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ABSTRACT

The Georgetown-Silver Plume district of the Colorado

Front Range l ies 50 miles west of Denver. Precambrian

meta-igneous and metasedimentary rocks of the Idaho

Springs Formation in this region are intruded by 1400 Ma

Si lver Plume Granite. The numerous early to middle

Tertiary felsic dikes that intrude the region (l isted in

order of relative age based on cross-cutting relationships

and inclusions) are: 1) quartz monzonite porphyry dikes,

2) alaskite dikes, 3) granite porphyry dikes, and 4)

dacite dikes with associated intrusion breccia.

The Tertiary dikes are general ly steeply dipping and

three major trends have been recognized — N70E, N70W, and

N-S. Al l dikes have porphyritic-aphanitic texture, and

phenocryst percentages range from 5 to 70 percent. Petro-

graphic features include aphanitic to vitric groundmass

sanidine phenocrysts, beta-quartz pseudomorphs, amygdules,

and intrusion breccias. These features suggest that the

dikes were emplaced at shallow levels in the crust.

The Tertiary dikes have undergone two major stages of

alteration, a silica stage and a carbonate stage. These

periods of intensive alteration have greatly affected

whole rock geochemistry. The carbonate stage alteration
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may be related to mineral ization in the veins of the area.

Inclusions of dike material in veins attests that the

dikes were emplaced prior to mineral ization, and

preferential hydrothermal alteration of the dikes suggests

that they acted as conduits for fluid migration during

middle to late Tertiary base and precious metal epithermal

m i nera1 i zat i on.

The trace and major element geochemical trends

observed in the dikes of the area are consistent with a

comagmatic origin for al l of the dikes sampled.

Geochemistry del imits two distinct populations: a pheno-

chryst-, mafic element-, and zirconium-poor group,

containing the alaskites and border phases of the quartz

monzonite and granite porphyries; and a group enriched in

these phases which includes samples of quartz monzonite,

granite and dacite porphyries. Intermediate compositions

of the dacite samples suggests a subduct ion related origin

for the intrusions, however immobile trace element data

suggests alkal ic affinities more consistent with magmas

formed in rifting environments. This combination of

features, as wel l as the age of the intrusions, suggests

that the magmas were generated during a transition from

early Tertiary, subduct ion related Larimide tectonism, to

the middle Tertiary, extension related tectonism.
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INTRODUCTION

Tertiary intrusions of the Georgetown-Silver Plume

mining district in the Colorado Mineral Belt are spatial ly

and temporal ly related to precious and base metal vein

deposits. The focus of this study is the distribution,

petrology, petrogenesis and geologic evolution of these

Tertiary intrusions. The district occupies twenty-five

square mi les in west-central Clear Creek County, Colorado,

approximately fifty mi les west of Denver (fig. 1), and the

study area covers approximately 12 square miles in the

central part of this district.

Precious metals were first discovered near Georgetown

in 1859. The rich surface ores were initial ly mined

primarily for gold, but most of the veins have produced

predominantly silver with significant base metals. The

1864 discovery of the "Belmont Lode", a rich si lver vein

in the Argentine district southwest of Si lver Plume,

brought a rush of prospectors to the Georgetown-Silver

Plume region and from 1865 to 1866 many si1ver—bearing

veins were discovered. The period of important Ag-Pb

mining began in 1872, reached its peak in 1864, and

gradual ly declined after that time. Active mining in the

Georgetown-Si lver Plume district has been erratic.
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affected by the national economy, world wars, and demand

for metals. There is presently no active mining in the

study area. Total output of the district has been

estimated to exceed $30,000,000, although exact figures

are not known. Output from 1907 to 1942 amounted to 27,616

ounces of gold, 3.2 mill ion ounces of silver, 300 thousand

pounds of copper, 22.5 mil l ion pounds of lead, and 21.5

mil lion pounds of zinc, with a total value of over six

mil l ion dol lars (Lovering and Goddard, 1958).

The emphasis of the present study is on the Tertiary

intrusions. Most of the dikes recognized in the study

area were mapped during a U.S.G.S. survey of the

quadrangle (Spurr et al., 1908), the only detai led

publ ication on the district. One dike mapped by Spurr et

al. (1908) was not found in mappable exposure, two were

found that had not been previously recognized, and several

were found to be more extensive, of a different character,

or different distribution than indicated. Mine workings,

which previously provided underground access to the dikes,

are now caved and study of the dikes is therefore l imited

to surface exposures. Limited reconnaissance mapping of

the Precambrian was carried out in addition to the mapping

of the Tertiary dikes.

Georgetown and Si lver Plume are readi ly accessible
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from Denver on Interstate 70. The steep flanking slopes

which rise above Clear Creek Val ley, however, are

accessible only by foot. Climate in the Georgetown-Silver

Plume region is variable due to the range in elevation,

but the period of greatest precipitation is from April to

August. This is general ly expressed by predictable

afternoon thunder showers, mornings tend to be clear and

cool .

Elevation along Clear Creek ranges from 9200 ft. near

Si lver Plume to 8400 ft. at the northeastern extent of the

study area, to approximately 12,000 ft. to 9,600 ft. along

the ridges; the greatest rel ief is along the north side of

the val ley. The val ley wal ls below 11,500 ft. are

characterized by very steep topography, the result of

Pleistocene glaciation. In general, bedrock is wel l

exposed to this elevation. Above 11,500 ft. the

topography is a gently rol l ing surface with bedrock poorly

to moderately exposed. This gentle topography was

suggested by Covering (1935) to represent an early

Pleistocene "peneplain" pediment surface, although it is

more l ikely the Eocene erosion surface recognized

elsewhere in Colorado (Epis and Chapin, 1975).

Extreme rel ief in the area makes vegetation irregular

but much of the area supports scattered stands of Douglas
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firs and aspens. The regions south of Clear Creek are

particularly heavily forested with limited rock exposures.

The steep cliffs with good exposure predominate north of

Clear Creek. Timber l ine is highly irregular but occurs at

an average elevation of 11,500 ft.

METHODS OF INVESTIGATION

The study area was mapped during the summers of 1983

and 1984, on a topographic base map at a scale of 1 inch =

1000 feet ( 1:12,000). Petrographic analysis was made of

fifty samples. Thirty—five samples were subjected to

whole and trace element analysis. Samples were first

trimmed of weathered material, and approximately one kg.

of sample crushed and pulverized. The resulting powder

was mixed, coned, and split to one gram of material, which

was then pressed into a pel let for analysis. Major

elements were analyzed using a Rigaku S-Max X-ray

fluorescence machine at the Colorado School of Mines.

Conditions for major element analyses are shown in Table

1. Major element data was reduced using the "NRLXRF"

matrix correction program from the Navel Research

Laboratory (Criss, 1977). Trace elements were analyzed by

XRF methods at the Isotope Branch of the U.S. Geological
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Survey, Denver Federal Center with permission of Dr. Zel l

Peterman. Running conditions for these analyses are shown

in Table 2. These data were reduced using the standard

reduction program designed for the U.S.G.S. system.

U.S.G.S. standard samples GSP-1, G-1, G-2, AVG-1, and GH

were used for calibration and for determining accuracy.
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TABLE 1. XRF RUNNING CONDITIONS FOR MAJOR

ELEMENT ANALYSES

All samples were run at the fol lowing conditions;

Target

KV

Ma

Count i ng
t ime

Rh

40

70

20 sec.

E1ement 2© Peak Crysta1/Detector

Si K 109.05 Pet / PC

Ti K 86. 14 LiF / SC

A1 K 145.09 Pet / PC

Fe K 57.45 LiF / SC

Mn K 62.95 LiF / SC

Mg K 136.70 TAP / PC

Ca K 45. 15 LiF / SC

Na K 55.125 TAP / PC

K K 50.60 LiF / SC

P K 141.05 Ge / PC

Accuracy for al l major element data is +/- 57. of the

amount contained, based on determined values for U.S.G.S.

standards GSP-1 and GH samples run as unknowns.
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TABLE 2. XRF RUNNING CONDITIONS FOR TRACE

ELEMENT ANALYSES

Kevex 5100 X-ray Energy Spectrometer System

Source — Cadmium

Counting time — 500 seconds

Horizontal scale — 40 EV

Range of Mesured K Peak locations:

Background 1 11480 EV - 11800 EV
Rubi dum 13160 EV - 13480 EV
Stront i um 13960 EV - 14280 EV
Y i tr i um 14760 EV - 15080 EV
Z i r con i um 15560 EV - 15880 EV

N i ob i um 16400 EV - 16720 EV

Background 2 16840 EV - 17160 EV
Comptons Scatter 20440 EV - 20520 EV

Al l samples run at the U.S.G.S. Isotope Branch,
Denver Fedral Center, Denver Colorado.
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REGIONAL AND LOCAL GEOLOGIC SETTING

The study area lies in a complex terrain of early to

middle Proterozoic, high-grade metamorphic rocks and

batholithic and pegmatitic intrusions. The first detai led

presentation of the geology of the area was by Spurr et

al. (1908) who establ ished the first general ly accepted

classification for Precambrian rocks in the central Front

Range. They began the usage of the terms "Idaho Springs

Formation" for the metamorphic rocks and "Silver Plume

Granite" for the granitic rocks in the study area.

Covering and Goddard (1950) included a section on the

Silver Plume-Georgetown district in their study of the ore

deposits of the Mineral Belt, and Grybeck (1969) discussed

the geology and mineral deposits of the Si lver Plume

region in detail. Regional studies of the Mineral Belt

include a study of the Tertiary igneous rocks by Wel ls

(1960), Precambrian joint orientation by Harrison and

Moench (1961) and folding by Moench et al. (1962).

REGIONAL GEOLOGIC HISTORY

The study area l ies in a crustal province dated at

1.72-1.80 Ga (fig. 2). The Archean Wyoming Province l ies
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Figure 2. Index Map of Proterozoic crystal provinces of

southwestern United States. From Condie, 1982.



T-3060 11

approximately 100 miles to the north, and a 1.65-1.72 Ga

crustal province, 200 mi les to the south (fig. 2 ). This

sequential age decrease for Precambrian crustal provinces

from Wyoming south to west Texas led Condie (1982) to

propose a continental accretion model for the Proterozoic

of the southwest. The model suggests rifting of

continental crust in Wyoming at 1.76 to 1.80 Ga fol lowed

by the development of a southward migrating continental

margin-arc system. Bimodal volcanic successions, such as

those seen at Dubois and Gold Hil l, Gunnision County,

Colorado, erupted adjacent to the arc, and as the

subduct ion zone moved southward, quartzite-shale

successions overrode and buried the bimodal volcanics. A

smal l backarc basin developed, underlain by continental

crust. This basin then closed with an Andean-type

orogeny, minus ca1c-a1ka1 ine volcanism and supracrustal

assemblages were deformed. After col lision, the

continental margin was upl ifted and dissected. Derivative

sediments accumulated in marginal prisms.

In the Georgetown-Silver Plume region the Idaho

Springs Formation consists of metavolcanics, meta-

volcanoc1astics, and metasediments that may represent

proximal volcanic arc sediments and sedimentary prisim

deposits related to a northward-dipping subduction zone
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(Condie and Martel 1, 1983). Evidence suggests that

deposition of the bimodal volanics, volcanoclastics and

sediments of the Idaho Springs Formation began in the

Early Proterozoic. The tectonic cycle at 1.72 to 1.76 Ga

closed with the deformation of these deposits into the

present sequence of schists, gneisses, amphibol ites, and

migmatites. The Idaho Springs Formation in the study area

has an average northward fol iation trend (Spurr et.al,

1908; Lovering and Goddard, 1950) that differs from the

N55E trend in the Idaho Springs and Central City areas

(Moench, 1964).

The center of tectonic activity moved south and the

cycle began again between 1.65-1.72 Ga, possibly inducing

partial melting which may have led to the emplacement of

the 8oulder Creek Bathol ith. A 1.4-1.5 Ga tectonic cycle

could explain the emplacement of the Silver Plume Granite,

which is general ly interpreted as non-orogenic (Anderson

and Thomas, 1985), but supracrustal sequences of this age

have not been recognized in the southwest.

Warner (1978 and 1980) suggested that the

Precambrian shear zone, which defines the Colorado

Lineament (fig. 3), formed adjacent to the southeastern

margin of the North American continent between 2.0-1.7 Ga.

The shear zone was apparently reactivated between late
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Figure 3. Tectonic map of the Rocky Mountain region,

showing the Colorado Lineament and the Front Range Shear

Zone. After Warner, 1978.
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Precambrfan and late Mesozoic (Warner, 1980).

Upl ift and erosion during the late Paleozoic produced

thick accumulations of sediments along the flanks of the

north-northwest trending highlands. Upl ifts of the

Ancestral Rockies were basement-cored folds bordered by

normal, reverse and wrench faults (fig. 4). Interplate

deformation that produced the Ancestral Rockies is

attributed to stresses by the Permo-Carboniferous Ouachita

coll ision (fig. 5) —an arc-continent or continent-

continent col l ision event which sub-paral leled Proterozoic

subduct ion fabric in Colorado (Dickinson, 1981). The

upl ifts may have been control led by a major north-

northwest to northwest-trending Precambrian fault system

as suggested by Tweto (1980). However, some investigators

feel that there is l ittle evidence to support Precambrian

inherited trends for the late Paleozoic upl ifts (T.L.T.

Grose, Colorado School of Mines, personal communication,

1984). These events left no recognizable record in the

Precambrian units (LeAnderson, 1982). Formation of the

Ancestral Rocky Mountains was fol lowed by a long period of

erosion and sedimentation with little or no record of

deformat i on.

The next major tectonic event was the late

Cretaceous-early Tertiary Laramide Orogeny between
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Figure 4. Map of the late Paleozoic uplifts that formed

the Ancestral Rockies. After Tweto and Sims, 1963.
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Figure 5. Simpl ified pa 1eotectonic map of the southern

Cordi l lera, mid-Carboniferous to mid-Triassic, showing the

Ouachita system which may have influenced development of

the Ancestral Rockies. After Dickinson, 1981.
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approxtmate1y 72 to 50 Ma. Laramide tectonism in the

Colorado Rockies has been related to an abnormally shal low

angle of eastward subduct ion at the Cretaceous-Tertiary

plate convergent margin off the west coast of North

America (Dickinson and Snyder, 1978). Laramide

deformation reactivated many of the earl ier formed faults

(Tweto, 1980)♦ and the Front Range now occupies part of

the Ancestral Front Range Highland (fig.6). The Laramide

uplifts formed primari ly by arching and lateral expansion

along marginal thrust faults (Tweto, 1980). Compressive

stresses were oriented N80E-S80W (Badgley, 1960) resulting

in the present regional fault system, which may, in part,

have fol lowed pre-existing fracture planes (Tweto, 1980).

Laramide faulting fol lows two major trends in the

area: northwest and northeast. These structural zones

local ized Larimide stocks and dikes belonging to a

Monzonite suite and a Granodiorite suite(Simmons and

Hedge, 1978), emplaced mainly between approximate 1y 70 to

60 mi l lion years, although later sequences are recognized

(Simmons and Hedge, 1978). Structural deformation began

prior to igneous activity and continued unti l after

emplacement of the latest Laramide intrusions (Tweto and

Sims, 1963). Mineralization in the Central City, Idaho

Springs, and Empire districts took place approximately
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Figure 6. Location map of Laramide uplifts in Colorado

and their relation to late Paleozoic upl ifts. After

Tweto, 1980.
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59 Ma (Rice et al., 1982).

"Post-Laramide" igneous activity in the Front Range

produced the Montezuma district quartz monzonite and

alaskite intrusions of 35 to 40 Ma. (Siironons and Hedge,

1978), and the felsic porphyry stocks of the Henderson

district dated at 35 to 23 Ma. (Bookstrom et al., 1985).

Late Tertiary intrusions of the Georgetown-Silver Plume

region may be related to these events. Bookstrom (personal

communication, 1985) has dated the Levenworth stock,

approximately one mile south of the study area at 37 Ma

and suggests an age of 35 +/- 2 Ma for the dikes of the

Georgetown-Silver Plume region. Later igneous activity

related to Rio Grande Rift tectonism has been concentrated

southwest of the study area (Lipman, 1981).

Precambrian shear zone trends of approximately N50E

are expressed in the area as open fissures and this trend

also local ized much of the mineral ization. Fold trends of

the region are primari ly Precambrian and the joints and

faults Laramide.

GEOLOGY OF THE STUDY AREA

The study area consists mainly of pel itic

metasediments of the Idaho Springs Formation and
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bathol ithic intrusions of Precambrian Silver Plume

Granite, which were intruded by Tertiary dikes (plate 1).

PrecafT±)rian units used in this study have been drawn from

the work of Spurr et al., (1908).

Precambr i an Metamorphi c Rocks

The Idaho Springs Formation, which is the most

abundant metamorphic unit in the area, was divided by

Spurr et al., (1908) into several intergradational sub-

units. The most abundant unit is a quartz-biotite schist

that consists predominantly of quartz, feldspar, and

biotite with minor muscovite and sil l imanite. This unit

often grades to a unit with a higher percentage of quartz

and feldspar. Local ly, particularly near Empire pass

(plate 1), the schist is intensely deformed and grades

into a migmatitic unit. The migmatites are general ly

discontinuous and of l imited extent. In some areas,

particularly near Si lver Plume, the quartz-biotite schist

has 2 mm., euhedral magnetite crystals surrounded by quartz

and feldspar haloes.

Si 1 1imanite-biotite schist is abundant in the western

portion of the study area. The overal l mineralogy is

similar to that of the quartz-biotite schist, except that

muscovite and sil limanite are present in higher
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concentrations. The si 1 1imanite-biotite schist general ly

occurs as irregular bodies in the quartz-biotite schist.

Biotite, muscovite and splayed bundles of white to

greenish sil l imanite define a distinct fol iation, and

commonly a crenulation. Local ly, especial ly immediately

north of Silver Plume, a fine-grained micaceous variety of

biotite-si 1 1 imanite schist contains "pebble-1 ike" pods or

lenses of sil limanite, muscovite, and fibrolitic quartz.

This was interpreted as a metamorphosed conglomerate by

Spurr et al. (1908). However, Lovering and Goddard (1958)

suggested they are augens that developed by metamorphic

segregation. A square outl ine and rectangular shape

suggests that at least some of these "pebbles" are rel ict

andalusite crystals.

The calc-si1 icate unit of the Idaho Springs Formation

is much less abundant than the other two, and occurs as

smal l lenses or pods. Local ly it grades into a hornblende-

rich variety of quartz-biotite schist that in turn grades

into quartz-biotite schist. The calc-si1 icate general ly

contains hornblende, massive epidote, red-brown massive

garnet, quartz, calcite, magnetite, and minor diopside.

The best exposure is along the Guanel la Pass road south of

Georgetown.
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Precambr ian Igneous Rocks

A hornblende gneiss forms dikes and irregular sheets

in the Idaho Springs schists, and numerous smal l masses

are cut by the Silver Plume granite (Spurr et al., 1908,

and Grybeck, 1969). The hornblende gneiss is of l imited

extent, probably due in part to its lens-l ike form, and in

part to intense deformation, folding, and later intrusive

events (Spurr et al. 1908). The gneiss is general ly fine-

to medium-grained and varies from a very dark, black to

green hornblendite to a wel l-banded gneiss in which black

to dark-green layers of hornblende alternate with l ight-

colored layers rich in quartz and feldspar. Local ly,

where hornblende gneiss is in contact with the Idaho

Springs biotite schist, the contact grades from a biotite-

rich, hornblende-deficient schist to a hornblende-rich

biotite schist, and then to the main body of a dark-green

massive hornblendite.

Intrusions related to the Boulder Creek Bathol ith,

which l ies south of the study area, form irregular 50 to

100 ft. pods (Spurr et al., 1908; Covering and Goddard,

1950). These include quartz-monzonite gneiss, gneissoid

granite and quartz diorite, with associated hornblendite

(Spurr et al., 1908). Al l have we 1 1-developed gneissic

texture which Covering and Goddard (1950) suggest is
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primary. The gnelssold granite Is the most abundant and

is general ly medium- to fine-grained blastoporphyritic,

and grey to pinkish or brown.

The Si lver Plume Granite, present as stocks, dikes

and 1arge Irregular masses, covers approximately 50 percent

of the field area (plate 1.). The type locality for

Silver Plume Granite is a quarry about one mile west of

the town of Silver Plume, the westernmost exposure of the

Si lver Plume Bathol ith (Hutchinson, 1976). The age of the

Silver Plume granite has been variously determined as

1.21-1.26 Ga, 1.35 Ga, and 1.40-1.45 Ga (Aldrich et al.,

1958; Griffin and Kulp, 1960; Hutchinson and Hedge, 1967,

respectively). The best determination is thought to be a

1.40-1.45 Ga date obtained from Rb-Sr whole rock and

biotite analysis. Hutchinson (1976) has noted that the

'Silver Plume Disturbance-Therma1 Event' pervaded Colorado

and reset the Rb-Sr ages of many of the Boulder Creek-age

rocks.

The main types of Si lver Plume Granite include seriate

and trachytic varieties, accompanied by numerous

pegmatites. In the Si lver Plume district the seriate

variety predominates and ranges from medium-grained, the

most common grain size, to either very fine-grained or

very coarse-grained. The distribution of the trachytoid
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variety, paral lelism of the tabular mi croc l ine crystals to

the contact with the Idaho Springs, and gradational

contacts with the seriate variety led Grybeck (1969, p.

35) to conclude the trachytoid variety is a border phase

of the irregular seriate stocks.

The Silver Plume Granite ranges from granodiorite to

granite, although the latter predominates. Both phases

consist of smoky quartz, 1 to 2 cm. crystals of coarse-

twinned, white to dark orthoclase or microcl ine,

plagioclase, biotite, and muscovite. The rock is

general ly pinkish-grey when fresh, but is commonly iron

stained, particularly the trachytic variety, and is red-

brown in outcrop. Pegmatites related to the Silver Plume

general ly contain intergrowths of orthoclase or

microcl ine, quartz, and biotite, often accompanied by

patches of muscovite. Most of the pegmatites are related

to the Silver Plume, but some are probably related to the

Boulder Creek intrusions.

Local Structure

The structure of the study area is complex,

reflecting the tectonic events of its gelogic history.

Foliation in the Idaho Springs Formation is variable,

although a general northward trend with steep eastward
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dfps has been recognized, both in this and previous

studies (Lovering and Goddard, 1958; Spurr et al., 1908).

The evidence for Precambrian faulting is restricted to

smal l fissures of l imited extent filled with cross-cutting

Silver Plume and Boulder Creek pegmatite dikes. This trend

of N50E reflects the average trend of most of the faults

and veins in the district, but Tertiary dikes do not

fol low this trend. The N5DE trend is probably related to

the Precambrian Shear Zone (see fig. 3), the major part

of which passes immediately east of the area.

Major structural trends defined by the Tertiary

intrusives of the area include N70-80W and subconcordant

N60-70E trends, both of which tend to be steeply dipping

to near vertical. Similar Laramide trends are reflected

in the Idaho Springs and Central City Mining Districts

(Moench, 1964). A subordanant N-S trend is reflected in a

few smal l dikes, possibly local ized by fol iation in the

Idaho Springs schist (plate 1). The N-S trend is paral lel

to the Guanel la Pass-Empire Pass l ineament, however, and

may be late Tertiary in age, related to Rio Grande Rift

development. There is no correlation between composition

and orientation of the dikes (plate 1).
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TERTIARY INTRUSIVE ROCKS

Tertiary intrusions of the Georgetown-Si lver Plume

Mining District show a close spatial relationship to the

Ag-Au-Cu-Zn-Pb veins (Spurr et al., 1908) that suggests

possible genetic l inks between the two. Four types of

Tertiary dikes have been recognized in the area: quartz

monzonite porphyry, alaskite porphyry, granite porphyry,

and dacite. The dikes vary greatly in length and width,

tend to be steeply dipping, and are concentrated in the

mineralized zones which fol low Clear Creek (plate 1 and

fig. 7).

The dikes were mapped and briefly described by Spurr

et al., (1908). However, the scale of mapping, and economic

focus of their study precluded a detailed investigation of

the dikes. Igneous terminology of Spurr et al., (1908) for

the Tertiary dikes has been adopted here.
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DACITE PORPHYRY

GRANITE PORPHYRY

OEOnOETOWN ̂

ALASKITE PORPHYRY

QUARTZ MONZONITE PORPHYRY

□ Prscambrtan Undivided
ailVER FLUME

Figure 7. Schematic location map for Tertiary intrusions

of the Georgetown-Si lver Plume region. Thicknesses are

exaggerated. See Plate 1.
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QUARTZ MONZONITE PORPHYRY

Quartz monzonfte porphyry dikes are widely

distributed and are the most abundant Tertiary dikes in

the field area (fig. 7). They are most numerous near

Silver Plume, but two dikes of this type have been

recognized in the Georgetown area. One, directly east of

the large alaskite dike in Si lver Gulch, was not

previously mapped. The second was mapped by Bal l (Spurr

et al., 1908) as a "Bostonite Porphyry", and is located

just north of Empire Pass.

The two largest and best exposed quartz monzonite

porphyry dikes are directly north and south of Si lver

Plume. General ly the quartz monzonite dikes form

weathered, rounded ridges similar to those of Silver Plume

Granite (fig. 8), and are extensive with widths of 16 to

35 meters. They general ly have a 40 to 75 percent 1 to 5

mm. phenocrysts of quartz, orthoclase, plagioclase, and

biotite, and therefore appear coarser than the other dike

types.

The character of the quartz monzonite porphyry dikes

varies greatly, both across the area and along strike.

Al l of the dike samples have aphanitic porphyritic

texture, but different phases may be marked by sharp to
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Figure 8. Quartz monzonite porphyry outcrop.
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gradual boundaries defined by changes in phenocryst

abundance. Phenocryst content ranges from 5 to 75%, the

highest percentages are general ly in the central portions

of the dikes. This concentration of phenocrysts is

probably the result of flow differentiation (Bhattacharji

and Smith, 1964).

The color of the dikes varies widely. They are most

commonly pale, pinkish-grey when fresh, but may be grey-

green to blue-grey, particularly along border phases or

where phenocrysts are less abundant. In most exposures,

weathering has resulted in a buff to red-brown color. Five

mi 1 1 imeter beta-quartz phenocryst pseudomorphs are often

evident in relief as are square pits that resulted from

dissolution of feldspars.

Original textures are largely obscured by

hydrothermal alteration, although the large dikes of this

type apparently retained their original composition and

texture to a greater extent than the other dike types in

the region. Partly altered zoned plagioclase crystals

range in composition from An 20 (ol igoclase) to An 40

(andesine), based on extinction angles in the least

altered phenocrysts. Poikil itic orthoclase up to 12 mm.

long (fig. 9) contains 2-3 mm. inclusion phenocrysts of

plagioclase, quartz, biotite, and an opaque mineral
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Figure 9. Photomicrograph or poikiolitic orthoclase in

quartz monzonite porphyry.

polars.

Field or view 12 mm .• crossed
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(probably magnetite based on the slight magnetic character

of the samples). The phenocrysts observed, in approximate

order of abundance, include plagioclase, orthoclase

(sanidine?), quartz, biotite, and rarely hornblende.

Lithic fragments with embayed boundaries probably indicate

resorption. Apatite and zircon are relatively abundant

accessory phases.

The large dike just south of Si lver Plume has a

clearly marked grey-green border phase, absent on most

outcrops, but reported underground (fig. 10a). The border

phase is deficient in phenocrysts and is a dark green

color rather than the pinkish grey of the major body of

the dike at this location. In thin section the border

phase is less clearly marked (fig. 10b) but consists of

0.1 to 0.4 mm. lath—l ike plagioclase (?) crystals

surrounded by haloes of smal ler laths in near optical

continuity. This texture is interpreted as recrystal-

l ization of a microl itic-vitrol itic porphyry which may

have been the quenched boundry of the large quartz

monzonite porphyry body.

The original designation by Ball (Spurr et al., 1908)

of bostonite for the dike near Empire Pass was probably

based on its proximity to the bostonites of the Empire

district, and on its lavender, flow banded, phenocryst
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a)

b)

Figure 10. a) Contact between central and border phases
quartz monzonite porphyry. b) Photomicrograph of contact

shown in a). 12 mm. Field of view. crossed polars.
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depleted (< 5%), sil icified border phase of the dike. The

dike has been reclassified as a quartz monzonite porphyry

based on a highly-altered, greenish-brown groundmass with

phenocryts of corroded and embayed quartz, altered

feldspar, relict plagioclase laths (now sericite and

carbonate), minor biotite replaced by muscovite and

carbonate, magnetite and sparse rel ict hornblende crystals

altered to sericite and carbonate. This interpration is

also supported by whole rock geochemistry (see Table 3,

page 73).

The quartz monzonite dikes in Georgetown are

general ly simi lar in composition and textures to the

larger quartz monzonite dikes at Silver Plume, but

phenocrysts comprise only 30 to 40%, and they are

general ly grey-green. They are also more intensely

altered than the larger dikes.

The intensity of alteration in the quartz monzonite

dikes is difficult to determine in outcrop, although in

al l samples there are indistinct boundaries between

feldspar phenocrysts and aphanitic groundmass. In thin

section, primary igneous textures have been largely

el iminated and altered phenocrysts grade into fine,

altered groundmass. The dike located in Georgetown has

numerous vesicles, general ly from 2 to 4 mm. in diameter.
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that are ffi led v/fth chalcedony and carbonate. These are

not as abundant fn the other quartz monzonite dikes. The

carbonate and chalcedony alterations are pervasive but

vesicle infil lings best document a sequence of alteration.

The large amygdule shown in figure 11 is coated with

botryoidal chalcodony, which is local ly covered by iron

oxide. The central portion of the vesicle is filled with

carbonate displaying undulose extinction under crossed

nichols and interfingered with bands and pods of

chalcedony. The later carbonate appears to have replaced

chalcedony, which accounts for the unusual, undulose

extinction of the carbonate. Iron-oxide coatings on early

chalcedony appear to have protected it from carbonate

replacement.

The sequence implies at least two episodes of

alteration. The solubil ity of carbonate over the range 0—

300° C, decreases with increasing temperature (fig. 12).

Sil ica solubil ity over this temperature range increases

with increasing temperature (fig. 12). Given the inverse

solubil ity relationship of carbonate and silica,

replacement of chalcedony by carbonate would require

either a higher fiuid temperature with time, or higher pH

conditions during carbonate alteration.

Siderite, ankerite, and calcite in the veins in the
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Figure 11. Photomicrograph of an amygdule in quartz

monzonite porphyry (qm). displaying carbonate (ee)

replacement of amorphous sil ica (si). Field of view

4 mm .• crossed polars.
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Figure 12. Diagram of CaO vs. Si02 solubil ity. Data from

Hol land and Mal inin, 1979.
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Georgetown-Si lver Plume district (Spurr et al., 1908)

suggests that the fluids responsible for mineralization

were also responsible for carbonate alteration of the

quartz monzonite dikes.

ALASKITE PORPHYRY

The alaskite porphyry dikes are abundant with the

major concentration in the Si lver Gulch area. As with the

quartz monzonite porphyry, the term alaskite porphyry for

these dikes has been adopted from the work of Spurr et

al., (1908). Exposures rarely form resistant outcrops

(fig. 13), but instead tend to form gulches, or val leys.

These dikes are usual ly highly fractured and form blocky,

angular rubbly talus.

South of Silver Plume, the northwest-trending

alaskite dike can be traced across the strike extension of

the large, northeast-trending, quartz monzonite porphyry

dike. Also, a clast of quartz monzonite porphyry was

found in the alaskite dike. Spurr et al., (1908) document

alaskite cutting quartz monzonite underground. However,

Grybeck (1969) cited a poorly exposed contact slightly

west of the field area in Shively Gulch, where quartz

monzonite apparently cross cuts alaskite. Although the
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Figure 13. Outcrop of alaskite porphyry dike south of

Silver Plume.

39
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alaskite appears to be later than the quartz monzonite,

they may over 1ap in t ime.

Alaskite dikes are aphanitic, white, commonly flow

banded, and have a porcelain—1 ike appearance where wel 1

exposed in gul leys and on cliffs. Along fractures, they

are commonly black due to staining by Mn and Fe oxides.

Where this weathering is present, dendrites of manganese

oxide penetrate into the interior of the alaskite.

The alaskite dikes are porphyritic, general ly

containing between 3 and 5 percent phenocrysts of

sanidine, often removed by weathering, beta-quartz

pseudomorphs and lesser dark to si lvery white muscovite

which range in size from 2 to 5 mm. Rare biotite

phenocrysts are intensly altered.

The alaskite dike south of Silver Plume (fig. 7) is

distinct in that it lacks prominant phenocrysts and is

purple to mottled buff-lavender. This dike also has zones

of breccia-l ike lithic fragments concentrated in flow

bands (fig. 14a). However, chemical ly and on thin section

scale there is little difference between this and the

other alaskite dikes.

A microaphanitic groundmass that averages 0.02 mm.

makes identification of the constituent minerals

difficult. X-ray diffraction analysis of a whole rock
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a)

b)

Figure 14. a) Flow banding and inclusions in alaskite

south o~ Silver Plume. b) Photomicrograph o~ alaskite

~low banding. Field o~ view 11 mm .• crossed polars.
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powder indicates predominant quartz and less abundant

sanidine, muscovite-sericite, and minor kaolinite.

Plagioclase phenocrysts are intensly altered, lath-shaped

crystals with poorly developed po1ysynthetic twinning.

Quartz phenocrysts commonly have rounded to embayed

hexagonal outl ines. The embayments may be the result of

corrosion or resorption during growth.

Flow banding of the alaskites is common (fig. 14b).

Haloes of relatively large grain size surround nucleus

phenocrysts. Grains directly next to the phenocryst are

sl ightly larger then the groundmass, and are in near

optical continuity with it. Grain size decreases radial ly

away from the phenocrysts (fig. 15). Some of the

alaskites have a relatively dark, vitrol itic groundmass

(fig. 16). Flow banding is defined by oriented acicular

microl ites, and microl ites form rims around phenocrysts

probably due to flow orientation. It is suggested that

the apl itic groundmass, common in the alaskites,

represents recrystal 1ization of an original glassy

groundmass l ike that seen in the less sil icified samples.

Alteration of the alaskites consists of silicifi-

cation and recrystal 1 ization of the groundmass, deposition

of chalcedony, sericite and minor kaolinite, and

replacement of feldspar phenocrysts by chalcedony and
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Figure 15. Photomicrograph of beta-quartz pseudomorph

with recrystallization rim. Field of view 6 mm .• crossed

polars.
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Figure 16. Photomicrograph of vitro! itic alaskite. Field

of view 10 mm .• crossed polars.
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csrbonste. Embsymsnts in qusrtz are carbonate and sericite

within quartz boundaries. Rel ict sanidine is identified

by pseudo-hexagonal patches of calcite, often containing

smal l splays of sericite. Primary muscovite phenocrysts

contain very minor needle-l ike inclusions of ruti le which

may have been released by exsolution from a primary,

magmatic, Ti-enriched muscovite (Monier et al., 1984).

The age relationships between alteration types could not

be determined. The same alteration is present in both the

alaskite and the quartz monzonite dikes, however, which

suggests that the timing and nature of the alteration

sequence was the same.

GRANITE PORPHYRY

Granite porphyry dikes are general ly smal ler than the

alaskite and quartz monzonite porphyry dikes. Alteration

is more intense, possibly enhanced by intense weathering,

and "fresh" rock is rare. The granite porphyry dikes of

Pavilion Point, Leavenworth Creek, and the Georgetown Loop

areas (Plate 1, fig. 7) are not seen in cross-cutting

relationships with any of the other dike phases. The

south Silver Plume granite porphyry dike, however, cuts

the alaskite dike at that location. The granite porphyry
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there'Fore postdates both quartz monzonite porphyry and

alaskite dikes.

The most continuous granite porphyry dike is

immediately south of Silver Plume, where it is general ly

low rel ief, pale brown to tan, with 5 to 10% rel ict beta

quartz phenocrysts, 30 to 40% indistinct, yel low, altered,

feldspar phenocrysts and 2 to 57, muscovite phenocrysts.

The total percent of phenocrysts at this location ranges

from 45 to 50. The dike is commonly covered with cal iche,

or may form a red-brown soil with flecks of euhedral

muscovite. Farther south along strike exposures are

sparse and the dike appears to end.

Where fresh, the granite porphyry is pinkish grey and

is simi lar to Si lver Plume Granite due to a high

percentage of phenocrysts. The groundmass is very fine

grained but phenocrysts comprise up to 75% of the rock.

Rel ict beta-quartz phenocrysts distinguish the granite

porphyry from the Precambrian granite. The least

weathered rock contains no muscovite, but does contain

abundant biotite. Phenocrysts of both plagioclase and K-

feldspar are present, but even in a "fresh" sample the

feldspars are highly altered.

The granite porphyry dikes on the east side of

Pavil ion Point have the same phenocrysts, but phenocryst
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percentages only reach 40%. The rocks tend to be pale

greenish-brown to greenish-grey with ubiquitous iron

staining of phenocrysts along fractures. These dikes

contain numerous cha1cedony-carbonate amygdules (fig. 17)

and, locally, xenoliths of Precambrian schist. The larger

Pavilion Point dike is the best exposed of the granite

porphyry dikes. Small dikes of granite porphyry seen near

Levenworth Creek and the Georgetown Loop are similar to

the dike near Silver Plume, but exposures are limited.

Bal l (Spurr et al., 1908) described the underground

extension of the Levenworth Creek granite porphyry as a

greenish-grey granite porphyry that appears to resemble

the Pavi lion Point dikes.

Primary igneous textures are largely obscured by

intense alteration. The freshest of the granite porphyry

samples (T84-50, T84—35, and T84-49 — locations shown on

fig. 27) have 45 to 75% phenocrysts of beta-quartz

pseudomorphs, K-feldspar, altered plagioclase, euhedral

biotite, and a few intensely altered, rel ict hornblende

crystals. Accessory zircon and apatite are present.

The samples are classified as granite porphyry based

on the relative abundance of quartz and K-feldspar

phenocrysts. However, groundmass compositions are

difficult to determine. When distinguishable, the
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Figure 17.

porphyry.

Photomicrograph of amygdules in the granite

Field of view 4 mm .• crossed polars.
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groundmass has an average grain-size of 0.1 mm. and

appears to be a mosaic intergrowth of quartz and

orthoclase in near equal porportions, with minor amounts

of fine, lath-shaped sericite(?) that probably represent

relect plagioclase.

Alteration of the dikes is pervasive but is best

documented in the amygdules of the east Pavi l ion Point

granite porphyry. Vesicles were first rimmed by iron

oxide, fol lowed by euhedral quartz crystals. The

interstices of the vug are general ly fi l led with carbonate

with undulose extinction (fig. 17) simi lar to that in the

quartz monzonite porphyry, although in places the

vesicules are fi l led with coarse, interlocking grains of

twinned calcite. Chalcedony is less abundant than in the

quartz monzonite dikes, but commonly occurs as a mine

constituent in samples with undulose carbonate. The

alteration documents stages similar to the si 1 ica-calr>te

alteration in the quartz monzonite porphyry.

As a result of alteration the mineralogy of the

groundmass could only be determined through X-ray

diffraction analysis, which indicates tha presence of

quartz, with minor kaolinite, sericite, carbonate, and

trace feldspars. Chalcedony is present in minor amounts

in the groundmass and in rel ict feldspar phenocrysts.
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Carbonate is abundant in the groundmass and also partly

replaced feldspar phenocrysts and developed along mica

cleavage planes. Expansion and distortion of the mica

indicates that replacement was not volume for volume.

Hexagonal beta-quartz pseudomorphs are present and often

contain smal l round pods of carbonate. The round, smooth

character of these pods suggests that the embayments were

not due to replacement, but it is difficult to determine

how the carbonate pods formed. Ruti1e is present in

muscovite phenocrysts, which suggests a primary origin

(Monier et al., 1984). However the absence of 'euhedral

muscovite' in less altered samples suggests that this

muscovite is a pseudomorphous replacement of biotite.

The granite porphyry dike has a fresh, dark green,

glassy porphyry border phase that was deeribed underground

by Bal l (Spurr et al., 1908) in contact with the greenish-

grey granite porphyry of the Leavenworth Creek dike (fig.

7). The border phase is not exposed on the surface but

samples were found and analyzed and may resemble the

unaltered inital character of the exposed granite porphyrv

d i kes.

The green obsidian is virtual ly unaltered. Its

groundmass is vitrol itic and is dark colored with 0.03 mm.,

swal low-tai led, microl itic plagioclase(?) laths. Swal low-
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tailed crystals of" plagioclase have been Interpreted as a

quenched or undercooled morphology (Lofgren, 1980).

Phenocrysts include sanidine, quartz, plagioclase,

biotite, and symplectic intergrowths of piagioclase-K-

feldspar. Accessory minerals sphene and euhedral, zoned

zircons (0.3 mm. in length) are rare but fairly coarse.

Beta-quartz pseudomorphs with large, irregular

embayments and pods (fig. 18) l ike those in the altered

samples discribed above, may be the result of resorption,

or primary, rapid crystal l ization morphologies. Graphic

intergrowths of K-feldspar and plagioclase probably

indicate rapid crystal l ization in a fluid rich magma

(White, 1981). Rims of oriented micro!ites around

phenocrysts are thought to form by fluid flow segregation

during emplacement.

DACITE PORPHYRY

Dacite dikes are less abundant than other dike types.

A  large, steeply dipping dacite dike, located on the

northeast slope of Pavi l ion Point, has an average width of

15 to 25 meters. Exposure is not continuous but large to

patchy exposures along strike indicate that this

represents a single large intrusion. The dike has several
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Figure 18. Photomicrograph of granite porphyry obsidian

border phase with embayed beta-quartz pseudomorph. Field

of view 4 mm .• crossed polars.
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smal l branches, and changes orientation from N80-90W at

the eastern end to N70-80E at the western end. No cross-

cutting relationships were observed with other dike types.

However, inclusions of alaskite fragments in an intrusive

breccia related to this dacite indicates that dacite

emplacement occured after emplacement of at least some of

the alaskite dikes.

Dacite in the eastern part of the largest dike is

wel l exposed, has near vertical dip and is 24 meters wide.

The deep, blue-grey, dense aphanitic groundmass is wel l

jointed and blocky. On a weathered surface, white, altered

plagioclase phenocrysts are evident against the dark

surface. In hand sample abundant hornblende crystals

display flow l ineat ion. Rare, smal l, partia1 1y-resorbed

xenol iths of Si lver Plume Granite occur at the borders of

the dike. The western-most part of this dike is dull

grey blue to grey brown and alteration is more pronounced.

Also, hornblende is less abundant, although overal l the

dacite mineralogy is consistent.

The dacite contains phenocrysts of plagioclase, K-

feldspar, quartz, altered hornblende, and minor biotite.

Sparse symplectic intergrowths of plagioclase and K-

feldspar and overgrowths of feldspar on the feldspar

phenocrysts are present. Hornblende (5 mm.) and 0.1 mm.
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microlftic plagioclase crystals at the eastern end of the

dike exhibit flow l ineat ion (fig. 19).

The western end of the dacite dike is intensely

altered and primary textures are difficult to discern,

although the groundmass has retained remnants of the O. I

mm. elongate microlites typical of the fresher eastern

part of the dike. Alteration phases include carbonate,

clays, chlorite, and epidote. Clays are more abundant at

the western end of the dike.

Alteration of the dacite dike is pervasive and

alteration phases include those observed in other dike

types. Pseudomorphs of mafic silicates, predominantly

hornblende, consist of carbonate, chlorite, and minor

epidote. The relative abundance of mafics in these

samples may explain the chlorite and epidote which are not

present in other dike types. Chalcedony is present only

in samples from the western part of the dike, and although

calcite amygdules are present in the eastern parts, they

are best developed and provide the best evidence of the

alteration sequence in the western part. Calcite-fi 1 1ed

vesicles in the eastern part of the dike are coarsely

crystal l ine. Undulose extinction of carbonate amygdules

was observed only where chalcedony is present In the

sample, and is interpreted to be the result of chalcedony
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Figure 19. Photomicrograph or dacite with rlow lineation

or hornblende and microlitic plagioclase.

10 mm .• crossed polars.

Field or view
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replacement. Further evidence for sil ica replacement by

calcite is euhedral, vesicle-fil l ing quartz intruded by

ragged carbonate embayments (fig. 20).

A  large, irregular intrusion breccia body is in sharp

contact (fig. 21) with the large dacite dike near its

western end (fig. 7). The breccia dike has a coarse to

very fine-grained fragmental, mil led groundmass that lacks

a magmatic component. There is a complete range from

micron-size particles to boulder-size fragments. Large

rounded boulders of Si lver Plume Granite, rare fragments

of Idaho Springs schists and smal l boulders of the dacite

(fig. 22a) are present. Near the contact the dacite has

numerous xenol iths l ike those in the breccia. The breccia

is cut by smal l dikes of dacite (fig. 22b) that indicates

near simultaneous emplacement of the two.

Xenol ithic fragments of Si lver Plume Granite seen in

hand sample seem to dominate the rock, but xenocrysts of

extremely variable character were observed and it would be

difficult to determine definite sources for most of the

material. Several phases of breccia intrusion are

suggested by sharp boundaries defined only by dramatic

changes in fragment size (fig. 23), with both phases

containing similar fragments and textures. Distinctive

1ithic fragments within the breccia include pieces of the
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Figure 20. Photomicrograph of carbonate embayment of

euhedral quartz in a dacite amygdule. Field of view 0.5

mm .• crossed polars.



T-3060

Figure 21.

intrusion breccia.
Outcrop photo of contact between dacite and
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a)

b)

Figure 22. a) intrusion breccia with dacite (Td) and Silver

Plume (spg) inclusions. b) intrusion breccia cut by dacite.
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Figure 23. Photomicrograph or intrusion breccia. Two

phases or intrusion shown by sharp contact between a very

rine and a coarser stage.

polars.

Field or view 6 mm .• crossed
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bordering dacite, and several irregular clasts of alaskite

with micro!itic groundmass (compare figure 16 with

fragments in figure 24). The alaskite inclusions indicate

that the dacite is younger than the quartz monzonite and

alaskite dikes.

A smal l (7 by 24 meter) dacite intrusive breccia dike

with numerous Silver Plume Granite clasts and a magmatic

dike matrix is located south of Silver Plume, above the

large quartz monzonite dike (fig. 7). Primary dike

material is highly altered but l ithic fragments of

Precambrian granite are relatively fresh. Large

phenocrysts of rel ict K-feldspar are completely replaced

by sericite, carbonate, and clays, and yet smal l

plagioclase xenocrysts are unaltered (fig. 25). Alteration

appears to be microfracture contol led; transported

magmatic phenocrysts were intensely fractured and are now

pervasively altered, and relatively neai—source clasts of

Precambrian granite show only minor alteration around rims

or along visible fractures. The high degree of alteration

in the dike material in this breccia makes identification

difficult, but the dark groundmass, breccia textures, and

relict phenocryst phases al l suggest an affinity with the

dac i te.
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Figure 24. Photomicrograph of an alaskite fragment

(right) in dacite intrusion breccia. Field of view 5 mm .•

crossed polars.
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Figure 25. Photomicrograph of intrusive breccia, dacite

dike south of Silver Plume. Field of view 5 mm., crossed
polars.
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SUMMARY OF TERTIARY DIKE STUDY

The Tertiary dikes of the Georgetown-Si lver Plume

district fal l into four groups, which are, in order of

relative age: quartz monzonite porphyry, alaskite

porphyry, granite porphyry, and dacite (fig. 26). The age

of the Georgetown-Si lver Plume dikes is probably 35 +/-2

Ma (Bookstrom, personal communication, 1985), and, par

ticularly the alaskites, resemble the border phases of

stocks of the Henderson system (Bookstrom, 1985) which are

subvolcanic rhyol ite and granite porphyries (34-23 Ma),

located less than 10 miles to the north, and to apl itic to

alaskite dikes of Montezuma district (40-35 Ma) (Simmons

and Hedge, 1978) 10 to 12 mi les to the southwest. The

Empire district Monzonite suite intrusions of 65.0 Ma

(Simmons and Hedge, 1978), located immediately north of

Georgetown, are older than the intrusions of the George

town-Si lver Plume area and are related to Laramide in

trusions in the Idaho Springs and Central City districts.

The Georgetown-Silver Plume Tertiary dikes have

petrographic and petrologic features indicative of the

depth and environment of emplacement. These include:

I. Beta-quartz pseudomorphs — Beta-quartz

is only stable above 573° C, and is
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DIKE PARAGENESIS and ALTERATION SEQUENCE

QUARTZ MONZONITE PORPHYRY

ALASKITE PORPHYRY

GRANITE PORPHYRY

DACITE

DACITE BRECCIA

Alteration

Silica alteration

Carbonate alteration

Vein mineralization

TIME

Figure 26. Paragenetic and alteration sequence for the

Tertiary intrusions of the Georgetown-Silver Plume region.
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common in volcanic rocks; the presence

of beta-quartz in these dikes probably

represents rapid cool ing at shal low

levels of emplacement.

2. Sanidine phenocrysts — sanidine wi l l

general ly be preserved only in rapidly

cooled volcanic rocks. Their presence

also suggests shal low levels of emplace

ment .

3. Glassy-microl itic dikes — the green

obsidian porphyry contains swal low-

tailed plagioclase microl ites, interpreted

by Lofgren (1980) as the product of under

cooling, typical ly found in volcanic rocks.

4. Amygdules — amygdules are stong evidence

for shal low level emplacement, required

for low confining pressures which al low

deve1opment of gas bubbles in magma.

5. Intrusion breccia — the intrusion breccia

on Pavilion Point and the breccia dike

south of Si lver Plume exhibit fragmental

textures indicative of explosive phreato-

magmatic activity, characteristic of

near surface intrusions. It is similar
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to intrusfve breccias at the Henderson Mine

(Wal lace et al., 1978), where within 1500 feet

of the present surface, rocks with pyroclastic

textures are common. Tweto (in Wal lace et al,

1978) estimated that the late Oligocene land

surface in the Henderson area may have been

as l ittle as 1500 feet above the present surface.

Based on estimates of the elevation of the Henderson

Oligocene surface, the Georgetown-Silver Plume dikes are

interpreted to have been emplaced within 1500 to 3000 feet

of the surface. This is a distinctly shal lower level of

emplacement than the Laramide intrusions in the Idaho

Springs and Central City districts (Rice et al., 1982).

Mineral ization in the Georgetown-Si lver Plume district

post-dates dike emplacement suggesting that mineralization

was at epithermal depths; significantly more shal low than

Laram i de m i nera1i zat i on.

Alteration of the dikes involved early si 1icification

fol lowed by dissolution of silica and deposition of

carbonate, both of which greatly effected the mineralogy

and whole rock geochemistry. The carbonate event is

probably related to deposition of siderite, anderite, and

calcite recognized in virtual ly all of the mines of the

region. Selective alteration of dikes, in relatively
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unaltered Precambrfan schists and granites, suggests that

these Tertiary intrusions acted as hydrothermal solution

conduits, and localized mineralizing fluids.
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GEOCHEMISTRY

The Tertiary dikes of the Central Front Range occur

in a complex terrain which has experienced several

tectonic events, each capable of generating magmas.

Intrusions in the Empire, Idaho Springs and Central City

districts, dated at 60 Ma, and a later 30-40 Ma stage at

Montezuma, have been linked to subduct ion-re1ated magma

genesis related to west coast subduct ion. Intrusions at

Cl imax and Henderson, dated at 34 to 23 Ma, are thought to

have formed during a transition between east-dipping, west

coast subduct ion and early Rio Grande Rift development in

the middle to late Tertiary (Bookstrom et al., 1985).

Dikes of the study area are of intermediate age (35 +/-2

Ma) and may be related to either or both of these tectonic

events. The geochemical study addresses questions

concerning tectonic origin and also considers the

possibl ity of separate magma sources for the various dike

types in the Georgetown—Si 1ver Plume district.

The analyses were made using x-ray flouresence

techniques outl ined in the chapter 'Methods of

Investigation'. Sample locations are shown on figure 33.

Al l of the dike types recognized were sampled and show

little variation in major element geochemistry. Al l
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except the alaskite and border phases of the quartz

monzonite and gtanite porphyries are classified as

'andesite' or 'dacite' on a Jensen Cation Plot (fig. 28).

Relatively low sil ica contents (Table 3) are thought to

represent loss of sil ica during carbonate alteration.

Samples with high values of si l ica are those that are

interpreted to have been si l icified or to have had high

initial sil ica contents, including the alaskites and

border phases, and unaltered granite porphyry glass.

Composition of the granite porphyry border phase may

indicate higher si l ica in primary compositions of the

granite porphyry dikes. The border phase is also lower in

CaO with respect to the granite porphyry, quartz monzonite

and dacite dikes (Table 3). This suggests that alteration

greatly modified the primary composition of the granite

porphyry. Similar alteration in dacite and quartz

monzonite dikes suggests that they have also been

mod i f i ed.

MAJOR ELEMENT GEOCHEMISTRY

Major element oxide percentages determined for the

Tertiary dikes are l isted in Table 3, and major

compositional fields defined by the least altered samples
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TABLE 3. NORMALIZED XRF MAJOR ELEMENT DATA

X SI02 ITI02 X AL203 X FE203 X FeO I HnO X HCO X CAH X HA?0 X K29 pa«5
«s=«2rasr*rrs5r;csssssssssssszs srsrrssrr;

(«
II

II
II
II
II

II
II

rrrrr-jcs"■.=«r-2s=xssxsssrss::r=-:rs

T83-9 61.6 .57 17.06 2.1 3.35 .14 2.74 6.03 3.14 2,87 .4
T81-8A 61.36 .58 17.13 2.11 3.37 .16 2«63 5.25 3.59 J.17 .39
T84-2Q 58.77 .62 17.31 2.21 3.5 .14 2.31 6,07 2.63 4.1? .33
T84-21 59.32 .59 20.71 2.16 3.62 .13 2.17 5,41 .14 4.93 .31
184-23 57.46 .59 17.15 2.17 3.36 .14 1,95 6.34 2.77 3.75 .:?
TB4-52A 63.78 .56 17.52 2.11 2.46 .1 I./2 4.31 3.16 3,97 .3
184-54 64.33 .53 17.67 2.07 2.48 .11 1.46 4.04 3.?5 3.75 .26
184-1 63.3 .57 17.27 2.15 2.72 .15 2.01 3.76 4.11 3.41 .32
184-2 63.63 .48 17.65 2.04 2.41 .13 1,47 4.83 3.45 3.65 *Ci

184-44 64.54 .57 18.37 2.15 2.4? .12 1,73 5.06 3.18 3.46 ,3
184-32 64.78 .53 16.48 2.08 2.59 .12 1,9? 3.85 3.36 3.91 .3?
184-34 62.17 .55 18.34 2.13 2.81 .13 2.06 4.01 3.65 3,78 .21
185-31 64.45 .51 16.65 2.04 2.47 .11 1.91 4.76 3.17 3,72 .3
184-43 64.65 .52 16.51 2.05 2.42 .12 1,94 4.27 3.21 3.94 ,3
184-53 64.3 .5 16.9 2.05 2.4 .11 1.69 4.95 3.26 3.56 ,3
184-14 61.086 .5 17.2 2.16 3.31 .14 1.5.1 4.17 2.38 4.54 .25
18M4A 74.08 .09 16.65 .72 i .02 .36 .23 .9 6,91 .03
194-17 61.13 .51 18.7 2.1 2.73 .16 1.67 5.80 3.21 3.47 .23
184-18 63.71 .47 17.67 2.01 2.19 .13 1,6? 5.21 ?.9? 3.56 .25
184-42 57.81 .66 17.13 2.25 3.83 .15 2.31 7.01 2.81 3.46 .37
184-45 59.79 .55 20.9 2.17 2.54 .12 1.6? 5,07 1,68 5.31 ,24
184-47 62.12 .53 18.3^' 2.11 2.42 .12 2.01 4.4! 4.0? 3.H ,23
184-50 64.95 .47 17.11 1.99 2.39 .12 1,73 2.96 3,85 4.1 ,27
184-35 62.65 .52 18.07 2.07 2.51 .12 1.54 5.18 3,43 3.6 .2?
184-36B 77.17 .13 12.4 .87 0 .08 .?5 .64 2.16 6.27 .03
T83-3 71.76 .04 23.01 .8? 1 .05 .37 .1 .2 3.34 .04
183-5 76.63 .04 19.61 .83 0 .03 .27 .08 .18 2.24 .04
183 12 76.21 .06 14.2 .66 8 .14 .24 .6 2.89 4.98 .02
103-14 76.55 .06 14,76 .65 0 .03 .28 .13 2.68 4.84 .02
TC4-12 69.57 .04 17.29 .81 0 .13 .28 1.62 2.62 5.59 .04

184-37 72.0? .1 19 1.28 0 .05 .23 .13 .8? 6,34 ,03
134-19 73.33 .04 17.13 1.07 0 .12 .57 1.42 2,22 3,92 .05
184-16 70.54 .04 1K.7 .9 0 .14 .31 1.81 3,03 4.48 .05
184-47 75.54 .0? 17.97 .85 0 .07 .23 .41 .54 4.23 .03
194-37 76.29 .08 14.C1 .68 0 .03 ,2 .12 .77 6,76 .03
T84-H 77.11 .15 13.60 .69 0 .01 .23 .21 2.72 5.1 .04

I

o
ON
o

UJ



T-3060 74

shown on a normative Pl-Or-Q plot (fig. 29). The trend

towards increasing quartz content probably represents

si1 icificat ion of alaskite. The scatter in the diagram

most l ikely reflects metasomatic changes during

a 1terat i on.

Marker variation diagrams were constructed for al l

major element pairs. Apparent trends may represent

secondary effects of alteration rather than petrogenetic

trends, so caution must be used in interpretation.

Diagrams showing wide scatter include the Na^O vs Si02

plot (fig.30) and the CaO vs Na20 plot (fig. 31), and are

interpreted it reflect alteration.

Marker variation diagrams of ̂ 0203 + FeO vs Si02

(fig.32) and ^ Ti02 ^^'9* 33) plots delineate

two separate populations, representing a compositional ly

distinct, low mafic, phenocryst—poor, si l icified group and

the larger population of mafic and phenocryst-rich,

carbonate-altered dikes. The two groups probably reflect

the flow djfferentation of phenocrysts during emplacement.

A near constant iron-titanium ratio is consistant with a

common origin for all of the dikes. This is further

supported by the separation of border from central dike

samples into the separate fields.

The CaO vs. Si02 (fig. 34) Marker diagram displays
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the best defined major element variation curve. CaO is

systematical ly depleted with increasing Si02. g trend to

be expected with differentation, but which, in this

system, could represent a replacement trend produced by

carbonate alteration. There is considerable scatter on

the total alkal i vs si l ica plot, but a poorly defined

enrichment of alkal is corresponds to depletion of CaO with

increased Si02, except where si 1 icificat ion is present

(fig. 35). The scatter may be the result of the relative

intensities of si1 icificat ion and carbonate alteration.

Al l samples, with the exception of the most

sil icified, correspond imperfectly to normal

differentiation variation patterns of decreased FeO, MgO,

CaO and increased Na^O and K2O with increasing Si02.

Also, the two populations recognized in the dikes

distinguish central-dike samples from their associated

phenocryst-poor border phases (figs. 32-34). This may

suggest that the segregation reflects primary

compositional variation across the dikes rather than

separate origins for the two geochemical types. The lack

of "intermediate" samples may be the result of sampl ing,

or could reflect a real phenomena caused by flow

differentiation of phenocrysts during dike emplacement,

with phenocrysts concentrated in the center of the conduit



H
I
Ul

O

0^
o

y. Si02

Figure 35. ^2® vs. SiOp Marker variation diagram.
CX)
N)



T-3060 83

(Bhattacharji and Smith, 1964).

TRACE ELEMENT ANALYSIS

Analyses of Rb, Sr, Y, Zr, and Nb are l isted in Table

4. No significant trends were recognized with respect to

Rb and Sr, probably because both are mobi le in hydro-

thermal alteration systems (Bussey, 1982). Zr, Ti02, Y,

and Nb, considered "immobi le" during alteration

(Winchester and Floyd, 1978), define two distinct

populations, the same as defined by the major elements.

The "depleted" group consists of alaskites and high si l ica

border phases from the quartz monzonite and granite

porphyries. The phenocryst-rich samples are relatively

enriched in iron, magnesium, titanium, phosphorous, and

also zirconium (figs. 32,36-38). They are probably also

relatively higher in manganese, but pyrolusite staining of

the alaskites causes deviation from this trend (fig. 39).

Zr shows distinct segregation of the two populations, with

the phenocryst-rich samples distinctly enriched in Zr(fig.

40). A plot of Zr/Ti02 vs. Nb/Y (Winchester and Floyd

1978), which is designed to "see through" alteration,

reveals that al l samples fal l in alkalic fields (fig. 41).

The distribution coefficients (K^) for Y, Zr, and Nb
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TABLE 4. XRF TRACE ELEMENT DATA

i

Kb m Sr PPH
ggaaBi'isi

Kb/Sr r PW 2r m Mb PPH

T83-? 92.8 1493.1 .06217 30 337.6

SSSSSSSiSSC

46
TS3-8A 97 1267 .07654 29.4 280.2 42.6
TB4-2J 144.8 514.4 .28157 27.1 ?57.1 37
T84-21 193.8 142.4 1.360-/8 26.5 249.2 42.2
T84-23 12D.9 862.6 .14018 24 252.2 36
TI4-52A 151.6 2012 .07435 33 342.1 45.8
TM-54 131.7 846 .1545 27.4 295 46.1
T84-1 112.7 1298.8 .08677 27.6 288.3 46.3
TW-2 112.8 935.5 .12063 23.3 238.6 44.7
T84-44 115.8 777.4 .13608 29.2 299.2 52.1
TM-32 138.7 1473 .09415 23.3 256.9 50.4
T84-34 127.7 737.9 .17336 27.2 287.1 53.2
T85-31 124.6 1121.6 .11108 27.9 264.8 45.8
T84-43 144.7 1556.8 .09305 26 265.4 44.9
T84-53 110.1 807.5 .13637 22.3 m.z 39.7
T84-14 176 547.7 .32127 30.7 288.6 38.2
T84-14A 234.1 152.5 1.53459 22.4 97.3 45.5
T84-17 162.5 1904.9 .08527 30.5 302. .1 49.8
T84-18 141.5 482.5 .29109 28 247.6 45.2
T84-42 121 528.1 .2292 27.3 265.2 36.7
T84-45 157.7 431.4 .3716? 23.6 211.9 43.3
T84-49 113.1 1000.8 .11276 24.1 256.2 47.6
T84-5I 151.2 1272.1 .11806 23.1 248.4 43.2
T84-35 114.2 745.1 .15326 22.4 234.-; 44.1
T84-3&B 745.1 66.7 11.17739 36.1 94.? 47.5
T83-3 124.8 23.7 5.26114 19.3 52 47.5
T83-5 79.2 68.1 1.4582 21.7 54.1 45.2
T83-12 311.8 52.8 5.90245 26.5 68.1 75.4
T83-14 314.1 36.6 8.61249 17.7 70.3 81
TI4-12 171.6 169 1.12773 26.8 67.6 61.1
T84-3? 237.3 89.4 2.6548 23.9 106.7 50.6
TB4-19 180.2 104.8 1.71968 27.8 57.1 44.5
T84-16 18? 309.7 .58769 27.3 70.8 62.6
T84-47 181 123.2 1.46903 16.5 79.4 42.2
T84-37 272.8 127.9 2.13.^49 17.6 8?.6 39.1
T84-II 225.3 185.5 1.21484 14.7 107.4 53.5
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(Table 5.) into ferromagnesian minerals are significantly

greater than 1, so a crystal l izing magma would be expected

to show melt depletion and crystal enrichment of these

elements. The depletion of Zr varies directly with

percentage of ferromagnesian minerals. The trends of Y

and Nb are less regular, neither show consistent depletion

or enrichment. However, the ratio Nb/Y, when plotted

against Zr/Ti02, distinguishs the same two populations

recognized in the Zr and major element data (fig. 41).

Depletion in Y and Nb would be expected in the alaskites

with phenocryst segregation alone. Hildreth (1979),

however, has noted that the upper portions of

differentiating felsic magma chambers tend to be enriched

in both Y and Nb. The relative roles of differentiation

(possibly causing enrichment of Nb & Y), and of crystal

segregation (causing depletion of Nb & Y) may explain the

scattered distribution of these elements in the alaskites.

Samples in the "depleted" field are also low in al l

phenocryst phases and are significantly lower in the

ferromagnesian minerals. The two fields could represent

two end members of melt segregation, one enriched in

crystals, mafic minerals, and Zr, and one depleted in

these constituents (see figs. 36-40). There is a positive

correlation between phenocryst, mafic element, and Zr
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TABLE 5. MELT-MINERAL DISTRIBUTION COEFFICIENTS FOR

Y, ZR, AND NB

MINERAL Zr Nb

quartz — low —

san i d i ne — low —

plagioclase <  .1^" <  .1^ <  .1^

hornblende 6^ 2-5^ 2-4^

bi ot i te 0.03^ 1-2^ 1-2^

iImenite 7 0.27^

o
1 •
CD

UJ

magnet i te 2.0^

1

MC
#

O

1-2^

apat i te 130-200' 0.1^ 0.1 '

z i rcon > 60' ~600^'^ 7

enriched minerals

* ReFerences Y  Zr Nb

1. Mahood & Hfldreth, 1983 hbld hbld hbld

2. Arth, 1976 mag b i o bi o

3. Irving, 1978 ap zircon mag

4. Pearce & Norry, 1979 zi rcon



T-3060 93

content which explains the bimodal distribution of samples

on figures 40 and 41. This is the result of partitioning

of these elements into the phenocryst phases with respect

to the melt.

The "depleted" nature of the alaskite dikes, which

lack a clear border phase, may have originated in the

ferromagnesian-depleted portions of a differentiating

magma chamber (or chambers) which produced the magmas

emplaced in the area, or may represent a separate magma.

The former explanation is favored as the alaskites

cluster with quartz monzonite and granite porphyry border

phases on al l geochemical plots.

The relatively intermediate, hornblende-bearing,

primary compositions of the dacite suggests an Andean-type

subduct ion-related origin (Winchester and Floyd, 1978),

as intermediate compositions are unusual in bimodal

felsic-mafic systems of rifting environments. However,

alkal ic affinities shown in immobile trace-element ratios

suggest an origin associated with rifting, possibly

related to the early development of the Rio Grande Rift.

It is therefore concluded that the magmas that formed the

dikes of the Georgetown—Si 1ver Plume region were generated

during the transition from subduct ion-related Laramide

tectonics to extension-related middle to late Tertiary
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tectonics. This is consistant with the results of a

similar study of the Henderson suite {Bookstrom et al.,

1985), which concluded that the Henderson intrusions were

also generated during this transition and show the

signature of both tectonic regimes.
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SUMMARY AND CONCLUSIONS

The Georgetown-Si lver Plume district has undergone

several stages of development. The first recognized event

was the deposition of the Idaho Springs formation

precursors; sediments, volcanics and volcanoc1astics

deposited in a near-arc setting and subsequently deformed

by the closing of a back-arc basin in the accreting

margin setting. The Idaho Springs formation was intruded

by 1.65 Ga Boulder Creek and 1.45 Ga Silver Plume granites

and pegmatites. Idaho Springs quartz-biotite and biotite-

sil limanite schists and Silver Plume granite now comprise

approximately 957. of the exposed rocks in the study area.

Precambrian events left the Idaho Springs formation

irregularly folded, with general northward trends.

Late Paleozoic uplifts left no recognizable

deformation in the Precambrian rocks of the study area,

but Laramide tectonism from 72 to 50 Ma intensively

fractured and faulted these rocks. The Tertiary

intrusions of the Georgetown-Si lver Plume area were

intruded at 35 +/— 2 Ma (Bookstrom, personal

communication, 1985). Four major types of intrusions are

recognized in the area: quartz monzonite porphyry,

alaskite porphyry, granite porphyry, and dacite porphyry.
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The dikes ■follow ■three major structural trends: N70E,

N70W, and a subordinate N-S trend; however, there is no

correlation between composition, relative age, and

or i entat i on.

The Tertiary dikes show evidence of shallow

emplacement including beta-quartz pseudomorphs, sanidine

phenocrysts, glassy textures, amygdules, and intrusive and

intrusion breccias. Similarities in age and textures to

the Henderson intrusive suite have led to estimates of

emplacement levels from 3000-1500 feet.

The dikes in the area are pervasively altered. The

fi l l ing sequence and replacement textures in amygdules

have led to recognition of a sil ica and a carbonate stage

of alteration. The dikes were first altered by a si l ica-

rich fluid, possibly related to the magma, which

sil icified and recrystal 1 ized the alaskites and fi l led

open spaces in the other dike types with amorphous sil ica

(chalcedony) and euhedral quartz. A later stage fluid, of

higher temperature or pH, deposited carbonate and minor

sericite, and removed si l ica. The phenocryst-rich samples

show a more intensive carbonate alteration while the

phenocryst-poor alaskites are sil icified and re-

crystal 1 i zed.

The selective alteration of Tertiary dikes suggests
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that the dikes were more permeable than the Precambrian

country rocks. Carbonate gangue phases in the epithermal

veins of the district are wel l documented (Spurr et al.,

1908), and selective carbonate alteration of Tertiary

dikes suggests that these dikes acted as fluid conduits

for the mineral izing fluids.

The geochemistry of the Tertiary intrusions has been

modified by alteration, however trends recognized suggest

CO—magmatic origin for the dikes of the Georgetown—Si 1ver

Plume area. Two populations are del imited by the geo-

chemical data: a phenocryst-, mafic element- and

zirconium-poor group, containing the alaskites, border

phases of quartz monzonite and granite porphyries, and the

Montezuma sample; and a group enriched in these phases

which includes samples of quartz monzonite, granite, and

dacite porphyries. Geochemical siImilarities of alaskites

to a sample from the Montezuma dikes suggests that the two

suites may be genetical ly related.

The intermediate compost ions of dacite samples

suggests a subduct ion-related origin for the Georgetown-

Silver Plume mid-Tertiary intrusions, however immobile

trace element data suggests alkalic affinities more

consistent with magmas formed in rifting environments.

It is therefore concluded that the magmas were generated
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during a transition from subduct Ion-related Laramlde

tectonism to the middle to late Tertiary extension-related

tectonIsm.
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