra1 grains 

averaging about 0.01 mm in diameter, that are included in 

sanidine laths or occur between the sanidine microlites. 

Rarely it occurs as an interstitial filling.

Nepheline ranges from 5 to 20% in most samples, but it 

may be totally absent or of minor abundance in others. In 

one phono 1 ite sample it constitutes 50% of the rock. It 

occurs most often as small euhedra1 crystals, hexagonal or 

rectangular in shape, averaging about 0.05 mm across. In 

some phono 1 ites it occurs as phenocrysts that weather 

easily, giving some rocks a characteristic pitted surface.

Anal cite, which comprises less than 1% of any rock, is 

found in many of the samples along fractures and in one rock 

as phenocrysts averaging 1 mm across. The fractures, which 

form a platy jointing, are often oblique to the flow linea - 

t i on as expressed by the trachytic texture. The fractures 

are accentuated by a cream color that is a result of altera

tion of sanidine, mostly to anal cite, and the anal cite it

self. The anal cite appears to be the product of late magma- 

tic fluids; fluids that also affected other phases, such as 

aegirine (discussed below) and sanidine, in a manner not 

consistent with low temperature hydrothermal alteration (a
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conclusion also arrived at by Cross [1895]).

Aegirine (5 to 17%) occurs in all of the phono1ites and 

gives this rock its characteristic gray-green color. Its 

size ranges from minute sinuous fillings of intersticies to 

large (5 mm) ragged poikilitic phenocrysts and it averages 

about I mm long. The crystals are anhedra1 and extreme 1 y 

poikilitic, having grown around crystals of sanidine and 

nepheline, forming an ophitic texture. Sometimes aegirine- 

augite or magnetite serve as cores of the aegirine crys

tals. Where aegirine intersects the fractures where ana 1- 

cite has formed, the aegirine becomes perfectly euhedra1 

prismatic laths, most likely indicating that the anal cite 

was deposited at magmatic temperatures.

Biotite, aegirine-augite, apatite, and sphene were found 

only a few phono 1ite samples. Magnetite accounts for only a 

very small proportion of the minerals in the phono 1ites, 

generally 1% or less, and occurs as equant euhedra1 grains 

averaging 0.02 mm across. Aegirine-augite, which was found 

in four samples, comprises less than 1% of these samples 

as euhedra1 to subhedra1 crystals averaging less than 1 mm 

in length. Sphene, much less than 17. in any rock, occurs as 

euhedra1 crystals averaging 0.15 mm across. Apatite, found 

in two samples, is less than 1% and occurs as euhedra1 pri

sms that average about 0.25 mm long. Biotite occurs in one
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sample as 0.03 mm diameter anhedra1 flakes distributed 

throughout the sample.

A 1terat ion

Though most of the samples studied are fresh, alteration 

and/or weathering have affected many of the rocks to some 

degree. In the most altered sample, up to 10 or 207. of the 

modal mineralogy was involved. Five highly altered samples 

were chosen express 1 y for the purpose of noting the effect 

of alteration on trace element concentrations. Alteration 

products include clays, sericite, hematite, adularia, epi- 

dote, calcite, dolomite, pyrite, quartz, chlorite, celes- 

tite, and roscoelite (Lindgren and Ransome, 1906; Thompson

and others, 1985). Alteration is most intense in the vol

canic center, but the degree of alteration is variable from 

one location to another, from one intrusion to another, and 

within any one intrusion. In any one sample, alteration 

may be concentrated along fractures or distributed evenly 

throughout the rock.

Summary

Figure 5 generalizes the change in modal mineralogy of 

the Cripple Creek suite. Aegirine-augite is included with 

augite since it is a high sodium compositional variant of 

augite. The distinct change in mineralogy from the basalt-
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trachyte series to the phono 1 ites could be considered evi

dence for two distinctly different groups of rocks. How

ever, the minera1ogica1 trends observed in the Cripple Creek 

alkalic suite can explain changes in mineralogy and support 

the hypothesis that the suite was the product of a single 

dominant process, magmatic differentiation by crystal frac

tionation, operating on similar recurrent parent magmas.

The changes of mineralogy in the suite can be attributed 

to fractionation, whether it be gravitational or filtration- 

a 1 , of the phases found as phenocrysts or as mi cropheno

crysts . Olivine occurs only in the basalts and, though not 

present as a phenocryst, its early fractionation may be as

sumed because it is an early forming mineral and it has a 

high specific gravity. Its removal from the melt would re

sult in a less mafic liquid. The fractionation of magne

tite, which in part occur as microphenocrysts, would remove 

iron from the liquid. In the basalts through the trachytes, 

pyroxene, initially augite but later becoming more sodic, 

occurs principally as phenocrysts. Its removal from the 

melt would deplete the remaining liquid of the components 

necessary for augite formation, resulting in progressively 

less mafic liquids, as is seen in the decrease in both size 

and abundance of augite from the basalts to the trachytes. 

The concomitant rise in sodium concentration is reflected by
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the replacement of augite by aegirine-augite in the tra

chytes, and is also reflected in pyroxene zoning that is 

indicative of increasing sodium concentrations in addition 

to possible change in temperature. In the phono1i tes aegir

ine-augite disappears and is replaced by aegirine which 

occurs principally as a groundmass phase coprecipitating 

with other phases. Plagioclase also decreases in abundance 

from the basalts through the trachytes, but since it does 

not occur as large or abundant phenocrysts until the la- 

tites, its decrease can be attributed to the fractionation 

of augite and apatite, which is also a phenocryst i c phase, 

through their removal of calcium. No plagioclase occurs in 

the phono 1 ites. Sanidine increases in abundance from the 

basalts through the trachytes due to the increase in sodium 

and potassium during augite fractionation. Sanidine frac

tionation was possible only in the trachytes and phono 1 ites 

where it occurs as phenocrysts. Its fractionation has only 

a small effect on the major mineral-forming components in 

the melt because the melt is close to the composition of 

sanidine (as reflected by the large percentage of sanidine). 

The mineralogy of the phono 1 i tes may therefore be attributed 

to the extensive fractionation of mafic and calcic phases 

from the 1iquids that formed the basaltic to trachytic 

rocks, changing the liquid to a phono 1 ï t i c composition.
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ANALYTICAL METHODS
Abundances of major and 20 trace elements were determin

ed for 37 samples with a fully automated Rigaku 3 080E X-ray 

fluorescence spectrometer linked to a DEC 11/60 computer. 

Data were reduced using Rigaku's Dataf1 ex 360 software.

Full calibration was done by the author using internationa1 

reference materials (rocks and minerals). Complete informa

tion on sample preparation, calibration, and on analytical 

precision and accuracy may be found in the appendix. Fer

rous iron determinations were done by the method described 

by Goldich (1984), and loss on ignition determinations 

(L.O.I.) were obtained through the method described in the 

appendi x .

RESULTS
The chemical compositions of the samples analyzed in this 

study are found in Table 3 in the appendix. Chemical anal

yses of representative samples may be found in Table 1 on 

the following page. The totals of some phono 1ites are 

significantly below 100%, which is attributed to incomplete 

loss upon ignition of volatiles from the fe1dspathoids in 

these samples.

Zirconium may be used as a differentiation index because 

of its highly incompatible nature in pera1ka1i ne rocks 

(Watson, 1979). Watson (1979) shows that extreme Zr enrich-
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Table 1. Chemical analyses of reresentat i ve samples.

CCS-24 CCS-35 CCS-26 CCS-16 CCS-46

Si 02 48.86 53.64 51.74 58.04 59.21
T i 02 1 .52 1 .27 1 .36 0.64 0.28
A 1203 17.46 17.96 17.63 19.34 20.04
Fe203 4.27 3.30 3 .44 1 .92 1 .74
FeO 5.01 3.71 3.64 1 .42 0.42
MnO 0. 18 0. 14 0. 18 0.17 0.23
MgO 4.43 3.01 2.77 0.73 0.25
CaO 9.42 6. 18 6.38 2.79 0.85
Na20 4.05 5.46 4.96 7. 14 9.28
K20 2.53 3.00 4. 14 5.45 5.71
P205 0.88 0.77 0.65 0. 19 0.03
L.O. I . 1 .06 0.91 2.81 1.01 1.10

Tota 1 99.67 99.35 99.71 98.84 99. 14

5 125 1 17 207 1345 329
Ba 1238 1560 1908 1641 27
Ce 169 276 372 369 155
Cl 570 255 248 1 180 2037
Co 81 53 38 29 28
Cr 21 8 18 2 2
Cu 71 65 44 9 3
La 70 59 87 127 195
Nb 53 67 84 136 200
Nd 65 52 70 64 49
Ni 23 23 19 13 12
Pb 9 1 1 17 27 47
Rb 69 76 121 147 312
Sr 1695 1639 1793 1336 15
Th 18 23 29 57 128
U 6 2 6 8 25
V 216 147 165 55 20
Y 28 24 30 33 32
Zn 79 78 107 88 148
Zr 181 198 247 474 1 1 18
CCS-24 A 1ka1i basa 11
CCS-35 Andes i te
CCS-26 Hornblende latite
CCS-16 Foid-bear i ng a 1ka1 i fe 1dspar trachyte
CCS-46 Phono 1 i te
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ment is possible in pera1 kali ne, felsic magmas because the 

feldspar fractionation that produces these magmas from non- 

pera1ka1 i ne predecessors does not drive the melt toward sat

uration with zircon. Although Zr concentrations are ex

treme 1 y high in these rocks, reaching 0.25% in some cases, 

no zircon was found in the rocks analyzed and the author is 

not certain which mi nera1(s) contain the Zr. Zirconium also 

is shown to be residual (i.e., remaining in the liquid 

during sol id-liquid reactions and equilibrium) by its 

col linearity with respect to other incompatible elements Th 

and U, as seen in this and many other pera1 kali ne rock 

suites (Weaver and others, 1972; Lippard, 1973; Ferrara and 

Treuil, 1974; Baker, 1977; Stolz, 1985). However, c 1i nopyr

oxene incorporates zirconium into its structure in small 

amounts (Larsen, 1979; Watson and Ryerson, 1986), and since

it has been shown that augite may have been a fractionating 

phase in the mafic and intermediate rocks, Zr might not be 

the ideal element to use as a differentiation index. The 

effect of Zr incorporation into augite is seen in the trends 

of Rb, Pb, Nb, and La (discussed later). Nevertheless, Zr is 

the best choice as a differentiation index because it is 

less mobile than other incompatible trace elements during 

alteration or magmatic processes (as seen in this study).

Only one sample, which is not significant, has Zr concentra-
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t i on exceeding 0.167,, and it is not included in the var i a- 

tion diagrams. For these reasons, element variations are 

shown as plots against Zr up to 0.16%, with lines drawn to 

fit the points ("eyeba11ed”) for i11ustrationa1 purposes 

only. Sample points designated by an * indicate those sam

ples that are moderate 1 y to strongly altered. Also indicat

ed on these digrams are the approximate ranges of basalt, 

andésite, latite, trachyte, and phono 1ite compositions.

Major E 1ements

Variations of the major elements against Zr are shown in 

Figures 6 and 7. The behavior of major elements is genei—  

ally one of initial rapid increase or decrease of an element 

from the basalts through the trachytes, then a very gentle 

increase, decrease or leveling off through the phono 1ites. 

Manganese (Figure 6) is the major exception to this behav

ior, as it demonstrates an incompatible nature by a roughly 

constant increase relative to Zr, except in the mafic and 

intermediate rocks where there is considerable scatter.

From the basalts through the trachytes SiO^, A 1 gOg, Na^O, 

and KgO increase (Figure 6) while TiC^* iron (total iron 
calculated as FeO), MgO, CaO, and P̂ Og decrease (Figure 7). 

The points in the plots of A 1 gOg and MnO show considerable 

scatter. SiO^ begins leveling off in the trachytes.

In the phono 1ites TiO^ and K^O decrease gradually, MgO,
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Figure 6. Variation of S i , A 12Og, MnO, Na^O, and K^O 
concentrations (7.) with Zr (ppm). B - basalt, A - andésite, 
L - latite, T - trachyte, P - phono 1ite.
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Figure 7. Variation of TiO., FeO*, MgO, CaO, and P̂ Ô  
concentrations (7#) with Zr (ppm). B — basalt, A — andésite, 
L - latite, T - trachyte, P - phono1ite.
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CaO, and remain constant, while A^Og, FeO total, MnO,

and Na^o increase. SiOg increases slightly then decreases. 
Two strong 1 y altered samples fall off the S i O^, MnO and K^O 

variation diagrams. The variation diagrams show that in the 

phono 1 i tes T i O^, MgO, CaO, and P̂ Ô  are depleted, while al- 

ka 1 i s and Al^Og are enriched. Overall, the suite is meta- 
1umi nous to peralkaline, and the agpaitic coefficient (the 

atomic ratio of total alkalies over aluminum) ranges from 

0.6 to 1.2.

Figure 8, an AFM plot of the data (FeO* = total iron as 

FeO), shows the extreme alkali enrichment of the suite.

Also note that there is no iron enrichment trend in the ma

fic rocks. This may be attributed to lack of samples repre

senting more mafic rocks, lack of significant olivine frac

tionation, low silica activity, or a combination of these 

factors.

To evaluate if olivine had been fractionated from the 

alkali basalt of this study. Mg numbers were calculated for 

the samples analyzed. The Mg number is Mg / (Mg + Fe++), 

with the elements expressed as atomic ratios (Kesson, 1973). 

A primary basalt (i.e., an upper mantle-derived partial melt 

which has undergone insignificant fractionation) will have 

an Mg number between 0.68 and 0.77 (Sun and Hanson, 1975).

To minimize the effect of late and post magmatic oxidation
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of ferrous iron, a particularly serious problem with alka

line rocks (Kesson, 1973), Fe^+ was recalculated as 0.75 x

total Fe (Sun and Hanson, 1975). The highest Mg number in 

the suite is 56, from a sample with only 25 ppm Ni, far be

low the concentration reasonable for a primary alkali ba

salt, which would be at least 50 ppm (Sun and Hanson, 1976)

and up to 520 ppm (Frey and others, 1977). Hence the most 

mafic rocks in this suite are themselves evolved signifi

cantly from more mafic parents, which are not represented in 

the samples analyzed.

White and others (1979) note that low silica activity 

favors the crystallization of Fe-Ti oxides. Opaque oxides, 

both as phenocrysts and as groundmass grains, are common in 

the mafic and intermediate rocks of this suite. Early and 

continuous crystallization of these phases could account for 

the lack of Fe enrichment shown by the Cripple Creek suite.

Similar trends are observed in the AFM diagrams of other 

alkalic suites. The volcanic rocks of the Ros i ta-S i1ver 

Cliff district (Stems, 1968) show an identical trend though 

these rocks are enriched in potassium rather than sodium. A 

differentiated alkali basalt suite from Tristan Da Cunha 

(Baker, and others, 1964) shows a similar trend.

Trace E 1ements

Figures 9 through 12 show the variation of trace elements
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when plotted against Zr. The trace element concentrations 

of the Cripple Creek suite are typical of alkalic rocks, 

with high concentrations of the incompatible elements La,

Nb, Pb, Rb, Th, U, Y , Zn, Zr, and volatiles S and Cl, and 

low concentrations of the compatible elements Cr, Co, Cu,

Ni, and V (Kay and Cast, 1973; Ferrara and Treuil, 1974;

Geras imovsky, 1974; Baker and others, 1977). Of the trace

elements analyzed. Cl, Co, Cr, Nd, and Y show considerable 

scatter when plotted against Zr, therefore no variation dia

grams for them are presented. Ba and Sr also show scatter 

and their trends, especially for Sr, are difficult to de

fine. The scatter of these points in the plots of these 

elements is attributed to their mobility during alteration 

and late magmatic processes (e.g., deuteric alteration), the 

latter of which was probably enhanced by the high volatile 

content of the magmas forming these rocks.

Some incompatible elements in the samples of the Cripple 

Creek suite increase proportionally with Zr. When they are 

plotted against Zr, their data points define lines that 

intersect the origin, which indicates their distribution 

coefficients are nearly equal to that of Zr. These elements 

are Th and U (Figure 9) and their variation diagrams suggest 

that they apparently have been retained in the liquid during 

any solid/liquid reaction or equilibrium. Such elements
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ĉ* *

<
Ttn
_L o  C L 0 +>o ooooo oo

-H-

oo

oo

o
oo o oo o o o o o o o

c
N

Tl
Cm CD

■P

4->(0

JC I—

» I3

f ;

0 v) cu
g?

— eg-M(D I
L <
5  .4J
cn eg 0) 0 (0 
L _Q 30) I
u. m



T-3160 47

have been termed residual elements (Harris, 1967).

The curve for the Nb/Zr plot (Figure 9) also intersects 

the origin, indicating very similar distribution coeffi

cients for Nb and Zr in the mafic and intermediate rocks. 

However, the data points define a gentle curve relecting the 

decrease of Nb/Zr ratios through the suite. This trend may 

be interpreted either as an apparent increase in the compa

tibility of Nb or an apparent increase of the incompatibil

ity of Zr (which might be expected because of its i ncorpora- 

tion into augite). The data points for Zn (Figure 9) show 

considerable scatter in the mafic and intermediate rocks, 

probably partially due to alteration, but exhibit a well- 

defined increase from the trachytes through the phonolites, 

a trend that is very similar to that of MnO (Figure 6).

La (Figure 10) exhibits the some scatter and U (Figure 9) 

shows considerable scatter, probably from late- and post

magma t i c changes (Weaver and others, 1972 ; Baker and others, 

1977). It is recognized that the peralkaline magmas expel 1 

a significant volatile phase upon crystallization and the 

REE are known to form volatile fluorides (fluorite is common 

in the more altered rocks at Cripple Creek) which can ex

plain the scatter of points in the phono 1 i tes (Weaver and 

others, 1972). La and Rb are also likely to be mobile 

during alteration (Baker, 1977).
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La, Rb, and Pb (Figure 10) exhibit trends that indicate 

they increase at greater rates relative to Zr in the mafic 

and intermediate rocks than they do in the phono1îtes (Pb 

exhibits considerable scatter which may be attributed to 

late or post magmatic changes). Eyeballed lines drawn 

through the data points for the mafic and intermediate rocks 

intersect the Zr axis, indicating that in these rocks La,

Rb, and Pb have lower distribution coefficients (i.e., they 

are more incompatible) than Zr. This observation is sup

ported by the lower pyroxene/1iquid distribution coeffi

cients for Rb and Pb than for Zr (Larsen, 1979; Watson and 

Ryerson, 1986).

This again raises the question as to whether Zr is an 

appropriate fractionation index. As stated above, however, 

the immobility of Zr makes it the best choice among the 

elements available. In addition, the Th/Zr plot indicates 

that the distribution coefficient for Zr is nearly equal to 

that of Th, and since Th is a residual element with a very 

low distribution coefficient (Allegre, and others, 1977; 

Larsen 1979), it is assumed that the distribution coeffi

cient of Zr is also very low and that a "better" differenti

ation index would have a negligible effect on the variation 

d iagrams.

The compatible trace elements Cu, Ni, and V (Figure 11)
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decrease in the mafic through intermediate range, then level 

off through the phono 1 ïtes. Because of considerable scatter 

Co and Cr plots are not presented, but also show a general 

decrease from the mafic through the intermediate rocks, with 

Cr decreasing to low values in the trachytes. Data points 

for Cu, Ni, and V (Figure 11) show some scatter. Cu in the 

phono1 i tes (<1Oppm) is below the detection limit. However, 

Cu, Ni, and V all exhibit the trend of decreasing concentra

tions through the mafic and intermediate rocks. Ni contin

ues decreasing gradually through the phonolites.

In contrast to the incompatible elements, which increase 

through the suite, and the compatible elements, which gen

erally decrease, the trace elements Ba, Ce, Sr, Nd, Y , and S 

exhibit maxima. The trends of Nd and Y are similar to those 

of Ba, Ce, Sr, and S (Figure 12) but since their data points 

exhibit considerable scatter, their variation diagrams are 

not presented.

The data points for Ba, Ce, Sr, and S are also somewhat 

scattered (probably because of alteration), and curves drawn 

through the points may be considered somewhat interpretive. 

However, the previous variation diagrams establish with some 

certainty that the rocks of the suite are related by simi

larities in parent magmas and differentiation processes. 

Therefore, lines drawn through points of Ba, Ce, Sr, and S
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that intend to illustrate trends due to d i fferent i at i on must 

also proceed through the suite in the same manner as in the 

previous variation diagrams, i.e., from basalt to andésite

to latite to trachyte to phono1ite. Thus, the trends start 

with basalt (Zr 181 ppm) and progress through the suite to 

phono 1 ite. Altered samples may be ignored in establishing 

the trends (the points labeled *). Also, two trachytes are 

minera1ogica11 y and chemically key samples for drawing such 

curves between intermediate and phono 1ite compositions 

(i.e., they have chemical and mineral compositions that fall 

between those rock types). Therefore, curves may be drawn 

through the points with some confidence, and are not wholly 

i nterpret ive.

The trends for Ba, Ce, Nd, and Y are very similar in that 

the concentrations increase from the basalts to the tra

chytes, where the maxima are attained, then decrease rapidly 

through the trachytes to the phonolites, in which concentra

tions are less than in the basalts. In the mafic and inter

mediate rocks, curves drawn through the points of Ba and Ce 

possibly may intersect the origin when extrapolated towards 

it, indicating that their bulk distribution coefficients may 

have been close to that of Zr and nearly zero. In the pho

no li tes Ba remains nearly constant while Ce slightly in

creases, and Nd, and Y increase significantly.
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Strontium apparently reaches a maximum at a lower Zr con

centration than do Ba, Ce, Nd, and Y . Scatter of the points 

is considerable, probably due to the mobility of Sr during 

magmat i c processes and alteration (ce lestite is an altera

tion product found in the district), but the general trend 

is a sharp increase from the basalts to the 1 at i tes then an 

equally sharp decrease to the phono 1i tes ; again to below the 

concentration in the basalts.

Sulfur increases from the basalts and reaches a maximum 

before the phonolites and the last trachyte. In the phono- 

1i tes 5 decreases before leveling out at about 1100 ppm Zr. 

Unlike the other trace elements that exhibit a maxima, sul

fur concentrations in the phonolites do not fall below 

concentration in the basalts.

DISCUSSION

D i fferent iation by crvsta1 fractionat ion.

The major element, trace element, and pétrographie data 

strongly suggest that the dominant process producing the 

Cripple Creek alkalic suite was differentiation of similar 

parent magmas through crystal fractionation, whether gravi

tational or fi1trationa1. The extreme enrichment of some 

incompatible elements in the phono 1ï tes is not easily ex

plained by any other process. The decreasing concentrations 

of Mg, Fe, Ca, Ti, and P from the basalts through the tra
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chytes suggests fractionation of pyroxene (augite and ae- 

girine-augite), plagioclase, sphene, apatite, an opaque ox

ide, and possibly olivine. These phases in the Cripple Creek 

suite occur as early forming phases or as phenocrysts that 

also decrease in abundance from the basalts through the tra

chytes. This would cause a concomitant increase in S i ,

A 1 gOg, Na^C, and K^O, trends exhibited by the suite. Co,
Cr, Cu, Ni, and V are incorporated into the early crystal

lizing phases olivine, augite, and magnetite so their trends 

are predictably similar to Mg, Fe, and Ca (Phillips and 

Gr iffen, 1981).

The appearance of sanidine (probably a sod i c sanidine 

[Lindgren and Ransome, 1906]) as a phenocryst and the near 

disappearance of augite and aegirine-augite, plagioclase, 

sphene, apatite, and magnetite in the trachytes can explain 

the sudden change in slope exhibited by all but the totally 

incompatible elements when plotted against Zr. At this 

point magmas ceased to be saturated with respect to frac

tionating phases containing Ti, Fe, Mg, Ca, and P and there

fore the concentrâtion of these elements did not continue to 

decrease, but rather remained nearly constant, with the 

exception of Fe, which increased slightly.

Fractionation of a sod i c sanidine of nearly constant com

position is probably the major controlling factor for varia-
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tions of the major elements in the phono 1ï tes (MacDonald, 

1974b), although nosean may have played a small role. If 

the composition of sanidine fractionating from the melt 

changed, the resulting plots of Na^O and KgO versus Zr would 

be curves instead of the nearly straight lines observed. 

Mixing of two magmas to produce the nearly straight lines 

of the major elements observed in the phono1 i tes is unlikely 

considering that the 5 curve exhibits a change of slope 

within the phonolites.

Therefore, it may be concluded that the composition of 

sanidine fractionating from the melt (and the proportion of 

fractionating sanidine and nosean) remained nearly constant 

throughout evolution of the phono1i tes. It may be observed 

from the plots that the fractionating sanidine had propor

tionally less Na, less A1, and more K than the melt, hence 

its fractionation caused an increase in Na^O and A 1 gOg and a 

decrease of K^O. Assuming the groundmass sanidine is nearly 
the same composition as the phenocrysts, the crystallization 

of magma would result in excess Na, which was utilized in 

ultimate formation of nepheline, soda 1 ite, and aegirine upon 

crysta1 1 i zat i on.

The nearly constant ratios of the incompatible trace ele

ments Th, U , and Zr suggests that the rocks in the suite are 

cogenetic (Weaver and others, 1972; Baker and others, 1977).
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Weaver and others (1972) found that ratios of the residual 

elements are constant and unique for any suite of comagmat i c 

rocks and suggests that this is a criterion for comagmat i sm.

When a crystalline phase separates from a liquid, the 

elements incompatible with its structure will be left in the 

liquid and their concentrations will increase as differenti

ation proceeds. However, if a mineral begins crystallizing 

which incorporates one or more such elements in concentra

tions greater than that of the liquid, and this mineral 

fractionates from the melt, the concentration of these ele

ments in the remaining liquid will decrease. Concentration 

plots of such elements against an index of differentiation 

will produce trends showing the increasing, then decreasing 

concentrations of these elements as differentiation pro

ceeds. Such trends are exhibited by the plots of Ce, Ba,

Sr, S, Nd, and Y for the Cripple Creek suite.

Maxima exhibited by Ba and Sr are common in alkalic suites 

that have sa 1 i c end members, and the decrease in their con

centrations in the later stages of differentiation is widely 

accepted to result from feldspar fractionation (though apa

tite fractionation may be partially responsible for the de

crease of Sr) (Ewart and others, 1968; Taylor and others, 

1968; Baker, 1969; Noble and others, 1969; Nash and others, 

1969; Weaver and others, 1972; Lippard, 1973; Barber i and
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others, 1975a; Sun and Hanson, 1976; White and others, 1979; 

Souther and Hickson, 1983). The incorporation of Ba and Sr 

into feldspars is reflected in their high feldspar/liquid 

distribution coefficients in granitic and phono 1i t i c compo

sition melts, which may be as high as 5 for Sr and plagio

clase, and as high as 14 for Ba and alkali feldspar (Berlin 

and Henderson, 1969; Philpotts and Schnetzler, 1970; Long, 

1978; Larsen, 1979). The maximum of Sr at a lower Zr con

centration than that of Ba reflects the earlier fractiona

tion of plagioclase, which first occurs as a relatively 

large and distinctly early-forming phenocryst in the 1 at ï tes 

whereas sanidine phenocrysts do not appear until late in the 

trachytes. Strontium's earlier maximum may possibly also 

result from its incorporation into apatite, and augite (Lip

pard, 1973; White and others, 1979; Goldich, personal com

mun icat i on).

Though maxima of Ba and Sr are common in alkalic rock 

suites, this author is aware of no other examples where Ce, 

Nd, and Y exhibit this same trend (though information for Nd 

and Y are often not available). Although maxima are not ex

hibited by Ce in other suites (Weaver and others, 1972; Lip

pard, 1973; Vi 1 lari, 1974; Barber i and others, 1975a), the 

similarity of the trends of Ce, Nd, and Y to Ba and Sr 

strong 1 y suggests that these elements are incorporated into
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and fractionated from the melt in sanidine. However, the 

trends of Ce, Nd, and Y , when plotted against Zr, show an 

increase in the phonolites, where alkali feldspar is the 

major fractionating phase, indicating that their distribu

tion coefficients for sanidine/liquid must be very low and 

that sanidine fractionation could not have been responsible 

for the decrease in their concentrations from trachytes to 

the phonolites. This conclusion is supported by the low 

distribution coefficients determined by Larsen (1979) for 

Ce, Nd, and Y between alkali feldspar and melt. An impor

tant point to consider, however, is that the feldspar frac

tionating from the melt during the removal of Ba may contain 

more than 5% Ba, and the distribution coefficients for Ce, 

Nd, and Y may be much higher (and necessarily greater than 

one) for a high Ba feldspar than for a low Ba feldspar, 

which are, in effect, two different phases. In addition, it 

is known that distribution coefficients show a strong depen

dence on the bulk composition of the melt, as well as a de

pendence on temperature and pressure (Allegre and others, 

1977; Long, 1978; Larsen, 1979). For instance, the degrees

of silica saturation and peralkalinity exert a strong effect 

on partitioning of Rb, Sr, and Ba (P i erozynsk i, 1977). It

is therefore possible that Ce, Nd, and Y were removed from 

the melt by fract i onat i on of sanidine.
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Sulfur presents a problem in interpretation since it is 

not easily incorporated into silicate minerals and no sul

fides were observed in the samples. In which minerals it 

resides is open to speculation, but the decrease of its con

centration in the phono 1ites can be attributed to the frac

tionation of nosean (Na^A 1 i ) , and possibly the loss 
of a volatile phase, evidence of which was described in the 

section on petrography.

Assuming that Zr is a completely residual element and 

that no enrichment of Zr has occurred beyond that of d i ffet—  

entiation, it is possible to calculate the amount of diffei—  

entiation that has occurred to obtain a certain Zr content. 

Using the Rayleigh distillation law, and assuming that the 

bulk distribution coefficient for Zr is much less than 1, 

the following equation is obtained (Allegre and others,

1977): .
D = 100[1-(Zr1/Zr )]

where : D = % differentiation (i.e., 7. of initial liquid re

moved by fractional crystallization)

Zr1 = Zr concentration in initial liquid 

Zr ̂ = Zr concentration in remaining liquid

Using the alkali basalt CCS-24 for the initial Zr, the 

amount of fractionation for the most evolved phono 1 ite would
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be 93%. Using Th the value would be 95%. Choosing a Zr 

value of 500 ppm for the point of flexure in the plots of 

FeO total and MgO versus Zr (the approximate point in dif

ferentiation where mafic mineral fractionation stops and 

alkali feldspar fractionation begins to dominate) the amount 

of fractionation is calculated to be about 64%. The first 

phono 1i tes would be the product of about 70% fractionation. 

Since the alkali basalt used for the initial Zr content is 

itself probably the product of differentiation, all these 

values would be greater, and the most evolved phono 1 ite may 

be the product of more than 97% fractionation.

Re 1 ative ages and abundances of the rock types and the 

di fferent iation mode 1.

The major and trace element chemistry and the pétrograph

ie information support a model of differentiation by frac

tional crystallization of alkali basalt as the process that 

formed the volcanic and hypabyssa1 rocks at Cripple Creek. 

However, there are apparent problems with this model when 

the timing of eruption or intrusion of the different rock 

types and their relative abundances are considered.

As noted earlier, emplacement of the basaltic dikes was 

the last eruptive event in the district (though late intru

sion of the outlying phono 1 i te plugs or stocks cannot be 

precluded since no cross-cutting relations were observed).

UDCr':) LIBRARY 
COLORADO SCHOOL of MINES 
G om m t COLORADO 80401
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This time relation of course implies that the basalts of 

this study can not be 'parental' to the intermediate and 

felsic rocks as might be inferred from previous discus- 

s i ons.

Also, the phonolites far exceed the basaltic and interme

diate rocks in abundance. In other volcanic districts, such 

as the East African rift, where felsic rocks far exceed re

lated mafic and intermediate rocks, some authors propose an 

independent origin for the felsic magmas through partial 

melting (Bailey, 1964; Wright, 1965; McCall, 1968; King, 

1970; Wright, 1970; Williams, 1971; Wright, 1971; Bailey, 

1974).

Weaver and others (1972) have shown that in the East 

Afr i can rift the phono1 î tes are cogenetic with associated 

mafic rocks, and were formed by differentiation of a common 

parent magma. Geophysical evidence suggests the presence of 

a large axial magma chamber beneath the rift (Weaver and 

others, 1972; Baker and others, 1977), and it is suggested 

that the eruptive centers were situated above cupolas on 

this magma chamber (Weaver and others, 1972; Go les, 1976).

It is possible that through the eruptive history of any one 

of these volcanoes, effusive activity never exceeded the 

rate at which differentiation was producing phono 1 ite in the 

cupola, so that mafic rocks were rarely erupted, and then
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only in small amounts.

Similarly, a large magma reservoir may have existed deep 

below Cripple Creek, and the distribution of phono1ite in

trusions may reflect its size. Such a pool of alkali basalt 

magma, perhaps at the base of the crust (Baker and others, 

1977), could supply over a long period of time individual 

batches of magma which could ascend along structures present 

at the volcanic center to shallow depths where they might 

undergo differentiation, and ultimately be extruded. Such a 

model can explain the lack of early basaltic volcan ism and 

details of mineralogy and chemistry not easily explained by 

differentiation of a single simple magma, since the magma 

type reaching the surface would depend upon depth of em

placement, cooling history, rate of ascent, and time(s) of 

extrusion of each ascending magma body.

Though structures were available at the volcanic center 

for the relatively unimpeded ascent of magma, the same may 

not have been the case in the surrounding area. The lack of 

associated mafic and intermediate rocks with the widespread 

phono 1 ite intrusions at Cripple Creek may have resulted from 

a lack of structures necessary for the ascent of mafic and 

intermediate magmas to the surface or shallow depths. A 

magma of phono 1i t i c composition, however, may ascend to the 

surface without the need of major structural conduits due to
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its low density, high volatile content, and low viscosity 

(high Na, F , and Cl contents greatly decrease viscosity of 

peralkaline melts) (Kogarko, 1974; Go 1 es, 1976; Baker and

others, 1977). If the structures at the main volcanic cen

ter had not been present to allow ascent and extrusion of 

mafic and intermediate rocks, then possibly only phono1 i tes 

would have been erupted.

Perhaps the thickness of the crust in part controls what 

magma types reach the surface. If one compares oceanic al

kalic volean ism with continental alkalic volcan ism it be

comes apparent that the thickness of the crust may affect 

which magma types reach the surface. Except for the Daly 

gap (i.e., the paucity of intermediate composition rocks), 

oceanic islands common 1 y have rock type abundances and erup

tive sequence in accordance with the process of magma d i f- 

ferentiation, i.e. late appearing felsic rocks are much less 

abundant than the early mafic rocks. Continental sa 1i c al- 

ka 1 i c vo1 can i sm often exhibits the opposite relation, the 

best known example being the East African rift where phono- 

1i te is the major rock type.

The thicker continental lithosphere may impede the ascent 

of basaltic magmas generated beneath it, and such magmas may 

be more likely to pool and differentiate than basaltic mag

mas generated under oceanic lithosphere. Such magmas and
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their differentiates may reach the continental surface only 

when structures reach deep enough to tap a magma that has 

been emplaced at a great depth. As stated above, however, 

an alkalic felsic differentiate of a deep basaltic magma 

chamber may ascend to the surface without the need of major 

structural conduits.

As noted earlier, the basaltic rocks studied here very 

likely had more mafic precursors. This suggests that they 

were either supplied from subsidiary higher level magmas 

that had undergone differentiation or were supplied from the 

'parent' magma chamber, which itself was becoming differen

tiated (Goles, 1976). The variety of the basalts and timing 

of their intrusion (Lindgren and Ransome, 1906) argues for 

magmas separated from the parent magma that rose to high le

vels and underwent varying degrees of differentiation before 

their emplacement as dikes.

Another possible origin of the individually ascending 

batches magmas other than a large, parent magma body is in

dividually generated mantle melts. Constant Th/Zr ratios 

throughout the suite, which are inherited from the source 

rock and are somewhat unique to it, require that the sources 

of such magmas be of nearly identical compositions.

The repeated production of basaltic magmas over time, 

which differentiated to varying degrees before eruption to
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produce the Cripple Creek suite, can explain the eruptive 

sequence and distribution of the rock types as readily as 

does the single chamber model proposed above. A model of 

repeated magma generation also may be attractive since such 

a process is dynamic. But since the mantle is probably 

heterogeneous even over small areas, the generation of indi

vidual batches of magma with constant residual trace element 

ratios over an area greater than 200 square kilometers ap

pears unlikely (Kesson, 1973; Sun and Hanson, 1975; 1976; 

Goldich and others, 1981).

Figure 13 schmatically illustrates these two possible 

magma emplacement models. Although this author favors the 

single parent magma body model, both processes are possible, 

and as they represent end members in a range of possibili

ties, any combination of them is possible.

The implication of basalt emplacement late in the erup

tive cycle is that their upward migration, regardless of 

origin, was not impeded as were earlier mafic magmas. This 

may indicate that late in the volcanic cycle the structures 

at the volcanic center had extended to greater depths or had 

dilated, perhaps in response to gentle doming that was pos

sible because of shallow intrusions.

The eruptive sequence and relative abundances of rock 

types at Cripple Creek does not preclude differentiation by
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Figure 13. Schematic diagram showing two possible magma 
emplacement models. A. Single parent magma body. B. Multi
ple individually generated magma bodies. Not to scale.
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crystal fractionation as the main genetic process (Weaver 

and others, 1972; Go les, 1976). The rocks at Cripple Creek 

are best explained as products of differentiation of one 

parent magma, or magmas from nearly identical sources.

Petrogenes i s of the Cripp1e Creek alkali c suite.

Although no experimental work or calculations were done 

to determine the most probable composition of a primitive 

magma that could be parental to the Cripple Creek suite and 

what the conditions of its formation would have been, a 

synthesis of observed and experimental information can be 

used to speculate on the generation of such a magma. Alkali 

basalt magmas of the type likely parental to the Cripple 

Creek suite form by 3 to 157, partial melting of an upper 

mantle source having the probable composition of a garnet 

Iherzolite, metasomatically enriched in volatile, incompa

tible, and rare earth elements (Green and R i ngwood, 1967;

Gast, 1968; Kay and Gast, 1973; Sun and Hanson, 1975; Frey 

and others, 1977; Wass and Rogers, 1980; Menzies and Murthy, 

1980; Cl ague and Frey, 1982). Such melting is inferred to 

have occurred at depths between 60 and 75 km (Kay and Gast, 

1973; Boettcher, 1984). Such melting could have occurred as 

a single event producing one magma body or repeated 1 y over 

time producing multiple pulses of magma.

A single magma could have migrated to the base of the
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crust where it pooled and cooled very slowly. Either bat

ches of this magma or individually generated magmas ascend

ed in structures below the volcanic center to shallow depths 

with differentiation by crystal fractionation proceeding 

during and/or after ascent. Eruption and hypabyssa1 intru

sion occurred at this location of structural weakness to 

form the main volcanic center.

Highly evolved phono 1i t i c magmas were produced by extreme 

differentiation of alkali basalt either in cupolas above a 

deep, single parent magma body, or in separate magma bodies 

generated over a greater area than that of the early volcan- 

ism. These phono1 ï t i c magmas migrated to the surface or to 

shallow depths in response to their high volatile content, 

lower viscosity, and lower density. Late basalts intruded 

the volcanic center from magmas that rose to shallow levels 

in the crust and underwent varying, but small, degrees of 

fractionation. These basalts originated from either a large 

single magma body that had existed since the beginning of 

volcanic activity, or from newly generated melts.

Thompson and others (1985) proposed that the mixing of an 

alkali basalt magma with a phono1i t i c magma produced the 

intermediate rocks. The geochemical data presented here 

suggest that there is no need to invoke such a process when 

differentiation alone can explain the trends. The most
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convincing evidence comes from the concentrations of Ba, Ce, 

Nd, and Y . These elements are lowest in the basalts and 

phono 1 i tes. A mixture of the two cannot produce an interme

diate rock with these elements in concentrations much higher 

than the two original magmas.

Ba, Sr, Ce, Nd, and Y might be used to argue a case of 

mixing between the trachytes and the least evolved phono- 

lites. Certain lines of evidence argue against this pos

sibility. The possible products of mixing (CCS-16 and BBM- 

10 in this study) show no evidence of mixing of two magmas, 

an unlikely probability in such small intrusive bodies.

Trace element ratios of the i ncompatab1e trace elements Th, 

Zr, La, Nb, Rb, Pb, and U in the trachytes and phonolites 

are very similar, which would be difficult to explain con

sidering that the two magmas had such different concentra

tions of Ba, Sr, Ce, Nd, and Y .

Tectonic setting.

Since the Cripple Creek volcanic field is located in the 

large calc-alkalic volcanic field of southern Colorado and 

near the Rio Grande rift, since its age is coeval with the 

calc-alkalic yet close to that of rifting, and since the 

volcanic and hypabyssa1 rocks at are a 1ka1 îc , the genera

tion of Cripple Creek volcan ism has been linked to either 

rift-related or subduct ion-related tectonic processes. This
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debate is not easily resolved by geochemistry because the 

tectonic setting of alkalic rocks, whether continental, 

oceanic, or island arc, cannot be unequivocally identified 

based on major element chemistry. Trace element and isotope 

chemistry may serve only to identify crustal contamination, 

age of the source rock, and time of metasomatism (Schwarzer, 

1974; Boettcher, 1984).

Alkalic rocks are common 1 y thought to occur in con

tinental extens i ona1 environments, and the most voluminous 

examples are found in this setting, such as the East African 

rift (MacDonald, 1975a). However, a 1ka1ic volcanism also 

occurs in or near orogenic belts, in back arc regions, and 

in intraplate settings, which is where many oceanic islands 

occur (MacDonald, 1975a). The similarity in chemistry and 

mineralogy of alkalic rocks regardless of tectonic and 

crustal setting indicates that the crust may play only a 

passive role in alkalic volcanism (Bailey, 1964) and as men

tioned above, its role is one of mainly controlling the 

style of volcanism.

By reviewing the timing and composition of local and re

gional volcanism with respect to Rio Grande rift-related and 

western North American subduction-re1ated volcanism, it is 

possible to speculate with some confidence about the tecton

ic setting of Cripple Creek volcanism. Previous specula-
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tions on the tectonic setting of Cripple Creek include both 

of the possible environments (Sorensen, 1974; Steven, 1975;

Tweto, 1979; Boettcher, 1984; Thompson and others, 1985).

Considering the t i me of initial r i fting and basa 11 i c vo1 - 

can ism west of the Cripple Creek area, about 27 Ma (Tweto, 

1979; Bookstrom, 1981), and the time of the initial volcan

ism at Cripple Creek, about 34 Ma for a syenite (McDowell, 

1966), it can be inferred that Cripple Creek volcanism was 

temporally unrelated to rifting. Rift-related igneous ac

tivity began before the end of the extensive volcanic and 

intrusive activity that characterized the 01igocene in Colo

rado (Steven, 1975). The earliest Rio Grande rift volcanism 

in Colorado is identified as the first appearance of volum

inous alkali basalt at about 27 Ma, signaling the change 

from intermediate compositions of the 01i gocene igneous 

event (Tweto, 1979; Lipman and Mehnert, 1975). Examples of

this early rift-related alkali basaltic volcanism are in the 

San Juan Mountains, along the crest of the Sangre de Cristo 

Mountains, and in Middle Park near Granby (Lipman, 1969; 

Tweto, 1979). In the segment of the Rio Grande rift from

Alamosa to Leadv i11e, (i.e., west of Cripple Creek) there

was a near absence of synrift volcanism in the axial basins 

(Chapin, 1979). Volcanism at Cripple Creek was contempora

neous with late volcanism in the San Juan and Thirtynine
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Mile volcanic fields, and subsequent to the alkalic volcan

ism of the Rosita Hills-Silver Cliff district.

Many workers have suggested that during Late Cretaceous 

and mid-Tertiary time a shallowly dipping east-ward1 y sub

ducted oceanic plate existed beneath the North American con

tinent (Lipman and others, 1972; Coney, 1976; Coney and Rey

nolds, 1977; Coney, 1978; Dickinson and Snyder, 1978). Lip

man and others (1972) showed that the eastward increase of

KgO/SiOg across the Colorado volcanic field can be attribu
ted to a progressively greater depth of magma generation due 

to the dip of the subducted slab. This increase of K^O/SiC^ 

from west to east in time-equivalent rock suites is similar 

to consistently observed K^O/SiC^ increases with increasing 
depths to Ben i off zones across modern volcanic arcs (Book

strom, 1981). This could be illustrated by the coeval Crip

ple Creek alkalic volcanism and San Juan rhyolitic volcan

ism to the west (Lipman, 1981). The magma parental to the 

Cripple Creek volcanic center may have been related to the 

deeper, more easterly portions of this slab.

A major objection to the hypothesis that the 01i gocene 

igneous activity in Colorado was subduct i on-re1ated is that 

the distance to the postulated site of subduct i on is about 

1300 km. However, Coney and Reynolds (1977) document the 

sweep of igneous activity from the west coast to Colorado
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from about 130 Ma to 40 Ma and relate this to the shallowing 

subduct i on angle of the Fara1 1 on plate (Dickinson, 1981). 

When the plate's dip began steepening, the volcanism swept 

rapidly westward (Coney and Reynolds, 1977).

Far to the southeast in Texas and New Mexico is the Trans 

-Pecos province which contains alkalic and undersaturated 

rocks (Barker and others, 1977; Barker, 1977; 1979; Parker,

1983). The tectonic setting of the Trans-Pecos is also de

bated because subduction was occurring to the west, exten- 

siona1 structures occur in the province, and it intersects 

the Rio Grande rift (Barker, 1979). This author feels that 

the eastward 1 y increasing alkalinity of the volcanic rocks, 

and the much earlier volcanism (46 Ma) than that of the in

ception of Rio Grande rift volcanism is good evidence for a 

subduct ion-related setting.

The differences between the Rio Grande rift and the Crip

ple Creek volcanic center in the styles of volcanism and the 

extents of differentiation in the rock suites provide clues 

for determining the tectonic setting. The eruptive styles 

of the Rio Grande basaltic rocks include fissure eruptions 

with abundant terminal pyroclastic activity, highly fluid 

lava eruptions from isolated vents, large out-pour i ngs of 

highly fluid lavas without conspicuous vents, and shield 

volcanoes. Generally the volumes of basaltic lava erupted
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were small and each period of volcanism was short lived (Re

na u It, 1978).

Cripple Creek volcanic activity is characterized by high

ly explosive pyroclastic activity followed by shallow intru

sions and possibly lava flows. The pyroclastic volcanism 

that characterizes Cripple Creek volcanism may be the single 

most important piece of evidence linking Cripple Creek vol

canism to subduction-re1ated tectonism. Fluid-rich pyro

clastic volcanism in general is a characteristic common to 

subduct i on-re1ated volcanism, and it is a unifying charac

teristic among the San Juan, Rosita Hills-Silver Cliff, 

Thirtynine Mile, and the Cripple Creek volcanic fields.

The period of volcanic activity at Cripple Creek may have 

been somewhat long, as suggested by the dates from Cripple 

Creek rocks ; 34 + 1 m.y. for a syenite and about 28.4 + 0.7 m.y. 

for phonoiite (McDowell, 1966; Epis and Chapin, 1975; Wobus 

and others, 1976). (These dates are from different labora

tories, however, and when interlabratory biases are account

ed for, the differences between these ages may be less).

The extreme amount of igneous d i fferent i at i on at Cripple 

Creek contrasts dramatically with the very small amount of 

differentiation found in the basalts of the Rio Grande rift 

(Renault, 1978). The eruptive styles and extents of differ

entiation at Cripple Creek and the older Rosita Hills - Sil-
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ver Cliff district are very similar (S i ems♦ 1968), suggest

ing a similar tectonic setting.

The brief duration of much of the basaltic volcanic ac

tivity at any one volcanic field along the Rio Grande rift, 

the relatively small volumes of lava produced, and the minor 

amount of igneous differentiation that occurred suggest that 

small magma chambers were involved, and that their contents 

were transported to the surface very quickly, without exper

iencing conspicuous compositional changes, as might be ex

pected in a tensiona1 environment (Renault, 1978). The long 

duration of Cripple Creek volcanic activity and the large 

amount of highly evolved magmas suggest that a large magma 

chamber was involved, and that the transportation of its 

contents to the surface was restricted, allowing extreme 

compositional changes, which would not be the case if under 

tensi on.

Finally, the distance separating Cripple Creek from the 

rift also argues against a rift-related origin. No other 

rift-related volcanism occurs at a similar distance from the 

rift.

Crustal arching has been proposed as a precursor to al

kaline volcanism (Bailey, 1964; Harris, 1974). The relief 

of 1 i thostat i c 1oad due to arching would, under favorable 

conditions, give rise to partial melting in the upper man-
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tie. A broad, shallow, steep-sided arch with a northwest 

axis formed over the Cripple Creek - Pikes Peak area during 

the Laramide in response to compress i ve forces (Covering and 

Goddard, 1950). Sorensen (1974) suggests that the Cripple

Creek volcanism occurred as a consequence of this arching. 

The Laramide setting of the arching favors the interpreta

tion that, if the arching had an influence on the Cripple 

Creek volcanism, it is subduction-re1ated and not rift- 

related. Though no hard evidence is available to prove that 

the tectonic setting of the Cripple Creek volcanism is sub

duct ion-related, the circumstantial evidence points to this 

interpret ion.

CONCLUSIONS
The origin of the Cripple Creek alkalic suite is best ex

plained by a model involving differentiation of alkali ba

salt through crystal fractionation. Calculations suggest 

that the most evolved phonoiite may be the product of up to 

977. differentiation. The mineral ogica 1 , major element, and 

trace element variations of the suite indicate that the se

quence of phases fractionating from the magma as it differ

entiated may have been olivine, augite, magnetite, apatite, 

sphene, and plagioclase - sanidine, aegi r i ne-augi te, apa- 

ite, and sphene - sanidine and nosean.



T-3 160 78

Evidence suggests Cripple Creek volcanism occurred in a 

subduction - related tectonic setting. In this context par

tial melting of the upper mantle may have occurred in re

sponse to one or a combination of three possible processes :

1) the lowering of the solidus due to an influx of volatiles 

from a subducted plate, 2) the upwelling of magma around a 

sinking subducted plate, and 3) the lowering of pressure due 

to crustal arching and subsequent influx of volatiles which 

lowered the solidus. All three processes may be possibile, 

but the first and third have the only direct evidence; the 

coeval volcanism in southern Colorado which exhibits an in- 

crease in K^O/SiC^ ratios from west to east, and the 
Laramide arching of the Cripple Creek - Pikes Peak area.

The Cripple Creek volcanism can be considered as part of the 

extensive 01 i gocene pyroclastic volcanism in southern Colo

rado, and the process of its formation should be similar 

to other volcanism. Since it is generally accepted that the 

process responsible for the 01 i gocene volcanism in southern 

Colorado was melting due to a subducted slab. Cripple Creek 

volcanism must also have had a similar origin.

The rock type eruptive sequence from intermediate to 

felsic to mafic, the much greater abundance of the felsic 

rocks over the mafic and intermediate rocks, and the wide 

distribution of the phono 1i tes are attributed to the style
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of generation and emplacement of the primary magma or mag

mas , the structures available for the ascent of magmas to 

shallow depths, and the degree of d i fferent i at i on of these 

magmas during or before their ascent to the surface. The 

structures at the volcanic center a 1 1 owed the ascent of 

small magma bodies to shallow crustal levels where they 

differentiated and supplied the materials for eruption and 

intrusion during the main volcanic episode. The phonoiite 

stocks or plugs surrounding the volcanic center were emplac

ed over cupolas of the primary magma chamber or are the fi

nal differentiate products of individually generated alkali 

basalt parent magmas. These highly evolved magmas ascended 

to the surface due to their low viscosity, low density, and 

high volatile content. Late mafic dikes in the volcanic 

center imply that conditions had changed since the early 

volcanism to allow the rapid ascent of relatively undif

ferentiated mafic magmas.



T-3160 80

REFERENCES CITED

Abbey, S., 1983, Studies in "standard samples" of silicate

rocks and minerals 1969-1982 : Geol. Surv. Canada, Paper 

83-15, 114 p.

Akoi, K .-1. and Kudo, A. M ., 1976, Major element variations

of later Cenozoic basalts of New Mexico, j_n Elston, W. E . 

and Northrop, S. A., eds. New Mexico Geol. Soc. Spec.

Pub. no. 5, p. 82-88.

Allègre, C . J ., Treuil, M ., Minster, J .-F., Minster, B., and 

A 1baTede, F ., 1977, Systematic use of trace element in

igneous process, Part 1: Fractional crystallization pro

cesses in volcanic suites: Contrib. Mineral. Petrol., v. 

60, p. 57-75.

Armbrustmacher, T. J. and Hedge, C . E . , 1982, Genetic

implications of m inor-e1ement and Sr-isotope geochemistry 

of alkaline rock complexes in the Wet Mountains area, 

Fremont and Custer Counties, Colorado: Contrib. Mineral. 

Petrol., v. 79, p. 424-435.

Bailey, D. K ., 1982, Mantle metasomatism - continuing chemi

cal change within the Earth : Nature, v. 296, p. 525-530.

Bailey, D . K ., 1974, Origin of alkaline rocks as a result of

anatexis: j_n S0rensen, H . , ed. , The alkaline rocks: N.Y., 

John Wiley and Sons, p. 436-442.
Bailey, D . K., 1964, Crustal warping - a possible tectonic



T-3 160 81

control of alkaline magmatism: Jour. Geophys. Res., v.

69, p. 1103-1 111.

Baker, B . H ., 1977, A note on the behavior of incompatible

trace elements in alkaline magmas : jm Newman, E . R. and 

Ramberg, I. B., eds. Petrology and geochemistry of 

continental rifts: Boston, D. Re i de 1, p. 15-26.

Baker, B . H ., Go les, G. G., Leeman, W. P., and Lindstrom, M . 

M ., 1977, Geochemistry and petrogenesis of a basa 11-

benmoreite-trachyte suite from the southern part of the 

Gregory Rift, Kenya : Contrib. Mineral. Petrol., v. 64, p. 

303-332.

Baker, I., 1969, Petrology of the volcanic rocks of Saint

Helena Island, south Atlantic: Geol. Soc. Amer. Bull., v. 

80, p. 1283-1310.

Baker, P. E ., Gass, I. G., Harris, P. G., and LeMaitre, R .

W., 1964, The volcanological report of the Royal Society 

expedition to Tristan da Cunha, 1962: Phil. Trans. Roy. 

Soc. London, ser. A, v. 256, p. 439-578.

Barber i, F ., Farrara, G ., Santacroce, R., Treuil, M., and 

Varet, J., 1975a, A transitional basa 1t-pante11erîte

sequence of fractional crystallization, the Boina Centre 

(Afar Rift, Ethiopia): Jour. Petrol., v. 16, pt. 1, p.

22-56.

Barker, D. S., 1979, Cenozoic magmatism in the Trans-Pecos



T-3 160 82

province: Relation to the Rio Grande Rift: _î_n Riecker, R.

E ., ed., Rio Grande Rift: Tectonics and magmatism: Wash

ington, D . C., Amer. Geophys. Union, p. 33-56.

Barker, D. S., 1977, Northern Trans-Pecos province:

Introduction and comparison with the Kenya rift: Geol. 

Soc. Amer. Bull., v. 88, p. 1421-1427.

Barker, D. S., Long, L. E ., Hoops, G. K ., and Hodges, F . N., 

1977, Petrology and Rb-Sr isotope geochemistry of 

intrusions in the Diablo Plateau, northern Trans-Pecos 

magmatic province, Texas and New Mexico: Geol. Soc. Amer. 

Bull., v. 88, p. 1437-1446.

Berlin, R. and Henderson, C . M . B., 1969, The distribution

of Sr and Ba between the alkali feldspar, plagioclase and 

groundmass phases of porphyritic trachytes and phono- 

1i tes : Geochim. Cosmochim. Acta, v. 33, p. 247-255.

Boettcher, A. L ., 1984, The source regions of alkaline

volcanoes, J_n Explosive volcanism; Inception, evolution 

and hazards, in the collection Studies in Geophysics: 

Washington, D. C ., Acad. Press, p. 13-22.

Bookstrom, A. A., 1981, Tectonic setting and generation of

Rocky Mountain porphyry molybdenum deposits, j_n 

Dickinson, W. R. and Payne, W. D., ed's. Relations of 

tectonics to ore deposits in the southern Cordillera: 

Arizona Geol. Soc. Digest, v. 14, p. 215-226.



T-3 160 83

Chapin, C . E ., 1979, Evolution of the Rio Grande Rift - A

summary, _i_n Riecker, R. E., ed. , Rio Grande Rift: 

Tectonics and magmatism: Washington, D. C., Amer.

Geophys. Union, p. 1-5.

Clague, D. A. and Frey, F . A., 1982, Petrology and trace

element chemistry of the Honolulu volcanics, Oahu: 

Implications for the oceanic mantle below Hawaii: Jour. 

Petrol., v. 23, pt. 3, p. 447-504.

Coney, P. J., 1976, Plate tectonics and the Laramide oro

geny, j_n Woodward, L. A., and Northrop, S. A., eds.. 

Tectonics and mineral resources of southwestern North 

America: New Mexico Geol. Soc. Spec. Pub., no. 6, p. 5- 

10.

Coney, P. J., 1978, Mesozo î c-Cenozo i c tectonics, j_n Smith,

R. B., and Eaton, G. P., eds., Cenozoic tectonics and re

gional geophysics of the western Cordillera: Geol. Soc. 

America Mem. 152.

Coney, P. J. and Reynolds, S. J., 1977, Cordilleran Ben i off

zones : Nature, v. 270, p. 403-406.

Cross, W . and Penrose, R . A. F ., Jr., 1895, Geology and 

mining industries of the Cripple Creek district,

Colorado: U.S. Geol. Surv. 16th ann. rept., p. 1-209.

Dickinson, W. R ., 1981, Plate tectonic evolution of the

southern Cordillera: j_n Dickinson, W. R . , and Payne, W.



T-3 160 84

D ., eds. Relations of tectonics to ore deposits in the 

southern Cordillera: Arizona Geol. Soc. Digest, v. 14, 

p. 113-135.

Dickinson, W. R ., and Snyder, W. S., 1978, Plate tectonics

of the Laramide orogeny: Geol. Soc. America Mem. 151, p. 

355—366.

Dwelley, P. C ., 1984, Geology, mineralization, and fluid

inclusion analysis of the Ajax vein system. Cripple Creek 

mining district, Colorado: Unpub. M.S. thesis, Colorado 

State Univ., 167 p.

Epis, R . C. and Chapin, C . E ., 1975, Geomorphic and tectonic

implications of the post-Laramide, late Eocene erosion 

surface in the Southern Rocky Mountains, j_n Curtis, B .

P., ed., Cenozioc History of the Southern Rocky Mountains: 

Geol. Soc. America, Mem. 144, p. 1-44.

Epis, R. C . and Chapin, C . E ., 1968, Geologic history of the

Thirtynine Mile volcanic field, central Colorado: Colo

rado Sch. Mines Quart., v. 63, p. 51-85.

Ewart, A., Taylor, S. R., and Capp, A. C., 1968, Geochem

istry of the pante11erites of Mayor Island, New Zealand: 

Contrib. Mineral. Petrol., v. 17, p. 116-140

Ferrara, G . and Treuil, M ., 1974, Petrological implications

of trace element and Sr isotope distributions in basa 11- 

pante1 1er i te series: Bull. Volcan., v. 38, p. 548-574.



T-3 160 85

Frey, F. A., Green, D. H., and Roy, S. D ., 1977, Integrated

models of basalt petrogenes i s: A study of quartz tholel

ites to olivine melilitites from south eastern Australia 

utilizing geochemical and experimental petrological data : 

Jour. Petrol., v. 19, pt. 3, p. 463-513.

Gast, P. W., 1968, Trace element fractionation and the

origin of tholeiitic and alkaline magma types: Geochim. 

Cosmochim. Acta, v. 32, p. 1057-1086.

Geras ï movsky, V. I., 1974, Trace elements in selected groups

of alkaline rocks : J_n S0rensen, H. , ed. , The alkaline 

rocks: N . Y ., John Wiley and Sons, p. 402-412.

Goldich, S. S., Stuck less, J. S., Suhr, N. H ., Bodkin, J.

B ., and Wamser, R. C., 1981, Some trace element relation

ships in the Cenozioc volcanic rocks from Ross Island and 

vicinity, Antarctica: Dry valley drilling project Antarc

tic research series, v. 33, p. 215-228.

Goldich, S. S., 1984, Determination of ferrous iron in

silicate rocks : Chem. Geol., v. 42, p. 343-347.

Go 1 es, G. G., 1976, Some constraints on the origin of phono-

l i tes from the Gregory Rift, Kenya, and the inferrences 

concerning basaltic magmas in the rift system: Lithos, v. 

9, p. 1 —8 .

Gott, G . B ., McCarthy, S. H., Van Sickle, G . H ., and McHugh, 

J. B ., 1969, Distribution of gold and other metals in the



T-3160 8 6

Cripple Creek district Colorado: U. S. Geol. Surv. Prof.

Paper 625-A, 17 p.

Green, D . H. and R i ngwood, A. E ., 1967, The genesis of

basaltic magmas: Contr. Mineral. Petrol., v. 15, p. 103- 

190.

Harris, P. G., 1974, Origin of alkaline magmas as a result

of anatexis; a. Mantle anatexis, j_n Sorensen, H . , ed. ,

The alkaline rocks: N . Y ., John Wiley and Sons, p. 427- 

426.

Harris, P. G., 1967, Segregation processes in the upper man

tle: j_n Runcorn, S. K . , ed. , Mantles of the Earth and 

terrest i a 1 planets: London, Interscience.

Hutchinson, R. M., 1972, Pikes Peak batolith and Precambrian

basement rocks in central Colorado Front Range : Th i er 

700-million-year history: 24th IGC, section 1, p. 201- 

2 1 2.
Irvine, T. N. and Baragar, W. R. A., 1971, A guide to the

chemical classification of the common volcanic rocks:

Can. Jour. Earth Sc i., v. 8, p. 523-548.

Kay, R. W. and Gast, P. W ., 1973, The rare earth content and

origin of alkali-rich basalts: Jour. Geol., v. 81, no. 6, 

p. 653-682.

Kesson, S. E ., 1973, The primary geochemistry of the Monaro

alkaline volcanics, southeastern Australia - Evidence for



T-3160 87

upper mantle heterogeneity: Contr. Mineral. Petrol., v. 

42, p. 93-108

King, B . C ., 1970, Vulcanicity and rift tectonics in east

Africa, jm Clifford, T. N. and Gass, I. G ., eds, African 

magmatism and tectonics: Edinburgh, Oliver and Boyd, p. 

263-284.

Kogarko, L. N . , 1974, Role of volatiles: j_n S0rensen, H. ,

ed., The alkaline rocks: N . Y., John Wiley and Sons, 

p. 474-487.

Koschmann, A. H ., 1949, Structural control of the gold

deposits of the Cripple Creek district. Teller County, 

Colorado: U . S. Geol. Surv. Prof. Paper 610, 283 p.

Larsen, L. M ., 1979, Distribution of REE and other trace

elements between phenocrysts and peralkaline undersatur

ated magmas, exemplified by rocks from the Gardar igneous 

province, south Greenland: Lithos, v. 12, p. 303-315.

Lindgren, W ., and Ransome, F . L ., 1906, Geology and gold

deposits of the Cripple Creek district, Colorado: U. S. 

Geol. Surv. Prof. Paper 54, 516 p.

Lipman, P. W., 1981, Volcano-tectonic setting of Tertiary

ore deposits, southern Cordillera: j_n Dickinson, W. R . 

and Payne, W. D ., ed's. Relations of tectonics to ore 

deposits in the southern Cordillera: Arizona Geol. Soc. 

Digest, v. 14, p. 199-214.



T-3160 8 8

Lipman, P. W . and Mehnert, H. H ., 1975, Late Cenozoic

basaltic volcanism and development of the Rio Grande 

depression in the southern Rocky Mountains, _m Curtis, B .

F ., éd., Cenozoic history of the southern Rocky Moun

tains: Geol. Soc. Amer. Mem. 144, p. 119-154.

Lipman, P. W., Prostka, H . J., and Christiansen, R. L .,

1972, Cenozoic volcanism and plate tectonic evolution of 

the western United States ; Pt.I ; Early and Middle 

Cenozoic, j_n A discussion on volcanism and the structure 

of the Earth : Royal Soc. London Philos. Trans., ser. A, 

v. 271, p. 217-248.

Lipman, P. W ., 1969, Alkalic and tholeiitic basaltic volcan

ism related to the Rio Grande depression, southern Colo

rado and northern New Mexico: Geol. Soc. Amer. Bull., v. 

80, p. 1343-1354.

Lippard, S. J., 1973, The petrology of phono 1 ites from the

Kenya Rift: Lithos, v. 6, p. 217-234.

Long, P. E ., 1978, Experimental determination of partition

coefficients for Rb, Sr, and Ba between alkali feldspar 

and silicate liquid: Geochim. Cosmochim. Acta, v. 42, 

p. 833-846.

Lough 1 in, G . F., 1927, Ore at deep levels in the Cripple

Creek district, Colorado: Am. Inst. Mining Metal 1. 

Engineers Tech. Pub. 13, 32 p.



T-3 160 89

Lough lin, G. F ., and Koschmann, A. H., 1935, Geology and ore

deposits of the Cripple Creek district, Colorado:

Colorado Sc i. Soc. Proc. , v. 13, no. 6, p. 217-435.

Lover i ng, T. S. and Goddard, E . N., 1950, Geology and ore

deposits of the Front Range, Colorado: U. S. Geol. Surv. 

Prof. Paper, no. 223, p. 289-312.

Mallory, W . W., 1960, Outline of Pennsylvanian stratigraphy

of Colorado, jm Weimer, R . J. and Haun, J. D ., eds..

Guide to the geology of Colorado: Rocky Mtn. Assoc. 

Geologists, p. 23-33.

MacDonald, R., 1974a, Tectonic settings and magma associa

tions: Bull. Volcan., v. 38, p. 575-593.

MacDonald, R., 1974b, The role of fractional crystallization

in the formation of the alkaline rocks : j_n Sorensen, H. , 

ed., The alkaline rocks: N . Y ., John Wiley and Sons, 

p. 442-459.

McCall, G . J. H ., 1968, The five caldera volcanoes of the

central rift valley, Kenya : Proc. Geol. Soc. London, v. 

1647, p. 54-58.

McDowell, S. W., 1966, Potassium - argon dating of Cordill

eran intrusives: Unpub. Ph.D. dissert., Columbia Univ., 

246 p.

Menzies, M. and Murthy, V. R ., 1980, Mantle metasomatism as

a precursor to the genesis of alkaline magmas - Isotopic



T-3160 90

evidence: Amer. Jour. Scî., v. 280-A, p. 622-638.

Nash, W. P., Carmichael, I. S. E ., and Johnson, R. W., 1969,

The mineralogy and petrology of Mount Suswa, Kenya : Jour. 

Petrol., v. 10, p. 409-439.

Noble, D . C., Haffty, J , Hedge, C. E ., 1969, Strontium and

magnesium contents of some natural peralkaline silicic 

glasses and their petrogenetic significance: Amer. Jour. 

Sc i. , v. 267, p. 598-608.

Parker, D . F ., 1983, Origin of the trachyte-quartz trachyte-

peralkalic rhyolite suite of the Oliocene Paisano vol

cano, Trans-Pecos, Texas : Geol. Soc. Amer. Bull., v. 94,

p. 614-629.

Phillips, W. R . and Griffen, D . T., 1981, Woodford, A. 0.,

ed., Optical mineralogy - The nonopaque minerals: San 

Francisco, W. H . Freeman and Company, 680 p.

Philpotts, J. A. and Schnetz1er, C. C ., 1970, Phenocryst -

matrix partition coefficients for K , Rb, Sr, and Ba, with 

applications to anorthsite and basalt genesis: Geochim. 

Cosmoch im. Acta, v . 34, p. 307-322.

Renault, J., 1978, Overview of the Rio Grande basalts with

special reference to TiO^ variation: In Hawley, J. W., 
compiler. Guidebook to Rio Grande Rift in New Mexico and 

Colorado: New Mexico bureau mines min. res., cir. 163, p. 

230-233.



T-3 160 91

Schwarzer, R. R., 1974, A worldwide comparison of alkali 

olivine basalts and their differentiation trends : Earth 

Planet. Sci. Lett., v. 23, p. 286-296.

Siems, P. L ., 1968, Volcanic geology of the Rosita Hills and

Silver Cliff district, Custer County, Colorado: Colorado 

Sch. Mines Quart., v. 63, p. 89-124.

Smith, R. P., 1979, Early rift magmatism at Spanish Peaks,

Colorado: _i_n Riecker, R . E. , ed. , Rio Grande Rift: 

Tectonics and magmatism: Washington, D . C., Amer.

Geophys. Union, p. 3 13-321.

Sorensen, H ., 1974, Introduction to chapter III. Regional

distribution and tectonic relations: j_n Sorensen, H. , 

ed., The alkaline rocks : N . Y ., John Wiley and Sons, p. 

145-148.

Souther, J. G . and Hickson, C . J., 1983, Crystal fractiona

tion of the basalt comendite series of the Mount Edziza 

volcanic complex, British Columbia: Major and trace ele

ments: Jour. Vole. Geotherm. Res., v. 21, p. 79-106.

Steven, T. A., 1975, Middle Tertiary volcanic field in the

Southern Rocky Mountains, jji Curtis, B . F ., éd., Cenozioc 

History of the Southern Rocky Mountains: Geol. Soc. 

America, Mem. 144, p. 75-94.

Steven, T. A. and Epis, R . C ., 1968, Oligocène volcan ism in

south-central Colorado: Colorado Sch. Mines Quart., v.



T-3 160 92

63, p. 241-258.

Stolz, A. J., 1985, The role of fractional crystallization

in the evolution of the Nandewar volcano, north-eastern 

New South Wales, Australia: Jour. Petrol., v. 26, pt. 4,

p. 1002-1026.

Strecke i sen, A. L ., 1979, Classification and nomenca1ture of

volcanic rocks, 1amprophyres, carbonat i tes and melilitic 

rocks: Recommendations and suggestions of the IUGS sub

commission on the systematics of igneous rocks: Geology, 

v. 7, p. 331-335.

Sun, S. S. and Hanson, G. N ., 1976, Rare earth element evi

dence for differentiation of McMurdo volcanics, Ross Is

land, Antarctica: Contrib. Mineral. Petrol., v. 54, p. 

139-155.

Sun, S. S. and Hanson, G . N ., 1975, Origin of the Ross Is

land basan i toids and limitations upon the heterogeneity 

of mantle sources for alkali basalts and nephe1 ini tes : 

Contrib. Mineral. Petrol., v. 52, p. 77-105.

Sun, S. S. and Hanson, G . N ., 1975, Evolution of the mantle:

geochemical evidence from alkali basalt: Geolgy, v. 3, p. 

2 9 7 - 3 0 2 .

Taylor, S. R ., Ewart, A., and Capp, A. C ., 1968, Leucogran-

ites and rhyolites: Trace element evidence for fractional 

crystallization and partial melting: Lithos, v. 1, p.

DIKES ITBRailY
SCHOOL of MINKS 

W CDBS, COLORADO 8040).;



T-3160 93

179-186.

Tertian, R. and Claisse, F ., 1982, Principles of quantita

tive X-ray fluorescence analysis: London, Heyden and Son 

Ltd., p. 334-337.

Thompson, R. N ., Morrison, M . A., Hendry, G . L ., and Parry, 

S. J., 1984, An assessment of the relative roles of crust

and mantle in magma genesis: An elemental approach : Phil. 

Trans. Roy. Soc. London, ser. A, v. 310, p. 549-590.

Thompson, T. B ., Trippel, A. D ., and Dwelley, P. C., 1985, 

Mineralized veins and breccia of the Cripple Creek dis

trict, Colorado: Econ. Geol., v. 80, p. 1669-1688.

Tobey, E . F ., 1969, Geologic and petrologic relations be

tween the Thirtynine Mile volcanic field and the Cripple 

Creek volcanic center : New Mexico Inst. Mining and 

Technology, M.S. thesis, 61 p.

Tweto, 0. , 1979, The Rio Grande rift system in Colorado, j_n

Riecker, R. E ., ed., Rio Grande Rift: Tectonics and mag

matism: Washington, D. C ., Amer. Geophys. Union, p. 33- 

56.

Tweto, O., 1975, Laramide (Late Cretaceous - early Tertiary)

orogeny in the Southern Rocky Mountains, j_n Curtis,

B . F ., éd., Cenozioc History of the Southern Rocky Moun

tains: Geol. Soc. America, Mem. 144, p. 1-44.

Van A 1stine, R. E ., 1969, Geology and mineral deposits of



T-3 160 94

the Poncha Spring NE quadrangle, Chaffee County,

Colorado: U . S. Geol. Surv. Prof. Paper 626, 52 p.

Vi 1 lari, L ., 1974, The island of Pantelleria: Bull. Volcan.,

v. 38, no. 3, p. 680-724.

Wass, S. Y. and Rogers, N . W., 1980, Mantle metasomatism -

Precursor to continental alkaline volcanism: Geochim. 

Cosmochim. Acta, v . 44, p. 1811-1823.

Watson, B. E . and Ryerson, P. J., 1986, Partitioning of

z ircon ium between c 1inopyroxene and magmati c 1iqu ids of 

intermediate composition: Geochim. Cosmochim. Acta, v.

50, p. 2523-2526.

Watson, B . E ., 1979, Zircon saturation in felsic liquids:

Experimental results and applications to trace element 

geochemistry: Contrib. Mineral. Petrol., v. 70, p. 407- 

419.

Weaver, S. D ., Sceal, J. S. C ., and Gibson, I. C ., 1972,

Trace element data relevant to the origin of trachyt i c 

and panteller itic lavas in the east African rift system : 

Contrib. Mineral. Petrol., v. 36, p. 181-194.

White, W. M ., Tapia, M. D. M ., and Schilling, J.-G., 1979,

The petrology and geochemistry of the Azores Islands: 

Contrib. Mineral. Petrol., v. 69, p. 201-213.

Williams, L . A. J., 1972, The Kenya Rift volcanics: A note

on volumes and chemical composition: Tectonophysics, v.



T-3160 95

15, (no. 1/2, 'east African Rift'), p. 83-96.

Williams, L . A. J., 1971, The volcanics of the Gregory rift

valley, east Africa: Bull. Volcan., v. 34, p. 439-465.

Wobus, R . A., Epis, R. C ., and Scott, G . R., 1976, Recon

naissance geologic map of the Cripple Creek - Pikes Peak 

area. Teller, Fremont, and El Paso Counties, Colorado:

U. S. Geol. Surv. Misc. Field Studies Map, MF-805.

Wright, J. B., 1971, The phono 1ite-trachyte spectrum:

Lithos, v. 4, p. 1-5.

Wright, J. B., 1970, Distribution of volcanic rocks about

mid-ocean ridges and the Kenya rift valley: Geol. Mag., 

v. 107, p. 125-131.

Wright, J. B., 1965, Pétrographie sub-provinces in the

Tertiary to Recent volcanics of Kenya : Geol. Mag., v.

102, p. 541-557.



T-3160 96

APPENDIX

Table 2. Rock classification of the samples. The names 
with question marks are samples that are strongly altered. 
Sample numbers with asterisks are float or from mine dumps.

Sample # Rock name

CCN-5 
CCN-6A 
CCN-9 
BBM-2 
BBM-3 
BBM-4 
BBM-5 
BBM-7 
BBM-8 
BBM-10 
PP- 1 
PP-2 
PP-3 
PP-5A 
PP-5B 
PP-8 
PP-9 
CCS-5 
CCS-13 
CCS- 14 
CCS-15 
*CCS- 16 
CCS-17 
"CCS-18 
"CCS-20 
"CCS-23A 
"CCS-23B 
"CCS-23C 
CCS-24 
CCS-26 

"CCS-30A 
"CCS-34 
"CCS-35 
"CCS-36 
"CCS-41 
CCS-45 
CCS-46

Phono 1ite 
Augite latite
Phono
Phono
Phono
Foid-bearing alkali feldspar trachyte
Phono
Phono
Phono
Foid-bearing alkali feldspar trachyte
Phono
Phono
Phono
Phono
Phono
Phono
Phono
Phono
Phono
Phono

i te 
i te 
i te

i te 
i te 
i te

te 
te 
te 
te 
te 
te 
te 
te 
i te 
i te

Porphyri t i c 
Porphyri t i c 
Porphyri t i c 
Fo id-beari ng

augite trachyte
foid-bearing alkali feldspar trachyte 
a 1ka1î basa 11 
augite alkali feldspar trachyte

Alkali feldspar trachyte ?
Trachyte ?
Trachyte ?
Trachyte ?
Porphyr i t i c alkali basalt 
Hornblende latite 
Latite ?
Andes ite 
Andes i te 
Andes ite 
Latite ?
Foid-bearing augite magnetite trachyte 
Phono 1i te
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Table 3. Chemical analyses of the samples.

CCN-5 CCN-6A CCN-9 BBM-2 BBM-3 BBM-4

Si 02 58.99 52.39 57.32 58.83 57.91 56.47
T i 02 0.29 1.16 0.21 0.23 0.25 0.84
A1 203 19.69 16.67 20.28 19.94 19.62 17.37
Fe203 I .83 4.34 1 .95 1 .65 2.43 2.91
FeO 0.55 3.74 0.42 0.53 0.22 1 .69
MnO 0.17 0.17 0.27 0.24 0.35 0.16
MgO 0.26 3.01 0.09 0.19 0.17 1.21
CaO 0.85 7.28 0.66 0.85 0.66 3.81
Na20 9.34 3.55 10.50 9. 16 9.79 6. 14
K20 5.66 3.46 5.37 5.70 5.26 4.29
P205 0. 04 0.60 0.02 0.02 0.02 0.30
L.O.I. 1.16 3.77 0.98 1 .09 2.19 4.79

Tota 1 98.83 100.14 98.07 98.43 98.87 99.98

S 879 67 385 377 345 143
Ba 74 1423 51 35 23 1729
Ce 93 219 155 141 241 404
Cl 2774 98 2372 2165 1957 123
Co 26 43 43 51 53 40
Cr 3 28 2 3 2 2
Cu 4 12 2 3 2 17
La 1 12 51 21 1 203 286 1 19
Nb 151 29 210 203 269 106
Nd 44 57 62 40 65 66
Ni 1 1 26 8 12 10 13
Pb 52 14 74 50 58 23
Rb 288 97 433 312 369 137
Sr 70 981 21 15 1 1 1802
Th 1 16 12 189 127 168 55
U 26 0 44 21 29 7
V 25 166 16 17 18 88
Y 23 40 36 3 1 47 34
Zn 1 17 1 12 195 145 213 88
Zr 896 285 1445 1 124 1575 349
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Table 3. Continued.

BBM-5 BBM-7 BBM-8 BBM-10 PP- 1 PP-2
Si 02 59. 17 58.94 59.05 59.04 57.08 58.33
T i 02 0.28 0.20 0.20 0.48 0.20 0.22
A1 203 19.83 19.66 19.81 19. 18 20.32 20.21
Fe203 1 .68 1 .86 1 .74 1 .86 1 .99 1 .56
FeO 0.60 0.33 0.46 0.91 0.42 0.53
MnO 0.22 0.28 0.28 0. 19 0.27 0.19
MgO 0.20 0. 14 0. 18 0.46 0.15 0. 16
CaO 0.96 0.67 0.65 1 .80 0.65 0.93
Na20 8.76 9.35 9.40 7.57 10.21 9. 17
K20 5.88 5.36 5.34 5.76 5.32 5.85
P205 0.03 0.02 0.02 0.10 0.02 0.02
L.O.I. 1 .28 2.17 1 .34 1 .66 1 .32 1 .80

Tota 1 98.89 98.98 98.47 99.01 97.95 98.97

S 929 373 436 1 197 309 571
Ba 87 23 28 1015 16 3
Ce 167 179 181 280 157 127
Cl 2039 1523 1801 767 2612 2224
Co 39 50 35 35 52 47
Cr 4 0 0 2 5 3
Cu 2 3 2 5 2 2
La 199 236 233 140 207 139
Nb 170 196 195 152 210 155
Nd 38 62 62 51 61 43
Ni 14 10 9 13 9 1 1
Pb 37 49 51 31 73 33
Rb 21 1 336 340 185 440 210
Sr 66 16 14 658 1 1 19
Th 86 158 159 69 189 78
U 13 25 26 1 1 44 14
V 22 12 1 1 38 14 17
Y 30 37 37 35 36 24
Zn 133 182 180 98 193 1 12
Zr 785 1352 1345 634 1470 634
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Table 3. Continued.

PP-3 PP-5A PP-5B PP-8 PP-9 CCS-5
Si 02 56.88 65.30 66.38 60.04 59.05 58.49
T i 02 0.20 0.25 0.25 0.21 0.26 0.19
A 1203 20.22 17.44 17.45 19.53 19.88 20.27
Fe203 2.16 1 .93 0.90 1 .66 1 .80 2.00
FeO 0.31 0. 06 0.05 0.53 0.49 0.25
MnO 0.27 0.01 0.01 0.21 0.25 0.29
MgO 0.25 0.10 0. 10 0.22 0. 15 0.17
CaO 1 .23 0.39 0. 15 0.63 0.81 0.63
Na20 9.26 4.99 3.21 9.25 9.29 9.97
K20 5.40 8.14 1 0.85 5.45 5.74 5.29
P205 0.02 0.02 0.04 0.02 0.03 0.02
L.O.I. 2. 70 0.86 0.61 1 .06 1 . 13 1 .05

Tota 1 98.90 99.49 100.00 98.81 98.88 98.62

S 242 99 95 872 731 422
Ba 0 58 89 2 26 1 I
Ce 168 1 16 138 164 193 187
Cl 955 107 146 2395 1682 1513
Co 48 36 43 87 57 50
Cr 4 3 1 2 0 0
Cu 0 0 0 4 0 3
La 21 1 142 151 163 208 209
Nb 207 185 177 162 186 214
Nd 54 38 37 46 59 59
Ni 8 10 10 9 9 1 1
Pb 75 61 62 55 36 49
Rb 445 431 590 331 237 310
Sr 19 21 16 9 24 8
Th 183 1 19 136 127 101 139
U 36 12 21 31 17 22
V 19 15 1 1 15 13 8
Y 36 23 25 30 34 37
Zn 194 70 30 137 148 181
Zr 1328 744 813 93 1 909 1236
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Table 3. Continued.

CCS-13 CCS-14 CCS-15 CCS-16 CCS-17 CCS-18

Si 02 59. 02 58.88 53.07 58.04 48.83 50.57
T i 02 0.33 0.22 1.14 0.64 1 .45 1 .20
A! 203 18.42 19.97 17.60 19.34 16. 63 18.67
Fe203 3.15 1 .69 4.25 1 .92 4.59 3.63
FeO 0.32 0.50 2.11 1 .42 4.25 2.91
MnO 0.33 0.23 0.19 0.17 0.19 0.17
MgO 0.22 0.20 2.01 0.73 4.56 2.46
CaO 0.94 0.84 5.98 2.79 8.79 5.97
Na20 8.41 9.33 5.36 7.14 4.82 6.54
K20 5.09 5.67 3.71 5.45 3.25 4.55
P205 0. 03 0. 02 0.58 0.19 0.81 0.56
L.O. I . 2.49 1 .39 4.27 1.01 2.40 2.09

Tota 1 98. 75 98.94 100.27 98.84 100.19 99.32

S 332 386 163 1345 560 1091
Ba 34 50 1772 1641 1479 1850
Ce 249 137 398 369 278 343
Cl 1010 2291 139 1 180 673 1652
Co 80 33 33 29 49 38
Cr 0 1 3 2 62 10
Cu 3 3 16 9 70 37
La 319 183 1 19 127 93 97
Nb 371 200 94 136 83 1 14
Nd 79 47 75 64 74 65
Ni 5 1 1 14 13 25 17
Pb 107 36 14 27 14 19
Rb 589 308 98 147 93 109
Sr 49 25 2024 1336 1675 1741
Th 348 130 32 57 30 34
U 81 25 2 8 7 5
V 25 18 129 55 216 142
Y 46 30 39 33 29 27
Zn 263 142 101 88 91 84
Zr 2523 1 108 289 474 253 281



T-3160 101

Table 3. Continued.

CCS-20 CCS-23A CCS-23B CCS-23C CCS-24 CCS-26
Si 02 53.41 59. 1 1 58.25 57.39 48.86 51.74
T i 02 0.97 0.80 0.85 0.76 1 .52 1 .36
A1 203 18.21 18.58 18.71 17.85 17.46 17.63
Fe203 2.98 3.01 3.35 3.07 4.27 3.44
FeO 2.05 1.51 1 .63 1.12 5.01 3.64
MnO 0.20 0.11 0.11 0.17 0. 18 0. 18
MgO 1 .59 0.97 1 .07 1 .07 4.43 2.77
CaO 4.71 2.30 2.63 2.3 1 9.42 6.38
Na20 4.82 5.67 5.66 6.26 4.05 4.96
K20 5.84 5.25 4.45 5.09 2.53 4.14
P205 0.39 0.26 0.29 0.21 0.88 0.65
L.O.I. 3.92 1 .33 1 .46 3.73 1 .06 2.81

Tota 1 99.09 98.90 98.46 99.03 99.67 99.71

S 5074 220 300 1071 125 207
Ba 1389 1798 1906 2004 1238 1908
Ce 283 333 381 406 169 372
Cl 229 122 202 169 570 248
Co 23 45 42 35 81 38
Cr 3 2 3 2 21 18
Cu 24 12 17 21 71 44
La 1 10 90 84 89 70 87
Nb 1 16 88 92 98 53 84
Nd 69 53 53 57 65 70
Ni 1 1 15 16 14 23 1 9
Pb 42 22 24 26 9 17
Rb 266 157 128 173 69 121
Sr 1452 1548 1 792 751 1695 1 793
Th 51 32 40 45 18 29
U 1 0 6 6 1 1 6 6
V 1 19 80 92 81 2 16 165
Y 28 28 29 29 28 30
Zn 70 1 10 159 1 10 79 107
Zr 401 270 300 362 181 247
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Table 3. Continued.

CCS-30A CCS-34 CCS-35 CCS-36 CCS-4 1 CCS-45
Si 02 51 .34 52. 13 53.64 54. 06 54.31 51.12
T i 02 1 . 18 1 .36 I .27 1 .25 1 . 16 1 .24
A1 203 17.78 17.95 17.96 18.26 16.82 18.29
Fe203 3.52 3 .90 3.30 3.36 3.68 4.38
FeO 2.62 3.65 3.71 3.50 2.50 3.05
MnO 0.19 0.16 0. 14 0. 14 0. 18 0.19
MgO 1 .95 3.51 3.01 3.08 2.21 2.54
CaO 5.63 6.78 6. 18 6. 18 5. 19 6.57
Na20 6.64 5.27 5.46 5.39 5. 16 5.25
K20 3.01 2.99 3.00 3.09 4.30 4.01
P205 0.49 0.86 0.77 0.75 0.53 0.75
L.O. I . 6. 08 1 .48 0.91 0.94 3.60 2.11

Tota 1 100.43 100.04 99.35 100.00 99.64 99.50

S 452 258 1 17 137 223 205
Ba 1721 2027 1560 1550 1563 2021
Ce 359 347 276 309 350 433
Cl 270 312 255 342 248 287
Co 22 42 53 56 38 32
Cr 1 1 1 1 8 5 6 3
Cu 17 29 65 60 22 1 1
La 99 72 59 74 100 1 12
Nb 107 47 67 83 92 83"
Nd 74 51 52 53 69 73
Ni 16 26 23 24 15 13
Pb 20 14 1 1 13 18 8
Rb 1 14 83 76 74 133 64
Sr 956 2006 1639 1609 1472 2207
Th 32 15 23 3 1 47 24
U 6 0 2 4 9 0
V 126 164 147 140 133 147
Y 36 24 24 26 32 33
Zn 98 99 78 83 1 1 1 95
Zr 320 I 18 198 262 288 227
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Table 3. Continued.

CCS-46

Si 02 59.21
T i 02 0.28
A 1203 20.04
Fe203 1 .74
FeO 0.42
MnO 0.23
MgO 0.25
CaO 0.85
Na20 9.28
K20 5.71
P205 0.03
L.O.I. 1.10

Tota 1 99. 14

5 329
Ba 27
Ce 155
Cl 2037
Co 28
Cr 2
Cu 3
La 195
Nb 200
Nd 49
Ni 12
Pb 47
Rb 3 12
Sr 15
Th 128
U 25
V 20
Y 32
Zn 148
Zr 1 1 18
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Sample Preparation
Comm i nution

Samples were cut with water-bath rock saws to I centi

meter thick slabs weighing approximately 150 to 200 grams 

each. From these slabs chips for thin sections were cut. 

Each slab was then checked for saw metal and, if necessary, 

cleaned by scraping with a 1um i um oxide block (manufactured 

for cleaning rock saw blades).

To assure no contaminants from the rock saw water bath or 

the dressing block remained, each slab was thoroughly washed 

in deionized water. The slabs then were reduced to 1 cm by 

1 cm pieces by breaking with a hammer on a hard wood block 

with card board placed over them to prevent contamination 

from the hammer. Special attention was given to removing 

altered or weathered rinds and/or fractures. Each sample 

then was run through a jaw crusher, which was cleaned after 

each crushing.

The samples then were homogenized and an approximately 25 

gram split was removed by coning and quartering. This split 

was pulverized for 1.75 minutes in a Bleu 1er tungsten car

bide puck and ring pulverizer. Each was sieved to -200 mesh 

with a Tyler Standard mesh (74 micron hole) sieve and any 

remaining sample was hand ground in an alunina mortar and 

pestle then mixed back into the rest of the sample. Each
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sample was homogenized by rolling on a piece of paper, 

sequentially from corner to corner so that the powder rolled 

over itself length-wise each time. This was repeated 100 

times for each. The homogenized samples were dried in an 

oven at 105 to 115 degrees C for at least 8 hours then 

placed in a desiccator until further use.

Fused Bead Manufacture

The fused bead preparation method is a modification of 

the method used at the Franklin and Marshall College (Wea

ver, personal comm.) and the method is described below.

0.5000 + 0.0002 grams of sample and 4.5000 + 0.0002 grams 

of lithium tetraborate were mixed for about 3 hours in a 

glass sample bottle with an alumina ball to facilitate mix

ing. Before fusing, 5 drops of a 107. solution of Li I was 

added to the mixture to enhance the wetting properties of 

the melt.

Platinum-gold alloy crucibles and bead molds were used in 

the fusing and forming of the glass beads. The fusing was 

done over natural gas burners for 20 minutes with agitation 

every 5 minutes. The bead mold was placed above a burner 

and the fusion poured in. The liquid was agitated in the 

mold and then placed on a brick to cool.

The fused beads were lapped in water with 150 grit then 

600 grit silicon carbide to provide a flat, uniform surface.
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After lapping, the fused beads were cleaned for 3 minutes in 

deionized water in an ultrasonic cleaner, then quickly wiped 

dry. The samples were stored in clean plastic containers.

Pressed Pe1 1 et Manufacture

4.0000 + 0.0002 grams of sample and 1.0000 + 0.0002 grams 

of dried microcrystalline cellulose were mixed together for 

about 3 hours in glass sample bottles with an alumina ball 

to facilitate mixing. This mixture was then pressed in a 

pressed pellet die under approximately 36,000 pounds (20,372 

lbs/in ). The pellets were stored in an evacuated desicca

tor .

Loss on ignition

The loss on ignition for the samples was done by the 

method used by Franklin and Marshall College (Weaver, per

sonal comm.). Clean crucibles were ignited at 950 degrees C 

for one hour, cooled in a desiccator, and then weighed to + 

0.0002 gram. Approximately one gram of sample was placed in 

each crucible and weighed to + 0.0002 gram. These were 

placed into a muffle furnace for 45 minutes at 950 degrees C 

then removed to a desiccator to cool. They were weighed 

again and their weight loss in percent was calculated. This 

value was then corrected for the oxidation of ferrous iron 

by adding 0.111348 x FeO wt.%.
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FeO determ inat ion

The determination of ferrous iron was done by the potas

sium permanganate titration method described by Goldich 

(1984).

Calibrat ion
Major and trace element analysis was performed on a 

Rigaku 3O8OE X-ray fluorescence spectrometer fitted with a 

DEC 11/60 computer. Data were reduced using Rigaku's Data- 

f 1 ex 360 software. Full calibration was done by the author 

using international reference materials (rocks and mineral- 

s). Iron was recalculated as total ferric iron:
Fe^Oj (total) wt.% = Fe^O^ wt.% + 1.1111 x FeO wt.%. Table 

4 lists the major elements and standards used and not used 

in calibration, and Table 5 lists the trace elements and 

standards used and not used in calibration.

A standard was not used in calibration if no value for 

the element was reported or if the difference between the 

reported value and the calculated value for the standard was 

large. Some standards with an elemental concentration 

greater than that of most common rocks also were not used in 

calibration if the value did not fit the extrapolation of 

the calibration line from the other standards (such as with 

Co, Co, and Ni and the ultramafic standards). The selective 

use of standards for the calibrations may be justified to
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an extent. For instance, i f the majority of the standards 

created a we 1 1-defined 1 ine on a plot of counts per second 

versus concentration, one may be justified in not using the 

minority of points that do not fit the line. However, the 

accuracy of the calibration becomes more doubtful and pei—  

haps totally unreliable as a larger percentage of points are 

d iscarded.

In this respect Tables 4 and 5 give a relative indica

tion of accuracy of the calibrations. The more dubious cal

ibrations are those for Cl, S, Ce, Cu, and La. The accuracy 

of the values reported for these elements should be viewed 

with some skepticism though they may serve well as semi- 

quantitative values suitable for relative comparison. Fol

lowing sections address accuracy and precision in detail.
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Table 4. The standards used and not used in calibration of 
the major elements. # = not used

Standard Element

Si Ti A 1 Fe Mn Mg Ca Na K P

AGV-1
BCR- 1
G-2
GSP-1
W-l
SY-1 # # #
DR-N
GS—N
M i ca-Mg # # #
Mi ca-Fe # #
GA #
GH
SY-3
NIM-G
NIM-L
NIM-S
BHVO-1 #
QLO-1
SDC-1 #
STM-1
DT-N
FK-N
AN-G
PCC- 1 # #
BR
GDC- 1 # #
RGM-1
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Ana 1yt i ca1 Statistics
Preci s i on

Precision is a function of counting statistics (Tertian 

and Claisse, 1982), duplicate variability, and analytical 

reproducibility which in return is a function of counting 

statistics. Because of time restrictions, no information on 

analytical reproducibility was obtained.

Pup 1 icate Var iabi1 itv

Precision values for the major and trace elements are 

given in Table 6. For the major elements a total of 30 dup

licate samples were made for determining precision as a 

function of duplicate variability. Of these 30, 18 were

samples from Cripple Creek and 12 were standards. For the 

trace elements only 8 duplicates were made. Values for pre- 

c ision were calculated from the sum of the absolute differ

ences of the duplicate concentrations and are reported as 

the mean of the differences (M) and as twice the standard 

dev i ati on (25).
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Table 6. Analytical precision as a function of duplicate 
variability. See text for exp 1 a înation.

A. Major Elements

30 samples 18 Cripple Creek samples

El e. M 2S M 2S

Si 0.22% 0.38% 0.16% 0.26%
Ti 0.007% 0.009% 0.006% 0.007%
AT 0.109% 0.200% 0.078% 0.160%
Fe 0.053% 0.093% 0.047% 0.096%
Mn 0.0015% 0.0029% 0.0009% 0.0019%
Mg 0.013% 0.020% 0.010% 0.018%
Ca 0.016% 0.033% 0.013% 0.032%
Na 0.057% 0.087% 0.059% 0.093%
K 0.012% 0.017% 0.012% 0.018%
P 0.002% 0.005% 0.001% 0.005%

B. Trace E 1ements - 8 samples

E 1 e . M 2S

Cl 138 ppm 360 ppm
S 13 ppm 36 ppm
Ba 1 1 ppm 1 4 ppm
Ce 1 1 ppm 1 9 ppm
Co 2.0 ppm 3.5 ppm
Cr 1 .5 ppm 1 . 9 ppm
Cu 0.6 ppm 1 . 0 ppm
La 6.3 ppm 1 2 ppm
Nb 0.4 ppm 1 . 0 ppm
Nd 3.5 ppm 7.5 ppm
Ni 0.8 ppm 1 .4 ppm
Pb 0.6 ppm 1 .5 ppm
Rb 0.8 ppm 0.9 ppm
Sm 1 .0 ppm 1 .5 ppm
Sr 0.9 ppm 2.7 ppm
Th 1.6 ppm 1 .5 ppm
U 1 .6 ppm 2.8 ppm
V 1 . 5 ppm 2.4 ppm
Y 0.6 ppm 1 . 0 ppm
Zn 0.6 ppm 1 . 0 ppm
Zr 0.9 ppm 2.9 ppm
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Accuracy

The values for accuracy in major and trace element ana 1y- 

is is given in Table 7. Accuracy is determined in the same 

manner as is precision: the absolute differences between 

the reported concentration (Abbey, 1983) and the concentra- 

ion from analysis are summed and the mean error (M ) and the 

standard deviation (S) are calculated. In addition the 

number of samples (N), the range of the errors (R), and the 

concentration ranges (CR) of the elements are given. For 

the major elements all the standards were used to calulate 

accuracy except for aluminum in which the two mica standards 

were disregarded, for magnesium in which the high magnesium 

standards were disregarded, and for iron in which the high 

iron and high magnesium standards were disregarded. For the 

trace elements, accuracy was calculated for the standards 

used in ca1 ibrat ion and also for a 1 1 the standards except 

those that had higher concentrations than the highest value 

in the calibration. The reported accuracy for U calulated 

for all the standards is ambiguous since the errors were 

small in absolute values but large relative to the low 

concentrations. Trace element detection limit is assumed to 

be 5 to 10 ppm except for S, Cl, Ba, and Ce for which the 

detection limits are probably greater.
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Table 7. Analytical accuracy for the major and trace ele
ments. See text for explanation.

A. Major Elements (All values in per cent.)

El e. CR N R M 25

Si 34.55-78.85 27 0.001- 1 .38 0.23 0.43
Ti 0.01-2.69 27 0-0.03 0.01 0.02
A 1 0.73-59.29 25 0.002-0.51 0.10 0.22
Fe 0.09-13.44 24 0.002-0.21 0.08 0.14
Mn 0.005-0.77 27 0-0.01 0. 004 0. 007
Mg 0.01-13.35 25 0-0.04 0.02 0. 03
Ca 0.04-15.92 27 0.001-0.16 0. 04 0. 08
Na 0.01-15.00 27 0.001-0.15 0. 04 0. 08
K 0-15.35 27 0-0.14 0.02 0. 05
P 0.01-1.05 27 0-0.03 0. 006 0. 009

B. Trace Elements (All values in ppm.)

Ca1i brat i on A 1 1
Standards Standards

Ele. CR N R M 2S N R M 2S

Cl 1 0-800 12 1-95 49 68 16 1-454 86 21 1
S 40-650 5 1-11 6 8 16 1-341 87 203
Ba 5-4000 20 0-58 1 7 35 24 0-177 27 77
Ce 0-356 1 1 0-56 18 34 17 0-356 47 109
Co 1-65 22 0-9 2 5 25 0-13 2 6
Cr 3-300 14 0-9 3 5 20 0-40 9 23
Cu 3-140 1 1 0-7 4 5 25 0-59 1 1 25
La 10-1350 1 0 0-3 2 2 1 7 O — 66 13 41
Nb 1-150 18 0-5 2 2 19 0-14 2 6
Nd 6-78 15 0-10 3 5 16 0-156 26 180
Ni 9-260 10 0- I 1 5 7 20 0-28 8 12
Pb 5-130 19 0-10 4 6 22 0-33 7 15
Rb 0-1300 23 0 — 6 3 4 24 0-39 4 15
Sm 0-100 15 0-5 2 4 16 0-9 2 5
Sr 1-4600 19 0-21 6 1 1 25 0-388 53 209
Th 1-990 18 0- 1 1 4 7 18 0-1 1 4 7
U 0-650 10 0 — 6 1 4 20 0-6 1 3
V 5-320 20 0-15 6 10 23 0-73 12 34
Y 0-441 1 7 0-19 6 12 21 0-57 10 24
Zn 10-400 22 0-8 3 5 25 0-22 5 12
Zr 8-3030 20 0- 14 6 9 22 0-40 9 20
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