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Hahns Peak ia composite laccolithic intrusion of latite and

quartz latite porphyry, approximately 12 m.y. old. The country rocks

that were domed by the porphyritic intrusions consist of Paleozoic

siltstones, sandstones, and claystones; Mesozoic sandstones, shales,

and minor limestones; and Cenozoic sandstone and conglomerate. Base-

ment rocks consist of Precambrian gneissic granodiorite. A thin,

cone-shaped body of intrusive breccia (referred to as a breccia cone

sheet) is centered on the intrusive complex and is interpreted to be

related to a hidden rhyolitic pluton of late Tertiary age. The

breccia cone sheet consists of monolithic breccia, that probably

formed by boiling of magmatic fluids, and a more fluidized multi-

lithic breccia that probably formed by phreatic explosions when

ground water came into contact with super-heated magmatic fluids.

Multilithic breccia apparently breached the surface on the northwest

flank of Hahns Peak as steam-blast eruptions which formed a

stratified vent complex at that location and a pyroclastic surge

deposit approximately one mile to the west.
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Silicified fragments of porphyry with stockwork veins of silica,

pyrite, and molybdenite are present in both an early phase of quartz

latite porphyry and in the breccia cone sheet. These fragments sug-

gest the presence of a stockwork molybdenite deposit at depth beneath

Hahns Peak. Pyrite, galena, sphalerite, chalcopyrite, and molyb-

denite occur locally in the matrix of monolithic breccia. Minor

amounts of auriferous pyrite, argentiferous tetrahedrite, and trace

covellite are present locally in the matrix of multilithic breccia.

Gold that occurs in placers on the perimeter of the peak is thought

to have been derived from the upper-most portion of the breccia cone

sheet. Late-stage sphalerite and galena fill open spaces locally in

the breccia cone sheet and are thought to have been derived from Pre-

cambrian source rocks that were leached by meteoric fluids circulated

above a cooling pluton.

Hydrothermal alteration consists of an early phase of pervasive

albitization and a later phase of propylitic, argillic, phyllic, and

advanced argillic mineral assemblages that are zoned around the

breccia cone sheet.

Hydrothermal brecciation, mineralization, and alteration at

Hahns Peak is interpreted to be related to a porphyry molybdenum

system. The location of Hahns Peak near the intersection of deep-

seated Precambrian structures with a possible northward extension of

the Rio Grande Rift is a favorable tectonic environment for molyb-

denurn mineralization.
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THE GEOLOGY AND MINERAL POTENTIAL OF

THE HAHNS PEAK INTRUSIVE PORPHYRY,

ROUTT COUNTY, COLORADO

INTRODUCTION

Hahns Peak is located in Routt County, northwestern Colorado,

approximately 27 miles north of the town of Steamboat Springs

(Fig. 1). The thesis study area is contained within the Hahns Peak

7.5 minute topographic sheet (1. 10 N., R. 85 W., Sec. 9).

Access is gained by partially paved road from Steamboat Springs

to Hahns Peak village and a graded dirt road the remaining five miles

to the town of Columbine. Jeep trails leading from both Hahns Peak

Village and Columbine provide vehicle access to within 300 feet of

the summit of Hahns Peak.

The Rio Grande Railroad provides the nearest transport facil-

ities with its Denver line that passes through Steamboat Springs.

Purpose and Method of Study

This thesis was designed to evaluate the economic mineral poten-

tial of Hahns Peak. This evaluation was carried out primarily by

means of detailed surface and underground geologic mapping and geo-

chemical sampling, core logging, and subsequent petrographic study.

A detailed geologic outcrop map on a scale of 1:2400 (1 in. =

200 ft.) was produced for an area of about two square miles roughly
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centered on Hahns Peak (Plate 1). Field mapping was done on aerial

photographs of approximately the same scale (1:2400) during the

summer of 198. A detailed rock chip geochemical sampling program

was also carried out at that time with the collection of 208 samples

from both surface and underground sites. Underground mapping on a

scale of 1:1200 (1 in. = 100 ft.) was done on both the Southern Cross

and 70 adits with the aggregate length of workings being approxi-

mately 3,600 feet (see Figs. 12 and 13). In addition, approximately

12,000 feet of drill core was logged. All mapping and logging of

core and rock chip samples involved detai led examinations for the

effects of hydrothermal alteration on the host rocks by means of vis-

ual estimates in the field and by later petrographic studies of 120

thin sections in the laboratory. In addition, 66 samples were ana-

lyzed by X-ray diffraction techniques.

A proper evaluation of the economic mineral potential of Hahns

Peak could not be achieved without a firm understanding of its geo-

logic setting. The development of a more detailed history of the

intrusive and hydrothermal events was therefore an intregal part of

this thesis and a definite prerequisite in determining the type of

mineral deposit at Hahns Peak, and where future drill sites should be

placed to effecti vely eval uate i ts potenti al.

Physiography and Climate

Hahns Peak i s a di sti ncti ye topographi c hi gh that ri ses nearly

2,000 feet above its valley floor to a summit elevation of 10,839
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feet (Fig. 2). The peak lies between the western flanks of the

north-trending Park Range, which defi nes the Conti nental Divide, and

the eastern edge of the west-trending Elkhead Mountains (Fig. 1).

Its slopes are precipitous, and are mantled with talus debris usually

near the maximum angle of repose. Much of the peak is above timber-

li ne.

The climate is typically alpine, with long, snowy winters and

short, cool summers. The reported average annual precipitation from

Columbine (elev. 8,700 ft.) is 39.7 inches, with an average annual

snowfall of 184.5 inches (Segerstrom and Young, 1972). This same

source reports that regional mean temperatures are about 160 F for

January and about 60° F for July.

A large portion of the thesis area, below altitudes of 10,200

feet, is heavily forested with Engelmann spruce, lodgepole pine,

alpine fir and aspen. Associated mountain meadows display a unique

assortment of wild flowers, grasses and shrubs.

History of Mining and Land Use

Hahns Peak hosted the first settlement in Routt County, owing to

the discovery of gold in 1862. In that year, Joseph Hahn, William

Doyle, and Captain George Way found free gold while panning stream

sediment from the banks of Willow Creek, near the present site of

Hahns Peak Village. On a return trip in 1865, Doyle and Way climbed

the peak which they then named in honor of their leader, Joseph Hahn.

Returning once again in the summer of 1866, the trio, along with 48



Figure 2. Hahns Peak, view from Farwell Mountain.
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other prospectors, organized the first Hahns Peak Mining District

under the wary eye of the Ute Chief, Colorow, and his Top-of-the-

Mountain-People, who were told that the white men's sole interest was

the "yellow metal". Hahn and Doyle remained in camp through a harsh

winter and in the following spring, facing starvation, the two

attempted to snowshoe to the mining camp at Empire, Colorado. Hahn,

however, died of exhaustion along the way.

No further mining development was undertaken until 1874 when the

Purdy Mining Company re-established the Hahns Peak Mining District

and began development of the Ways Gulch placer deposit east of the

town of Hahns Peak, now known as Hahns Peak Village.

In 1875 a wealthy Chicagoan, John Farwell, invested a large sum

of money into the Hahns Peak placers, but sold out at a loss in 1879

when his shovel and sluice box operations apparently exhausted the

locally rich, yet very narrow, stream bed gravels.

Then, in 1880, Robert Mcintosh developed the Poverty Bar Placer

west of Hahns Peak Village using sluice troughs and hydraulic tech-

niques and made a modest fortune. Much later, in about 1905, a

dredging operation on Ways Gulch proved unprofitable and the Poverty

Bar and Ways Gulch Placers were worked intermittently by various

methods until 1910, and then again in the 1930's. Placers on the

southern flank of the Peak, and in Little Red and Big Red Parks to

the north, have seen minor prospecting activity to the present.

Although the district failed to develop into a major mining

camp, it was the hub of the region when Routt County was estab-

lished in 1877. The town of Hahns Peak (then locally referred to as
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International Camp and Bugtown) was named the first county seat. It

remained the county seat until 1912.

Reported occurrences of gold and silver at higher elevations on

the flanks of Hahrts Peak in 1881 eventually led to the establishment

of the Royal Flush and Tom Thumb mines, as well as the town of

Columbine. The Royal Flush is the most extensive mine on the moun-

tain with underground workings totalling over 2,300 feet on two

levels. Although some work had been accomplished earlier, the first

major developmental effort at the Royal Flush mine was initiated in

1906 when H. 0. Granberg, Pat McGill, and J. R. Caron established the

Hahns Peak Mining & Milling Company. The mine was worked intermit-

tently into the 1920's, and perhaps later, but production was negli-

gible. Silver and gold were found sporadically in fractured and

silicified sedimentary units. The history of this mine involved a

series of promotional plays orchestrated primarily by Henry Granbery.

The Tom Thumb was a silver mine that produced a total of 200

tons of galena-rich ore. One reported assay of 18,000 lbs. of ore

contained 52.0 oz/ton Ag, 2.0 oz/ton Au, and 51.8 percent Pb (Gale,

1906). The Southern Cross mine was driven in about 1903 by Oeon

Poulson. Production was never reported and the mineralization

appears limited to pervasive pyrite and streaks of galena and tetra-

hedrite confined to a zone of intrusive breccia located near the

portal.

The total value of precious and base metals mined from Routt

County from 1873 to 1960 did not exceed $500,000. Over $300,000 of



that figure was produced from the Hahns Peak placers during 1873-1878

(Vanderwilt, 1947; del Rio, 1960).

More recent exploratory work was initiated in 1963 by William A.

Bowes and in 1967 his company was involved in driving the 7D adit

over 1,700 feet into the mountain. The 70 underground workings were

strictly of an exploratory nature, with no ensuing production.

The Anaconda Company acquired a mining lease on Hahns Peak in

1971 and has conducted various exploratory investigations, including

diamond drilling, from that time to the present.

Although the settlement of the Hahns Peak region owes its origin

to the mining industry, the Peak has seen many other uses. In 1908

the U.S. Forest Service constructed a fire lookout tower on the

summit. It was subsequently rebuilt in 1939 and manned until 1950.

The concrete foundation and wooden framework remain intact.

Tourism and stock-raising are the principal industries of the

region today. Every summer several thousand sheep graze on federal

and privately leased land on and around Hahns Peak. In addition,

hikers, horseback riders, hunters, cross country skiers, hang glider

enthusiasts, motorcyclists, snowmobilers, and jeepers maintain a

year-round recreational use of the peak. Visible from many points

within the Mt. Zirkel Wilderness area 10 miles to the east, Hahns

Peak is definitely an environmentally sensitive area. This wide-

spread and well publicized recreational use will be a distinct factor

entering into any decisions involving future mining development.

Much of the historical content of this section was condensed

from the book Historic Hahns Peak, by Thelma Stevenson (1976).



Previous Geologic InvestiQations

An abundant and varied amount of geologic work has been per-

formed on Hahns Peak since the first descriptions were recorded in

1872 by S. F. Emmons, when he visited the region as part of the

United States Geological Exploration of the Fortieth Parallel, super-

vised by Clarence King (Hague and Emmons, 1877; King, 1878). With

this initial investigation, Eninons succeeded in identifying and cor-

relating the rocks of the sedimentary section and described two of

the three main igneous intrusive phases making up the Hahns Peak com-

plex. Mt. Zirkel, a distinctive peak of the nearby Park Range, was

named for a colleague of Emmons, Prof. Ferdinand Zirkel, a petrog-

rapher with the King survey.

In 1906, Hoyt Gale studied the area, and suggested that Hahns

Peak was a laccolith. He reported that gold in the flanking placer

deposits occurred as moderately coarse flakes and that it possessed a

high alloyed silver content. He further concluded that because the

placers are made up of 75-90 percent Hahns Peak porphyry, and because

virtually all stream gravels surrounding the peak have anomalous gold

values, the placer gold probably originated from an eroded portion of

the Peak. He noted that the search for lode deposits of gold on the

Peak had been fruitless, but that trace amounts of gold were present

throughout the rhyolite porphyry. The work of Gale and two other

early workers in the area, Marshall Draper and William Weston, was

summarized by Arthur Lakes in 1909.
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George and Crawford (1909) pursued the problem of provenance of

the placer gold and suggested that additional sources, aside from the

porphyries, might be either the basal Dakota conglomerate or the Pre-

cambrian metamorphic rocks.

When it became clear, however, that the Hahns Peak gold placers

were essentially exhausted, and little potential for vein deposits

existed on the Peak, the question of provenance was ignored and geo-

logic investigations ceased for a time. Much later, Barnwell (1955)

and Hunter (1955) studied the stratigraphy and structure of the Hahns

Peak area and Buffler (1967) examined the Browns Park Formation and

its relationship to the late Tertiary geologic history of the Elkhead

region.

Geologic investigations aimed at determining the economic. poten-

tial of the Hahns Peak district were renewed in 1963 by William A.

Bowes. He was joined in his efforts by personnel of the U. S.

Geologic Survey in 1966, under the auspices of the Heavy Metals

Program. Surveys that involved geochemistry (soil and rock samples),

geophysics (induced polarization and resistivity), and diamond core

drilling were utilized to define areas of gold, silver, lead, zinc,

copper and molybdenite mineralization (Bowes and others, 1968; Bowes,

1969; Young and Segerstrom, 1973).

The gold content of natural waters at Hahns Peak was studied by

Gosling, Jenne, and Chou (1971), while Kenneth Segerstrom and Edward

Young were engaged in surface mapping and detailed petrographic and

mineralogic studies (Bowes, Segerstrom, and Young, 1968; Segerstrom

and Young, 1972; Young and Segerstrom, 1973). The base map for the
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geology shown on Plate 1 was drafted from a plane table topographic

map done by K. Segerstrom and supplied by W.A. Bowes.

Young and Segerstrom (1973), who reported unpublished microprobe

studies of gold inclusions in pyrite by G. A. Desborough, indicated

that gold from the Royal Flush mine on Hahns Peak and from placers in

Little Red Park on the north flank of the peak have similar average

silver contents of 36.3 and 36.8 weight percent, respectively.

Antweiler, Doe, and Delevaux (1972) concluded from Pb isotope data

that the gold mineralization of Hahns Peak is related to Tertiary

igenous activity, and that the placer gold originated in the porphy-

ries. Thus, two independent methods of modern research support some

of the conclusions of the early workers.

Segerstrom and Kirby (1969) interpreted the bedded outcrop cap-

ping Porphyry Mountain to the west of Hahns Peak to be an epiclastic

breccia. They suggested that reworked volcanic debris was swept from

the slopes of Hahns Peak as lahars and deposited in a standing body

of water.

Additional geologic mapping and laboratory investigations were

conducted by Frederick Dowsett (1973, 1980) in conjunction with his

study of the hydrothermal alteration of the I-lahns Peak porphyries,

which was a Ph.D. dissertation at Stanford University.

Since their acquisition of the mineral rights on Hahns Peak in

1971, the Anaconda Company has conducted a series of mapping and

drilling projects, with the most complete previous evaluation being

an internal company report by G.M. Park in 1972. In addition to the

mapping and rock chip geochemical sampling done as part of the
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present study, Anaconda conducted an airborne magnetometer survey in

November, 1978.
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REGIONAL GEOLOGIC SETTING

Hahns Peak is located between the west-trending Elkhead

Mountains and the north-trending Park Range, within the Rocky

Mountains of northwestern Colorado. The Elkhead Mountains consist of

a group of extrusive and shallow intrusive volcanic rocks that are

late Tertiary in age. The Park Range consists principally of Pre-

cambrian metasedimentary rocks that include gneiss, schist and

quartzite. A similar Precambrian metasedimentary basement complex

within the Hahns Peak quadrangle is overlain by sedimentary rocks

ranging from late Paleozoic through Cenozoic in age. These meta-

morphic and sedimentary units are locally intruded by plutons of

Tertiary age. Extrusive rocks of Tertiary age contribute only a very

minor part to the geologic column of this area.

Precambri an Geology

The basement rocks consist of fine-grained felsic and biotitic

gneiss, mica schist, quartzites and rnetaconglomerates. Relict sedi-

mentary textures such as cross-bedding, graded-bedding and heavy min-

eral segregations are present locally and indicate subaerial depo-

sition of pelitic, arenaceous and conglomeratic sediments during Pre-

cambrian time. Lenses of arnphibolite within these rocks are probably

indicative of interlayered mafic volcanics or intrusive sills.

Tectonisrn at about 1.65 to 1.70 b.y. resulted in the regional meta-

morphism of these sedimentary and interlayered mafic igneous rocks to
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the almandine-amphibolite facies (Segerstrom and Young, 1972). This

aye is similar to that of 1.75 b.y. determined for the Boulder Creek

Granodiorite in the Front Range of Colorado (Peterman and others,

1968), and presumably dates the same tectonic episode. The resultant

gneisses and schists of the Hahns Peak region were isoclinally folded

during this period of metamorphism and tectonism, and they exhibit

foliation and schistosity parallel to the original bedding planes. A

later period of tectonism created open folds striking east-northeast

(Segerstrom and Young, 1972). Both periods of tectonism were accom-

panied by minor intrusions of granite and quartz diorite. Pegmatite

dikes and quartz veins, accompanied by minor amounts of sulfides,

intruded the regionally metamorphosed rocks late in the cycle of

Precambrian tectonism. Malachite and azurite are visible in a peg-

matite cutting a felsic gneiss-amphibolite complex on Farwell

Mountain, and a rock chip sample taken by the author contained

1.1 percent Cu, 75.0 ppm Zn, 3.2 ppm Ag and 97.0 ppm Mo. Although

sulfides are present, the lack of reactive carbonate horizons in the

Precambrian complex severely limits its potential for the locali-

zation of ore.

Paleozoic Geology

The occurrence of Paleozoic rocks in the Hahns Peak region is

extremely limited. Outcrops of red calcareous siltstone and fine-

grained sandstone of the Permian Goose Egg and Lower Triassic Red

Peak Formations are exposed at only a few localities on the Farwell
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Mountain quadrangle. However, these same units are intersected in

the lower portion of drill hole DDH-1O1, beneath Hahns Peak, where

they appear tq lie uncomformably on Precambrian granodiorite.

The relative absence of Paleozoic rocks is presumably due to

periods of extensive erosion and non-deposition.

Mesozoic Geology

The upper Triassic rocks of the region consist of sandstones,

siltstones, and claystones of the Jeirn, Popo Agie, and Nugget Sand-

stone Formations. Textural and compositional evidence suggests that

the Jelm Formation is fluvial in origin; that the Popo Agie Formation

is mixed fluvial and lacustrine in origin; and that the Nugget Sand-

stone Formation is predominantly tidal flat in origin (Segerstrom and

Young, 1972).

An erosional unconformity separates the Nugget Sandstone Form-

ation from the overlying Jurassic Sundance Formation. The Sundance

Formation consists of sandstone and shale that was deposited in a

shallow water marine environment (Segerstrom and Young, 1972).

Shales and fresh water limestones of the Late Jurassic Morrison

Formation lie disconformably above the Sundance Formation and mdi-

cate a mixed fluvial and lacustrine environment of deposition

(Segerstrom and Young, 1972). These varicolored shales are usually

poorly exposed, as they readily disintegrate and are easily eroded.

Previous workers (Segerstrom and Young, 1972; Dowsett, 1973,

1980) have mapped the Goose Egg, Red Peak, Jeim, Popo Agie, and
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Nugget Sandstone Formations together as a single unit, and have like-

wise grouped the Sundance and Morrison Formations into another single

unit. The same procedure was followed in mapping involved with this

study.

The Cretaceous rocks of the region are Dakota Sandstone and

Mancos Shale. The Dakota Sandstone consists of cross-bedded sand-

stones underlain by a basal conglomerate, and is typically a resist-

ant ridge former. These clastic units are indicative of brief

regional uplift that had ceased by the time of deposition of the

overlying Mancos Shale. The Mancos Shale is a calcareous unit prob-

ably deposited during the transgression of an epeiric sea. This

shallow sea soon receded as regional uplift once again put an end to

marine deposition when the Rocky Mountain orogeny (Laraniide

Revolution) began in Late Cretaceous time at about 65 n.y. ago

(Naiser, 1976).

Cenozoic Geology

Rocks of Paleocene, Eocene and Oligocene age are missing from

this region. This is a consequence of erosion and non-deposition

related to continued uplift and deformation of the Rocky Mountain

region well into the Tertiary Period. Deformation was characterized

by primarily horizontal compressional forces which prevailed until

late Eocene time, perhaps until about 40 m.y. ago (Coney and

Reynolds, 1977). Displacement of Precambrian basement rocks that

were thrust westward over Mesozoic sedimentary sequences in the Hahns
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sional regime. Rock units older than the middle Miocene Browns Park

Formation are locally overturned adjacent to the regional thrust

fault shown in Figure 3. This suggests that thrusting occurred after

the Late Cretaceous, but before the middle Miocene.

The Browns Park Formation consists of a coarse basal conglorn-

erate and an overlying tuffaceous sandstone. The basal conglomerate

consists of Precambrian cobbles and pebbles that were deposited as

alluvial fans on a monoclinal erosion surface dipping westward from

the Park Range. This material was subsequently covered by fluviatile

and eolian tuffaceous sands that are believed to have been derived

from the San Juan Mountains-West Elk Mountains volcanic complex and

from the Mesozoic sedimentary rocks of the Uncompahgre Plateau

(Buffler, 1967). Buffler (1967) interprets the Browns Park Formation

to be mid-Miocene in age, and notes that it is older than all the

volcanic rocks in the Elkhead Mountains that either intrude or over-

lie it. Ages of intrusive rocks in the Elkhead Mountains range from

11.0 m.y. at Brush Mountain, Colorado (Sec. 34, 1. 11 N., R. 88 W.),

to 7.6 m.y. at City Mountain, Colorado (Sec. 26, T. ii N., R. 86 W.)

(Buffler, 1967).

The majority of the igneous rocks that form flows, dikes, sills,

laccoliths, domes and diatremes in the Elkhead Mountains are typi-

cally quartz latite in composition. However, isolated basalt flows

and dikes related to this period of intrusive activity are located in

Little Red Park, three miles north of Hahns Peak, and in another area

immediately southwest of Steamboat Lake (Carey, 1955).
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Sedimentary rocks were locally domed, tilted, and cut by high

angle normal faults that preceded and accompanied late Tertiary

intrusive activity in the region. Hahns Peak occupies the center of

a west-trending horst that is bounded by the King Solomon fault on

the north and by the Grouse Mountain Fault on the south (Fig. 3).

Bowes (1969) has noted that these faults follow the general Uinta

trend, and may reflect the eastward continuation of a Precambrian

structure that was reactivated in the late Tertiary period.

Continued uplift into the Quaternary Period resulted in

I ncreased rates of erosi on unti 1 the I ni ti ati on of regi onal gl ad -

ation east of Hahns Peak on the western flanks of the Park Range.

The presence of moraines in the eastern part of the Farwell Mountain

quadrangle indicate that widespread glacial activity occurred in that

portion of the region (Segerstrom and Young, 1972).

Mass wasting has been the dominant geologic process in Holocene

and recent times, as evidenced by landslide debris and unstable scree

slopes that mantle the steeper hillsides around Hahns Peak.

Regional Geophysics

Hahns Peak is located within a broad negative gravity anomaly,

defined by a closed -200 milligal Bouger contour, that approximately

outlines the Middle Rocky Mountain and Southern Rocky Mountain prov-

inces (Hollister 1978; Fenneman, 1946). This regional negative

Bouger anomaly reflects a thick sialic crust (Hollister, 1978) that

.
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extends to a depth of 50-60 Km beneath the Southern Rocky Mountains

(Pakiser, 1963).

Larger scale plots of Bouger gravity and total field magnetic

data from Colorado suggest the presence of a deep-seated intrusion of

batholithic proportions that is located approximately six miles

northwest of Hahns Peak, within the bounds of the Rocky Mountain

regional gravity low (Fig. 4) (Behrendt and Bajwa, 1974; Zietz and

Kirby, 1972). The presence of this plution is inferred from the

nearly coincident positions of a zone of locally higher Bouger grav-

ity values (up to -200 milligals), and a distinct zone of high mag-

netic intensity (up to 4,300 gammas) (Fig. 4). These superimposed

highs indicate the presence of a dense pluton at depth with a nioder-

ately high content of magnetic minerals. It is likely that the

pluton has a composition somewhat more mafic than quartz latite,

although this cannot be uniquely determined from the geophysical

data. The intrusive bodies of latite to quartz latite composition

that are exposed at, and near, Hahns Peak are located on the south-

east limb of the proposed batholith, and are interpreted to have been

derived from a cupola that projects from it. The more mafic compo-

sition that is inferred for the pluton at depth suggests that mag-

matic differentiation probably occurred to produce the near-surface

intrusions.

Regional reduced heat flow measurements from northern Colorado

are anomalously high (1.2-3.0 HFU) (Decker and others, 1980; Buelow,

1980), and are within the range of values measured in the southern

segment of the Rio Grande Rift (1.8-3.4 1-IFU) (Decker and Smithson,
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Figure 4. Portion of Colorado Bouger Gravity Map (Behrendt and
Bajwa, 1974) and Colorado Aeromagnetic Map (Zeitz and Kirby,
1972). Scale 1:500,000.
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1975). On the basis of this data, Decker and others (1980) have

speculated that the Rio Grande Rift may extend as far north as the

Colorado-Wyoming border.

Thus, the geophysical evidence suggests that the Miocene-age

intrusive rocks of the Hahns Peak region may be associated with a

shallow crustal batholith emplaced within the northern extension of

the Rio Grande Rift, near its intersection with two Precambrian

structures (Fig. 5).

Regional Tectonics

The tectonic history of the western United States from Pre-

cambrian through Cenozoic time involves complex interactions of lith-

ospheric plates along an evolving continental margin. There is abun-

dant evidence that subduction-related compressional tectonics dom-

inated the evolution of the Cordillera from mid-Ordovician to mid-

Tertiary time. Many geologists, however, object to the hypothesis

that subduction processes could affect a region up to 1,000 miles

from the continental margin.

The following is an attempt to synthesize current data, and to

introduce some new concepts in the presentation of a generalized his-

tory of the tectonic evolution of the western United States. The

emphasis is on the Southern Rocky Mountain physiographic province

(Fenneman, 1946) in early to late Tertiary time, because it 'is that

region and interval of time that are most pertinent to understanding

the geology of Hahns Peak. However, tectonic activity throughout the
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Cordillera since Precambrian time has had important effects on the

Hahns Peak region, and must be considered in a comprehensive geologic

interpretation.

Precambri an Tectoni Cs

The crystalline rocks that form the 2.7-2.5 b.y. Archean base-

ment complex of the western United States are exposed northwest of

the Mullen Creek-Nash Fork shear zone (Fig. 5), and consist of

gneiss, metagraywacke, greenstone, and local intrusions of mafic and

ultramafic composition (Burchfiel, 1979). The Mullen Creek-Nash Fork

shear zone marks a major suture on the Precambri an conti nental crust

that was formed approximately 2.0 b.y. ago when island arc terrane

collided with the southeast side of the Archean craton (Burchfiel,

1979). The island arc-derived rocks were regionally metamorphosed to

amphibolite grade at about 1.75 b.y. ago. By 1.72-1.70 b.y. ago, a

longitudinal wrench fault system that included both the Mullen Creek-

Nash Fork shear zone and the Colorado Mineral Belt (Idaho Springs-

Ralston shear zone) (Fig. 5), was developed along the accreted con-

tinental margin (Warner, 1978, 1980; Burchfiel, 1979). Warner (1978,

1980) has named this northeast-trending system of en echelon wrench

faults the Colorado lineament, and has suggested that it extends from

Arizona to Minnesota.

Strike-slip deformation of the continental margin was followed

by intra-cratonic rifting in the western part of the mid-Proterozoic

continent at 1.4-0.85 b.y. ago. This resulted in the formation of

thick sequences of late Precambrian sedimentary rocks in a fault-
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bounded basin, as exemplified by the Uinta Mountain Group (Fig. 5)

(Burchfiel and Davis, 1975; King, 1977).

Pal eozoi c Tectonics

In late Precambrian to early Paleozoic time (850-470 m.y. ago)

the central-western United States was divided into a cratonic high-

land to the east, and a passive continental shelf sedimentary

sequence to the west that developed into the Cordilleran geosyncline.

The boundary between the terrigenous wedge of shelf rocks and the

continental source area passes northeasterly through central Utah,

and is known as the Wasatch line (Burchfiel, 1979).

From mid-Ordovician to mid-Triassic, the continental margin of

the western U.S. probably had a Japanese-type setting of marginal

seas and intra-oceanic island arcs (Dickinson, 1976; Burchfiel,

1979). In Mississippian time, transgressive cycles that locally dep-

osited thin beds of carbonates on the craton, alternated with epi-

sodic continental margin accretion and related tectonism. Cornpres-

sion of the island arc terrane at this time resulted in the partial

closure of a marginal basin, and the eastward thrust of an alloch-

thonous block onto the continental shelf in central Nevada, producing

the Antler orogeny (Burchfiel, 1979).

The formation of the Ancestral Rocky Mountains in Pennsylvanian-

Permian time caused the uplift of Precambrian crystalline basement

rocks in a series of northwest-trending highlands in Colorado, New

Mexico, and Utah. The Paleozoic rocks that originally capped uplands

were extensively eroded and deposited into flanking basins, forming
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the distinctive arkosic "red beds". The cause of the Ancestral Rocky

Mountain uplift is uncertain, but it may be related to the Quachita

Orogeny that occurred synchronously along the southeast margin of the

craton (Birchfiel, 1979).

Near the end of the Paleozoic era, the Ancestral Rocky Mountains

were strongly eroded, and by mid-Tertiary time only isolated high-

lands remained. 8ut while erosion was smoothing the continental

landscape inland, tectonic forces were active once again along the

continental margin to the west, where a broad belt of deformed eugeo-

synclinal island arc and ocean floor rocks were accreted onto the

craton. This accretion extended the cratonic margin 350 miles ocean-

ward (Dickinson, 1976). The collision of island arc terrane with the

cratonic margin in this phase of late Paleozoic accretion resulted in

blocks of oceanic crust being thrust onto the continent in west-

central Nevada, in what was known as the Sorioma Orogeny (Burchfiel

and Davis, 1972, 1975).

Mesozoic Tectoni Cs

Mesozoic tectonic events were dominated by processes related to

active subduction along the western continental margin (Coney, 1971,

1972; Burchfiel and Davis, 1972, 1975; Dickinson, 1976; Burchfiel,

1979). A Japanese-type margin was prevalent into the early Mesozoic

era, but continued accretion and compression converted the conti-

nental border to an Andean-type arc-trench system by mid-Triassic

time (Coney, 1972; Dickinson, 1976). The Andean-type setting contin-

ued through the Jurassic and into the Cretaceous, with ophiolitic
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rocks and continental and arc-derived clastics developed into an

accretionary wedge to the west. Simultaneously to the east, minor

transgressive and regressive cycles of an epeiric sea resulted in

alternating shallow marine and non-marine sedimentary deposits in the

Southern Rocky Mountain Province (Dickinson, 1976).

By late Jurassic time, blocks of pre-Mesozoic eugeosynclinal,

miogeosynclinal and cratonal rocks had been thrust eastward to form a

foreland fold-thrust belt that extended through western Montana,

eastern Idaho, NW Utah, and SE Nevada. Detritus from the continental

area to the east was deposited in a narrow foreland basin on the edge

of the fold-thrust belt (Dickinson, 1976).

The eastward advance of fold-thrust belts and conglomeratic

wedges is evidence that mountain building, associated with compres-

sive tectonics, progressed continually inland from the mid-Jurassic

to the early Tertiary (Billingsley and Locke, 1941; Gilluly, 1963;

Burchfiel and Davis, 1975; King, 1977). The steady eastward progres-

sion of orogenic events during this time period suggests that the

entire Cordillera of North America should be considered as a single

system that formed by a continuous tectonic process (King, 1977).

This tectonic process probably involved active subduction along the

western margin of the craton and the coincident northwestward rota-

tion of North America in response to the opening of the Atlantic

Ocean from 180 m.y. to 40 m.y. ago (Coney, 1971, 1972).

The eastward progression of Mesozoic tectonism began with deep-

seated deformation and plutonism associated with the Nevadan Orogeny
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(170-130 m.y.). This was followed by the Sevier Orogeny (100-

80 m.y.) in which plates of miogeosynclinal rocks were thrust east-

ward toward their foreland, and by the Laramide Orogeny (72-50 rn.y.)

which produced great upfolds and downfolds of basement rock (King,

1977).

Cenozol c Tectoni cs

The Laramide Orogeny of Lake Cretaceous to early Tertiary time

marks the initial uplift of the present-day Rocky Mountains. Naeser

(1976) ha established that this uplift began in the Front Range of

Colorado at about 65 m.y. ago. Despite an abundance of related data,

geologists continue to debate the fundamental processes that have

created the Rocky Mountains. The controversy is primarily keyed to

the question of whether or not subduction can affect cratonic areas

up to 1,000 miles from the continental margin. Although this ques-

tion remains unresolved, it is clear that the Rocky Mountains evolved

from a compressive tectonic environment in Late Cretaceous to mid-

Tertiary time to a predominantly extensional environment since the

mid-Tertiary (Coney, 1971, 1972; Burchfiel and Davis, 1972, 1975;

King, 1977; Burchfiel, 1979). Any hypothesis on the origin of the

Rocky Mountains must explain the cause of this tectonic transition

and how it relates to the generation of magma.

Lipman and others (1971, 1972) suggested that Cenozoic volcanism

and mountain-building in the western United States were related to an

imbricate subduction system. They identified two belts of easterly

increasing K20 content in volcanic rocks that presumably reflect two
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east-dipping subduction slabs. The easterrmost slab was thought to

have originated as a decoupled fragment from the low-velocity zone

beneath the Rocky Mountains. Gilluly (1971) objected strongly to

this hypothesis and argued that because most known Benioff zones have

an average dip of 450, and that caic-alkaline magma generation is

unlikely to occur below the low-velocity zone, it would be unlikely

to evolve magmas more than 250-300 miles inland from the subduction

trench. He suggested that the uplift of the Rocky Mountains was the

result of up-welling in the mantle caused by processes unrelated to

subducti on.

Structural evidence in support of a subduction origin for the

Cordillera was introduced by Coney (1971, 1972). He argued that

beginning 180 m.y. ago, North America was driven over an east-dipping

Benioff zone, and that strong resistance from the overridden oceanic

plate kept the continental motion relatively slow and ultimately

caused widespread conipressional failure that resulted in the Nevadan,

Sevier, and Laramide orogenies. Coney suggested that the unique cir-

cumstance of a continental plate having forcefully overridden an

active subduction zone can account for the presence of thrust faults

up to 1,000 miles from the continental margin of North America,

whereas along an Andean-type margin thrust faults are never developed

more than 250 miles inland (Mitchel and Garson, 1976; Richardson and

others, 1979). If North America had not been driven against the

Pacific plate in Mesozoic and Early Tertiary time, the Cordillera

would more likely have resembled present-day west Pacific arcs where
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active subduction-related tectonic events occur in narrow belts

(Coney, 1972).

The steady eastward progression of caic-alkaUne intrusive

activity in lhe western United States from late to mid-Tertiary time

has been cited by several authors as evidence of a flattening Benioff

zone (Lipman and others, 1971; Snyder and others, 1976; Coney and

Reynolds, 1977; Keith, 1978, 1979). Coney and Reynolds (1977) sug-

gest that the apparent steady decrease in the dip angle of the sub-

duction slab from 55° to 10° in the time period 120 to 40 m.y. ago

was the result of direct interaction with an actively driven North

American plate.

A null period of intrusive activity occurred at approximately

40 rn.y. ago, and was followed by a westward progression of intrusions

until 15 m.y. ago (Snyder and others, 1976; Coney and Reynolds,

1977). This westward progression of igneous activity was interpreted

by Cone,y and Reynolds (1977) to be the result of the re-steepening of

a single subduction slab, while Snyder and others (1976) recognized

two parallel arcs of magmatism which they interpreted to have formed

from partially imbricated Benioff zones.

Thompson and Zoback (1979) interpreted the abrupt narrowing of

the belt of arc-related magmatism in the Sierra Nevada and Basin and

Range provinces from 40 to 20 rn.y. ago to be the result of a tran-

sition to steep-angle subduction, which they suggested was caused

by the fragmentation of a low-angle slab in a strong compressional

environment. Their interpretation of seismic, gravity, and heat flow

data suggests that the eastern remnant of a shallow-dipping
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subduction slab was present beneath the Colorado Plateau 20 rn.y. ago.

This hypothesis was corroborated by Casaceli and Wyss (1978, 1980)

who interpreted azimuthal variations in teleseismic P-wave residuals

to be indirect evidence of a fragmental lithospheric slab having been

present beneath Colorado and New Mexico in mid to late Tertiary time.

If the hypothetical low-angle subduction slab did fail in an

imbricate manner, it is likely that this fragmentation occurred at

approximately 40 m.y. ago, coincident with the relaxation of Cornpres-

sional tectonics (Coney, 1971, 1972) and the temporary cessation of

igneous activity in the western United States (Snyder and others,

1976; Coney and Reynolds, 1977). The western portion of the failed

slab would correspond to the leading edge of the Farallon plate

hypothesized by Atwater (1970). The eastern portion of the failed

slab would have been left behind as a remnant plate fragment beneath

the Southern Rocky Mountain Province.

The force couple formed by North America being driven over a

subducting oceanic slab would have been broken upon failure of the

slab, and the compressional stresses would have been relieved in both

the slab and the continental crust. The two slab fragments would

then have pulled apart as each steepened its dip and continued to

subduct into the mantle under the force of gravity. This would have

permitted mantle material to upwell into the pull-apart zone, and may

explain the initiation of widespread extensional faulting and bi-

modal volcanism in the upper crust of the Basin and Range Province

(Casaceli, unpublished data). The presence of metamorphic core

complexes within the Basin Range Province and throughout a continuous
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zone from Canada to Mexico (Rehrig and Reynolds, 1977; Davis and

Coney, 1979) is likely to be a reflection of the extensional environ-

ment created by the slab failure. In addition, the apparent exten-

sion of low-velocity material in the upper mantle from the Basin and

Range Province to the Rocky Mountain front (Archambeau, 1969;

Casaceli and Wyss, 1978, 1980) may be due to upwelled mantle material

that was trapped beneath the eastern portion of the failed slab.

The westward migration of caic-alkaline intrusions in the

Southern Rocky Mountain Province from 40 to 50 m.y. ago (Bookstrom,

1981) may be interpreted as a result of the progressive steepening in

dip of a remnant slab. The Rio Grande Rift, an extensional feature

that varies in width from five to one-hundred miles and which paral-

lels the trend of the Rocky Mountains from Mexico to northern

Colorado, may be directly related to subduction-generated igneous

activity that occurred in mid to late Tertiary time. (Lamarre and

Hodder, 1978; Bookstrom, 1981; Lipman, 1981). Extensional tectonism

was initiated within the southern segment of the Rio Grande Rift

(El Paso, Texas, to Socorro, New Mexico) at about 32 m.y. ago, and

progressed steadily northward. Rifting was initiated in the northern

segment (Alamosa to Leadville, Colorado) at about 27 m.y. ago

(Chapin, 1979).

While rift-related tectonism was evolving inland, parts of the

Andean-type continental margin were converted to a transform fault by

the evolution and migration of triple junctions. These triple junc-

tions were formed when the crest of the East Pacific Rise encountered

the trench at approximately 29 rn.y. ago (Atwater, 1970). Strike-slip
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faulting related to this period of continental margin tectonics has

not been recognized east of the Great Basin. However, right-lateral

strike-slip tectonism along the Pacific coast continues to the

present.

Metallogenic - Tectonic Relationships

Porphyry Cu/Mo deposits, typically associated with caic-alkalic mag-

matic belts, have been closely linked to subduction processes and

several authors have cited their presence throughout the Cordillera

of the western United States as evidence for a subduction origin of

the Rocky Mountains (Sillitoe, 1972, 1980; Mitchell and Garson, 1976,

Guild, 1978; Lamarre and Hodder, 1978; Keith, 1978, 1979; Westra and

Keith, 1981; White and others, 1981; Lipman, 1981). Although some

authors argue that mineralized porphyry systems may be developed from

isolated mantle upwellings unrelated to subducted lithosphere

(Lowell, 1974; Noble, 1976), the continuous belt of these deposits

from Alaska to Chile (Mitchell and Garson, 1976) is strongly sug-

gestive of a comon origin along convergent plate boundaries.

Climax-type stockwork molybdenum deposits are believed to have

formed in areas of back-arc rifting, close to the time of cessation

of subduction (Lamarre and Hodder, 1978; Sillitoe, 1980; Bookstrom,

1981; Westra and Keith, 1981; White and others, 1981; Lipman, 1981).

The Rio Grande Rift (RGR) has been interpreted as a zone of back-arc

extension (Lamarre and Hodder, 1978; Lipman, 1981; Bookstrom, 1981),

and intersections of the RGR with deep-seated Precambrian structures

are important centers for silicic igneous activity and related
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porphyry molybdenum deposits (Bookstrom, 1981; Fig. 5). The large

deposits of molybdenum at Climax, Henderson, and Mt. Emons, Colorado

are located at the intersection of the RGR System (Tweto, 1978) with

the Colorado Mineral Belt, a Precambrian shear zone that was reac-

tivated in late Cenozoic time (Tweto and Sims, 1963; Warner, 1978,

1980). Similarly, the molybdenum deposit at Questa, New Mexico

occurs at the eastern edge of the RGR where it joins with the Red

River Trench, a Precambrian structure that has undergone extensional

activity in the Tertiary period (Schilling, 1956).

The Hahns Peak molybdenum occurrence (Bowes, 1969), like the

deposits at Climax, Henderson, Mt. Emmons, and Questa, is located

near the intersection of two Precambrian structures with the probable

northern extension of the RGR (Fig. 5). The two Precambrian-Cage

structures are the Mullen Creek-Nash Fork shear zone, interpreted by

Warner (1978, 1980) to be part of the northeast trending Colorado

lineament that extends from Arizona to Minnesota, and the Uinta

Mountain Group trend, interpreted by King (1977) to be part of an

ancient intracratonic rift system.

Evidence that the RGR extends to the Colorado-Wyoming border

comes from several sources. Tweto (1968, 1978) noted that north-

trending, en echelon normal faults in southern Wyoming and northern

Colorado are aligned with the Rio Grande Rift proper to the south.

In addition, the fluorite deposits in southern Wyoming (e.g. North-

gate-Crystal) and northern Colorado (e.g. Jamestown) are similar to

others that crop out along the southern portion of the rift in

Colorado, New Mexico, and Texas (Van Alstine, 1976; Lamarre and
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Hodder, 1978). Similarly, igneous rocks of Oligocene and Miocene age

in northern Colorado have been shown to be related to late Cenozoic

extensional faulting (Segerstrom and Young, 1972; Steven, 1975;

Blackstone, 1975). Finally, regional heat flow measurements from

northern Colorado (1.2-3.0 HFU) correspond closely to measured values

from the southern segment of the RGR (1.8-3.4 HFU) (Decker and

others, 1980; Buelow, 1980).

In conclusion, it appears likely that the felsic magmas that

generated the porphyry molybdenum deposits of Colorado and New Mexico

were emplaced in an ensialic back-arc rift environment. This rift

zone is interpreted to have developed above a fragmented slab that

continued to undergo active subduction until mid to late Cenozoic

time. Hahns Peak, located near the intersection of major Precambrian

structures with the probable northern extension of the Rio Grande

Rift, is in the same tectonic setting that has proven to be favorable

for some of the world's largest deposits of molybdenum.
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LOCAL GEOLOGIC SETTING

Hahns Peak is a composite intrusion of quartz latite and latite

porphyry approximately 10-12 m.y. old (Segerstrorn and Young, 1972).

The older intrusions of Beryl Mountain porphyry and Little Mountain

porphyry are latite and quartz latite in composition and sill-like in

their intrusive style. The slightly younger porphyries are more sil-

iceous in composition and somewhat more discordant to the wall rocks.

These later intrusions consist of three main phases (the Columbine,

Sumit, and 70 porphyries) that comprise the bulk of the Hahns Peak

complex. They form a laccolithic body that has domed the older sedi-

mentary units and appears to neck with depth.

A narrow, conical sheet of breccia was intruded into these igne-

ous units. This breccia cone sheet consists of an early Monolithic

phase and a later Multilithic phase. It is interpreted to have

formed above a felsic pluton that is hidden at depth. The breccias

were apparently formed by both explosive rnagmatic discharges and

meteoric steam-blast eruptions. A volcanic vent complex and a pyro-

clastic surge deposit on the west flank of Hahns Peak are believed to

be evidence of the steam blast eruptions. The breccia cone sheet

appears to control the hydrothermal alteration and mineralization.

Late-stage dikes and dikelets that range in composition from latite

to rhyolite are present locally.

The sedimentary units that were domed by the igneous intrusions

crop out on the flanks of Hahns Peak. These units consist primarily

of siltstone, shale, sandstone, and conglomerate. They are, in
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chronological order, the Sundance Formation, Morrison Formation,

Dakota Sandstone, Mancos Shale, and Browns Park Formation. Under-

lying the Sundance Formation, and hidden beneath Hahns Peak, is a

Permo-Triassic sequence of siltstone and sandstone. Where it was

intersected in drill hole DDH-101, it was found to lie unconformably

on Precambrian gneissic granodiorite.

Age Determination of Intrusive Rocks

A potassium-argon age determination on biotite from weakly

altered quartz latite porphyry located 2.5 miles west of Hahns Peak

was reported to be 9.5 ± 0.3 ni.y. (McDowell, 1971). In general agree-

ment with this determination, Segerstrom and Young (1972) obtained a

potassium-argon age of 10.0 ± 0.3 m.y. on sanidine from 7D porphyry.

The same authors have provided another age determination of 11.5 m.y.

based on biotite and sanidine from the prominent late-stage porphyry

dike (Plate 1) that clearly cross-cuts the central portion of Summit

porphyry. Although the age dates suggest that this dike is older

than the 7D porphyry, the field relationships indicate that it is

younger. Segerstrom and Young (1972) suggest that a leakage of rad-

iogenic argon, as a consequence of hydrothermal alteration, may

account for the younger age obtained from the 7D porphyry. Acccord-

ingly, they suggest that approximately 12 m.y. may be a reasonable

age for the Hahns Peak intrusive complex.
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Geomorphol ogy

Hahns Peak is a topographic anomaly that dominates the present

landscape of this region. This feature resulted from a combination

of hypabyssal magmatism and accompanying structural doming, as well

as from the inherent resistance of these igneous rocks to erosion.

The Dakota Sandstone unit is also resistant to erosion and thus it

caps prominent cliffs of Morrison and Sundance shales and sandstones

on the northern flank of the peak.

Although altitudes range from 9,000 to 10,839 feet, Hahns Peak

displays no evidence of glaciation. Typical U-shaped valleys,

abraded and rounded hills (e.g., roches mountonnes), and deposits of

glacial till are absent from the immediate area. Frost action,

which has probably been active since the Pleistocene, is the dominant

geomorphologic process that has sculptured Hahns Peak. It has

resulted in a thick mantle of unstable talus that blankets the peak

and leaves relatively few exposures of bedrock, despite the lack of a

vegetative cover on the upper slopes. There is very little surface

runoff because the rain water and snow melt quickly percolate through

the interstices of the talus rock.

On the west edge of the peak, a short distance below the lookout

house, a downslope lineation was observed in the mantle rock. Here,

tabular pieces of rock are aligned in a rille with their long axes

oriented vertically. Sharpe (1938) has named this phenomenon "stone

stripes" and has described it as being typical of alpine-type mantled

and patterned ground. It is a feature that was probably caused by
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freeze-thaw activity. Much of the igneous rock, particularly the

Columbine porphyry, is fissile and broken into platy slabs with frac-

tures oriented parallel to the primary flow foliation defined by bio-

tites. The large amount of mantle rock is likely caused by the rel-

ative ease by which the host rock splits along planes of foliation.

The depth of the regolith varies from a few inches to several feet

and usually resides on steep slopes near the angle of repose. The

average slopes on the southwest flank of Hahns Peak are approximately

70 percent. For the most part, the talus slopes are unstable and

they comonly fail causing rock slides that cover most existing

roads. A unique wavy pattern of iron-stained and lichen-covered

talus rock is visible on the south flank of the peak. This feature

probably reflects the general instability of the slopes. Isolated

landslides are comon, even on the lower slopes covered by grasses,

pine, aspen, and pistol-butted trees attest to the perennial activity

of hillside creep. Debris slides and debris avalanches (Schuster and

Krizek, 1978) of both igneous material and Dakota Sandstone are

present on the west flank above the Royal Flush Mine (Plate 1).

Large slide blocks of virtually intact Dakota Sandstone are also

present here and on the northern flank directly beneath the prominent

cliffs. These sandstone blocks contain open fractures that are par-

tially filled with clusters of crystalline quartz. These are

believed to be tension fractures formed during the process of doming.

These fractures served as planes of weakness that facilitated the

pulling apart and downslope movement of the sandstone blocks under
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the force of gravity when the cap of Dakota Sandstone was undermined

by the erosion of the underlying Morrison Shale.

A rock glacier, previously undescribed in the literature, forms

a unique geomorphologic feature on the northwest side of the peak.

This rock glacier is small compared to others observed by the author

in the Sawatch and San Juan ranges of central and southern Colorado,

yet pressure ridges, indicative of plastic flow, are well developed.

The slope at the toe of this rock glacier was measured at 40°. A

bulldozer cut made during the summer of 1968 reportedly exposed

interstitial "black ice" (P. Rogowski, pers. comm., 1979). Compar-

isons of air photos taken in September, 1968 with those taken for

this study in July, 1978 show that the rock glacier is presently

active and has moved downslope approximately 50-60 feet in that ten

year period.

Apparently relatively little erosion has taken place on Hahns

Peak since its initial formation by doming of the sedimentary rocks

about 12 million years ago. It is estimated that between 500 and

1,000 feet of overburden has been removed. This conclusion is based

on the presence of the tilted strata of the original dome structure

on the flanks of the peak, the thin veneer of colluvium that exists

on its periphery, and the minimal amount of sheet wash erosion that

has scoured the peak since the Pleistocene. Also, the presence of

the pyroclastic surge deposit and the flanking layered vent complex

suggest that relatively little cover has been removed since their

deposi tion.
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Geophysical Surveys

Airborne magnetometer, ground scintillometer, and down-hole heat

flow surveys ere undertaken in conjunction with this study.

Al rborne Magneti Cs

An airborne magnetometer survey was conducted over Hahns Peak

and the surrounding area in November, 1978 by the Anaconda Company.

The total field magnetic map drawn from data collected at an altitude

of 1,400 feet above ground level is given in Figure 6. Hahns Peak is

located on the flank of a magnetic depression that is bordered on

three sides by weak magnetic highs. The magnetic high to the

northeast is roughly coincident with the Twin Mountain porphyry

intrusion. The magnetic high to the southwest is over another area

of porphyry intrusion, and that to the southeast of Hahrts Peak is

1,250 feet south of the edge of the Anderson Mountain porphyry

intrusion. The region of high magnetic readings east of Hahns Peak

consists of upthrust Precambrian basement rocks. Although a reading

taken directly over Hahns Peak shows a very slight increase over

those along the flanks of the magnetic low, the intrusive rocks of

Hahns Peak are distinctively less magnetic than surrounding

intrusions. This is interpreted to be the result of magnetite

destruction by hydrothermal fluids. The magnetic signature,

therefore, simply verifies that the intrusions at Hahns Peak are more

intensely altered than those in the surrounding area. Although the

magnetic data are inconclusive in evaluating the mineral potential of

Hahns Peak, the low magnetic response relative to adjacent areas is
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Figure 6. Total field magnetic map of the Hahns Peak region.
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similar to the magnetic signature over both the Henderson and Mount

Emons porphyry molybdenum deposits (E. 0. McAlister, pers. comm.,

1981).

Ground Radiometrics

A ground radiometric survey using a hand-held Mount Sopris scm-

tillorneter (Model SC-132) was conducted by the author during August,

1978. The results are shown in Table 1 and indicate average readings

for a given rock unit. This data shows that the radiation levels at

Hahns Peak are low.

In August, 1979 the Bendix Corporation, under contract with the

Department of Energy, drilled to a depth of 250 feet on the south

flank of Hahns Peak to evaluate the uranium potential of the Browns

Park Formation. The hole (SWB-27) penetrated 180 feet of Browns Park

Formation and bottomed in Mancos Shale. Radiation levels were low

(100-120 CPS) with the exception of one short zone (40-42 foot depth)

that reached300 counts per second (Carter and Wayland, 1981).

The low radiation levels measured at Hahns Peak indicate that

little potential exists for a uranium deposit to be present there.

However, the data of Table 1 show that slight differences in radi-

ation levels do exist between intrusive phases and, more importantly,

between different alteration phases. Rocks that display phylhic or

mixed phyhhic-argillic alteration consistently exhibit higher levels

of radioactivity. Such effects are believed to have been caused by

an influx of potassium (with a concomitant influx of radioactive 40K)

introduced by hydrothermal fluids. This interpretation is consistent
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Table 1. Levels of radioactivity in rock units of the Hahns Peak

area.

Rock Uni t Sd nti 11 ometer Readi ng

(counts/second)

Beryl Mountain porphyry (propyli tic alteration) 125

Columbine porphyry (argillic alteration) 170

Summit porphyry (phyllic alteration) 225

70 porphyry (mixed phyllic-argillic alteration) 225

7D porphyry (propylitic alteration) 140

Monolithic brecci a (Columbine porphyry,
argillic-phyllic alteration) 235

Multilithic breccia 175

Late state prophyry dikes (slight argillic
alteration) 185

Volcanic vent complex 140

Base Surge deposit 140

Browns Park roof pendant 140

Browns Park Formation 112

Morrison Formation 170

Dakota Formation 80

Mancos Shale 140
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with the extremely high contents of K20 measured in the altered por-

phyry intrusions of Hahns Peak.

Heat Flow

In conjunction with the present study, heat flow measurements

were obtained by E. Decker and K. Buelow of the University of Wyoming

from drill holes DOH-7A (3,173 ft.) and DDH-101 (3,571 ft.). The

heat flow data consists of down-hole profiles of temperature versus

depth and thermal conductivities measured in the laboratory from

selected samples of drill core. The results display a linear thermal

profile for DDH-7A and a similar trend for DDH-101 to a depth of

2,789 ft. (Buelow, 1980). The profile for DDH-101 below a depth of

2,789 ft. was not linear and was not used in determining the cor-

rected heat flow value. The fundamental relation for determining the

heat flow unit value (HFU) is Q = K (where Q = HFU 1 x 10-6

cal/cm2 sec, K = thermal conductivity of the rock, and thermal

gradient). The HFU value for DDH-7A was determined to be 2.48 and

the HFU value for the linear portion of DDH-101 was determined to be

2.54 (Buelow, 1980). The steady-state terrain corrections for holes

7A and 101 were determined by Buelow (1980) to be 45 percent and 12.5

percent, respectively. Terrain corrections greater than 20 percent

are questionable and thus 2.54 HFU is considered to be the best value

for heat flux in the Hahns Peak area (Buelow, 1980). This value is

considerably higher than the average value of 1.5 HFU for the contin-

ental crust (Roy and others, 1968) and is consistent with values



measured throughout the Rio Grande Rift (Decker and others, 1980;

Decker and Smithson, 1975; see Regional Geophysics).
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HAHNS PEAK LITHOLOGIES

Precambrian Metamorphic Rocks

Outcrops of Precambrian rock units are not present in the immed-

iate vicinity of Hahns Peak. However, a gneissic granodiorite,

undoubtedly of Precambrian age, was intersected at the bottom of

drill hole ODH-1O1 (3,477-3,571 ft.). Also, inclusions of gneiss and

schist, presumed to be Precambrian in age, have been observed in all

three main phase intrusive porphyries of Hahns Peak.

Precambrian fragments of varied lithologies may also be found

throughout the volcanic vent complex on the west side of the

Mountain. These originate in part from explosive transport from

depth and in part from fluidization of the roof pendant of basal con-

glomerate of the Brown's Park Formation. Fluidization of the Brown's

Park conglomerate is the result of a diatreme-like breaching of

Multilithic breccia through the roof pendant. The roof pendant con-

sists of cobbles and pebbles of Precambrian gneiss, schist, granite,

aplite, and quartzite cemented in a calcareous, sandy matrix.

The Precambrian unit intersected at the bottom of DOH-1O1 is a

gray, fine to medium-grained, equigranular rock of granodioritic corn-

position. It has a faintly developed gneissic texture owing to the

foliation and segregation of biotite grains. Petrographic examin-

ation of a sample from 3,530 feet in DDH-1O1 shows it to contain a

large amount of primary microcline and plagioclase feldspar ranging

from An30 to An42 (andesine) in composition.



Pyrite is present throughout the granodiorite gneiss, and is

usually concentrated along thin fractures in amounts of less than one

percent. Although the rock is relatively unaltered, local sericitiz-

ation of plagioclase and microcline accompany thin (< one inch) vein-

lets of mineralized intrusive breccia throughout the interval 3,500-

3,530 feet in DDH-101.

Several weakly slickensided fracture surfaces are present near

the contact with the overlying sedimentary units and may owe their

origin to minor movement related to early Tertiary regional

thrusting.

Paleozoic Sedimentary Rocks

Paleozoic sedimentary rocks do not crop out within the Hahns

Peak area, and for the purposes of this study they will be undif-

ferentiated. However, units of the Triassic Popo Agie and Mugget

Sandstone formations, are exposed 1.5 miles east of Hahns Peak near

the contact of the thrust fault at the base of Farwell Mountain.

Permo-Triassic rocks of the Goose Egg and Red Peak Formations were

intersected at depth in drill hole DDH-101, where they are sandwiched

between apophyses of a sill of Beryl Mountain porphyry. The base of

this unit lies unconformably above the Precambrian gneiss, and is

fractured and locally granulated with some slickensides present.

Displacement appears to have been minor, and was probably related to

early Tertiary thrusting.
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The Goose Egg and Red Peak Formations have a regional minimum

thickness of 285 feet and consist of red calcareous siltstone and

fi ne-grai ned sandstone.

bottom of DDH-1O1 was 223

banded, red to pink calca

of gray brown claystone.

sandstone contains traces

The total thickness intersected at the

feet. These units are predominantly finely

reous siltstone with interlayered thin beds

Near the base, a pinkish gray, fine-grained

of disseminated pyrite. A prominent vein

of massive pyrite and galena, about two feet thick, cuts pink sandy

siltstone two feet from the contact with the sill of Beryl Mountain

Porphyry. The sandy siltstone between the vein and the contact is a

lighter shade of pink and displays disseminated cubes of pyrite as

well as thin pyrite stringers with bleached selvages.

Mesozoic Sedimentary Rocks

Jurassic Rocks

The oldest rock unit exposed at Hahns Peak is the Jurassic

Sundance Formation which crops out near the base of the prominent

cliff on the north side of the mountain. The Sundance Formation con-

sists of fine to medium-grained, pink to light gray, locally calcar-

eous sandstone that also contains lesser amounts of interbedded shale

and siltstone. It is approximately 120 feet thick (Segerstroni and

Young, 1972). Silty shales that contain furrowed trails of bottom-

dwelling organisms and, occasionally, single pelecypods (possibly

Vaugonia conradi according to Segerstrom and Young, 1972) are

interlayered with more indurated beds of ripple-marked silty
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sandstone in the middle portion of the formation. The upper silt-

stone unit of the Sundance is characterized by having an abundance of

belemnites.

The Morrison Formation, also Jurassic in age, overlies the

Sundance Formation. A fine to mediurn-grained, white, cross-bedded,

fluviatile sandstone up to 75 feet thick marks the base of the

Morrison. The upper 192 feet of this formation consists of vari-

colored green, gray, brown, and red shale and claystone with thin,

interbedded layers of freshwater limestone (Segerstrom and Young,

1972). The Morn son Formati on i n thi s area i s nan-fossi Ii ferous and,

for the most part, is friable and easily eroded. The outcrop on the

northwest flank of Hahns Peak is bleached white and locally contains

finely disseminated crystals of pyrite related to hydrothermal alter-

ation and mineralization.

Cretaceous Rocks

The Dakota Sandstone forms the base of the Cretaceous section,

and is marked by a well-silicified basal pebble conglomerate that

varies from 3 to 20 feet in thickness. This lower unit consists of

rounded to subangular fragments of quartzite and chert that average

0.1 to 0.4 in. in diameter and are cemented with silica. The con-

glomerate is overlain by a section of alternating beds of sandstone

and black shale, that is in turn capped by an indurated, cross-

bedded, fine to mediurn-grained sandstone. The total thickness of

this formation varies from 90 to 125' feet. Earlier workers have

mistakenly referred to the Dakota Sandstone as the Cloverly Formation
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(Barnwell, 1955; Hunter, 1955). Tensional fractures, probably the

result of doming by the original intrusive event, cut the Dakota

Formation on the north and west sides of Hahns Peak. These open

fractures are lined with euhedral crystals of quartz that are com-

monly hunted by mineral collectors. Although sulfides have not been

observed in association with this stage of hydrothermal activity,

these fillings of quartz testify to the influx of silica-rich hydro-

thermal fluids. The tensional fractures represent zones of weakness

that have permitted large glide blocks and debris slides of the

Dakota Sandstone to move downward along the domed flanks of Hahns

Peak. The Dakota Sandstone tends to be resistant to erosion and com-

monly forms the uppermost cap-rock to Cliffs of Morrison Formation,

as on the north side of Hahns Peak.

The Mancos Shale was deposited unconformably above the Dakota

Sandstone. It consists of approximately 900 feet of light gray to

black, calcareous shale. The shale is oolitic and is predominantly

non-fossiliferous, as deduced from exposures in a road cut above the

portal of the Royal Flush Mine. However, a fossiliferous zone was

found on the eastern flank of the mountain that contains the pele-

cypod Inoceraiiius perplexus(?) as originally identified by Segerstrom

and Young (1972). The presence of this fossil suggests that the

upper portion of the Mancos Shale in this region is probably equiv-

alent to the Niobrara Formation that crops out on the east flanks of

the Front Range. The Mancos Shale may become indurated and slaty

near the borders of intrusive rock as a consequeric of hydrothermal

additions of silica that migrated from the nearby porphyries.
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Cenozoic Sedimentary Rocks

Browns Park Formation

The Browns Park Formation contains a basal conglomerate that

unconformably overuies Mancos Shale. The conglomerate consists pre-

dominantly of pebbles, cobbles, and boulders of Precambrian gneiss,

amphibolite, quartzite, and schist. These are moderately well-

cemented in a matrix of carbonate and iron oxide-rich sandy material.

The larger rock fragments are usually well-rounded. Sandstone beds

from a few inches to two feet in thickness may be interlayered with

the conglomerate. Evidence of fluviatile processes such as cross

bedding, graded bedding, cut and fill structures, and pebbles are

present throughout, but are more common in the layers of sandstone.

A fine-grained tuffaceous sandstone unit overlies the basal con-

glomerate of the Browns Park Formation. This unit has a distinct

reddish brown color and consists of well-sorted, very fine sand and

silt with abundant glass shards. The clay content is high, pre-

sumably as a result of the devitrification of volcanic glass and the

subsequent alteration of feldspar. Where ground waters have been

localized along fractures, the sandstone is yellow in color.

The Browns Park Formation was drilled at a location one mile due

west of Hahns Peak during the summer of 1979 by 3endix

under contract to the United States Department of Energy.

(SWB-27) penetrated 110 feet of tuffaceous sandstone before passing

through 86 feet of basal conglomerate (Carter and Wayland, 1981).

The true stratigraphic thickness of the basal conglomerate, taking
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the dip of the domed sedimentary units into account, is approximately

72 feet at this location.

Thin veinlets of intrusive breccia up to 1.0 in. in width and

containing fragments of the basal conglomerate set in a fine black

matrix, were observed in outcrops northwest of the Royal Flush portal

and in drill core from hole SWB-27.

A pendant of the Browns Park Formation is preserved within the

intrusive complex on the northwest flank of Hahns Peak. Good expo-

sures of basal conglomerate are present at this locality along with

poorly exposed traces of the overlying tuffaceous sandstone unit.

The true thickness of the exposed basal conglomerate was determined

to be 73 feet. The complete basal unit is therefore thought to be

visible, because of the nearly identical thickness of the exposed

beds with those penetrated in drill hole SWB-27.

Cenozoic Volcanic Rocks

Vent Complex

A layered deposit of alternating tuffaceous and well-sorted

lapilli-size material is present above the pendant of Browns Park

Formation on the west flank of the peak. This has been mapped as

Browns Park Formation by all previous workers, but has been interp-

reted by this author to be a volcanic vent complex related to a dia-

treme-like emplacement of intrusive breccia through the Browns Park

pendant. The coarser material consists of fragments of Beryl

Mountain porphyry, Columbine porphyry, Mancos Shale, Morrison
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Formation, and a mixture of Precambrian lithologies that are

identical to those contained within the basal Browns Park conglom-

erate. The fragments of porphyry are always the most abundant,

whereas those of Precambrian lithologies have their greatest abun-

dance in the lower-most layers of the vent complex. There are 32

distinct depositional layers exposed in the vent complex. These have

been grouped into six major units that are interpreted to be pyro-

clastic surge and air-fall deposits (Fig. 7). The true thickness of

the exposed portion of the complex is 140 feet, and in general, there

is a gross upward fining with a thick layer of tuffaceous material at

the top of the section.

Although all of the tuffaceous layers are predominantly fine-

grained, they may be distinguished by textural variations. Some dis-

play a predominantly fine ash (<1/16 mm diarn.) matrix with occasional

lapilli (2 mm to 64 mm diani.) and bomb-size (64 mm to 200 mm diam.)

fragments of Beryl Mountain porphyry and Columbine porphyry. Others

have a slightly coarser matrix of ash (<2 mn diam.) with more abun-

dant lapilli-size fragments dispersed throughout. Within a tuff-

aceous layer, normal graded bedding (fining upward) is common. All

of the tuffaceous layers react readily with HC1, as will the ground-

mass of the coarser layers. An interruption in deposition was

apparent along one horizon near the middle of layer E (Fig. 7) where

mudcracks were exposed in outcrop.

The coarser, well-sorted beds of predominantly lapilli-size

fragments may show either normal or reverse grading, with reverse

grading the more common. Shapes of the lapilli-size fragments are
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angular to subrounded, and a few are elongate. The maximum

dimensions of the elongate lapilli parallel the bedding. They are

never imbricated. The amount of tuffaceous matrix material within

the coarser layers may vary, but the ratio of lapilli-size fragments

to tuffaceous matrix is always high.

Petrographic examination of a rock sample from a coarse lapilli-

rich bed in the middle of layer E (Fig. 7) displays a matrix with

feldspar microlites aligned as in a flow structure. Two of the

larger microlites have albite twinning and their compositions are

estimated to be An30 (oligoclase-andesine), by the Michel Levy

method. Secondary calcite is present as irregular patches throughout

the groundmass and is associated with lesser amounts of sericite and

cl ay.

Petrographic examination of a rock sample from the tuffaceous

layer F (Fig. 7) indicates the presence of an altered clay-rich

matrix with lesser amounts of calcite and sericite. Dispersed

throughout the matrix are fragments of microlite-rich material

similar to that which is present in the matrix of the sample from

layer E.

Whole rock major oxide analyses indicate similar compositions

for the tuffaceous and lapilli-rich layers (Table 2). The tuffaceous

layer is slightly enriched in Si02 (67.3% versus 64.0%), but slightly

depleted in GaO (3.0% versus 4.1%) and Na20 (2.8% versus 3.6%).



Table 2. Major oxide analyses of principal Hahns Peak rock units.
Rock Type Sample 5102

'°2 2°3
Fe2Q* MnO MgO CaO Na20 K20 P205 S Total

Beryl Mountain porphyry* BM-1 58.58 0.77 12.59 4.30 0.08 4.48 4.51 3.81 3.30 0.004 0.03 92.50Twin Mountain porphyry* TM-I 66.09 0.40 13.75 2.65 0.04 1.26 2.12 4.36 3.54 0.002 .0.0j 94.23Little Mountain porphyry LM-1 69.90 0.10 16.60 2.55 0.06 0.40 0.35 3.00 4.50 0.22 0.05 97.73Columbine porphyry CP-1 66.50 0.20 16.00 4.00 0.04 1.10 0.55 3.90 5.50 0.27 0.02 98.08Columbine porphyry CP-2 67.60 0.20 16.80 1.50 <0.01 0.15 0.10 1.00 9.50 0.22 0.14 97.22Summit porphyry SP-.1 69.30 0.10 17.30 1.15 <0.01 0.15 0.15 2.15 6.50 0.19 0.33 97.03Summit porphyry SP-2 70.00 0.10 16.00 1.45 <0.01 0.25 0.25 1.45 7.50 0.09 0.11 97.2170 porphyry 70-I 68.70 0.10 17.40 1.65 <0.01 0.20 0.50 3.35 4.20 0.30 0.17 96.58Late stage porphyry dike ID-I 67.00 0.30 18.40 1.20 <0.01 0.40 0.45 2.40 5.40 0.36 0.01 96.00
Multilithic Breccia MB-I 70.20 0.30 12.20 3.00 <0.01 0.30 0.15 0.20 8.20 0.18 0.56 95.30Multiljthic Breccia 145-2 71.40 0.45 14.80 1.00 <0.01 0.40 0.20 0.40 7.40 0.43 0.06 96.55Multilithic Breccia MB-3 74.50 0.25 12.30 1.15 <0.01 0.25 0.20 0.60 7.90 0.09 0.07 97.32
Volcanic Vent Complex

(lapillistone) VC-1 64.00 0.25 13.10 3.00 0.05 1.20 4.10 3.60 3.40 0.28 <0.01 92.99Volcanic Vent Comp1e

(fine tuff) VC-2 67.30 0.25 13.30 3.30 0.03 1.50 3.00 2.80 3.40 0.23 0.01 95.12Browns Park Pendant BP-1 61.60 0.30 14.00 4.60 0.06 0.90 5.80 3.50 3.20 0.11 0.02 94.10
Base Surge (massive bed) BS-i 73.40 0.20 14.20 0.85 0.02 0.20 1.25 4.30 2.70 0.13 <0.01 97.26Base Surge (plane bed) BS-2 77.60 0.10 12.70 1.00 <0.01 0.20 0.10 0.25 5.80 0.05 0.02 97.83

*Anajyses done by Anaconda's Tucson Laboratory.

All other analyses done by Bondar-Clegg & Co., Inc.,
Vancouver1 B.C. All analyses were done by X-ray fluorescence spectroscopy.

Sample locations plotted on Plate 3, with the Following exceptions: 814-1 fro, northern flank of Beryl Mountain; TM-i fromTwin Mountain summit; 148-3, from southern flank of Little Mountain; BS-1, 85-2, from Porphyry Mountain, see Eig.20.Ta iron os Fe203

c-n

1



Pyroclastic Surge

A bedded pyroclastic surge deposit on Porphyry Mountain is

approximately 0.75 mi. west of the layered vent complex described

above. It is approximately 250 to 300 feet thick and contains alter-

nating planar and massive beds. Zones of planar beds, which may be

up to six feet in total thickness, are comprised of fine layers of

parallel, silica-rich laminations that individually may range in

thickness from 0.1 to 0.6 inches. The rock fragments that comprise

the planar beds range from fine ash (<1/16 m) to lapilli size (up to

1 cm), averaging approximately 1 mm in diameter. The larger sized

fragments have been identified as Beryl Mountain porphyry, Columbine

porphyry, Sumit porphyry, a mixture of Precambrian lithologies com-

mon to the Browns Park Formation, Mancos Shale, Dakota Sandstone, and

Morrison Formation shale. The laminated planar beds are locally dis-

rupted by block-sag structures. The angles of incidence of the air-

borne projectiles that form these structures, as well as the measured

flow directions of the planar beds, place the surge deposit directly

in line with the layered vent complex on Hahns Peak. Cross strati-

fication is also present within planar beds of the surge deposit, as

is both normal and reverse grading. Multiple surge events are indi-

cated by the presence of a cut and fill structure on the northeast

side of Porphyry Mountain where earlier laminated beds were scoured

by more massive material. Inclusions of laminated planar beds are

contained within the coarser pyroclastic material throughout the

scoured zone. Mud cracks are present along some bedding planes,

indicative of the high degree of plasticity that this surge deposit



possessed. Step ladder-like veinlets of silica probably represent

invasive fillings of mud cracks by multiple surge events. Post-depo-

sitional deformation of the planar beds is evidenced by flame struc-

tures and the formation of small-scale normal faults. The normal

faults were probably caused by the settling of pyroclastic material

along the original depostiona] surface, which was likely to have been

a steep-walled gully.

The massive beds display a mixed assortment of lapilli and bomb-

size fragments commonly held in an ash matrix. The ratio of frag-

ments to matrix is usually high and the rock is poorly sorted and

nonstratified. Crude reverse grading is apparent in some layers.

Flame structures and deflation sags are locally present along lower

contacts with planar beds. Individual fragments may be subrounded to

subarigular and consist of the same lithologies that are present

within the planar beds. Fragments of porphyry from Hahns Peak are

clearly the dominant lithology.

Whole-rock analyses for major oxide constituents (Table 2)

demonstrate that the plane bed sample contains more S102 (77.6%

versus 73.4%) and K20 (5.8% versus 2.7%) and less GaO (0.1% versus

1.25%) and Na20 (0.25% versus 4.3%) than the massive bed sample.

Each represents a channel sample of rock chips collected across both

bed form types.

Li thi c fragments wi thi n the base surge deposi t exhi bi t strong

sericitization and argillization, but they contain only trace amounts

of sulfide minerals.



Cenozoic Intrusive Rocks

The descriptions of intrusive rocks that follow are presented in

the chronological order of their emplacement. Some age relationships

are clear, whereas others are inferred and are so noted. Many of the

units described here were first named by Dowsett (1973). Three of

his original units have been renamed and seven new units have been

introduced. These changes will be noted where it is appropriate.

Every intrusive rock within the Hahns Peak complex has been

hydrothermally altered, although the intensity and style of alter-

ation varies. For this reason, the descriptions that follow may in

part be based on pseudomorphic textures and relationships. Wherever

possible, feldspar compositions were determined by maximum extinction

angles using the Michel Levy method. Despite the overall Intensity

of hydrothermal alteration, many samples contained sufficiently fresh

phenocrysts of plagioclase feldspar to provide reliable compositional

data.

Rock classification is difficult at Hahns Peak because of the

effects of alteration and because the rocks are porphyritic and have

a groundmass that is too fine-grained to permit reliable modal anal-

yses. For reasons that will be explained in the subsequent dis-

cussion of hydrothermal alteration, it is assumed that K was added to

non-brecciated porphyritic rocks and that, for the most part, Si was

not. Thus, it would be meaningless to consider K20 contents in the

classification scheme used for Hahns Peak porphyries. The classif-

ication used in this study is therefore based predominantly on S102
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contents and with reference to average compositions of igneous rocks

determined by Nockolds (1954).

Beryl Mountain Poprhyry

Beryl Mountain porphyry is probably the oldest intrusive phase

present at Hahns Peak. This unit, first named by Dowsett (1973),

derives its name from Beryl Mountain, located one mile southeast of

Hahns Peak, where it is exposed. Clear contact relationships exposed

in outcrops east and northeast of Beryl Mountain demonstrate that

7D porphyry cuts Beryl Mountain porphyry. Contact relationships

exposed elsewhere indicate that the 7D porphyry is younger than

Summit porphyry which in turn is younger than Columbine porphyry. A

large inclusion (500 ft. x 600 ft.) of Beryl Mountain porphyry is

found on the southern border of the Summit porphyry intrusion, and

smaller hand-sized inclusions have been identified locally within

Summit porphyry. Direct contact relationships have not been observed

between Beryl Mountain porphyry and either Columbine or Little

Mountain porphyri es.

The Beryl Mountain porphyry is a dark green to black latite por-

phyry with phenocrysts of plagioclase, biotite, quartz, sanidine, and

trace amounts of hornblende, apatite, and sphene. Phenocrysts make

up about 25 to 40 percent of the rock, and the groundmass is aphan-

itic. Phenocrysts of quartz are commonly round, but they may also be

square and are usually 1.3 to 5.1 nii in diameter. The remaining

phenocrysts are subhedral to euhedreal. Phenocrysts of biotite are

fine-grained and those of the feldspars are fine to medium-grained.
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The relative abundances of the various phenocryst minerals are

approximately 40 to 50 percent plagioclase feldspar, 10 to 15 percent

sanidine, 15 to 20 percent biotite, and 15 to 20 percent quartz.

The plagioclase composition was determined to be An38 (andes-

me), with some normal zoning present. The Si02 content (58.58%)

given in Table 2 is the lowest of any of the igneous rocks at Hahns

Peak. The low S102 content of Beryl Mountain porphyry is consistent

with the interpretation that this unit is the first to have evolved

from a differentiated magma. The Si02 content places this porphy-

ritic phase within the latite (monzonite) range as defined by

Nockolds (1954).

Exposures of Beryl Mountain porphyry are moderately altered by

hydrothermal processes to propylitic assemblages. Sericite, calcite,

albite, quartz, epidote, and minor clay minerals replace phenocrysts

of feldspar, whereas biotite and hornblende have been altered to

chlorite and magnetite with traces of hematite.

Pyrite, ranging from trace amounts of approximately one percent

by volume, is disseminated throughout the groundmass. The large

inclusion of Beryl Mountain porphyry exposed on the southern flank of

Hahns Peak displays moderate argillic alteration and traces of weak

propylitic alteration. Sills of Beryl Mountain porphyry encountered

at depth in drill holes are both argillically and phyllically

altered.

A small adit on the northwest side of Beryl Mountain shows the

contact between porphyry and Mancos Shale to be both sill-like and

discordant. The Beryl Mountain porphyry appears to have locally
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domed the surrounding Mancos Shale, which suggests that it represents

a small laccolith peripheral to the larger composite laccolith of

Hahns Peak. Dowsett (1973) had reported that an induced polarization

survey made by Canadian Aero, Inc. from 1966 to 1968 indicated that

the intrusions located on Anderson Mountain (1.2 mi. southeast of

Hahns Peak) and Little Mountain (1 mile southwest of Hahns Peak) are

shallow sills. Textural similarities such as the shapes and sizes of

phenocrysts, and the low phenocryst to groundmass ratio suggest that

they are closely related.

Data from an airborne magnetometer survey associated with this

study (Fig. 6) indicate that the Twin Mountain intrusion may be plug-

like in shape. Geologic mapping by Segerstrom and Young (1973) sug-

gests that at least two episodes of intrusive activity are present at

Twin Mountain. An early intrusive phase is cut by the King Solomon

fault, whereas a later phase cuts the fault. Although a direct asso-

ciation cannot be made with either of these intrusive phases, it is

assumed, again because of textural similarities, that Beryl Mountain

porphyry is also closely related to the porphyritic intrusions of

Twin Mountain. In addition, Columbine porphyry from I-tahns Peak also

exhibits textural features (low ratio of phenocrysts to an aphanitic

groundmass) similar to the Beryl Mountain porphyry and may be

slightly younger with respect to its age of emplacement.

The interpretation of the Beryl Mountain porphyry as being the

oldest intrusive phase at Hahns Peak is in complete disagreement with

the conclusion of Dowsett (1973, 1980), who believes it to be the
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youngest. However, my interpretation is clearly substantiated by the

field evidence.

Little Mountain Porphyrj

Little Mountain porphyry derives its name from Little Mountain,

located one mile southwest of Hahrs Peak. As described above, the

porphyritic intrusion there appears to be a shallow sill. The main

exposure of this intrusive phase is centered on Little Mountain, but

a small portion of it crops out within the thesis area on the south-

ern border of the Hahns Peak intrusive complex.

Little Mountain porphyry is a light-colored greenish gray quartz

latite that contains phenocrysts of plagiociase feldspar, sanidine,

quartz, and biotite. Minute (<1.0 mm diam.) crystals of apatite,

zircon, and sphene are present locally within the groundmass. Pheno-

crysts of quartz are similar to those found within Beryl Mountain,

Anderson Mountain, and Twin Mountain porphyries and may be either

round or square, with diameters up to 5.1 mm. The phenocrysts of

quartz present in Little Mountain porphyry may be distinguished from

those of the other porphyries by their strongly resorbed nature.

Phenocrysts other than those of quartz are commonly subhedral to

euhedral. Phertocrysts of biotite are fine-grained and those of feld-

spar are fine to medium-grained. The relative abundances of the var-

ious phenocryst minerals are approximately 35 to 40 percent plagio-

clase feldspar, 30 to 35 percent sanidine, 10 to 15 percent quartz,

and 5 to 10 percent biotite. The groundmass comprises less than
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50 percent of the rock and is more crowded than that of Beryl

Mountai Ti porphyry.

The composition of plagioclase was determined to be An30 (oligo-

clase-andesine). The Si02 content is 69.9 percent (Table 2) and

places this porphyritic phase within the quartz latite (adamellite)

range of Nockolds (1954).

Little Mountain porphyry typically displays weak propylitic

alteration. Sericite, clay, silica, and calcite replace portions of

many feldspar phenocrysts whereas chorite and traces of magnetite

replace some biotites. Pyrite is disseminated throughout the ground-

mass in trace amounts.

Dowsett (1973, 1980) did not differentiate Little Mountain por-

phyry from 7D porphyry. However, petrographic examinations involved

with this study indicate that these are very distinct and separate

units. Although no contacts with other porphyritic intrusions were

observed, the Little Mountain porphyry phase appears to have been

truncated by a northeast-trending normal fault that preceded emplace-

ment of both the Summit and 7D porphyry units (Plate 1). Little

Mountain porphyry may represent a differentiated phase of the early

intrusive events that formed sills in the Hahns Peak area. I was

probably intruded shortly after emplacement of Beryl Mountain por-

phyry.

Columbine Porphyry

The Columbine porphyry phase as mapped in this study corresponds

closely to the Price Tunnel porphyry unit previously delineated by



Dowsett (1973, 1980). It was renamed because the most prominent

lithology that is present near the portal and on the dump of the

Price Tunnel is Multilithic breccia. This occurrence of intrusive

breccia was not recognized by Dowsett (1973, 1980). Columbine por-

phyry was named for the beautiful Colorado state flower that may be

seen near some outcrops of this unit.

Columbine porphyry is a light to medium colored purple-gray

quartz latite porphyry (Fig. 8). It is the oldest of the three main

intrusive phases on Hahns Peak and occupies the north and northwest

portions of the complex. A narrow intrusion breccia located adjacent

to the cone sheet intrusive breccia on the ridge due north of the

summit house (Plate 1) clearly shows inclusions of Columbine porphyry

in a matrix of Summit porphyry and establishes the relative age of

the two phases. Columbine porphyry has not been observed in contact

with 7D porphyry.

Columbine porphyry contains phenocrysts of plagioclase, sani-

dine, quartz, biotite, and hornblende with local traces of zircon and

apatite. Phenocrysts of feldspar are subhedral and medium grained

and rarely exceed 10.0 m in length. Quartz phenocrysts are usually

rounded with average diameters of 1.3 to 2.5 mm, but may occur up to

7.6 mm in diameter. Phenocrysts of biotite occur as elongate laths

that average 2.5 mm in length. Phenocrysts of hornblende are sub-

hedral to euhedral with an average length of 1.3 mm. The relative

abundances of the various phenocryst minerals are approximately 40 to

45 percent plagioclase feldspar, 30 to 35 percent sanidine, 10 to 15

percent biotite, and trace to 3 percent hornblende. The groundmass
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Figure 8. Main phase intrusive porphyries at Hahris Peak.
7D-1O = strongly altered 7D porphyry; 7D-7 = weakly altered
7D porphyry; BP-6 = Columbine porphyry (massive variety);
SP-8 = Surrriit porphyry.



comprises 65 to 75 percent of the rock and is distinctively aphan-

itic. Outcrops of Columbine porphyry located on the northeast border

of the Hahns Peak intrusive complex display a groundmass that con-

sists of fine (0.05 to 0.1 mm diam.) crystals of quartz and feldspar

that are equigranular and interlocking. This is interpreted to be a

textural variation that resulted from a somewhat slower cooling rate

in that portion of the intrusion.

The major portion of the Columbine porphyry phase exhibits well

developed flow banding that is evidenced by the preferred orientation

of elongate biotite laths within diffuse bands of silica. In the

process of weathering this rock tends to easily part along the

banding planes, and results in talus that consists of thinly plated

rock debris. The cause of this banding is believed to be induced

stress during magma emplacement, with overlying sedimentary units

having acted as stress guides. The banding diminishes away from the

sedimentary contacts, and results in more massive textures near the

center of the intrusion (Fig. 9).

Plagioclase compositions were determined to be An30 (oligoclase-

andesine), with some normal zoning present. The Sf02 content varies

from 66.5 percent in the massive rock to 67.6 percent in the flow-

banded rock (Table 2). These compositions place the rock within the

quartz latite (adamellite) range of Nockolds (1954).

Hydrothermal alteration varies from weak to intense within this

intrusive phase and consists of propylitic, argillic, and phyllic

mineral assemblages. Weak propylitic alteration is confined to the

extreme northeast portion of the intrusion. Here, feldspars are



Figure 9. Photomicrograph of Columbine porphyry, massive
variety. Note alteration rims aruund biotite and horn-
blende. Cross polars (X1bO).
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replaced by sericite, quartz, clay, calcite, and traces of epidote.

Albite rims were observed around some phenocrysts of sanidine.

Biotite and hornblende may be partially replaced by chlorite and mag-

netite. Pyrite is disseminated throughout the groundmass from trace

amounts up to five percent.

The major portion of Columbine porphyry is weakly to moderately

argillized, with varying amounts of clay and sericite that replace

phenocrysts of feldspar. Locally, sericite is well-developed in

zones that display moderate to intense phyllic alteration. Pheno-

crysts of biotite are replaced by sericite. The more strongly

argillized or sericitized rock is light gray to white in color, in

contrast to the distinctive purple hue of less altered Columbine por-

phyry.

Oowsett (1973, 1980) interprets the unit that he named Price

Tunnel porphyry (for the most part equivalent to Columbine porphyry)

to be the youngest of the three main phase intrusions of the Hahns

Peak complex. However, field evidence obtained in this study sug-

gests that this conclusion is incorrect. Further, as it is believed

that Columbine porphyry and Summit porphyry are differentiates from

an essentially common parent magma, the higher Si02 content of Summit

porphyry is supportive of the hypothesis that it is younger than

Columbine porphyry.

Summit Porphyry

The Summit porphyry intrusive phase was first named by Dowsett

(1973). It is so named because it is the porphyry that outcrops on
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the summit of Hahns Peak. Exposed contact relationships place it

between Columbine porphyry and 7D porphyry in age.

Summit porphyry is a chalky white to light gray colored quartz

latite that consists of phenocrysts of plagioclase feldspar, sani-

dine, quartz, and biotite with traces of hornblende, apatite, and

zircon (Fig. 8). Phenocrysts of feldspar are subhedral to euhedral

and are medium to coarse-grained. Some sanidines may locally reach

lengths of 4.0 cm. Phenocrysts of quartz are generally rounded with

an average diameter of 2.5 to 5.0 m and are commonly strongly

resorbed. Phenocrysts of biotite are subhedral to euhedral, fine to

medium-grained, and are commonly seen as elongate laths with a pre-

ferred orientation. The relative abundances of various phenocryst

minerals are approximately 40 to 45 percent plagioclase feldspar, 35

to 40 percent sanidine, 10 to 20 percent quartz, and 5 to 10 percent

biotite. Phenocrysts comprise approximately 50 percent of the rock

and the groundmass is distinctively crowded with many small (0.5 mm)

rounded to subhedral crystals of quartz and feldspar (Fig. 10).

Primary flow banding is locally well developed, as evidenced by a

strong alignment of biotite laths and well developed bands of silica.

The bands of silica consist of thin (1.3 to 15.0 cm thick), con-

ti nuous streams of si ii ca along wi th di sconti nuous, yet parallel,

pods of silica. The orientation of the bands may be uniform for dis-

tances of a few hundred feet and are best exposed underground in the

the 70 and Southern Cross adits (Fig. 11, Fig. 12, Fig. 13). Silica

flow banding exposed in the 70 adit dips approximately 40°S. and is

parallel to the bedding plane orientation of sedimentary units on the
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Figure 10. Photomicrograph of Summit Porphyry.
Note biotite alignment and crowded matrix.
Cross polars (X150).

Figure 11. Silica banding in Summit Porphyry
exposed in the 7P adit.
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southeast flank of the intrusive complex. Near the center of the

intrusion the orientations of bands of silica are nearly vertical.

The silica flow banding exposed within the Souther Cross adit

maintains a fairly steep and generally northward dip. Silica banding

is best developed near the outer boundaries of Summit porphyry and is

believed to be the result of induced stress during magma emplacement,

as was suggested for the flow banding observed within Columbine

porphyry. Border zones of Summit porphyry also show a finer texture

than rocks near the center of the intrusion which display larger

phenocrysts of sanidine.

Many of the smaller phenocrysts of feldspar and quartz appear to

be fragmented and may be aligned with laths of biotite that are bent

and broken. This is interpreted as an indication that Summit por-

phyry was more forcefully injected than either Columbine porphyry or

7D porphyry.

The composition of plagioclase feldspar was determined to be

An30 (oligoclase-andesine). Refractive index measurements by Young

and Segerstrom (1973) indicate that the apatite present in Summit

porphyry is actually fluorapatite. The 5102 content varies from 69.3

to 70.0 percent (Table 2), the highest values of the three main phase

intrusions. These compositions place the rock within the quartz

latite (adamellite) range of Nockolds (1954).

Summit porphyry is the most intensely altered of the Hahns Peak

intrusive phases. The extreme southwest portion of the intrusion

displays weak propylitization whereas the remainder of the intru-

sion displays the effects of moderate to strong argillization and
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sericitization. The central portion of the intrusion displays well

developed phyllic alteration. Sericite, silica, and clay in this

area replace phenocrysts of feldspar and phenocrysts of biotite are

replaced by sericite alone. Pyrite content throughout the Summit

porphyry phase is consistently one to two percent. The effects of

hydrothermal alteration, together with those of weathering, combine

to give the rock its chalky-white, porous appearance.

Summit porphyry is interpreted by Dowsett (1973, 1980) to be the

oldest of the three main phase intrusions. However, field evidence

described here indicates that this hypothesis is incorrect.

70 Porphyry

This unit was first named by Dowsett (1973) for its occurrence

at the portal of the 70 adit. Where it is in contact with the fine-

grained variety of Summit porphyry inside the portal (Fig. 12), it

forms a thin zone of intrusion breccia that contains fragments of

Summit porphyry in an igneous matrix. The intrusion breccia cross-

cuts the well-developed silica banding of the Summit porphyry and

establishes the younger age of the 70 porphyry.

This intrusive phase is a light gray to buff-colored quartz

latite porphyry (Fig. 8) that crops out along the southest flank of

Hahns Peak. The outcrop of 70 porphyry visible in the center of the

Summit porphyry phase is interpreted to be an arm that projects from

the main intrusion (Plates 1 and 2). The 70 porphyry unit is com-

posed of phenocrysts of plàgioclase, sanidine, quartz, and biotite,

with traces of apatite, hornblende, and zircon. Its most distinctive
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feature is the great abundance and size of phenocrysts of sanidine.

These are typically euhedral and may reach up to 7.5 cm in length.

They are conTnonly doubly terminated and may show Carlsbad and Baveno

twins. Phenocrysts of quartz are usually rounded with average diam-

eters of 2.5 to 5.0 rwn. Phenocrysts of biotite are fine to medium-

grained and are euhedral to subhedral. The relative abundances of

phenocryst minerals are approximately 40 to 45 percent plagioclase

feldspar, 35 to 45 percent sanidine, 5 to 10 percent quartz, and 5 to

15 percent biotite. The groundmass comprises about 50 percent of the

rock and is less crowded and slightly more aphanitic than that of the

Summit porphyry. Flow banding and protoclastic textures are defi-

nitely less pronounced than in the Summit porphyry phase. However,

flow-foliated biotite and intrusion breccia were observed locally in

drill core samples of fine-grained, dark-colored chill border zones

of 70 porphyry. It is difficult to distinguish 70 porphyry from the

coarser variety of Summit porphyry in hand specimen. The contact

where the two meet near the center of the Hahns Peak complex is

extremely gradationaL This is probably a result of intrusion of 70

porphyry into the still warm and only partially solidified center of

Summit porphyry.

Compositions of plagioclase feldspar were determined to be An27

(oligoclase). As with the Summit porphyry phase, the apatite present

in 70 porphyry is actually fluorapatite (Young and Segerstrom, 1973).

The Si02 content of 70 porphyry is 68.7 percent (Table 2), which

would place the rock within the quartz latite (adamellite) range of

Nockolds (1954).
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The outer portions of the 70 porphyry unit display weak propy-

litic alteration with plagioclase feldspar replaced by sericite,

clay, calcite, albite, and traces of epidote. Biotites may be par-

tially replaced by chlorite and cnagnetite. Pyrite may occur in trace

amounts. Near the center of the Hahns Peak complex the alteration

grades into argillic and mixed argillic-phyllic styles. Grus may be

locally developed from weathered 70 porphyry, allowing the doubly

terminated euhedral sanidine crystals to be completely exposed.

Monolithic Breccia

This is the earliest phase of intrusive breccia at Hahns Peak

and consists of angular to subrounded fragments of host rock in a

light gray matrix of silica with lesser clay and sericite (Fig. 14).

The rock fragments that comprise the breccia are almost always mono-

lithologic with the exception of one locality where the breccia seems

to have been intruded along the contact of Summit porphyry and

Columbine porphyry (Plate 1). Here, fragments of both lithologies

are present in a silica matrix. Outcrops of Monolithic breccia occur

discontinuously in portions of both Summit porphyry and Columbine

porphyry. Underground, in the 70 adit, this breccia phase was

observed to cut 70 porphyry as well as Summit porphyry. where

Monolithic breccia cuts Columbine porphyry, the silica matrix corn-

prises' 25 percent of the rock and displays a subtle pink hue. In

contrast, Monolithic breccia that cuts 70 porphyry and Summit por-

phyry in the southeast portion of the complex has a light gray matrix

that comprises 30 to 40 percent of the rock. In either case, the



Figure 14. Intrusive breccias: Br-21 monolithic, BR-26
multilithic, Br-23 fluidized rnultilithic with multiple
phases evident.

Fure 15. PhotomicroQraph of Mno1ithic breccia with
silica coating later fractures. Cross polars (X150).
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matrix is aphanitic and consists predominantly of holocrystalline

silica with very fine clay and some sericite sparsely dispersed

throughout. Finely disseminated pyrite may occur locally in the

breccia matrix, comprising up to two volume percent of the rock. The

fragments which comprise Monolithic breccia may be classified into

two groups according to size. The coarser fragments typically range

from 7.5 to 25.5 mm in diameter, but may be up to 7.5 cm in diameter.

The finer diameter sizes vary from 0.8 mm to 2.5 mm. Some of the

smaller-sized fragments may appear rnegascopically to have crystalline

shapes, thus implying an igneous origin. However, under microscopic

examination, they are seen to be fragmental pieces of host rock.

Small (<0.5 to 5.0 mm diam.) open fractures with linings of silica

occur locally in Monolithic breccia. The presence of these openings

suggest a post-depositional episode of fracturing and a subsequent

influx of silica (Fig. 15).

Exposures of Monolithic breccia in the 70 adit occur in zones

that may reach over 100 feet in width. These zones are composed

of thin (1.3 cm to 1.0 m wide) veinlets of breccia that may display

branching outlines. The veinlets of breccia become thinner and may

be discontinuous toward the surface. Monolithic breccia was probably

formed by isolated magmatic discharges due to boiling, it is the

oldest of the intrusive phases that comprise the breccia cone sheet.

Aplite Dikes

Light gray to white, fine-grained dikes of aplite occur locally

at Hahns Peak. These occurrences are limited to two surface outcrops
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(northeast portion of Summit porphyry and southeast portion of

Columbine porphyry, Plate 1), one underground exposure in the 70

adit, and seven samples of diamond drill core from DOH-102 and DDH-

7A. Due to their limited exposure, relative age relationships are

difficult to obtain. The aplite dike that cuts Summit porphyry on

the surface is locally discontinuous and wispy, suggesting that the

intrusion occurred while the quartz latite was still plastic. In

contrast, a narrow (<2.5 cm) dike of altered aplite cross-cuts

Monolithic breccia in a sample taken from talus on the west edge of

the sumit ridge. Although relative ages are clearly established in

this example, the presence of both altered and unaltered aplites sug-

gests that there is more than one generation of these dikes. The

main episode of aplitic intrusions, however, is interpreted to have

occurred after the emplacement of Monolithic breccia, but prior to

the emplacement of Multilithic breccia.

Textures vary from fine-grained to extremely fine-grained and

they may be porphyritic. The relative abundances of phenocryst min-

erals in a sample from 1,035 ft. in DDH-102 are approxiamtely 15 to

20 percent plagioclase feldspar, 40 to 45 percent potassium feldspar,

30 to 35 percent quartz, 2 to 3 percent biotite, and 1 to 2 percent

apatite. The feldspars are subhedral to euhedral. Crystals of plag-

ioclase are commonly from 1.3 to 2.5 mm in length. Crystals of
quartz are subhedral to rounded with average diameters approximately

1.3 mm. The potassium feldspar was determined to be microcline.

Albi te occurs as microperthite intergrowths with microcline. The

composition of plagioclase feldspar was determined to be An35
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(andesine). Myrmekite is present locally where microcline is in con-

tact with plagioclase feldspar.

Dikes of aplite range in width from one inch to two feet, and

may display flow banding along their borders. Some of these dikes

may be strongly altered to clay and sericite. However, the dikelet

in drill hole DDH-102 is only slightly altered. Pyrite may be

present in trace amounts and up to one to two percent. The presence

of these dikes on Hahns Peak, although minor, has not been reported

by any previous authors.

Multi lithic Breccia

Multilithic breccia is a distinctive unit that contains frag-

ments of multiple lithologies held together in a dark gray matrix

(Fig. 14). This unit was observed to cross-cut Monolithic breccia at

one surface location on the west edge of the cone sheet, and in the

Southern Cross adit 230 feet from the portal. Multilithic breccia,

together with Monolithic breccia, forms a continuous ring around the

mountain. This structure appears to be roughly conical in shape and

is the result of multiple events of hydrothermal brecciation. It is

analogous to an igneous cone sheet. An igneous component, however,

has not been observed.

The texture of Multilithic breccia varies from extremely coarse

to extremely fine. The finer-textured breccia is highly fluidized

and displays well-rounded, milled fragments of lapilli size suspended

in a matrix of rock flour. The ratio of matrix to clasts varies

greatly, but averages 3:1. The strongly fluidized zones occur
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locally in the upper portions of the breccia cone sheet and at a few

isolated locations outside this structure. Exposures of fluidized

breccia adjacent to the volcanic vent complex display such textural

features as flow lamination, size sorting of suspended particles and

locally crudely developed size grading. Multiple intrusive events

within the Multilithic breccia unit are suggested by cross-cutting

phases of breccia (Fig. 14). The rock-flour matrix of the fine-

grained variety of Multilithic breccia consists principally of corn-

minuted Hahns Peak porphyry and Mancos Shale. The matrix is highly

altered and its present mineralogy consists of 70 percent quartz,

20 percent sericite, and 10 percent clay, with local traces of

alunite. Lithologies that have been recognized to occur as lapilli-

sized fragments are, in decreasing order of abundance: Hahns Peak

porphyries (Beryl Mountain porphyry, Columbine porphyry, Summit

porphyry, and ID porphyry), Mancos Shale, Morrison Formation, Dakota

Sandstone, and various Precambrian rock types. These fragments are

typically altered to quartz, sericite, and clay.

Coarse-grained Multilithic breccia is more abundant than the

fine-grained phase. It consists of assorted lapilli and isolated

bomb-size (<6.0 cm diam.) fragments in a dark gray to black tuff-

aceous matrix (Fig. 16). The shapes of the fragments range from

angular to rounded. The lithologies present are identical to those

described above for the fine-grained phase, with Hahns Peak porphyry

and Mancos Shale comprising 90 percent of the rock fragments.

Portions of the breccia cone sheet along the eastern margin of the

intrusive complex, near the contact with Mancos Shale, display an



Figure 16. Pnotomicrograih of' coarse Multilithic
breccia. Cross polars (X150).



extremely high contribution of black shale. Locally, the rock is

entirely black. Narrow veinlets (1,3 to 2.5 cm wide) of fluidized

shale and rounded fragments of porphyry emanate from the breccia cone

sheet in this area. The coarse-grained phase of Multilithic breccia.

displays locally strong hydrothermal atleration, with both lithic

fragments and matrix altered to sericite, silica, clay, and minor

alunite. Pyrite, sphalerite, and galena may be present in the

matrix, and in late open-space fillings, however, most of the expo-

sures of Multi lithic breccia are barren of sulfide mineralization.

Multilithic breccia has been the most poorly understood lith-

ology at Hahns Peak. Some earlier workers correctly identified this

unit as part of a breccia pipe, but did not elaborate on its full

extent or origin (Bowes and others, 1968; Bowes, 1969). Oowsett

(1973, 1980) failed to report a major portion of its exposure, and

that which he did report was interpreted as fault breccia along a

discontinuous northeast-trending normal fault. Segerstrom and Young

(1972), Young and Segerstrom (1973), and Segerstrom and Kirby (1969)

interpreted the Multilithic breccia unit to be a circular faUlt

formed by a caldera-like down-dropped block along which hydrothermal

brecciation was localized. The relationship of the breccia cone

sheet to the vent complex and the base surge deposit as well as to

the hydrothermal alteration and mineralization at Hahns Peak will be

discussed further in chapters that consider Volcanic Activity and

Hydrothermal Mi neral i zati on.



Late-Stage Porphyry Dikes

A series of late-stage porphyry dikes intrude Summit porphyry

and 70 porphyry on the surface, in drill core, and in the 7D adit

(Plate 1, Fig. 12). These dikes vary in width from two to ten feet

and tend to occur along, or near, the contacts of 70 porphyry with

Summit porphyry and with Mancos Shale. They are dark gray in color

and of quartz latite composition, and have many textural similarities

to 70 porphyry. Phenocrysts include plagioclase feldspar, sanidine,

quartz, biotite, and hornblende. Phenocrysts of feldspar are medium

to coarse-grained and subhedral to euhedral. Phenocrysts of sanidine

near the center of the dikes may reach up to 1.3 cm in length.

Pheriocrysts of biotite are fine to medium-grained and subhedral to

euhedral. Phenocrysts of quartz are commonly rounded, averaging 2.5

to 5.0 mm in diameter. The relative abundances of phenocryst min-

erals are approximately 25 to 30 percent plagioclase feldspar, 35 to

40 percent sanidine, 10 to 15 percent quartz, 15 to 20 percent bio-

tite, and 1 to 2 percent hornblende. The grouridmass comprises 50 to

60 percent of the rock and is aphanitic. Flow banding, in the form

of biotite foliation, is strongly developed along the fine-grained

margins of the dikes.

The composition of plagioclase feldspar was determined to be

An28 (oligoclase). Some sanidines display oscillatory zoning and are

rimmed with oligoclase. The Si02 content of one of these dikes is 67

percent (Table 2), which places the rock within the quartz latite

(adamellite) range of Nockolds (1954). The hO2 content is 0.5 per-

cent and is the highest value of the rocks analysed for this study.
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Although these dikes are slightly more mafic than 70 porphyry, their

major oxide contents and general texture suggest that they are

closely related to this main phase intrusion. It is possible that a

more mafic component was added to the parent magma after emplacement

of 70 porphyry.

Late-stage porphyry dikes display markedly less intense alter-

ation than any of the three main phase intrusions. The prominent

northwest-trending dike that cuts the central portion of the Summit

porphyry intrusion (Plate 1) displays slight to moderate argillic

alteration, with plagioclase feldspar partly replaced by clay and

lesser sericite and quartz. Phenocrysts of sanidine that are present

within this dike display minor clay alteration along borders that are

rimmed by oligoclase. Phenocrysts of biotite appear to be nearly

fresh. The dike was mapped as 70 porphyry by Dowsett (1973, 1980).

However, its relatively fresh appearance suggests that it was

emplaced after the more severely altered 70 porphyry. Late-stage

porphyry dikes appear to have been intruded near the end of, and per-

haps after, the main phase of hydrothermal alteration.



88

STRUCTURAL GEOLOGY

The most significant structural activity at Hahns Peak occurred

in late Tertiary time and will therefore be emphasized in this

chapter. The pre-Tertiary structural history of the Hahns Peak

region has been briefly reviewed in the chapter entitled Regional

Geologic Setting.

Hahns Peak is located in the center of an east-trending horst

that is bounded on the north by the King Solomon fault and on the

south by the Grouse Mountain fault (Fig. 3). This extensional fea-

ture postdates the regional thrust faults of Laramide age (late

Cretaceous to early Tertiary), and displays two periods of movement

along its northern boundary. The first took place in early to mid-

Tertiary time, while the second period of movement occurred in late

Terti ary time after deposi ti on of the Browns Park Formati on. Both

verti cal and hon zontal di spi acements have been deternil ned by

Segerstrom and Young (1972) to be approximately 600 feet during the

second stage of activity. In this later stage, intermittent intru-

sions of porphyry within the horst block were accompanied by con-

tinued displacement along the bounding faults. The horst block is

probably a result of upwelled magma along an east-west regional

trend. Hahns Peak and the Elkhead Mountains are evidence of the

hypabyssal and extrusive volcanic rocks associated with this niagmatic

activity. The structural dome and normal faults related to igneous

intrusions in the eastern portion of the horst appear to be centered

on Hahns Peak.



Evolution of Structural Dome and Normal Faults

The evolution of the structural dome at Hahns Peak was initiated

with the early intrusion of Beryl Mountain porphyry into horizontal

sedimentary units. Further development of the dome was probably pro-

duced by vertical, piston-like surges of deep-seated magma located

directly beneath the peak. Extensional forces thus imposed upon the

sedimentary units in the formation of this dome resulted in the

development of steeply dipping (80-85°) normal faults. Two of these

pre-main intrusion normal faults (with approximate strikes of

N. 500W. and N. 30-60°E.) appear to intersect at nearly right angles

beneath the center of the intrusive complex (Fig. 3 and Plate 1). A

third normal fault strikes approximately N. 600W. and skirts the

northern boundary of the intrusive complex. It also predates

the main phase porphyry intrusions, but appears to have offset the

N. 30-60°E. striking normal fault.

The normal fault that strikes N. 500W. and passes beneath the

center of the intrusive complex (Fig. 3 and Plate 1) has not been

described by previous workers at Hahns Peak. Nevertheless, I was

able to trace slickensided and brecciated outcrops of the older sedi-

rneritary units along the fault trace for distances of over two miles

in either direction from the edge of the porphyry contact. Bedding

plane offsets were also observed locally along this trend in the

Browns Park Formation, as well as in the Dakota Sandstone to the

northwest and in the Mancos Shale to the southeast. An elongate arm

of porphyry southeast of the peak is aligned with this structure and
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was apparently injected along it (Fig. 3). This fault also passes

directly beneath the most strongly mineralized zone on Hahns Peak

(1,400-1,600 ft. into the 70 adit) and through the mineralized zones

of the Master Key Mine, two miles northwest of the peak, and the Blue

Jay Mine, 1.1 miles southeast of the peak. Therefore, this fault

appears to have had some control on both igneous intrusions and

subsequent hydrothermal mineralization.

The normal fault that strikes N. 30-60° E., and which is par-

tially hidden beneath the intrusive complex, has been mapped by pre-

vious workers (Segerstrom and Young, 1972; Dowsett, 1973, 1980) as

two discontinuous normal faults that postdate the main phase intru-

sions. However, the absence of fault breccia, slickensides, and bed-

rock offsets along the same trend within the intrusive complex sug-

gests that there was little or no displacement. The data suggest

that the fault segments abutting the intrusive complex to the

northeast and southwest are portions of one continuous normal fault

that predates the main phase intrusions. The apparent point of

intersection of the two normal faults near the center of the Hahns

Peak intrusive complex is directly beneath a zone of intense

mineralization that is transected by the 70 adit (approx. 1,500 ft.

from the portal). The fault intersection is also directly beneath

both the apparent geometric center of the breccia cone sheet, and the

exposed arm of 70 porphyry cutting Summit porphyry (Plate 1). Thus,

the area of intersection of the two normal faults is interpreted to

have been a conduit for both magma and later hydrothermal fluids.
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The normal fault that strikes N. 600 W., near the northern

boundary of the intrusive complex (Plate 1), appears to have con-

trolled both the emplacement of igneous intrusions and later hydro-

thermal fluids. The presence of this fault is marked locally by out-

crops of sl-ickensided and brecciated Dakota Sandstone and Morrison

Formation. In addition, several prospect pits are aligned roughly

along its strike.

Drill core intercepts of Morrison Formation and Permo-Triassic

sedimentary units near the bottoms of DDH-7A and DDH-101, imply a

cal dera-1 ike down-droppi ng of these uni ts wi thi n the central porti on

of the dome. These intercepts of sedimentary units are interpreted

to be two separate blocks with similar orientations, as determined

from bedding attitudes relative to drill core axes (Plate 2). None-

theless, it is possible that these blocks are fallen roof pendants of

domed sedimentary units engulfed by the porphyry intrusion

(Segerstrom and Young, 1972). However, a more random orientation

would be expected for such fallen pendants. The preferred interpre-

tation is that the sedimentary blocks were originally part of the

central portion of the structural dome that collapsed prior to intru-

sion of the main phase porphyries. This interpretation is based, in

part, on the results of down-hole directional surveys that accurately

defined the orientations of the drill holes displayed on Plate 2.

The circular fault on Hahns Peak, along which downward movement

is postulated, is not exposed on the surface. However, a fault

was intercepted within the sedimentary units at the bottom of hole

IS-31 (Plate 1), beneath the outer edge of Columbine porphyry.
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Interpretation of this structural feature suggests that the main

phase porphyries were intruded after caldera subsidence and that

their intrusion has masked the surface expression of the inferred

circular fault. The cause of the collapse of the central portion of

the dome is believed to be related to a series of rnagmatic events.

As the parent magma of the main phase porphyries rose to shallow

crustal depths, doming of the older sedimentary units probably con-

tinued and was likely to have been accompanied by displacement along

the normal faults previously described. Withdrawal of magma, perhaps

as a result of lateral injections of porphyry such as at Little

Mountain, Anderson Mountain, and Twin Mountain, effectively removed

support from beneath the top of the dome. This sudden removal of

support may have caused the central portion of the dome to collapse

and form a small (less than 4,000 ft. in diameter) caldera-like

structure. The main phase porphyries were probably then injected

somewhat in the manner of a resurgent caldera, and caused further

doming and local entrainment of blocks of the sedimentary units.

Continued downward displacement of some of the down-dropped blocks

was presumably accomplished by the weight of the overlying magma.

Injection of the main phase porphyries into the sedimentary units

appears to have been both sill-like (laccolithic) and discordant. At

some point in its evolution, the porphyritic intrusions caused the

structural dome at Hahns Peak to become asymmetric, with the sedi-

mentary units of its northern perimeter having been elevated more

than those on the southern perimeter.
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The collapse of the central part of the structural dome is

interpreted by me to have occurred prior to emplacement of the main

phase porphyries. Segerstrom and Young (1972) and Young and

Segerstrom (1973) have also suggested that caldera-like subsidence

occurred at Hahns Peak. However, they interpret this subsidence to

have occurred after emplacement of the main phase porphyries and sug-

gest that the ci rcu) ar pattern of brecci a on Hahns Peak marks the

faulted perimeter of a collapsed block. I find this hypothesis

untenable, because the contact relationships that I have observed

i ndi cate that the brecci a i s enti rely i ntrusi ye in nature.

Reverse Faults

The three parallel reverse faults on the northwest edge of the

intrusive complex were first mapped by Segerstrom and Young (1972).

They were not recognized by Dowsett (1973, 1980). Evidence for

reverse displacement has been established from bedding plane offsets

of Morrison shale and Dakota Sandstone on the surface and underground

in the Royal Flush mine. I was unable to map in the Royal Flush mine

because it is presently caved and unpassable. Structural interpre-

tations for this part of the area are, therefore, based in part on

mine maps provided by W. A. Bowes.

The reverse faults strike approximately N. 300 W. and dip

steeply 75-85° NE. They are limited in lateral extent and do not

conform with the regional thrust faults of Laramide age (Fig. 3).

Therefore, they are believed to be very local in extent and directly



related to the intrusions of porphyry. The reverse fault farthest to

the northeast contains a small dike-like body of Columbine porphyry

that has been intruded along it. Similarly, the middle reverse fault

has served as a control for the emplacement of a thin apoph,ysis of

Multilithic breccia that is probably related to the breccia cone

sheet. Seyerstrom and Young (1972) mapped these faults as cutting

the porphyry complex. However, evidence for the continuation of

these faults into the Columbine porphyry was not observed.

Therefore, they are assumed to either predate or to be synchronous

with emplacement of this unit.

The area containing these reverse faults was probably a bulge on

the northwest flank of the asniimetric dome at Hahns Peak. This bulge

is believed to have been caused by the sill-like injection of

Columbine porphyry beneath this area. The northwest trend of the

reverse faults roughly parallels the trend of the normal fault that

strikes N. 500 W. The interpretation is that Columbine porphyry was

intruded upward along this normal fault and injected laterally in a

southwest direction, in laccolithic fashion, into the sedimentary

units. This upward and outward thrust of the intruding porphyry

caused segmented blocks of the overlying sedimentary units to be

uplifted along the observed reverse faults. As intrusion continued,

these faults acted as local conduits to porphyry emplacement. At the

same time, some Columbine porphyry was also injected toward the

northeast with emplacement controlled in part by the normal fault

bordering the northeast edge of the complex. However, for some

unknown reason, reverse faults were not developed in this area.



Elsewhere, other investigators have noted that minor reverse

faults commonly parallel the contacts between igneous and sedimentary

rocks along the flanks of laccoliths (Irving, 1899; Eckel, 1949; Hunt

and others, 1953; Mackin, 1954). At Granite Mountain, Utah, discon-

tinuous reverse faults both parallel the contacts between igneous and

sedimentary rocks and strike obliquely to them (Mackin, 1954). These

oblique reverse faults are very similar to the ones present at Hahns

Peak.

Joi nts

Determinations of the dip and stike of 500 joints within the

Hahns Peak area document the presence of several discrete joint sets.

These data are summarized in Figure 17. This figure is a contoured

diagram of the poles-to-plane projection of the joints on the lower

hemisphere of a Schmidt equal-area net. This illustration is actu-

ally a composite diagram of four different plots that differentiated

the joints according to rock type and location. Although not illus-

trated herein, the joints were plotted on four separate equal area

nets defined by location within quadrants of the intrusive complex.

The trends deduced from these more detailed plots will be described

where they are pertinent to this discussion.

In general, the majori ty of the joi nts are steeply dipping

(>7Q0)
Attitudes of the more distinctive joint sets are as follows:

(a) N. 60° W. and. verttcal; (b) N. 30° W. and vertical to 80° NE.;

Cc) N. 50° E. and nearly vertical; (d) N. 80° W. and vertical to
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Figure 17. Contoured distribution of poles-to-plane equal area
projection for 500 joints from the igneous intrusive complex and
the surrounding sedimentary units at Hahns Peak (see text for
explanation and discussion.
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750
NE.; and (e) nearly horizontal. Moreover, a large number of the

fractures belong to a possibly separate group that strike in all

azimuthal directions (Fig. 17), but which collectively dip 600 to 800

toward the center of the intrusive complex.

The joint set that strikes N. 60° W. is present primarily in the

sedimentary units within the northern half of the area. This joint

set is interpreted to have formed synchronously with the northwest-.

trending normal faults. A similar trend is weakly developed in the

Summit and Columbine porphyries and may be related to readjustments

along older faults after emplacement of the main phase intrusions.

The joint set that strikes N. 30° W. is probably related to the

northwest-trending reverse fault. Joints that comprise this set have

been observed only in outcrops of Morrison Formation and Dakota

Sandstone within the northwest quadrant of the Hahns Peak area. The

absence of these joints in the Columbine porphyry phase suggests that

the reverse faults predate emplacement of Columbine porphyry.

The joint set that strikes N. 500 E. is largely present in the

flanking sedimentary units, and in Beryl Mountain porphyry. It is

also weakly developed in the Summit porphyry phase which may indicate

later movement along this fault; perhaps as a result of post-

intrusion settling.

The joint set that strikes N. 80° W. is strongly developed in

the Summit porphyry phase of the southwest and southeast quadrants of

the intrusive complex, as well as underground in the 7D and Southern

Cross adits. It is believed to be related to the development of the

breccia cone sheet.



The nearly flat-lying joint set was observed in both the igneous

and sedimentary rocks at Hahns Peak. Its presence in the sedimentary

rocks may be due to horizontal tension fractures that resulted from

magma withdrawal after formation of the structural dome and the sub-

sequent collapse of the central block. However, the presence of

these joints in both the sedimentary and igneous rocks suggests that

they may have formed after intrusion of the breccia cone sheet when

fluid pressure at the top of the cupola had diminished.

The large number of fractures that strike in all azimuthal

directions and dip steeply toward the center of the intrusive complex

may have formed together with the breccia cone sheet as described in

the section that follows. When plotted in plan view, these joints

show a concentric pattern centered on Hahns Peak (Plate 1). They are

best developed within the intrusive complex, but are also present in

the flanking sedimentary units. Although the majority of the joints

dip inward toward Hahns Peak, some dip steeply outward; particularly

those near the outer boundary of the intrusive complex.

Structural Evolution of the Breccia Cone Sheet

The high density of steep, inward dipping joints concentrically

encircling Hahns Peak is believed to be a significant factor in the

formation of the breccia cone sheet. 1nderson (1937) has explained

the formation of igneous cone sheets as being related to intense,

vertically oriented magmatic pressures that emanate from the apex of

a rising body of magma. With the magma body acting as a force



directed from a point source, tension fractures will develop along

di recti ons of pri nci pal stress that are perpendicular to the api cal

upper border of the magma body (Fig. 18). The resultant joints

formed in the overlying rock would take the shape of concentric

cones, hich have very steeply dipping sides directly above the apex

of the magma body and less steep sides outward from it. Magma that

was subsequently injected along these conical joints would result in

a thin cone-shaped intrusive body having a circular surface expres-

sion. At Hahns Peak, the term breccia cone sheet is used in a sense

analogous to that of an igneous cone sheet. However, the cone sheet

at Hahns Peak is composed entirely of hydrothermally derived intru-

sive breccia without an igneous component. After emplacement of the

rnai n phase porphyri es, conti nued magrnati c acti vi ty at depth presum-

ably led to the rise of a cupola composed of highly differentiated

magma. This cupola would contain magmatically derived H20, H2S, CO2,

Si02, and dissolved metals. Thus, it might become the source of a

magmatic vapor plume which could then migrate vertically upward along

the same fault intersections utilized by the porphyry intrusions.

Pressures exerted upon the overlying rock units by the rising vapor

plume might generate a conical pattern of joints (Fig. 18) to provide

channels for the escape of volatiles. The sequential explosive

release of volatiles from the vapor plume might result in the for-

mation of multiple intrusive breccias along established fractures.

Thus, the final product would be a composite breccia structure having

a roughly conical shape and with a curvilinear surface expression.

Similarly, Nrton and Cathles (1973) have suggested that the geometry
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of a breccia pipe at San Pedro de Cachiyuyo, Chile, was established

by the rise of a magmatic vapor plume that created a zone of conical

and steeply di,pping sheet fractures in the overlying rock units.

Emplacement of the brecias at Hahns Peak appears to have been

predominantly controlled by the inner, more steeply dipping, conical

fractures. However, the isolated occurrences of Multilithic breccia

outside the cone sheet structure suggests that the outer, less

steeply dipping tension fractures (Fig. 18) also controlled some

breccia formation. Presumably the forceful and very fluidized char-

acter of the emplacement of the breccias at Hahns Peak caused them to

form narrow, flame-like branches away from the main tension fracture

as depicted in the geologic cross section (Plate 2).

Extending the analogy to Anderson's (1937) theoretical stress

field, those joints at Hahns Peak that dip steeply away from the cen-

ter of the intrusive complex, as well as those that are nearly hor-

izontal, may be explained by a decrease in vertically exerted pres-

sures caused by a reduction in volume of the vapor plume. In the

model provided by Anderson (1937), both tension and shear fractures

develop as a result of reduced pressures caused by a decrease in

magma volume as a consequence of withdrawal or partial crystalliz-

ation. Tension fractures that may parallel the magma chamber are

formed when the magmatic pressure is lower than the lithostatic pres-

sure. If the drop in magmatic pressure is sufficiently large, shear

fractures are formed at approximately 25° to the tension fractures

(Fig. 18). Should these shear fractures penetrate the magma chamber,

igneous material might then be injected and thus form ring dikes.
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The nearly horizontal joints present on Hahns Peak may be analogous

to the tension fractures, whereas those joints that dip steeply away

from the center of the intrusive complex may be analogous to the

shear fractures (Fig. 18). Because the shear fractures are not

associated with breccias, they are inferred to have formed after the

brecciation event (i.e. after significant decrease in vapor plume

volume). Some of the nearly horizontal joints in the 7D adit display

thin fillings of fluidized Multilithic breccia, and may have been

formed after the earlier Monolithic breccia event.

Thus, the joint patterns observed at Hahns Peak are consistent

with those theorized by Anderson (1937) to control the development of

cone sheets and it is suggested that the breccia cone sheet may have

developed in a manner analogous to that of an igneous cone sheet.

Minor Late Fractures

Minor late-stage fractures are evidenced by the presence of a

discontinuous northwest-trending fracture zone in the northern expo-

sures of the Summit porphyry (Plate 1). This fracture zone parallels

the normal fault that strikes N. 600 W. along the northern boundary

of the intrusive complex. An outcrop of Columbine porphyry near the

east end of this normal fault also displays a discontinuous fracture

zone that coincides with the pre-intrusion fault. In both cases,

these fracture zones display multiple, close-spaced, parallel

fractures that are more strongly argillized than the surrounding

rock. It is difficult to determine whether or not structural
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movement occurred along these fractures. However, to the extent that

it did, displacement would have been small. These fractures are

interpreted to have been adjustments along, or parallel to, pre-

existing faults. They may have been caused by settling of the down-

dropped sedimentary blocks due to the weight of the overlying

porphyry intrusions. In addition, the weakly developed joint set in

the Summit porphyry unit that tends to parallel the N. 30-60° E.

normal fault is believed to have been caused by stresses induced by

continued settling of the down-dropped blocks.
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VOLCANIC ACTIVITY AND INTRUSIVE BRECCIATION

Extrusive acti vi ty at Hahris Peak appears to have been minor.

The quartz latite porphyry complex is interpreted as a composite,

near-surface laccolith, although the central portion of the Summit

porphyry phase probably breached the surface as a volcanic dome.

Pyroclastic flows and associated ejecta are represented by a layered

vent complex on the west flank of the peak, and by a base surge

deposit one mile west of the vent. These deposits are related to a

hydrothermal brecci a that breached the surface as a steam-bi ast erup-

tion (Casaceli and King, 1980, 1983).

Intrusion of Laccolith

The Hahns Peak volcanic complex was first described as a lacco-

lith by Gale (1906). Segerstrom and Young (1972) recognized the

early sills (Tbmp and Tlmp, Plate 1), but interpreted the main por-

phyritic intrusions to comprise a wide, vertically oriented stock.

However, deep diamond drilling has shown that the Hahns Peak porphy-

ritic intrusions narrow with depth. Therefore, the intrusive complex

is best-described as a composite laccolith. It is similar to the

laccoliths of the Henry Mountains, Utah (Gilbert, 1880), in that it

was built up by series of separate intrusions, and that it displays

compositional banding that varies from distinct to faint.

The evolution of the Hahns Peak volcanic complex was similar to

that of a caldera that exhibited resurgent episodes of magmatic
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activity. The initial intrusions of Hahns Peak apparently formed a

structural dome, the central part of which subsequently collapsed.

This caldera-like subsidence is presumed to have been the result of

rapid withdrawal of magma from the upper level of the magma chamber.

However, unlike typical calderas, the geologic record suggests that

ignimbrites were not associated with this event. Therefore, the

removal of magma is interpreted to have been caused by the depletion

of the reservoir due to the intrusive emplacement of nearby plutons,

rather than to extrusive ejection.

The main phase porphyritic intrusions were emplaced during a

resurgent episode. Magma was presumably injected upward along the

line of intersection of two normal faults directly beneath the col-

lapsed dome. The intrusions were confined to a narrow conduit until

they reached near-surface levels, where they expanded laterally along

fractures and bedding planes in the sedimentary units. These resur-

gent injections of magma caused the upper sedimentary units of the

down-dropped central block to be domed upward, and resulted in the

entrainment of pendants of Mancos Shale and Browns Park Formation.

Rocks in the border zones of the Hahns Peak intrusive complex

are compositionally banded subparallel to the bedding planes of the

adjacent sedimentary units. These sedimentary units, which were

domed by the porphyritic intrusions, apparently served as barriers

that guided the emplacement of magma and controlled the development

of primary flow banding in the injected magma. However, central por-

tions of both the Columbine porphyry and the Summit porphyry display

either faint vertical bands or lack them altogether. These inner
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zones are texturally similar to portions of the Santiaquito volcanic

dome, Guatemala (Rose, 1972). Therefore, it is possible that the

central portion of the Hahns Peak laccolith actually breached the

surface as an extrusive volcanic dome. Nevertheless, the porphyries

are primarily intrusive, and their present exposures have resulted

from the erosion of the domed sedimentary roof rocks.

Intrusive Brecci ati on

The Hahns Peak intrusive breccias were formed from hydrothermal

explosions that were triggered by an interaction of ground water and

super-heated magmatic fluids. They display a variety of textures.

Multiple intrusions are inferred from crosscutting relationships.

Field and laboratory data suggest that these breccias control the

distribution of sulfide mineralization and hydrothermal alteration.

Therefore, an understanding of their origin is essential to an evalu-

ation of the mineral potential at Hahns Peak. Some earlier workers

have interpreted segments of these breccias to have been formed by

tectonic fragmentation along normal faults (Segerstrorn and Young,

1972; Oowsett, 1973, 1980). However, evidence gathered from the

present study i ndi cates that the ri ng of brecci a si tuated wi thi n the

)-Iahns Peak complex (Plate 1) is intrusive in origin. Its circular

shape is interpreted to have been controlled by conical fractures

that channeled the breccia fluids.

The earliest hydrothermal breccia is known to have been emplaced

prior to the intrusion of Summit porphyry, because inclusions of
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mineralized breccia were found within the central portion of this

porphyritic phase. The inclusions vary from one inch to two feet in

diameter and display rock fragments veined by silica stockworks and

embedded in a fine clastic matrix of silica and minor sericite

(Fig. 19). Traces of pyrite are present in both the matrix and the

breccia fragments. Early hydrothermal mineralization is also evi-

denced by inclusions of an older porphyry phase found within the same

area. These inclusions of porphyry display a stockwork of silica

veinlets that contain pyrite, molybdenite, and secondary potassium

feldspar.

Large-scale hydrothermal brecciation, as indicated by the pres-

ence of the breccia cone sheet, followed the emplacement of por-

phyries of the main phase. Contact relationships indicate that the

cone sheet is composed of at least two lithologically distinct units

of intrusive breccia. The oldest of these has been named Monolithic

breccia. This breccia unit is characterized by predominantly angular

fragments of host rock contained within a matrix composed of silica

and variable amounts of pyrite, sericite, and comminuted host rock

(Fig. 14). Commonly, the rock fragments appear to have undergone

only minor amounts of rotation and displacement. However, the

rotation and the abrasion of fragments are apparent locally in the

upper portions of the Monolithic breccia where well-rounded fragments

are contained in a matrix of clay. These zones have been called

"pebble dikes" by some workers (Bowes, 1969; Dowsett, 1973) and may

have been formed by the boiling of hydrothermal fluids during a rapid

release of pressure. The Hahns Peak "pebble dikes" are similar to
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Fiqure 19. Inclusion from Summit porphyry showing breccia
fragments with stockwork veins of silica held in a silica-
rich clastic matrix.
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those originally described from the Tintic District, Utah (Farmin,

1934), and they may indicate zones where surficial gaseous discharge

occurred (Gilmour, 1977). Nevertheless, the evidence of venting of

the Monolithic breccia is limited, and it is considered to be, for

the most part, a non-explosive event.

The hydrothermal effects of this phase of brecciation were per-

vasive argillic and phyllic alteration of wall rocks and variable

sulfide mineralization. The zones of higher sulfide content are

restricted to the "pebble dikes."

The Monolithic breccia is interpreted to be related to the rise

of a cupola of highly differentiated magma. Vapors and liquids asso-

ciated with this cupola presumably ascended along the normal fault

intersection which also controlled the emplacement of the main phase

porphyritic intrusions. These inagmatically derived fluids were under

high pressure and probably contained water, carbon dioxide, hydrogen

sulfide, silica, alkali halides, and metals in solution (White,

1957). The main phase plutons acted as a cap rock to these fluids.

When the pressure at the top of the cupola exceeded the confining

pressure, conical fractures formed in a manner similar to that as

suggested by Anderson (1937) for igneous cone sheets. Therefore, the

pattern of conical fractures is interpreted to have been established

before fluid injections initiated the formation of intrusive brec-

cias. The enlargement and extension of these fractures may have been

accomplished by hydraulic fracturing as the volatile-rich fluids

forced their way upward (Henley and Thornley, 1979). When the frac-

tures had opened to near-surface levels, rapid ascent was possible
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and sudden local releases of pressure caused the fluids to flash into

the steam phase. The metal-bearing fluids would have mixed with

ground water, and their subsequent dilution and thermal cooling in

response to this mixing may have been the cause of local deposi ti on

of sulfides. The strong sulfide mineralization within the zones of

"pebble dikes" suggests that the metals were transported there pri-

marily in the vapor phase, with only minor dilution with ground water

(Henley and McNabb, 1978; Henley and Thornley, 1979). Although the

"pebble dikes" may have been formed by a gaseous fluid, the high con-

tent of silica in the matrix of Monolithic breccia outside these

zones is suggestive of formation by a viscous liquid (White, 1981).

Such a liquid would have been likely to form a breccia which exhibits

minor rotation and displacement of its fragments. The precipitation

of silica from the breccia-forming fluids may have been initiated by

the interaction of these fluids with the colder ground water. This

would have sealed off fractures and brought an end to the brecciation

event, unless there was a later renewal of magrnatic hydrothermal

acti vi ty.

Field relationships suggest that dikes of aplite were intruded

after Monolithic breccia. They may represent a siliceous residual

fluid that was derived from the magrnatic cupola. A similar asso-

ciation of aplitic dikes and siliceous breccias has been observed

elsewhere including the Andes Mountains of Chile and Peru (Kents,

1964), and at Copper Basin in Arizona (Johnston and Lowell, 1961).

The emplacement of Monolithic breccia served both to create new

fractures and to fill some that were formed by the initial ascent of
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the magmatic cupola. This breccia is not widespread, It was appar-

ently intruded only into portions of the zone of concentric frac-

tures. The open fractures that remained probably served as a reser-

voir for ground water. Continued niagmatic activity at depth caused

additional volatile-rich magmatic fluids to emanate from the cupola

and to rise along the same fault intersection that controlled earlier

hydrothermal events. These fluids were under extremely high pres-

sure. Provided their salinity and dissolved metal content were suf-

ficiently high, they would have been capable of sustaining magmatic

temperatures for considerable distances out into the country rock

(White and others, 1971). If such super-heated rnagmatic fluids

encountered a ground water reservoir, a phreatic explosion would have

occurred as the ground water flashed into steam. The zone of reduced

pressure behind the exploded column of ground water would have

allowed the super-heated fluids to also flash, and to mix with

phreatic steam. Such an event of violent hydrothermal activity may

have formed the Multi lithic breccia phase and governed its distri-

bution as a nearly complete conical sheet.

The Multilithic breccia is characterized by angular to rounded

fragments of porphyritic, sedimentary, and granitic rock held in a

matrix of comminuted rock flour, silica, and sericite (Fig. 14). The

comminution is interpreted to be the result of the autogenous hydro-

thermal milling of rock fragments suspended in a fluid (gas or

liquid, or a mixture of both). The texture of this breccia varies

from coarse-grained (with angular to sub-rounded fragments) in the

lower and main parts of the cone sheet to fine-grained (with sub-
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rounded to well-rounded fragments) in the upper part. Comminution of

the rock fragments is greatest in the fine-grained upper zone where

multilithic pebble breccias appear. These pebble breccias differ

from the Monolithic pebble dikes" in that they display a greater

variety of lithic fragments and a lower content of clay in the

matrix. The heterogeneous assemblage of rock fragments contained

within the Multilithic breccia is probably due to the explosive

mixing of lithologies as the breccia-forming fluids moved violently

upwards.

Multilithic breccia is best-exposed and best-developed on the

west side of Hahns Peak, particularly where it appears along the con-

tact between Columbine porphyry and Summit porphyry. At this loca-

tion the breccia was injected along fractures that followed the con-

tact of the two intrusive units; a phenomenon that has been described

in other districts (Johnston and Lowell, 1961; Sillitoe and Sawkins,

1971). The presence of a layered pyroclastic sequence adjacent to a

zone of pebble breccia on the west flank of the peak serves as pos-

sible evidence that the breccia cone sheet vented at that point. The

layered vent complex displays an abundance of angular to sub-rounded

lapilli-sized fragments of Precambrian granitic cobbles from the

Browns Park Formation that are intermixed with fragments of all other

lithologies present in the Multilithic breccia. A roof pendant of

Browns Park Formation crops out imediately down-hill from the vent

complex. It appears that a focused, gas-rich discharge of intrusive

breccia erupted (diatreme-like) through this pendant, and incorpor-

ated material from it. The initial flow of gas through the pendant
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would have caused expanded-bed fluidization of the clastic layers

(Reynolds, 195; McCallum and others, 1976). However, when the

effects of gas streaming and particulate flow were great enough, the

sedimentary beds would have been disrupted by explosive coniminution

(Wolfe, 1980). Multilithic intrusive breccias then would have been

extruded as pyroclastic material in a steam-blast eruption. The lay-

ered vent complex and a base surge deposit one mile to the west are

interpreted to have been the products of this discharge (Casaceli and

King, 1980, 1983). The well-defined bedding of the vent
complex1 and

the presence of scour and fill structures within the surge deposit

are suggestive of multiple extrusions. Multiple phases of cross-

cutting multilithic pebble breccias, adjacent to the vent complex,

are also suggestive of a series of high energy events. These pebble

breccias display subtle flow textures such as weakly developed flow

laminations and partial size-sorting of fragnents. These textures

further indicate that the fluids which formed the breccias had

vented. The presence of rounded-pebble fragments, which resulted

from a high degree of abrasion, has previously been discussed as evi-

dence of surface discharge (Farmin, 1937; Gilmour, 1977). The Hahns

Peak pebble breccias are restricted to the upper portion of the

brecci a cone sheet because the pressure gradi ent was hi ghest at that

point. Laboratory studies of fluid discharge from pipes have demon-

strated that 80 percent of the pressure drop is in the last 10 per-

cent of the pipe (McBirney, 1963). Therefore, interactions and sub-

sequent abrasion of fragments would have been greatest near the point

of discharge.
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The presence of siliceous sinter, secondary orthoclase, and man-

ganosiderite localized along the inner wall of the breccia cone sheet

near the proposed vent area, are evidence that fumarolic activity

accompanied the pyroclastic extrusions. Small pods of opaline sinter

that contain tetrahedrite and jarosite are located adjacent to zones

of multilithic pebble breccia that contain alunite and sericite. A

similar mineral assemblage is present in rocks bordering active hot

springs at Steamboat Springs, Nevada (White and others, 1964). The

rocks within the vent complex at Hahns Peak, and adjacent to it, are

anomalous in their manganese content, and mangariosiderite locally

replaces plagioclase feldspar within quartz latite porphyry. Sec-

ondary orthoclase is also present as euhedral crystals that range

from 1.0 to 5.0 niii in diameter within vugs of the porphyry. Man-

ganese, potassium, and carbon dioxide are transported in the vapor

phase at active volcanic fumaroles (White and Waring, 1963), and may

have been similarly transported at Fiahns Peak as is suggested by

associated hydrothermal minerals.

The portion of the breccia cone sheet that is located approx-

imately 1,100 feet south of the vent complex, displays a multilithic

breccia composed of parallel-tabular fragments. The fragments con-

sist of altered Columbine porphyry that are suspended in a matrix of

silica, sericite, and finely fragmented rock of multiple lithologies.

Similar textures have been described in rocks from several breccia

pipes in the Andes Mountains (Sillitoe and Sawkins, 1971; Kents,

1964). Kents (1964) referred to these rocks as "burst breccias"

and interpreted them to be related to steam-blast eruptions. The
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hydrothermal fluids that ascended along fractures through zones of

successively lower pressure would, by his interpretation, reach a

critical stage and flash into steam. Such an explosion would apply a

lateral stress to the fracture walls, and the stressed rock would

burst inward toward the zone of lower pressure upon the rapid upward

discharge of steam. The spalled, tabular fragments thus produced

would be entrained by hydrothermal fluids as they collectively

ascended along the conduit. Such a mechanism provides a reasonable

explanation for the parallel tabular breccias at Hahns Peak, and it

is consistent with the formational environment of the breccia cone

sheet as proposed herein.

A dike-like body of Multilithic breccia, approximately ten feet

wide, was injected along a reverse fault that cuts Morrison shale on

the northwest edge of the intrusive complex (Plate 1). This occur-

rence is located outside the breccia cone sheet, but it is texturally

similar to the parallel-tabular breccia previously described. In

outcrop, this breccia displays a central zone of coarse, tabular

fragments of altered porphyry that are vertically aligned. The

coarse-grained central zone grades laterally into fine-grained

margins that may contain fallen blocks of basal Dakota conglomerate.

A similar lateral variation in grain size has been observed for phe-

nocrysts in igneous dikes and has been interpreted to be the result

of flowage differentiation (Bhattacharji and Smith, 1964). Komar

(1972) has determined that sorting of this type is a function of both

the velocity profile across a dike (fast in center, slow on sides)

and the tendency, through mechanical interaction, for the larger
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grains to move toward the zone of least shear (center of dike). He

refers to this phenomenon as "grain dispersive pressure." The flow

differentiation features that are displayed by this outcrop of

breccia suggest that the flow rate was uniformly high. The breccia

is interpreted to be the result of a steam-blast explosion. The

spalled fragments were formed in the manner of a "burst breccia," and

were entrained by a rapidly moving hydrothermal fluid that vented.

The proximity of this breccia to the base surge deposit sug-gests

that it may have also been a source of pyroclastic material. Similar

deposits that exhibit characteristics of flow-differentiation have

been postulated to represent gas-rich, pyroclastic vents, and have

been referred to in the geologic literature as tuffisites, agglom-

erates, and intrusive ignimbrites (Cloos, 1941; King, 1953; Reynolds,

1954).

The Multilithic phase has been established as the most violently

emplaced breccia unit on the basis of the following characteristics:

(a) the heterogeneous assemblage of lithic fragments; (b) the related

pyroclastics that have similar lithic heterogeneities; (c) the most

abundant and best-developed pebble breccias; (d) the related fuma-

rolic precipitates; and Ce) the presence of "burst breccias." Simi-

larly, Richard and Courtright (1958) distinguished an explosive phase

of multilithic breccia from a less violent monolithic breccia at

Toquepala, Peru. They interpreted the multilithic breccia to be the

result of a gas-rich hydrothermal explosion.

The explosions that formed the breccias at Hahns Peak are also

thought to have been gas-rich. This interpretation is based on the



117

abundance of pebble breccia and the presence of a related base surge

deposit. Base surges have been observed to originate from vapor-

rich, phreatoragmatic eruptions. However, the base surge event at

Hahns Peak is believed to have been the result of a phreatic, rather

than a phreatomagmatic, eruption (Williams and McBirney, 1979),

because glass shards are lacking in both the intrusive breccias and

the pyroclastic deposits. The absence of glass shards suggests that

ground water was not in contact with magma. Rather, ground water is

interpreted to have reacted with a rnagmatical.ly derived, super-heated

hydrothermal fluid.

McBirney (1963) has emphasized the role of ground water in the

formation of breccia pipes and has suggested that the rapid escape of

magmatic volatiles alone, is unlikely to result in violent gaseous

explosions. However, magmatic gases introduced into geothermal

systems may exert a controlling effect on the occurrence of phreatic

explosions. For example, the intensity of the hydrothermal explo-

sions at the Broadlands, New Zealand, geothermal field is directly

proportional to the concentration of carbon dioxide (presumably

magma-derived) in the discharging fluids, and this dissolved gas may

act as a triggering mechanism (Henley and Thornley, 1979). The

presence of calcite in the matrix of the near-vent pyroclastic rocks

and pebble breccias, and that of manganosiderite replacing feldspars

in the hanginywall porphyry adjacent to the vent area, indicate that

carbon dioxide was contained in the gaseous discharges at Hahns Peak,

and thus could have been a factor in the apparently explosive erup-

tions that occurred at this volcano.
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The most significant stage of sulfide mineralization at Hahris

Peak accompanied, and closely followed, the emplacement of the

breccia cone sheet. The presence of trace amounts of disseminated

pyrite in fragments of altered porphyry that comprise the intrusive

breccias and pyroclastic deposits, suggest that pervasive sulfide

mineralization had not occurred prior to the main period of brec-

ciation. Zones of intense sulfide mineralization are present locally

within the matrix of some of the breccias, and also occur as vug

fillings within both units of breccia and the altered porphyry. The

sulfide mineralization was probably related to the final stages of

the upward migration of magmatic fluids. Oeposition of silica as

fine, acicular incrustatioris on sulfide minerals and as vug fillings

in and around the breccia cone sheet took place at the conclusion of

the multilithic stage of hydrothermal brecciation. Barrington and

Kerr (1961) suggested that the fine, acicular crystals of quartz

associated with the breccias at Cameron, Arizona, were precipitated

from a magmatic vapor. It is possible that this phenomenon occurred

at Hahns Peak, as well. Silica is known to be highly soluble in

super-heated steam, where it may be transported as silicic acid

(Morey and Hesselgesser, 1951). However, regardless of whether it

was precipitated from a liquid or gaseous phase, the late intro-

duction of silica probably helped to seal off the hydrothermal system

and terminate brecciation. Multiple events of hydrothermal brec-

ciation, that are self-sealing because of late influxes of silica,

have been documented at the Wairakei and Broadlands geothermal areas

in New Zealand (Henley and Thornley, 1979).
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Field observations indicate that the breccia cone sheet of Hahns

Peak displays many of the features that are characteristic of intru-

sive breccias From this I conclude that previous interpretations

which identified portions of the breccia cone sheet as fault breccia

(Segerstrom and Young, 1972; Dowsett, 1973, 1980) are erroneous.

This ambiguity, however, attests to the difficulty in distinguishing

between differing types of breccias. My conclusion that the breccias

which comprise the cone sheet structure at Hahns Peak are entirely

intrusive in origin is based on the following criteria:

1. Lack of evidence indicative of relative movement between

rock on opposite sides of the zones of breccia (joint off-

sets, slickensides, etc.);

2. Surface and subsurface exposures of the breccias display

intrusive relationships to their host rocks and they may

form branching, vein-like, ariastomosing structures;

3. Faults that have been suggested to account for the breccias

are of moderate normal displacement (less than 200 ft.),

yet lithic clasts identified in surface breccias are also

present in diamond drill core 2,000 to 3,000 feet below the

surface;

4. Contacts of the breccias are curvilinear and sharp (except

where "burst brecci as" are developed"), whereas the gra-

dational zones of gouge comon to some fault contacts are

absent (although rock flour may be present in the breccia

matrix);



120

5. Presence of many large, angular fragments of soft, altered

porphyry within the breccia that would be less likely to be

preserved intact within a fault breccia;

6. Associations of pyroclastic material, "pebble dikes,"

"burst breccias," and fumarolic precipitates are likely

common products of steam-blast venting that would be

related to the formation of the breccias; and

7. The conical shape of the breccia structure is typical of

many intrusive breccia pipes (Perry, 1961; Norton and

Cathles, 1973; Soregaroli, 1975; Sharp, 1979).

Pyroclastic Vent Complex

The steam-blast eruptions that occurred on the west flank of

Hahns Peak caused Multilithic breccia to be intruded into, and

exploded through, the pendant of Browns Park Formation. Rock frag-

ments from the pendant were incorporated into the intrusive breccia,

which was extruded as pyroclastic surges and air-fall ejecta. Some

of the surges travelled only short distances from the vent, whereas

others carried pyroclastic material to locations more than one mile

away. The pyroclastic material and minor amounts of local detritus

that were deposited adjacent to the volcanic vent, formed a strati-

fied complex that consists of alternating beds of lapillistone, tuff,

and lapilli-tuff (Fig. 7). The formation of this complex is inter-

preted to be. analogous to that of "lag-faiF deposits" which are pro-

duced at the vent areas of ignirnbritic eruptions (Wright and Walker,
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fragments left behind by pyroclastic flows, together with near-vent,

air-fall material.

The well-defined beds of the vent complex dip inward toward the

breccia cone sheet at angles that range from 200 to 450 The lower

angles were measured in the upper portion of the complex, and

although faults were not observed in outcrop, a disruption of the

beds is implied by the variation in dip. The inward dips of the

disrupted beds are suggestive of subsidence, which may have been

caused by the continued extrusion of pyroclastic material. Similar

subsidence features are cortnon along the upper edges of diatremes

(McCallum and others, 1976).

The lithic fragments that constitute the pyroclastic rocks of

the vent are similar to those of the Multilithic breccia unit. They

differ only in that they display a greater abundance and variety of

Precambrian lithologies. The Precambrian lithologies present are

identical to those that comprise the pebbles, cobbles, and boulders

of the Browns Park basal conglomerate. The relative volumetric pro-

portions of Precambrian fragments contained within the vent complex

varies from 15 to 20 percent in the lower-most beds, to 5 percent in

the upper layers. Calcite is present throughout the matrix of the

vent complex rocks and the adjacent Multilithic breccia. It is

interpreted to have been derived principally from assimilation of the

carbonate-rich Browns Park Formation. Additional carbonate was prob-

ably derived from assimilation of Mancos Shale and from the intro-

duction of magmatic CO2.
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The shapes of lithic fragments in the vent rocks vary from

angular to sub-rounded. Glass shards are absent. The different

lithic layers may be well-sorted, although tuff is often intermixed

with lapillistone. Bombs (>256 miii) are present in some tuffaceous

beds. Grading in the individual beds may be either normal, reverse,

or multiple (normal and reverse). Layers of lapillistone generally

exhibit reverse graded bedding. These rocks are interpreted to have

been deposited from pyroclastic surges. Reverse grading may be

developed as a flow phenomenon in high-density fluids as a result of

either mechanical grain-dispersive pressure (Bagnold, 1954; Komar,

1972), or "Bernouli forces& within boundary layers (Fisher and

Mattinson, 1968). Fluctuations in eruptive energy may also affect

the size of fragments in either air-fall or pyroclastic surge

deposits close to the vent (Lajoie, 1979). As a result, vent corn-

plexes commonly display symmetrical (reverse to normal; normal to

reverse), or multiple (normal and reverse) grading (R. V. Fisher,

unpublished data, 1974). In addition, changes in wind velocity

during eruptions may cause reverse grading in air-fall deposits

(R. V. Fisher, unpublished data, 1974).

The Hahns Peak vent complex exhibits an overall upward decrease

in grain size (Fig. 7). This is interpreted to have been a function

of lower eruptive energy during the final stages of the extrusive

cycle. Layers of tuff probably represent air-fall material that was

ejected near the end of a given eruptive phase. A minimum of six

eruptive cycles are apparent from the succession of vent rocks

exposed at Hahns Peak (Fig. 7). The presence of mudcracks along the
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upper horizon of one tuff layer in the central portion of the vent

complex, suggests that there was a hiatus in volcanic activity after

deposition of this bed.

The mafic-rich Precambrian fragments derived from the pendant of

Browns Park Formation are more abundant in pyroclastic rocks of the

vent complex than in the base surge deposit. This is manifest by the

higher Fe203 and MgO, and the lower S102 contents of the vent rocks

relative to the surge deposit (Table 2). This chemical relationship

suggests that the mafic fragments, which have a higher specific grav-

ity, settled from suspension more rapidly than the silicic fragments;

thus, they were concentrated near the vent. The decrease in abun-

dance of ferromagnesian fragments in pyroclastic rocks as a function

of distance from source, has been documented in volcanic areas of the

southwest Pacific Ocean (Murray and Renard, 1884).

Individual layers of pyroclastic surge rock in the Hahns Peak

vent area are thinner and more continuous than those that are devel-

oped in the base surge deposit on Porphyry Mountain. The deposit at

the latter site displays finely laminated beds that tend to pinch and

swell, and coalesce laterally. Similar distinctions have been

observed between near-vent and distal pyroclastic surges at Ubehebe

Craters, California (Crowe and Fisher, 1973).

Layered pyroclastic vent rocks have been described at other

locations within the Rocky Mountain region. Buffler (1967) reported

the occurrence of diatreme-like, layered vent breccias within the

Browns Park Formation at several locations in the Elkhead Mountains,

Colorado. Each of these occurrences is associated with Tertiary
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volcanic centers, and are located within 30 miles of Hahns Peak. In

addition, Parsons (1967) has described a bedded pyroclastic vent corn-

plex and associated distal pyroclastic deposits from a volcanic cen-

ter in the northern Absaroka Range. He interpreted these rocks to be

related to eruptions of intrusive breccia, and noted that glass

shards were absent from both the breccias and the pyroclastic units.

He further suggested that these deposits were the result of gaseous

explosions related to magmatic exhalations and phreatic steam-blasts.

Previous workers at Hahns Peak have mapped the layered vent corn-

plex as part of the Browns Park Formation (Segerstrom and Young,

1972; Young and Segerstrom, 1973; Dowsett, 1973, 1980). However,

evidence gathered from the present study indicates that this hypoth-

esis is incorrect, and that the deposit is pyroclastic, rather than

fluvial in origin, the foregoing discussion has emphasized the

lithic and textural characteristics of the vent complex and its

extraordinary similarities to other well-documented pyroclastic

deposits. The following observations support the premise that the

vent complex is not a portion of the Browns Park Formation:

1. The Browns Park Formation has been established as older

than the Hahns Peak porphyries (Buffler, 1967; Segerstrom

and Young, 1972); yet petrographic examinations related to

this study have shown that fragments of Hahns Peak porphyry

are plentiful in the unit mapped here as the vent complex;

2. The complete section of basal conglomerate in the Hahns

Peak area is present in the pendant outcrop. Suboutcrops

of the upper sandstone unit are also present between the
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basal conglomerate and the vent complex. Buffler (1967)

has not reported a clastic unit comparable to the rocks of

the vent complex present above the Browns Park sandstone at

any location in the Elkhead Mountains;

3. The basal conglomerate of the Browns Park Formation is a

fluvial deposit that displays well-rounded clasts, imbri-

cated pebbles, normal graded bedding, cross-bedding, and

cut-and-fill structures. The vent complex, although

locally conglomeratic in appearance, displays many frag-

ments that are too angular to have been transported by

streams for appreciable distances. Moreover, the vent com-

plex does not contain any of the sedimentary structures

common to the Browns Park Formation.

Pyroclastic Surge Deposit

ii Porphyry Mountain, located approximately one mile west of the

layered vent complex (Fig. 20), is capped by clastic material that is

interpreted to be a base surge deposit related to steam-blast erup-

tions of Multilithic breccia on the west flank of Hahns Peak.

Subaerial pyroclastic deposits have been classified into three

genetic categories: (1) fall, (2) flow, and (3) surge types

(Sheridan, 1979). Pyroclastic surges are turbulent, low-concentra-

tion density currents that form in at least three ways. These

include: (1) eruption column collapse (ground surge, base surge),

(2) elutriation from the top of a moving pyroclastic flow (ash
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cloud), and (3) a directed volcanic blast without the collapse of a

vertical eruption column (Fisher, 1979). Base surges commonly origi-

nate from the collapse of phreatomagmatic eruption columns (Waters

and Fisher, 1971). Unlike ground surges, which are associated with

hot pyroclastic flows, base surges form cold, vapor-rich fragment-

laden clouds.

Base surges were first observed as ring-shaped clouds that moved

horizontally outward at hurricane velocities from the base of nuclear

explosion columns (Glasstone, 1950). Later workers described similar

phenomena associated with volcanic eruptions (Richards, 1959; Moore,

1967; Waters and Fisher, 1971). The bed forms that characterize base

surge deposits are similar to those deposited by debris-laden streams

in upper-flow regimes (Fisher and Waters, 1970). However, recent

studies have shown that bed forms indicative of lower-flow regimes

may be present in some deposits (Stuart and Brenner, 1979). Wohletz

and Sheridan (1979) have classified pyroclastic surges into three

facies according to the principle bed forms displayed: (1) sandwave

(sandwave and massive beds), (2) massive (planar, massive and sand-

wave beds), and (3) planar (planar and massive beds). Sandwave beds

typically display dunes, ripples, cross-laminations, and antidunes.

Massive beds are predominantly unstratified, ungraded, and rarely

show internal structures, although bedding sags and contorted strat-

ification may be present. Planar beds are commonly inversely graded.

They may be cross-stratified and show internal pinch and swell fea-

tures that result in a sandwave appearance (Crowe and Fisher, 1973;

Wohletz and Sheridan, 1979).



128

Near the vent, base surge clouds are fluidized by large volumes

of steam and carbon dioxide, but as they move outward the volatiles

are lost and the system is deflated. However, the deflation may not

be complete, and zones of dense fluidization may persist in the

mobile cloud. Viscous flow prevails within these zones, and massive

beds result. Planar beds represent non-fluidized zones where iner-

tial flow was dominant (Sheridan and tipdike, 1975; Wohletz and

Sheridan, 1979). Thus, a single surge cloud may produce a laminated

deposit with alternating planar and massive beds. Separate base

surge events may be recognized by large-scale cut-and-fill structures

(Fisher, 1977).

The base surge deposit on Porphyry Mountain consists of layered

tuff, lapilli-tuff, and lapillistone. Petrographic examinations

indicate that these pyroclastic rocks are composed of the same lith-

ologies contained within the vent complex. However, the ratio of

quartz to mafic rock fragments is noticeably greater. Calcite, pres-

ent in the matrices of vent complex rocks, was not observed in sam-

ples from Porphyry Mountain. Both deposits are devoid of glass

shards.

Exposures of the deposit exhibit alternating planar and massive

beds that are representative of the planar facies of Wohletz and

Sheridan (1979). This facies implies an energy of flow indicative of

the lower phase of the upper-flow regime (Schmincke and others,

1973). The massive beds may exhibit crude stratification and pebble

trains. Reverse grading may be present locally, but for the most

part the individual beds are ungraded and poorly sorted. Deflation
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has resulted in the contortion of overlying planar beds around large

clasts of Hahns Peak porphyry. These structures resemble bedding

sags; but ths contorted layers are above, rather than below the

clasts. Locally, load casts of massive material projecting into

planar layers have formed by differential settling and compaction.

Planar beds on Porphyry Mountain are much finer-grained than the

massive beds. They display multiple, thin laminae that may be cross-

stratified. These laniinae commonly form pinch-and-swell structures.

Angled impact sags are present locally, and are presumed to be the

result of airborne ejecta. Individual planar layers may display

either normal or reverse graded bedding. Some exhibit reverse

grading at the base and normal grading at the top. Such layers dis-

play a central concentration of coarser fragments. This preferred

distribution may be a result of grain dispersive pressures that

developed within individual laminae (Wohletz and Sheridan, 1979).

The stratification observed may have formed from layers of different

densities that originated within a fluid that underwent laminar flow

(Crowe and Fisher, 1973). High shear stresses would have existed

along density interfaces of layers that moved relative to one

another. These stresses would have generated grain dispersive pres-

sures that might have caused larger fragments to move away from high-

shear borders.

At Porphyry Mountain, the planar beds tend to increase in thick-

ness toward the top of the deposit, whereas the fragments within the

massive beds tend to become smaller and less mafic in the upper

levels. The result is a very subtle, overall upward decrease in
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grain size, which may be due to gravitational effects within a single

surge, or to lower eruptive energies of subsequent surges. The exact

number of surge events represented at Porphyry Mountain was not

determined. However, the presence of a cut-and-fill structure five

feet wide, on the north side of the deposit, suggests that at least

two separate base surges reached this location. Similar large-scale

cut-and-fill structures have been reported from base surge deposits

at other localities (Fisher, 1977).

These data collectively suggest that Porphyry Mountain is a

lobate deposit that thins laterally away from the vent area

(Fig. 20), and such characteristics are common to many base surge

deposits. The thickened central portion of the deposit, and the

orientations of planar beds shown in Figure 20 are suggestive of dep-

osition within a pre-existing channel. It is possible that the base

surge moved through a small tributary valley and was deposited within

the confines of this local topographic feature. Subsequent differen-

tial erosion would explain the present topographic inversion, with

the more resistant pyroclastic deposit forming a cap above the soft

upper sandstone unit of the Browns Park Formation. Crenulated planar

beds and microfaults, present within the base surge deposit, are

interpreted to be indications of soft-sediment deformation caused by

gravity slumping prior to lithification. Similar penecontemporaneous

deformation has been described in base surges that were deposited in

pre-existing channels at Ubehebe Craters, California (Crowe and

Fisher, 1973).
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Previous workers (Segerstrorn and Kirby, 196) have classified

the clastic deposit on Porphyry Mountain as an epiclastic breccia.

They suggested that it was formed in lacustrine environment turbidity

currents that were generated by the introduction of lahars from Hahns

Peak. This interpretation is based entirely on general textural sim-

ilarities between the Porphyry Mountain deposit and the volcani-

clastic rock units of the Ohanapecosh Fprmation, Mount Rainier

National Park, Washington. At Mount Rainier, Fisk and others (1963)

inferred that the tuff-breccia and interlayered, thinly laminated

siltstone and fine-grained, graded sandstone were deposited from sub-

aqueous volcanic mudflows. However, it is my interpretation that the

alternating massive and planar beds on Porphyry Mountain have a more

striking resemblance to the base surge deposit on Sugarloaf Mountain,

Arizona (Sheridan and Updike, 1975) than to the pyroclastic rocks of

the Ohanapecosh Formation. Moreover, evidence is lacking that would

suggest the presence of a lake prior to deposition of the clastic

deposit on Porphyry Mountain. The contact of this deposit with the

tuffaceous sandstone unit of the Browns Park Formation was observed

at several localities. Typical products of lake-bottom sedimenta-

tion, such as siltstone and claystone, were not observed at any of

these exposures. In addition, intermixed organic debris, common to

pyroclastics of the Ohanapecosh Formation, is absent. Further, the

block-sag structures that are present on Porphyry Mountain are

angled, and have apparent trajectories that indicate a source in the

direction of the proposed vent on Hahns Peak. An angled impact sag

is evidence for a subaerial depositional environment. Pyroclastic
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ejecta such as might fall into water would settle vertically because

of greater viscous drag in the aqueous medium, and thus would come

to-rest with . much less impact than direct air-fall deposition

(R. V. Fisher, unpublished data, 1974).

Deposition from subaerial lahars is also an unlikely mechanism

for the origin of the Porphyry Mountain clastic unit. Although some

lahars may show subtle stratification (Schmincke, 1967), there are

none reported in the literature that display the planar laminations

and cross stratification present in this deposit. In addition, the

textural and compositional features that the Porphyry Mountain

deposit shares with rocks of the vent complex and the Multilithic

breccia unit, indicate that all three are consanguineous.
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HYDROTHERMAL ALTERATION

Hydrothermal alteration at Hahns Peak is interpreted to be

related to two distinct episodes of igneous intrusive activity. The

earliest hydrothermal event occurred after the intrusion of sills of

Beryl Mountain porphyry, but prior to the emplacement of the Summit

porphyry unit. This early stage of hydrothermal alteration is evi-

denced by fragments of strongly silicified porphyritic and gneissic

rock held in a host of quartz latite porphyry. Some of these frag-

ments display a stockwork-texture of quartz veinlets that contain

traces of pyrite, molybdenite, and secondary potassium feldspar. The

second stage of hydrothermal activity, referred to as the main-stage

of alteration, is interpreted to have been related to the emplace-

ment, at depth, of a cupola composed of highly differentiated magma.

This stage of alteration is marked by an early pervasive phase of

albitization that was followed by the formation of concentric zones

of phyllic, argillic and propylitic mineral assemblages related to a

cone sheet of intrusive breccia. Rocks subjected to this stage of

alteration locally contain anomalous amounts of gold, silver, lead,

zinc, and molybdenum. The alteration mineral assemblages resemble

those of porphyry copper-molybdenum systems (Lowell and Guilbert,

1970; Gustafson and Hunt, 1975), and are similar, in their apparent

mode of emplacement, to those found in areas of volcanic hot springs

(Henley and McNabb, 1978). Hahns Peak is interpreted to have hosted

hydrothermal mineralization within the uppermost part of a porphyry

molybdenum system.
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The mineralogy of the alteration assemblages was determined by:

(a) megascopic examination of over 800 samples from outcrops under-

ground workings, and diamond drill core; (b) petrographic examination

of 120 of these samples; and, (c) X-ray diffraction analyses of 66

samples. X-ray diffraction analyses were made of selected aggregates

of secondary minerals from three surface samples representative of

the advanced argillic, phyllic, and argillic assemblages. These

analyses were performed at Oregon State University on a Philips

XRG 3100 diffractometer. The remaining 63 X-ray diffraction analyses

were performed at the Anaconda Tucson laboratory by technical per-

sonnel. The analyses were done on crushed whole-rock samples

obtained from diamond drill core.

Early-Stage of Alteration

The earliest stage of hydrothermal alteration at Hahns Peak was

clearly established prior to the intrusion of the Summit porphyry

unit, as altered fragments of porphyritic and gneissic rock were

observed in a host of quartz latite porphyry. Approximately 20 of

these altered fragments were found within the central portion of the

Summit porphyry unit. Each of these is intensely silicified, and

some have trace amounts of sulfide minerals contained in a stockwork

of silica veinlets. A fragment of gneissic rock that displays sim-

ilar veinlets of silica with traces of sulfides was observed in an

outcrop of intrusive breccia on the northwest side of Hahns Peak. It

is presumably representative of the early-stage of alteration.
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Significant amounts of sulfide mineralization may have accompanied

thts stage of hydrothermal activity. However, little is known about

the related alteration and mineralization, because present data are

limited to inclusions of rock fragments.

Samples of 15 lithic inclusions from the Summit porphyry unit

were studied under the petrographic microscope. The six largest of

these were also analysed for their trace element compositions (see

Table 4). Petrographic examination of the textures of the fragments

revealed that five are porphyritic, seven are medium-grained equi-

granular, and three are grieissic. The effects of alteration and

veining have obscured the original textures and mineralogies to the

extent that positive identification of the rock units from which the

fragments were derived is difficult. Although several of the porphy-

ritic fragments have textures that are similar to the Beryl Mountain

porphyry unit, it is possible that they represent another intrusive

phase that has not been exposed on the surface, or in drill core.

The gneissic fragments are presumed to be equivalent to the

Precambrian gneissic granodiorite observed in diamond drill hole

DDH-1O1. The medium-grained equigranular fragments are unlike any

other rock type yet observed at Hahns Peak. Although some Pre-

cambrian rocks of the region display equigranular textures, it is

unli kely that these fragments represent a Precambrian ii thology

because: (a) the less intensely altered fragments contain remnants

of or-thoclase and oligoclase, rather than microcline and andesine

which are common minerals in the Precambrian rocks of the region;

(b) the phenocrysts of primary quartz do not display strong
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undulatory extinction, which is also common to the Precambrian rocks;

and (c) the amount of primary zircon in the specimens exceeds the

average amount present in the Precambrian rocks and is more typical

of the Tertiary intrusive rocks of Hahns Peak. Therefore, the evi-

dence suggests that these fragments may represent a Tertiary equi-

granular pluton present at depth, but one that has not been encoun-

tered either in surface exposures or in diamond drill core.

The petrographic examination of the lithic inclusions demon-

strates that they are strongly silicified, with 40 to 90 percent of

the rock composed of quartz. The distribution of stockwork veinlets

varies from dense to sparse (Fig. 21), or veinlets may be completely

absent in fragments that have been pervasively silicified. The

quartz, present both in the veinlets and as replacements in the

groundmass, displays a texture of fine-grained mosaic intergrowths.

Finely intergrown crystals of quartz also occur as rims around rem-

nant phenocrysts of potassium feldspar.

Numerous extremely small fluid inclusions are present in the

veinlets of quartz that cut the lithic fragments. The majority of

those large enough to identify are characterized by the presence of a

small vapor-bubble within an elongate fluid inclusion. Similar fluid

inclusions described by Gustafson and Hunt (1975) from the El

Salvador porphyry copper deposit were interpreted by them to repre-

sent fluids of predominantly meteoric origin. Also present within

the veinlets of quartz are fluid inclusions that display a moderately

sized vapor-bubble accompanied by crystals of what are presumed to be

halite and a sulfide mineral. The presence of sodium chloride
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Figure 21. Lithic inclusions from Summit porphyry (Tsp)
which show: (A) a porphyry fragment (possibly Beryl
Mountain porphyry) with stockwork veinlets of silica
containing pyrite and molybdenite; and (B) a Precambrian
qneissic rock with well-developed stockwork veins of
silica.
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indicates that a saline component was present in the hydrothermal

fluids. A third type of fluid inclusion displays a single large

vapor-bubble, and its coexistence with hypersaline fluid inclusions

within the same veinlet of quartz suggests that the hydrothermal

fluids underwent boiling (Roedder, 1979).

The overall content of sulfides in the rock fragments is small,

although traces of pyrite are present as fine-grained cubic crystals

in the silica veinlets and as disseminatioris in the groundmass.

Fine-grained molybdenite, in association with pyrite and secondary

potassium feldspar, was observed in veirilets of silica from one frag-

ment of porphyritic rock (Fig. 21). A chemical analysis of this

sample revealed an NoS2 content of 100 ppm. Molybdenite was also

noted with pyrite in veinlets of silica that cut a gneissic fragment

contained in an outcrop of intrusive breccia on the northwest side of

I-Iahns Peak. The presence of a lithic inclusion of intrusive breccia

in the Summit porphyry unit, in which stockwork-veined fragments are

present in a silica-rich clastic matrix (Fig. 19), is evidence that

more than one hydrothermal event was involved in the early-stage of

mineralization.

The strongly silicified fragments that represent the early stage

of alteration at Hahns Peak are strikingly similar to rocks from the

silicified zones of alteration at the Henderson and Climax molybdenum

deposits in Colorado (Wallace and others, 1968; Mackenzie, 1970). At

Henderson, the silicified zone occurs both above and below the ore

body, and locally overlaps the zone of potassium feldspar alteration.

Veins of quartz within the silicified zone grade into pervasively
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silicified rock, and the content of silica varies from 60 percent in

the veined host to 90 percent in those parts pervasively silicified.

The quartz has been crystallized to an intricate mosaic texture that

has destroyed all but a few remnants of the original porphyry

(MacKenzie, 1970; Bright and White, 1977). The silicified zone at

Climax is texturally similar to that at Henderson, although it under-

lies the ore body at all locations (Wallace and others, 1968).

The intense silica alteration recognized in lithic inclusions at

Hahns Peak is interpreted to represent a hydrothermal event that

occurred prior to, but was associated with, the emplacement of the

Columbine, Summit, and 70 porphyry units. The extremely large (up to

3.5 in.) phenocrysts of sanidine in these porphyries suggest early

crystallization from a volatile-rich magma (Burnham, 1967). Eman-

ations from such a magma would be likely to produce hydrofracturing

that would have led to the formation of the stockwork texture of

silica veinlets present in some lithic inclusions (Fig. 21). The

associated hydrothermal alteration and sulfide mineralization would

have been terminated by the deposition of silica in the veinlets,

which would have essentially sealed the system to the flow of fluids.

Minor brecciation might have resulted locally where the pressure of

volatiles at the top of the magma chamber exceeded the strength of

the silicified cap near the end of this stage of hydrothermal

activity.
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Main-Stage of Alteration

The main-stage of hydrothermal alteration at Hahns Peak occurred

after the emplacement of the 7D porphyry unit, but prior to the

intrusion of the Late-stage porphyry dikes. The alteration is

believed to be related to the emplacement, at depth, of a cupola of

highly differentiated magma. A mixture of magmatic vapors and

liquids enriched in water, carbon dioxide, alkali halides, and hydro-

gen sulfide presumably formed a plume around the upper part of the

cupola, and migrated upward along incipient fractures and mixed pas-

sively with minor amounts of ground water. Early chemical reactions

between the hydrothermal fluids and the host rock resulted in weakly

developed, but pervasive, albitj.zation of the quartz latite por-

phyries. The continued build-up of volatile pressure at the head of

the cupola probably caused conical fractures to form in the roof

rocks. Rapid discharges of super-heated magmatic fluids, together

with steam blasts derived by the mixing of cold ground water with

these fluids, were presumably channelled along the conical fractures.

The intrusive breccias that formed by this activity comprise the

breccia cone sheet. The hydrothermal fluids that accompanied this

brecciation, together with those fluids that subsequently followed

the permeable path through the brecciated rock, formed a zoned assem-

blage of alteration minerals that was superimposed upon the perva-

si vely albi ti zed rock. The di stri buti on patterns of these alteration

assemblages generally' coincides with the inferred shape of the

breccia cone sheet.
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Alteration Zones

The assemblages of alteration minerals present at Hahns Peak

consist of an inner zone of phyllic alteration that grades outward

into zones of mixed phyllic-argillic, argillic, and propylitic alter-

ation (Plate 3). Small zones of advanced argillic alteration are

locally associated with pebble breccias, and appear to be discon-

tinuous at depth. The effects of hydrothermal alteration are readily

apparent in rock outcrops. The more strongly sericitized central

part of the intrusive complex is chalk-white in color, with irregu-

larly distributed patches of yellow and brown. Argillic alteration

prevails outward from this central phyllic zone, and the colors of

the rocks vary from light to dark gray. Within the outer zone of

propylitic alteration, where chlorite is most abundant, the rocks are

typically green-gray in color.

The classification of the zones of alteration at Hahns Peak is

based on the nomenclature and the descriptive alteration mineralogy

presented by Lowell and Guilbert (1970) and Meyer and Hemley (1967).

Propylitic Zone. The characteristic constituents of the propy-

litic alteration mineral assemblage at Hahns Peak are albite, cal-

cite, montmorillonite, chlorite, and sericite. Minor amounts of

quartz, pyrite, magnetite, epidote, and siderite are also present.

Secondary albite occurs as rims around pheriocrysts of both potassium

and plagioclase feldspar, and has completely replaced some megacrysts

of plagioclase feldspar. The albite may in turn be partially

replaced by sericite and calcite, and its outer borders are typically
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in contact with aggregates of either chlorite or quartz. The albite

replacements in this zone are interpreted to be relics from the ear-.

her period bf pervasive albitization. Dowsett (1973, 1980) reports

that the predominant
potassium feldspar contained in the albitized

porphyries of Hahas Peak has an orthoclase structural state compo-

sition of approximately 0R90. These feldspars were presumably

altered from their original composition of sanidine (0R67) by a pro-

cess of alkali exchange.

Phenocrysts of plagioclase feldspar are commonly altered to

aggregates of calcite, niontrnorihlonite, sericite, and quartz, with

traces of epidote. Plagioclase feldspar is consistently more altered

than potassium feldspar, although the intensity varies from weak to

strong. The interiors of some phenocrysts of potassium feldspar have

streaks and fine specks of sericite, quartz, calcite, and occasion-

ally epidote. Calcite replaces the groundmass locally, and may also

be present in thin veinlets. Siderite, in minor amounts, replaces

plagioclase feldspar along the inner margin of the propylitic zone,

but is more common near the breccia cone sheet in the zones of argil-

lic and mixed phyllic-argillic alteration. Typically, biotite is

variably altered to chlorite and sericite, with traces of epidote.

Some phenocrysts of biotite contain secondary magnetite and leucoxene

intermixed with chlorite. Crystals of hornblende have been altered

to fine-grained aggregates of chlorite and calcite. These aggregates

also commonly contain crystals of secondary magnetite. Disseminated

crystals of both primary and secondary magnetite are locally Oxi-

dized to hematite.
Pyrite is present in small amounts (trace to one
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percent) as disseminated cubes or as small clots that replace the

ferromagnesian minerals.

The ove-all intensity of propylitic alteration varies from weak

to moderate, and is never strongly developed. Nevertheless, propy-

litically altered rocks form a distinctly arcuate zone for about 1800

along the southeastern margin of the intrusive complex (Plates I

and 3). The effects of propylitic alteration were observed in parts

of every major intrusion in the study area, but they are best devel-

oped within the Beryl Mountain porphyry on Beryl Mountain. Weak to

moderate propylitic alteration is also present on Anderson Mountain

(1.1 miles southeast of Hahns Peak), and on Twin Mountain (1.4 miles

northeast of Hahns Peak). The zone of propylitic alteration grades

outward into weak deuteric alteration in which pyrite is rare or

absent. The outer margin of hydrothermal effects imposed by main-

stage alteration encompasses an area with an approximate diameter of

two miles centered on Hahns Peak. From Anderson Mountain to Hahns

Peak, the intensity of propylitic alteration and sulfide mineral-

ization increases and grades into an argillic assemblage. The con-

tinuation of the propylitic zone along the north and northwest mar-

gins of the intrusive complex is less distinct because outcrops of

igneous rocks are lacking and those of the sedimentary rocks are low

in lime, magnesia, and iron. Hydrothermal alteration is apparent,

however, in the bleached shales and si)tstones of the Morrison

Formation that are exposed on the northwest flank of Hahns Peak. The

alteration minerals are chiefly sericite, clay, and pyrite (Plate 3).
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Argillic Zone. Argillic alteration at Hahns Peak is moderately

to weakly developed, and is typified by montmorillonite, kaolinite,

and sericite,with lesser amounts of chlorite and quartz. Plaglo-

clase feldspar is the most strongly altered mineral, and is commonly

replaced by clay, sericite, and quartz, with traces of siderite. In

contrast, potassium feldspar is usually lightly dusted with secondary

sericite. The intensity of alteration of biotite varies from weak to

strong, and reflects the overall intensity of argillization. Some

phenocrysts of biotite in the outer margin of the argillic zone are

shiny-black and virtually unaffected by hydrothermal alteration.

Many phenocrysts of biotite along the inner margin of the argillic

zone are strongly altered to sericite. However, biotite more com-

monly displays moderate alteration to sericite and chlorite, with

traces of leucoxene and magnetite. Chlorite has also replaced horn-

blende to a variable extent. Disseminated pyrite is present through-

out thi s zone in abundances that range from trace amounts to three

percent, and the average is approximately one percent. The total

content of clay minerals typically exceeds that of sericite, and kao-

linite was determined, by X-ray diffraction, to be more abundant than

montmoriulonite. It was also determined, by X-ray diffraction anal-

yses of samples of core from diamond drill hole DDH-7A, that the

ratio of kaolinite to rnontmorillonite increases with depth. This

trend is similar to that reported by Segerstrom and Young (1973), and

is evidence that kaolinite was formed primarily by hypogene, rather

than supergene, fluids.
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Rims of albite were observed around some phenocrysts of potas-

sium feldspar within this zone, and they probably represent remnants

of the earlier period of albitization. The secondary albite is

altered to clay, particularly along the outer edges of the rimmed

phenocrysts. Dowsett (1973, 1980) reported that two distinct compo-

sitional states of potassium feldspar (0r67 and OR9Q) exist in rocks

that have undergone intermediate argillic alteration at Hahns Peak.

The Or90 variety predominates with increasing intensity of alter-

ation.

The argillic zone is the least distinctive of the alteration

zones at Hahns Peak. The principal difficulty is that many of the

rocks appear, in hand specimen, to be unaltered. The argillic zone

forms a narrow border around the breccia cone sheet, and grades out-

wardly to the propylitic zone and inwardly to the zone of mixed

phyllic-argillic alteration (Plate 3).

Mixed Phyllic-Argillic Zone. The zone of mixed phyllic-argillic

alteration is characterized by the mineral assemblage sericite,

quartz, kaolinite, and moritmorillonite. Sericite predominates over

the clay minerals, and kaolinite is more abundant than montmoril-

lonite. The total content of clay may approximate 20 percent (by

volume) in this zone, although it is usually under five percent.

A variety of green sericite is present in trace amounts, and displays

a greater relative abundance in more intensely sericitized samples.

Phenocrysts of biotite are. commonly replaced by green sericite. The

significance of the color is not clear, although Meyer (1979) reports
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that green sericite at Butte, Montanta has a higher magnesium content

than colorless sericite. The breakdown of biotite at Hahns Peak

would have released magnesium, which may be the cause of the green

color. Crystals of plagioclase feldspar are usually strongly altered

to sericite, quartz, and lesser amounts of clay. Locally, siderite

has replaced phenocrysts of plagioclase feldspar. The occurrences of

siderite are normally located near the breccia cone sheet. Distinct

geochemical anomalies of manganese were observed from rock-chip

samples that displayed siderite alteration. The association of man-

ganese with siderite is consistent with the identification of mangan-

osiderite, by Se9erstrom and Young (1972), in diamond drill core from

Hahns Peak. Phenocrysts of potassium feldspar may be slightly

speckled with sericite and clay, or strongly replaced by sericite,

quartz, and minor clay. Biotite exhibits strong alteration to ser-

icite throughout this zone. Rornblende is commonly replaced by

finely crystalline sericite or talc(?). Minor amounts of chlorite,

magnetite, and leucoxene also replace some phenocrysts of hornblende.

Disseminated pyrite is present throughout this zone and averages

1.5 percent (by volume). Restricted areas in and near the breccia

cone sheet may contain pyrite in amounts of three to five percent.

The groundmass of rocks that occur in the mixed phyllic-argillic zone

is moderately to strongly altered to silica and sericite.

The zone of mixed phyllic-argillic alteration is irregularly

shaped and bounded approximately by the inner margin of the breccia

cone sheet (Plate 3). This zone is interpreted to be gradational

between the zones of argillic and phyllic alteration. Small isolated
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areas of mixed phyllic-argillic alteration also are found along the

northern margin of the intrusive complex (Plate 3).

Phyllic Zone. The characteristic minerals of phyllic alteration

are sericite, quartz, and minor kaolinite. Kaolinite, identified by

X-ray diffraction, is present in amounts up to five percent (by

volume). Aggregates of sericite, quartz, and kaolinite completely

replace most phenocrysts of plagioclase feldspar. Pheriocrysts of

potassium feldspar are replaced by a similar assemblage of minerals,

and display an intensity of alteration that varies from moderate to

strong. Dowsett (1973, 1980) reports that all potassium feldspar

contained in strongly sericitized rock at Hahns Peak is orthoclase

(0r90), that has been been converted from an original composition of

sanidine (0r67) by alkali exchange. Phenocrysts of biotite are com-

pletely altered to sericite, much of which is green in color. Green

sericite is more abundant in this zone of alteration than in others,

and may i ndi cate the addi ti on of magnesi urn i nto the lattice structure

of sericite. Hornblende is not abundant in this zone, but where

present it appears to be strongly sericitized. Disseminated sub-

hedral to euhedral crystals of pyrite constitute one to two percent

(by volume) of the rock from this zone. The alteration of the

groundrnass van es from strong sen ci ti zati on wi t fi ne anhedral

aggregates of si li ca, to strong si ii ci fi cation with sparse shreds of

sen cite.

Phyllic alteration is exposed in a linear trend of isolated out-

crops within the zone of mixed phyllic-argillic alteration (Plate 3).
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Subsurface data suggest a more continuous zone that is closely asso-

ciated with, but not restricted to, the breccia cone sheet (Plate 3).

Advanced Argillic Zone. The characteristic minerals of the

zones of advanced argillic alteration at Hahns Peak are alunite,

dickite, kaoliriite, and quartz. Opaline and chalcedonic quartz,

pyrite, tetrahedrite, and traces of covellite occur locally. Alunite

was first tentatively identified at Hahns Peak by Bowes (1969). This

identification was confirmed by X-ray diffraction analyses performed

at Oregon State University during the present study. Areas having

anomalous concentrations of dickite, which in part coincide with the

presently mapped zones of advanced argillic alteration, were delin-

eated by Oowsett (1973, 1980).

The distribution of advanced argillic alteration is erratic and

irregular, and is confined locally to occurrences of extremely fine-

grained pebble breccias that are light-gray to white in color. These

areas of advanced argillic alteration are discontinuous with depth

and probably do not extend more than 500 feet beneath the surface.

Alteration Processes

The early albitization was formed by a process of metasomatisin

in which sodium, probably as sodium chloride, was introduced along

fractures in the igneous intrusive rocks. The sodium may have been

derived from magmatic vapors and liquids that emanated from the top

of a magmatic cupola. The continued emplacement of magma from depth

caused the cupola to ascend to higher levels. High pressures imposed

both by the forceful emplacement of magma and by supercritical fluids
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exsolved therefrom would cause fractures to propagate upward in

competent roof rocks above the cupola. At some relatively near-

surface locale the expansive pressure of the magma-fluid system would

have been greater than the confining pressure of country rocks and

supercritical fluids would have escaped upward through the newly-

for-med fractures. Monolithic breccia was probably formed in response

to the explosive expansion of these supercritical fluids. The extent

to which meteoric water was a component of the supercritical fluids

is largely unknown, although probably minor during the early, high

temperature and saline stages of their evolution. The formation of

Monolithic breccia, however, would have caused additional fracturing

of country rocks, thus creating more open spaces that could have been

filled with ground water. When super-heated magmatic fluids came

into contact with this cold ground water, steam-blast explosions

would have occurred. The cone sheet of Multilithic breccia was prob-

ably formed by these phreatic explosions.

The vent complex and base surge deposits of Hahns Peak contain

fragments of altered porphyry with moderate amounts of sericite and

clay and traces of pyrite. The presence of these minerals suggests

that weak hydrothermal alteration took place prior to the emplacement

of the Multilithic breccia unit from which the pyroclastic rocks have

been derived. The hydrothermal fluids responsible for this alter-

ation are likely to have been associated with the formation of the

Monolithic brecci a. Although this earlier brecci a is locally

enriched in sulfides, the overall effects of hydrothermal activity

associated with it are weak. More intense alteration and
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mineralization probably accompanied the emplacement of the Multi-

lithic breccia. The zones of intrusive breccia served as permeable

channelways through which the later volatile-rich magmatic fluids

were released to mix with ground water. The pressure and temperature

of these post-breccia magmatic fluids would have diminished from

prior conditions, and thus the interactions with ground water were

probably less violent. The greater involvement of meteoric fluids in

this later stage of alteration resulted in mineral assemblages stable

at lower temperatures than those formed in the earlier stage of

aibitization. However, some of the magmatic fluids may have risen as

vapor plumes to form local zones of higher temperature products of

alteration within and adjacent to the breccia cone sheet. Although

the exact methods of transport of metals and alteration fluids is

unclear, the evidence suggests that the brecciated structures served

as passage-ways for the hydrothermal fluids that caused the wall rock

alteration and the sulfide mineralization. The zoned assemblages of

alteration minerals, the distributions of which mimic the general

shape of the breccia cone sheet, are the result of multiple episodes

of brecciation and hydrothermal activity. The zoning, however, is

not the effect of progressive alteration with time. Rather it

resulted from the variable intensity of hydrogen metasomatisni caused

by reactions between the wall rocks and the hydrothermal fluids.

Areas within and adjacent to the breccia cone sheet had the greatest

flux of hydrothermal fluids, and the chemical exchanges between those

fluids and the wall rocks were therefore intensified. As a result

sericite was most strongly developed in the inner zones. The
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distribution of alteration assemblages suggests a gradational change

outward through the argillic and propylitic zones as hydrogen meta-

somatism weakaned.

Albitic Alteration. The presence of hydrothermal albite, which

replaces phenocrysts of plagioclase and potassium feldspar at Hahns

Peak was first reported by Young and Segerstrom (1973). This mineral

was also documented by Dowsett (1973, 1980), who was the first inves-

tigator to realize that albitization of feldspars marked a distinctly

early phase of alteration. In addition, he was the first to suggest

that the predominant orthoclase structural state (0rg) of potassium

feldspars is pseudomorphic after primary sanidine (0r67) and that

this probably formed by alkali exchange and ordering of sanidine at

the time of albitization. Structural states of the alkali feldspars

were determined by Dowsett (1973, 1980) from equations relating the a

cell edge and the position of the 201 reflections, as measured by

X-ray diffraction, to composition. Petrographic observations from

the present study suggest that the effects of albitization are more

widespread than reported by Dowsett (1973, 1980). For example,

albite was observed as rims enveloping phenocrysts of feldspar from

latite porphyry on Beryl Mountain that Dowsett (1973, 1980) described

as unaltered.

Meyer and Hemley (1967) have suggested that the process of

albitization results from the metasomatic introduction of sodium.

They presented equilibria data from which Dowsett (1973, 1980) con-

cluded that albitic alteration at Hahns Peak formed in the
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temperature range of 400° to 5000C. This estimate is consistent with

the model presented herein of alkali halide-enriched magmatic fluids,

with minor contamination by ground water, having produced the albitic

alteration.

Propy)itic Alteration. The formation of the intrusive breccias

and the associated hydrothermal alteration at Hahns Peak caused the

previously albitized host rocks to undergo variable intensities of

hydrogen rnetasomatism. The effects of hydrogen metasomatisrn are

least apparent in the marginal propylitic zone farthest from the

breccia cone sheet. The formation of a typical propylitic assemblage

involves several distinct chemical reactions between the wall rocks

and the hydrothermal fluids. The predominant chemical changes in

this zone involve the addition of CO2 during the formation of carbon-

ates, and the addition of H20 during the formation of hydrous phases

such as chlorite (Hemley and Jones, 1964). Weak hydrogen metaso-

matism can account for the minor amounts of sericite and montmoril-

lonite that commonly replace phenocrysts of feldspar (Hemley and

Jones, 1964; Meyer and Hemley, 1967). The potassium necessary to

form sericite after plagioclase feldspar was probably provided by the

alteration of biotite to chlorite, and from the plagioclase feldspar

host mineral itself.

The propylitic zone occupies the area farthest from the source

of the hydrothermal fluids. The minerals characteristic of this

assemblage suggest that the fluids had a lower temperature and a

higher cation/H+ ratio than those which permeated zones closer to the
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breccia cone sheet and formed alteration minerals such as kaolinite

and sericite.

A plot of trace element distributions at Hahns Peak shows a

relative enrichment of Mn in areas that border the breccia cone sheet

(Plate 3). The propylitically altered rocks generally have higher

concentrations of hO2, MnO, MgO, CaO, and Na2O than do those that

display argillic or phyllic alteration (Table 2, Plate 3). The anal-

yses suggest that Ti, Mn, Mg, Ca, and Na were leached from the inner

part of the intrusive complex, where argillic and phyllic alteration

assemblages prevail, and were transported outward to be localized as

an enrichment in the propylitic zone. However, this interpretation

is speculative because unaltered host rocks are lacking at Hahns Peak

which makes it impossible to quantitatively estimate the chemical

losses and gains from one zone of alteration to another.

Argillic, Phyllic, and Advanced Argillic Alteration. The tran-

sitions from argillic to phyllic and to advanced argillic alteration

assemblages represents a progressive increase in the intensity of

hydrogen metasornatism. The wall rocks that were closest to the brec-

dated channelways more readily exchanged base cations for hydrogen

ions carried by the hydrothermal fluids than did those more distant.

Typical reactions between primary minerals of the host rocks and the

hydrothermal fluids to form the secondary alteration minerals as sug-

gested by Hemley and Jones (1964) and Meyer and Hemley (1967), are

summarized in Table 3. The equations illustrate the conversion of

primary minerals, through reaction with water (reduced to equivalent
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c alteration:

Andesine Montmorilionite

(1) Na2CaA14Si3024 + 4H MAl2Si4010(OH)2 + 2Na + Ca

(M = base cations present in amounts chemically equivalent to the charge deficiency, x.)

Albite Na-Montmorillonite Quartz

(2) 1.17 NaAISi3O8 + H4 = 0.5 Na0 33A1, 33S1367010(0ll)2 + 1.67 Si02 + Na

Na-Montniorillonite Kaolinite Ouartz

(3) 3Na033Al233Si36)O10(QH)2 + H4 + 35 H20 3.5 Al7Si20(OH)4 + 4SiO2 + Na4

Andesine Kaolinite Quartz

(4) Na2CaA14Si8O24 + 4H + 21120 2Al2S1205(QH)4 + 4Si02 + 2Na4 + Ca

caltion:

Andesine Sericite Quartz

(5) 0.75 Na,CaA14S18024 + 2H + K4 KA134 Si3 010(011)2 + 1.5 la4 + 0.75Ca 4 35109

K-feldspar Sericite Quartz

(6) 1.5 KA1SI3O8 + H 0.5 KA1,S301Q(0H)2 + K4 + 3S102

Advanced argillic alteration:

Sericite Keolinite

(7) KA13Si3010(OH)2 + H + 1.5 H20 1.5 AI,S1205(011)4 + K4

Sericite Alunit Quartz

(8) KM3S13010(OH)2 + + 2S0 KAI3(SO4)9(oH)6 + 3S102

Table 3. Typical argillic, phyllic, and aivanced arqillic
alteration reactions between host rock minerals and hydro-
thermal fluids (adapted from Hemley and Jones, 1964; and

Meyer and Hemley, 1967).
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H+ ions), to the common alteration products such as andesine to mont-

morillonite (equation 1), kaolinite (equation 4), and sericite (equa-

tion 5); albite to montmorillonite (equation 2); Na-montmorillonite

to kaolinite and quartz (equation 3); K-feldspar to sericite and

quartz (equation 6); sericite to kaolinite (equation 7); and ser-

cite to alunite and quartz (equation 8).

In essence, the extent to which the wall rocks undergo base

leaching is a function of the cation/H ratio in the hydrothermal

fluids with which they react. An increase in the concentration of

hydrogen ions results in greater hydrogen metasomatism. The source

of the hydrogen ions is either from the decomposition of pure water

(H20 = + OW) or hydrogen sulfide (H2S = HS + HS).

Argillic alteration at Butte, Montana involved the step-wise

decomposition of plagioclase feldspar to montmorillonite and montmo-

rillonite to kaolinite, with potassium feldspar unaffected (Hemley

and Jones, 1964). A similar process may have occurred at Hahns Peak

in which plagioclase feldspar was among the first minerals to react

with the hydrothermal fluids to produce montmorilionite (equation 1).

Any albite that was present would have also undergone hydrogen meta-

somatism to form sodium-rich montmorillonite (equation 2). An

increase in hydrogen ion activity would have converted montmoril-

lonite to kaolinite as in equation 3, and kaolinite might have formed

directly from the breakdown of plagioclase feldspar (equation 4).

The transition from argillic to phyllic types of alteration is

gradational, and is marked by an increase in the amount of hydro-

thermal sericite. Phenocrysts of plagioclase feldspar may be
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strongly sericitized as the result of reactions such as that of

equation 5. Fluids having particularly high concentrations of

hydrogen ions will cause potassium feldspar to alter to sericite

(equation 6).

Advanced argillic mineral assemblages may be derived from either

supergene or hypogene processes (Meyer and Heinley, 1967). At Hahns

Peak, the zones of advanced argillic alteration are interpreted to

have been formed by hypogene fluids because of their association with

pebble breccias. A steady influx of acid vapors (H2S, HC1 ) into a

ground water system would produce fluids characterized by a low

cation/Hf ratio (Hemley and Jones, 1964). Under such conditions,

sericite would be altered to kaolinite (equation 7). In addition,

the oxidation of H2S in near-surface hydrothermal environments would

produce H2SO4, and thus provide sulfate anions and the appropriate

acidic conditions to stabilize alunite (equation 8). The formation

of pebble breccias is closely associated with gaseous venting and

collectively they provide an excellent environment for the locali-

zation of advanced argillic mineral assemblages.

The alteration assemblage of sericite-kaolinite-montmorillonite-

quartz-pyrite was estimated by Dowsett (1973, 1980) to have formed in

the temperature range of 2500 to 350°C. These temperatures are lower

than those suggested for the formation of secondary albite, and pre-

sumably reflect a greater contribution of meteoric water to the

hydrothermal fluids.

The localized occurrence, within zones of sericitic-argillic

alteration, of small (2.0 to 10.0 rm diameter) euhedral crystals of
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orthoclase suggests that some hydrothermal fluids had considerably

higher temperatures and cation/H+ ratios than those responsible for

the formation of sericite and clay. The crystals of orthoclase,

identified by X-ray diffraction analysis, occur as secondary vug

fillings in altered quartz latitie porphyry, adjacent to the breccia

cone sheet on the west side of the mountain. White (1967) reports

that metastable hydrothermal orthoclase may be found associated with

epithermal Ag-Au and Mn deposits. At Hahns Peak, potassium is

believed to have been transported as a chloride (KC1) in plumes of

magmatic fluids characterized by high temperatures and high cation/Hf

ratios. These plumes probably consisted of a mixture of vapor and

liquid that ascended through channelways of intrusive breccia within

the ground water-dominated hydrothermal system. Orthoclase might

have been precipitated locally as a metastable phase because of

potassium contributed by continued magmatic emanations. The alter-

ation of sanidine (Or67) to orthoclase (Org), by alkali exchange,

has been suggested by Dowsett (1973, 1980) to have taken place in the

zones of intense sericitization. This change may have been caused by

the influx of magmatically derived potassium, which presumably also

reacted with phenocrysts and groundmass rnicrolites of plagioclase

feldspar to form sericite. Three samples of strongly sericitized

quartz latite porphyry (CP-2, SP-1, SP-2; Table 2, Plate 3) provide

an average K20 composition of 7.5 percent. This value is signif-

icantly above the average K20 value of 4.0 percent for quartz latite

determined by LeMaitre (1976). Moreover, it cannot be accounted for

by the observed modal abundance of potassium feldspar. Abundant
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sericite is present in the phenocrysts of plagioclase feldspar, as

well as in the groundmass, of these samples. In contrast, the pheno-

crysts of potassium feldspar are only moderately replaced by seri-

cite. Thus, only minor amounts of potassium could have been liber-

ated by the alteration of potassium feldspar. Accordingly, it is

inferred that the major portion of the potassium necessary for the

sericitizatiori of plagioclase feldspar was probably introduced by the

hydrothermal fluids. The intrusive breccias are thought to have pro-

vided the channeiways for these potassium-enriched fluids. Addition-

ally, chemical analyses of three samples of Multilithic breccia,

which average 7.8 percent K20 (Table 2), are consistent with this

i nterpretati on.

The extremely high potassium content of the Hahns Peak por-

phyries indicates that they are alkali rhyolites (Segerstrom and

Young, 1972; Young and Segerstrom, 1973). However, evidence pre-

sented herein suggests that additional potassium must have been

introduced to the system. Thus, any classification of altered rocks

that utilizes values of K20 cannot provide a reliable estimate of the

composition of the original rock. Because all of the intrusive rocks

observed at Hahns Peak display at least minor alteration, their clas-

sification in this study is based on a comparison of the measured

S102 content with those of average values for igneous rocks published

by Nockolds (1954) and LeMaitre (1976). Although some silica was

introduced into the system, it appears to have been contained, for

the most part, within the intrusive breccias. Minor micro-veinlets

of silica are present in zones of sericite alteration. However,
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veins of quartz are not abundant at Hahns Peak. Large through-going

veins were not observed, although amethystine quartz found on the

dump of the Tom Thumb Mine (Plate 1) may represent fragments of vein

materi al. Petrographi c exami nation of several samples of sen ci ti zed

porphyry revealed finely crystalline secondary quartz as overgrowths

or replacements of primary feldspar phenocrysts and as isolated

aggregates within the groundmass. The source of silica required to

form these secondary growths was presumably released by the sericit-

ization of these phenocrysts of feldspar (see Table 3, equations 5

and 6). This interpretation implies that the silica content of ser-

icitized rocks, which are devoid of veinlets of quartz, should

reflect the original silica content of the rock. Rock samples chosen

for chemical analyses in this study were carefully selected to avoid

veinlets of silica.

Supergene Alteration

Limonite stains the surfaces of outcrops throughout most of the

central part of the Hahns Peak intrusive complex. Surficial weath-

ering has resulted in the oxidation of pyrite and the subsequent for-

mation of pseudornorphs of limonite composed of mixtures of goethite

and jarosite (Young and Segerstrom, 1973). Less commonly, the

pseudomorphs of limonite have been completely leached by surface

waters leaving a residuum of iron-stained cubic molds.

X-ray diffraction analyses indicate that the montmorillonite/

kaolinite ratio is greatest in the upper 600 feet of altered rock at



Hahns Peak (this study, and Young and Segerstrom, 1973). The rela-

tive abundance of montmorillonite at near-surface levels is thought

to be the result of supergene alteration of plagioclase feldspar. In

addition, a non-pleochroic gray-white clay mineral, with an index of

refraction above balsam, has replaced sericite in some surface sam-

ples. This is interpreted to be kaolinite which also was formed from

the supergene alteration of sericite. The formation of montmoril-

lonite and minor kaolinite by supergene processes, probably preceded

the development of open vugs where phenocrysts of feldspar have been

completely leached. Such vugs are numerous in surficial exposures

and these outcrops display strong clay-sericite alteration and abun-

dant pseudomorphs of limonite after pyrite. Sulfuric acid, produced

by the weathering of pyrite, presumably combined with surface waters

to provide the low cation/H+ ratios necessary to form supergene mont-

morillonite and kaolinite.

Variscite (A1PO4.2H20), and lesser wavellite (Al(OH)3(PO4)

5H20), occur as botryoidal crusts and spherules within some cavities

(Young and Segerstrom, 1973). These minerals are most abundant in

areas of high sulfide concentrations and are probably supergene in

origin (Dowsett, 1980). They are likely to have formed from acid

solutions that attacked primary fluorapatite and feldspar, thus lib-

erating Al203 and P043 (Young and Segerstrom, 1973).

Elsewhere, within areas characterized by propylitic alteration,

magnetite of both primary and secondary origin has been partially

oxidized to hematite; presumably by supergene processes.
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METALLIZATION

Weak to moderate sulfide mineralization was deposited in three

pulses of hydrothermal activity at Hahrts Peak. The earliest hydro-

thermal event deposited minor amounts of pyrite and molybdenite in

stockwork veins of silica prior to the intrusion of Summit porphyry.

Two later pulses of hydrothermal activity deposited sulfides both

during and after formation of the breccia cone sheet, as part of the

main stage of alteration. Pyrite, galena, sphalerite, and chalco-

pyrite occur locally in the matrix of Monolithic breccia as finely

disseminated primary minerals and as disseminated masses and veinlets

in adjacent host rock. Finely disseminated molybdenite is also pres-

ent locally in the matrix of Monolithic breccia. Pyrite, tetra-

hedrite, and trace covellite occur locally within the matrix of

Muitilithic pebble breccia that displays advanced argillic alter-

ation. Pyrite, sphalerite, galena, and lesser chalcopyrite and

tetrahedrite are present as post-breccia open-space fillings locally

throughout the breccia cone sheet. The distribution patterns of

anomalous lead, silver, and manganese closely match the outline of

the brecci a cone sheet and indicate the strong control that thi 5

structure had on mineralization at Hahns Peak (Plate 3). Significant

sulfide mineralization, however, occurs only locally within this

structure. The major portion of the breccia cone sheet is non-

mineralized, due to its predominantly phreatic origin.

Anomalous amounts of gold and silver are localized in near-

surface zones of the breccia cone sheet. Erosion of the upper part
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of the breccia cone sheet probably provided the gold that is present

I n all uvi al gravels along the pen meter of Hahns Peak. Gal ena and

sphalerite are the most common sulfide minerals at the present level

of erosion. The increase of molybdenum relative to lead, zinc,

silver, and gold with depth in DDH-1O1 suggests that the volcanic

complex was zoned with gold and silver at the top, lead and zinc pre-

dominant in the middle portion, and molybdenum enriched primarily at

depth. This apparent zonation should be considered conjectural, as

exceptions exist and the present density of geochemical samples is

I nsuffi ci ent to present a defi ni ti ye model.

Molybdenum mineralization at Hahns Peak is interpreted to have

been deposited by fluids that were derived directly from a cupola of

highly differentiated felsic magma. Minor amounts of gold, silver,

lead, zinc, and copper may also have been precipitated directly from

magmatic fluids. It is more likely, however, that these elements

were leached from mineralized Precambrian basement rocks by both mag-

matic fluids and by meteoric fluids that were driven in circulation

cells by the heat of the intrusion. Some localized areas of mineral-

ization were probably syngenetic with intrusive breccia. In other

areas within the breccia cone sheet, mineralization is probably

related to post-breccia fluids that travelled along permeable chan-

nelways. Hydrothermal brecciation, mineralization, and alteration at

Hahns Peak is interpreted to be related to a porphyry molybdenum

system.
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Trace Element Geochemistry

Rock-chip samples, for the purpose of trace element analysis,

were taken from 180 locations on the surface of Hahns Peak, and from

28 locations within the 70 and Southern Cross adits. Bedrock was

sampled from an area of approximately 50 square feet around each data

site. Individual fragments were broken to under one inch in diam-

eter, and approximately five pounds of rock were taken from each

site. Surface sample sites were chosen on the basis of a modified

400 foot grid system (Plate 3). Deviations from the grid were made

to ensure that only bedrock was sampled, and to guarantee that each

rock type was adequately represented.

Chemical analyses were done on 208 samples by two commercial

laboratories. Bondar-Clegg Inc., Vancouver, BC, Canada, analyzed 116

samples for Cu, Pb, Zn, Mn, Ag, and Mo. The remaining 92 samples

were analyzed for the same suite of elements by Chemical and Mineral

Services (CMS), Salt Lake City, Utah. The rock chip samples were

each crushed to a powder, leached with hot aqua regia and analyzed by

atomic absorption methods. In addition, the F content of 107 samples

was extracted by a basic fusion process and analyzed by specific ion

methods at the Bondar-Clegg laboratory.

The results of the trace element analyses are summarized by

lithology in Table 4. This table consists of the combined CMS and

Bondar-Clegy data; The surface distribution of anomalous values of

Ag, Pb, Mn, and Mo is shown in Plate 3. The anomalous zones were

determined by Raab (1979), based on the above-threshold values from



Table 4. Trace element concentrations for various lithologies at Hahns Peak.

Rock Type S/U Cu Pb Zn Mn Ag Mo F n

mm. 3.0 5.0 4.0 14.0 0.2 <1.0 590.0

Columbine porphyry S max 25.0 575.0 330.0 1370.0 5.2 5.0 1000.0 38 18

* 11.0 37.0 28.0 120.0 0.8 1.0 805.0

mm. 3.0 12.0 2.0 6.0 <0.3 <1.0 140.0

Summit porphyry S max. 45.0 940.0 160.0 300.0 58.0 4.0 950.0 52 27

11.0 99.0 15.0 41.0 2.8 1.0 573.0

mm. 4.0 14.0 10.0 10.0 0.4 <1.0 485.0

Li max. 138.0 940.0 410.0 55.0 16.5 29.0 1050.0 12 5

x 25.0 128.0 102.0 20.0 3.4 4.0 761.0

mm. 5.0 5.0 3.0 10.0 0.2 <1.0 455.0
70 porphyry S max. 17.0 68.0 65.0 380.0 3.4 1.0 1300.0 10 7

10.0 21.0 42.0 218.0 0,7 <1.0 741.0

mm. 5.0 20.0 15.0 14.0 0.4 <1.0 715.0

U max. 515.0 3200.0 3300.0 40.0 18.0 17.0 1100.0 4 2

x 252.0 1187.0 1275.0 25.0 6.3 5.0 908.0

mm. 3.0 4.0 4.0 14.0 0.3 <1.0 135.0
Monolithic breccia S max. 13.0 840.0 65.0 116.0 9.0 5.0 465.0 9 4

x 7.0 119.0 13.0 38.0 2.8 2.0 333.0

mm. 14.0 20.0 22.0 10.0 0.5 2.0 465.0

U max.j560.O 7700.0 18000.0 44.0 >100.0 2200.0 5300.0 4 3

x 567.0 2602,0 4696.0 26.0 38.0 562.0 3593.0



Table 4. (Continued)

Rock Type S/I) Cu Pb Zn Mn Ag Mo F n

mm. 3.0 5.0 4.0 14.0 0.3 1.0 210.0
Multilithic breccia S max. 55.0 2000.0 3000.0 3400.0 17.2 7,0 1100.0 26 13

x 16.0 265.0 208.0 237.0 3.3 2.0 577.0
mm. 8.0 9.0 6.0 7.0 0.3 < 1.0 850.0

U sax. 26.0 90.0 420.0 150.0 90.0 6.0 2200.Q 7 4
; 55.0 48.0 103.0 32.0 16.0 2.0 1380.0
sin. 3.0 8.0 1.0 18.0 1.3 1.0 79.0

Stockwork-ve2ned

lithic inclusions S max. 14.0 76.0 30.0 45.0 6.3 100.0 320.0 6 5
x 8.0 30.0 5.0 29.0 3.8 22.0 172.0

Beryl Mountain sin. 18.0 10.0 35.0 126.0 0.2 1.0 880.0porphyry
max. 35.0 35.0 120.0 460.0 0.5 2.0 950.0 4 2
x 26.0 21.0 80.0 424.0 0.3 1.0 915,0

late-stage sin. 8.0 5.0 16.0 26.0 0.5 2.0 1300.0porphyry dike
S lax. 93.0 46.0 410.0 2600.0 1.9 4.0 1300.00 3 1

x 49.0 27.0 215.0 1195.0 1.0 3.0 1300.0
U - 20.0 15.0 105.0 250.0 0.7 1.0 - 1 -

little Mountain

porphyry S - 9.0 39.0 65.0 440.0 0.2 2.0 - 1 -Anderson Mountain

porphyry S - 20.0 28.0 53.0 290.0 0.2 2.0 780 1 1Base Surge

(Plane bed) S - 6.0 58.0 11.0 310.0 0.2 <1.0 1000.0 1 1

0,



Table 4. (Continued)

Rock Type S/U Cu Pb Zn Mn Ag Mo F n

tin. 4.0 5.0 2.0 15.0 0.2 .0 630.0
Morrison Formation S lax. 30.0 36.0 104.0 1250.0 8.6 2.0 1500.0 9 4

13.0 14.0 30.0 311.0 1.4 < 1.0 1020.0
tin. 1.0 5.0 2.0 34.0 0.4 < 1.0 41.0

Dakota Sandstone S max. 40.0 56.0 35.0 10.0 10.2 4.0 230.0 10 5
x 11.0 17.0 9.0 50.0 3.0 2.0 111.0

tin. 11.0 10.0 5.0 15.0 0.2 < 1.0 590.0
Mancos Shale S max. 488.0 710.0 600.0 330.0 1.5 12.0 1400.0 7 4

x 99.0 125.0 293.0 164.0 0.8 4.0 890.0

tin. 19.0 10.0 43.0 520.0 0.4 2.0 265.0Browns Park S max. 50.0 14.01 65.0 850.0 1.3 3.0 265.0 3 1
Formation

350 11.0 51.0 563.0 0.8 2.0 265.0
All values are in ppm.

- n - number of samples n number of samples for which F was analyzed.

S - surface rock-chip sample U - Underground rock-chip sample from either the 70, or Southern Cross adits.
Cu, Pb, Zn, Mn, Ag, Mo were analyzed by atomic absorption method

F was analyzed by specific ion method

I.
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log probability plots. Separate log probability plots of data from

each of the laboratories displayed only negligible variations and

justified combining the two data sets to determine threshold values.

The distribution patterns of anomalous values of Pb, Ag, and Mn

are strongly controlled by the breccia cone sheet (Plate 3). Zoning

is not recognized for Cu, Zn, or F. The inner zone of high Mo values

(Plate 3) is primarily due to a single sample (100.0 ppm) from an

inclusion of stockwork-veined porphyry. Two samples of Summit por-

phyry within this zone have values of 4.0 ppm Mo, the threshold value

determined by Raab (1979). This was an arbitrary determination, as

40 percent of the samples analyzed were below the detection limit

for Mo.

A single sample of Monolithic pebble breccia located 1,400 feet

from the portal of the 70 adit (Figure 12) produced the highest

values of Cu, Pb, Zn, and Ag that were determined in this study

(Table 4). Veinlets and disseminated masses of galena and sphalerite

are present in this pebble breccia, as well as in wall rock of 70

porphyry up to 50 feet from the breccia contact. Anomalous concen-

trations of base and precious metals occur in 70 porphyry only where

it is in proximity to mineralized intrusive breccia. The intrusive

breccias themselves have both the highest, and some of the lowest,

trace element contents of the Hahns Peak lithologic units. This is

interpreted to be an indication that: (a) magmatically exsolved

metal-rich fluids were diluted by mixing with ground water in the

formation of intrusive breccia; and (b) the intrusive breccias pro-

vided localized channeiways for heated ground water that contained



dissolved metals that were probably leached from Precambrian basement

rocks.

Molybdenum values at Hahns Peak range from 2,200.0 ppm, in a

sample of Monolithic pebble breccia in the 70 adit (Table 4), to less

than 1.0 ppm (detection limit). With the exception of the inclusion

of stockwork-veined porphyry (100 ppm Mo), the highest value of Mo

measured in surface rock was 4.0 ppm, from an outcrop of Summit por-

phyry near the center of the intrusive complex. The Mo content of

surface rocks is extremely low, with 56 percent of the samples from

the main phase porphyry units falling below the 1.0 ppm detection

limit. Fluorine values range from 5,300.0 ppm in the Mo-rich pebble

breccia from the 7D adit, to 41.0 ppm in a sample of Dakota Sandstone

(Table 4). In general, samples that have a relative enrichment in Mo

also have a relative enrichment in F. The average F value for the

main phase porphyries is 695.0 ppm. This represents a slight enrich-

ment over the suggested average granitic value of 520.0 ppm (Turekian

and Wedepohi, 1961), and presumably reflects an introduction of F

during the main stage of alteration. Apparently, F was not intro-

duced during the early stage of alteration, as indicated by the low

(320.0 ppm) content of the stockwork-veined lithic inclusions.

Manganese values range from 3,400.0 ppm in a sample of Multi-

lithic breccia, to 6.0 ppm in a sample of Summit porphyry. The aver-

age value of the main phase porphyry units is 78.0 ppm. The Beryl

Mountain, Little Mountain, and Anderson Mountain porphyry units are

present in the outer zone of propylitic alteration and display a

relative enrichment in manganese, averaging 404.0 ppm. However,
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these rocks are actually depleted in Mn relative to normal granitic

crustal rocks which average 540.0 ppm (Turekian and Wedepohi, 1961).

This widespread depletion of Mn may be a result of early albitic

alteration. Later brecciation and hydrothermal activity brought

about more intense leaching of the inner part of the volcanic complex

and led to the concentration of Mn in fringe areas outside the

breccia cone sheet.

The gross vertical zoning of Mo at depth and precious metals at

the top of the breccia cone sheet is indicated by four additional

samples that were collected and analyzed by W. A. Bowes in 1979. One

of these samples was from Multilithic breccia on the west side

of Hahns Peak which displayed advanced argillic alteration and

contained 24.0 ppm Au (0.7 oz/ton) and greater than 2,000 ppm Ag

(>58.0 oz/ton). The matrix of this breccia was composed of opaline

and chalcedonic silica, ãlunite, dickite, and disseminated pyrite and

tetrahedrite. Three other samples were taken from veinlets of Mono-

lithic breccia within the interval 3,500-3,550 ft. in diamond drill

hole DDH-1O1. These samples average 733.3 ppm Mo. Fine masses of

molybdenite were observed in a polished section of one of these sam-

ples. The Mo analyses are semi-quantitative and were done on a

Jarrel-Ash arc emission spectograph. The Au and Ag analyses were

done by atomic absorption methods. All analyses were performed at

Specomp Services, Inc., Steamboat Springs, Colorado.
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Sulfide Mineralization

The sulfide mineralization at Hahns Peak is confined to an area

within and around the breccia cone sheet, averaging 1.5 percent total

sulfides with localized zones above five percent (Fig. 22). Pyrite

is the most abundant sulfide mineril, with its greatest concen-

trations occurring within zones of phyllic alteration. Variable

amounts of sphalerite, galena, chalcopyrite, and molybdenite are also

present. Tetrahedrite is present locally in minor amounts, and

traces of covellite were also observed in surface rocks on the west

side of Hahns Peak.

Occurrence and Distribution

Sulfide minerals may occur as: (1) disseminations in non-brec-

ciated rock; (2) fine dissecninations within the matrix of intrusive

breccias; (3) open-space vug fillings; and (4) thin veins adjacent to

zones of intrusive breccia. Individual sulfide grains may vary from

subhedral to euhedral, and commonly range in diameter from 0.2 mm to

1.5 cm (average approximately 1.0 mm).

Pyrite is most common as disseminated euhedral to subhedral

grains in both non-brecciated rock and in the matrix of intrusive

breccia. It is also abundant as coatings of open vugs and thin vein-

lets of pyrite may be present near zones of intrusive breccia. A two

foot thick vein of pyrite, with lesser amounts of galena, was

observed to cut hornfelsed Morrison Formation shale in the lower

portion of DDH-1O1. Sphaierite may occur throughout altered quartz

latite porphyry as euhedral to massive disseminations up to 1.5 cm in
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diameter and as open-space fillings locally in intrusive breccia

along with quartz, pyrite, and galena. Multilithic breccia present

on the Price Tunnel dump contains up to five percent sphalerite as

open-space fillings. Minor amounts of sphalerite are also present in

veins containing pyrite, galena, and tetrahedrite. Galena is most

common in veins, but may also occur as disseminated masses and as vug

fillings. Tetrahedrite is present in minor amounts as fine (0.5-

2.0 mm) euhedral to subhedral grains locally within the matrix of

Multilithic breccia, in cavities in quartz latite porphyry, and as

intergrawths in veins of galena, pyrite, and sphalerite. Chalco-

pyrite is rare, but may be intergrown with other sulfides in veins

and within the matrix of intrusive breccias. Molybdenite occurs as

fine (<0.5 mm) flecks both locally in the matrix of Monolithic

breccia and in stockwork veinlets of quartz that are restricted to

porphyritic inclusions in Summit porphyry. Covellite is extremely

rare, although it may occur as fine blades filling cavities in quartz

latite porphyry adjacent to the vent complex on the west side of the

peak.

The only significant gold mineralization detected in this study

was from an outcrop of Muitilithic breccia on the inner margin of the

breccia cone sheet aproximately 250 feet east of the vent complex.

The Multilithic breccia at this location contains euhedral crystals

of pyrite and tetrahedrite (aoproxirnately 1 mm diameter) distributed

throughout a matrix of opaline and chalcedonic silica, alunite, and

dickite. Although free gold was not visible, a sample of this rock

contained 24.0 ppm (0.7 oz/ton) gold (atomic absorption analysis)
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and greater than 2,003 ppm (58.0 oz/ton) silver (spectrographic

analysis). The gold is assumed to be present in auriferous pyrite

and the silVer is probably contained in tetrahedrite. In addition,

one 13,000 pound load of galena-rich ore that averaged 2.0 oz/ton

gold and 52.0 oz/ton silver is reported to have been shipped from the

Tom Thumb Mine (Gale, 1906), located within the Multilithic breccia

approximately 800 feet southwest of the gold-rich area described

above. These gold occurrences within the upper portion of the

breccia cone sheet suggest that this structure may have been the

source of the free gold that occurs in placer gravels surrounding

Hahns Peak.

The surface distribution of total sulfide mineralization is

shown in Figure 22. The area enclosed by rock with a total sulfide

content greater than one percent strongly resembles the area bounded

by the outer margin of the breccia cone sheet. A similar pattern is

formed by the zone of mixed phyllic-argillic
alteration displayed in

Plate 3. These two sets of data suggest that the breccia cone sheet

controlled the emplacement of hydrothermal fluids that produced the

sulfide mineralization. The majority of the sulfide minerals are

interpreted to have been deposited from post-breccia hydrothermal

fluids that permeated open-space areas, and only minor amounts of

localized sulfides are thought to have formed syngeaetically with the

intrusive breccia. The later influx of hydrothermal fluids, however,

failed to permeate the entire breccia cone sheet, with portions of it

displaying only traces of sulfides.
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Paragenesi S

The paragenetic sequence of mineralization at Hahns Peak is

shown in Figure 23. This sequence of mineralization was determined

primarily by detailed analysis of four polished sections made from

samples of sulfide-bearing rock from diamond drill core and under-

ground workings. Additional observations of paragenetic relation-

ships were made from inspection by binocular microscope on numerous

samples from both surface and subsurface areas.

Sulfide mineralization at Hahns Peak occurred in two distinct

episodes that correspond to the Early and Main stages of alteration.

The Early stage of alteration and mineralization is evidenced by por-

phyritic fragments with stockwork veinlets of silica, pyrite, and

molybdenite that occur as lithic inclusions in Summit porphyry and

Multi lithic breccia. Sulfide mineralization related to the Main

stage of alteration was introduced in three substages of hydrothermal

activity that occurred before, during, and after the emplacement of

intrusive breccia. The early albitization phase of the Main stage of

alteration produced only minor amounts of disseminated pyrite.

Following this episode of mineralization, relatively minor amounts of

pyrite, niolybdenite, sphalerite, galeria, and chalcopyrite were intro-

duced syngenetically with the emplacement of intrusive breccia. The

final post-breccia phase of the Main stage of alteration produced the

bulk of the sulfide mineralization at Hahns Peak with pyrite, sphal-

erite, galena, chalcopyrite, tetrahedrite, and covellite occurring as

open-space fillings in and around intrusive breccias.
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Figure 23. Paragenetic sequence of mineralization at -Iahns Peak.
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The presence of micron-size grains of pyrite and molybdenite

within the clay-rich matrix of monolithic pebble breccias suggests

that these minerals were precipitated at the time of formation of the

intrusive brecias. It is unlikely that pyrite and molybdenite were

introduced after the formation of the pebble breccias due to the

impermeable nature of the clay-rich matrix. In addition, minor

amounts of sphalerite, galena, and chalcopyrite occur as veinlets and

disseminations in wall rock adjacent to pebble breccias. These min-

erals are also interpreted to be syngenetic with formation of Mono-

lithic breccia. The disseminated sulfide minerals that occur in wall

rock adjacent to pebble breccias may be anhedral to euhedral in habit

and may range in size from 0.5 mm to 15.0 mm. Distinctive dodec-

ahedrons of sphalerite, up to 15.0 mm in diameter, were observed to

be disseminated in 7D porphyry 1,485 feet inside the portal of the 7D

adit. In the same area, veinlets of galena, pyrite, and chalco-

pyrite, with traces of sphalerite, may reach up to 50 mm in width. A

polished section of one of these veinlets displays hypautomorphic

granular texture with galena replacing chalcopyrite and chalcopyrite

replacing pyrite. Isolated, irregularly shaped pockets of pyrite and

clay (up to one foot in diameter) are present at various locations

beyond 1,300 feet from the portal of the 7D adit. These sulfide-rich

pockets are assumed to be associated with the Monolithic breccia

event, although an exact relationship has not been established.

Monolithic breccia displays strong sulfide mineralization only

where pebble breccias are present, particularly within the southeast

segment of the breccia cone sheet in and near the 70 adit. Other
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surface and underground exposures of the Monolithic breccia display

only trace amounts of pyrite. This suggests that significant amounts

of sulfides occurred only in areas where venting led to the formation

of pebble breccias.

The later Multilithic breccia phase is interpreted to have been

primarily a phreatic event in which magma-derived hydrothermal fluids

were mixed with ground water. The explosive nature of this event and

the dilution effect of ground water caused only minor amounts of very

localized sulfide mineralization to have precipitated syngeneticafly

with the formation of Multilithic breccia. However, in an area on

the west flank of Hahns Peak where focused discharges appear to have

vented, auriferous pyrite and argentiferous tetrahedrite are present

as fine (0.5 mm to 2.0 mm) subhedral grains in the matrix of Multi-

lithic pebble breccia. These minerals are thought to have precipi-

tated from fluids that formed the pebble breccia.

A more passive phase of sulfide mineralization that occurred

after the last known brecciation event is indicated by the presence

of euhedral sphalerite, galena, and quartz as open-space fillings

locally in Multilithic breccia. Examples of this were observed in

breccia located on both the northeast and southwest flanks of Hahns

Peak. Dump rock of Multilithic breccia from the Price Tunnel (south-

west flank Hahns Peak, Plate 1) contains three to ten volume percent

sulfi des as i ntersti ti al fi lii nys. Sphal en te and gal ena occur as

euhedral to subhedral crystals 1.0 to 3.0 mm in diameter. Galena is

consistently observed to replace sphalerite which is the dominant

mineral by a 2:1 ratio. Although the majority of the sulfide
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mineralization related to the post-breccia phase of hydrothermal

activity is restricted to Multilithic breccia, thin veins of sulfides

(1.0 uiii to 10.0 cm wide) and minor amounts of disseminated sulfides

(0.5 to 2.0 mm diameter) occur locally within quartz latite porphyry

adjacent to breccia. The post-breccia phase of mineralization is

probably responsible for the bulk of the lead and zinc at Hahns Peak.

The brecciated rock presumably acted as a channelway for metal-

bearing epithermal fluids.

The presence of variscite (Al(PO4).2H20) as botryoidal, open-

space coatings of flineralized breccia suggests that it is a late,

supergerie mineral. Variscite is most abundant in the strongly miner-

alized zones of the 70 adit.

Origin of Hydrothermal Fluids and Controls on Deposition

Hahns Peak is interpreted to be the very top of a porphyry

molybdenum system. This interpretation is based primarily on the

presence, within both a pebble breccia and the Summit porphyry intru-

sive phase, of igneous fragments that display stockwork veins of

quartz, pyrite, and molybdenite. The mineralized fragment contained

within pebble breccia is particularly significant in that similar

occurrences are reported from such major molybdenum deposits as:

Henderson and Climax (White and others, 1981); Mt. Emmons and Redwell

Basin (Thomas and Galey, 1982); Pine Grove (D. Munter, personal corn-

munication, 1981); and Questa (J. Meyer, personal communication,

1981). The presence of post-mineral pebble breccias is common in
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interactions between meteoric water and magma (or magmatically-

derived fluids) may have occurred in the late stages of hydrothermal

activity. Although meteoric water may be involved in late-stage

brecciation and alteration, it is now generally assumed that the

hydrothermal fluids responsible for mineralization in typical stock-

work molybdenum deposits are directly derived from highly differ-

entiated felsic rnagmas (White and others, 1981; Mutschler and others,

1981; Westra and Keith, 1981).

The parent magmas from which the Climax-type molybdenum deposits

of North America were derived are considered by several authors to be

related to the subduction of an east-dipping slab (or slabs) of

oceanic lithospehere in mid to late Tertiary time (Guild, 1978;

Sillitoe, 1980; Lipman, 1981; Bookstrom, 1981; Westra and Keith,

1981; see Regional Tectonics). However, the exact relationship of

the proposed slab to magma generation remains unclear. It is pos-

sible that the primary role of the slab was to provide volatiles that

initiated partial melting of overlying mantle material (Fyfe and

McBirney, 1975; Burnham, 1979). In this case, the less-dense deriv-

atives of the partially melted mantle would have risen cliapirically

into and through the continental crust of North America. If the rel-

ative position of the slab and the continent were stationary for a

period of time, the upwelled magma would have created a rift zone

above the slab. The Rio Grande Rift in Colorado and New Mexico is

interpreted to have formed in this manner, as a zone of back-arc
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extension within the continental crust (Lipnian, 1981; 800kstrom,

1981).

Climax-type molybdenum deposits tend to be aligned along the Rio

Grande Rift; in particular where the rift intersects deep-seated Pre-

cambrian shear zones (see Fig. 5). Similarly, Hahns Peak is located

near the intersection of two Precambrian structures (the Mullen

Creek-Nash Fork shear zone and the Uinta Mt. Group graben) with the

suggested northern extension of the Rio Grande Rift system (Tweto,

1978; Decker and others, 1980).. The batholith that is indicated to

lie northwest of Hahns Peak (see Regional Geophysics) is interpreted

to have been generated by subduction processes and is believed to be

one of the intrusions of middle to late Tertiary age that are respon-

sible for the formation of the Rio Grande Rift System. tts emplace-

ment in the continental crust is believed to have been controlled by

one or both of the nearby Precambrian structures. The west-trending

Elkhead volcanic field may reflect a series of cupolas that were

emplaced along the trend of the Uinta Mountain Group graben on the

southeast flank of the proposed batholith. The upward push of magma

that formed one or more of these cupolas may have created the King

Solomon-Grouse Mountain horst block within which Hahns Peak is cen-

tered (Fig. 3). In addition, the steeply dipping normal faults that

appear to intersect beneath Hahns Peak (see Fig. 3 and Structure) may

have been caused by vertical forces related to an upwardly driven

body of magma. The continued injection of this magma along the line

of intersection of these two faults probably led to the emplacement

of the Hahns Peak laccolith. This same fault intersection probably
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also controlled the emplacement of a late-stage felsic stock, the

presence of which is inferred from aplite dikes and intrusive

breccias.

In the process of magma evolution, melts that produced porphyry

molybdenum deposits probably derived H20 and CO2 in unknown propor-

tions from both the subducted plate and the mantle wedge. As these

melts travelled upward through the mantle and into the lower crust,

they would have also carried with them large quantities of heat.

This heat is likely to have caused partial melting of granulite

fades rocks at and near the crust-mantle boundary. Recent studies

of Sr, Nd, Pb, and 0 isotopic compositions of Tertiary-aged felsic

plutons related to porphyry molybdenum deposits in Nevada, Utah,

Arizona, and Colorado suggest that these intrusions were derived pri-

marily by partial melting of lower crustal rocks (Simmons and Hedge,

1978; White and others, 1981; Farmer and DePaulo, 1982; Stein and

Hannah, 1982). Isotopic analyses of lead from feldspar in Hahns Peak

porphyry (Pb206/Pb204 17.31; Antweiler and others, 1972) give

values that are nearly identical to those obtained by Stein and

Hannah (1982; Pb206/Pb204 = 17.33) from feldspar in the Mt. Eniiions

stock. These values indicate that the feldspar lead was derived from

the lower crust at both locations and that the assimilation of Pre-

cambrian basement rock was important in the evolution of the two

parent magrnas. It is possible that other elements such as gold, sil-

ver, molybdenum, and fluorine were also derived from the lower crust.

The presence of gold and silver in Precambrian-aged veins that cut

granite, gneiss, and schist in the Park Range ten miles east of Hahns
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Peak (Antweiler and others, 1972) suggests that a basement source for

these elements is present in this region. A similar source for

molybdenum and fluorine may be inferred from the presence of molyb-

denite and fluorite in a 1.7 m.y. old pegmatite (K/Ar date,

Segerstrom and Young, 1972) located on Farwell Mountain, five miles

southeast of Hahns Peak. In addition, primary fluorite is present in

the 1.4 m.y. old Mount Ethel pluton located 15 miles southeast of

Hahns Peak (Snyder, 1978). The fluorite present in economic vein

deposits in the North Park area is likely to have been remobilized

from the Mount Ethel pluton in Tertiary time.

The presence of anomalous concentrations of molybdenum in rocks

from Colorado that range in age from 1.7 b.y. to 5.0 rn.y. suggests

that a molybdenum source, probably in the lower crust, has underlain

this region since early Proterozoic time (Bookstrom, 1981; Casaceli,

unpublished data). The close correlation of porphyry molybdenum

deposits with areas of thickest crust in North America (as determined

by Bouger anomalies) is also suggestive of a lower crustal source for

molybdenum (Hollister, 1978). This correlation may be a result of

both the composition of basement rocks and the high residence time

that a magma would have in rising through a thick crustal sequence..

High residence time would permit a high degree of magmatic differ-

entiation and more efficient partitioning of large radius elements

such as Mo, Sn, W, and F into residual aqueous phases rather than

into silicate crystal lattices.

Differentiation within a batholith is thought to occur through a

process of convection-driven thermogravitational diffusion (Hildreth,
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1979). This process involves ionic diffusion, complexation, and

wall-rock exchange and is linked to chemical gradients as well as

thermal and gravitational fields within the magma chamber. If dif-
ferentiation is complete, a volatile-rich, high-silica zone is devel-
oped at the top of the batholith. This upper zone would be enriched

in the lithophile elements Li, Be, F, Cl, Mn, Rb, Y, Nb, Na, Mo, Sn,

W, and U and depleted in Sr, Mg, Ba, and Eu (Hildreth, 1979).

in the genetic model proposed by Mutschler and others (1981),

stockwork molybdenite deposits are believed to be developed over

cylindrical cupolas that extend two to three kilometers above zoned

batholiths. Such cupolas are thought to have formed primarily from
the lithophile element-enriched, high-silica rhyolite melt at the top
of the batholith. Once emplaced, differentiation is thought to con-
tinue within the cupola by the process of thermogravitational dif-
fusion, further concentrating the volatiles and lithophile elements
in the roof area. The resultant high fluid pressure in the roof zone
would lead to faulting in rocks above the cupola, possibly causing a
series of ash flow eruptions. Typically, Climax-type stockwork

molybdenum systems display evidence of multiple intrusions, many of
which vented as either ash-flow eruptions or breccia pipes. This

multiplicity of intrusions may reflect surges of magma that were fun-
nelled from a batholithic reservoir upward into a cylindrical cupola.
In some cases, such as Pine Grove, Utah, a single tuff eruption may

be followed by rhyolite porphyry that formed a quenched plug

(Mutschler and others, 1981). In other cases, such as the Red Lady
stock at Mount Ernrnons, Colorado, upwelled magma may have failed to
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develop faults in overlying country rocks, or failed to encounter

pre-existing faults, and venting did not occur (Thomas and Galey,

1982). In one or more of the intrusive phases in a stockwork molyb-

denum system, a vapor-saturated cap will form at the roof zone of the

cupola where thermogravitational diffusion processes have concen-

trated volatile elements (Mutschler and others, 1981). Such vola-

tiles will exsolve as a true vapor phase when a critical pressure,

dependent upon water content, temperature, and bulk composition of

the magma, is reached (Whitney, 1975). When fluid pressures exceed

confining pressures, intense hydrofracturing will occur within

country rock above the mineralizing intrusion, and ore fluids will

fill the stockwork openings, precipitating quartz, molybdenite,

fluorite, and pyrite (Mutschler and others, 1981). Often, as with

the Primos intrusion at Henderson, a chilled margin of rhyolite will

form before a substantial aqueous phase has a accumulated. The sub-

sequent accumulation of fluids and build-up of hydraulic overpres-

sures will cause hydrofracturing in the chilled margin of rhyolite as

well as in the confining country rock. The resulting ore shell will

then encompass both the upper border zone of the mineralizing intru-

sive and the surrounding country rock (White and others, 1981). The

precipitation of quartz and rnolybdenite in stockwork veins will

decrease the permeability of the fractured rock, allow fluid pres-

sures to build up again, and permit the process to repeat itself

(Mutschler and others, 1981). In this way multiple episodes of

molybdenite injection may overlap. Such overlap may also be formed

by the release of aqueous fluids from several isolated areas of
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concentration within a single phase of one intrusion, or by multiple

intrusions reaching the same level of emplacement at slightly dif-

ferent times (White and others, 1981).

The abundance of F-bearing minerals in Climax-type molybdenum

deposits may reflect a fundamental role of F in the evolution of

hydrothermal fluids that formed these systems. The presence of

accessory fluorite (White and others, 1981), high-F topaz (Burt and

others, 1982), and F-rich biotite (Gunow and others, 1980) in Climax-

type systems indicate that the parent rnagmas were anomalous in F con-

tent. It has been suggested that F complexes are essential in traris-

porting Mo in the formation of stockwork deposits of molybdenite

(Lamarre and Hodder, 1978; Mutschler and others, 1981). However,

recent experimental studies have demonstrated that the presence of

F does not affect the partitioning of Mo between magma and hydro-

thermal fluids, and although F complexes are capable of transporting

Mo they are of minor importance in the development of a stockwork

deposit of molybdenite (Candela and Holland, 1981, 1982; Tingle and

Fenn, 1982). Fluorine does have a fundamental role in the develop-

ment of molybdenum deposits, however, in that its presence in a magma

increases the amount of water that can be held in solution (Koster

Van Groos and Wyllie, 1968), which in turn controls the timing of the

evolution of the vapor phase (Tingle and Fenn, 1982). Because Mo is

more efficiently partitioned into the vapor phase than the aqueous

phase (Candela and Holland, 1982; Tingle and Fenn, 1982; Eastoe,

1982), the development of a vapor plume over' a cupola of enriched

rhyolite may be essential in the development of stockwork molybdenum



deposits. The initial water content of the parent magma, as depen-

dent upon the initial F content, may then be a primary control of ore

deposition. Molybdenum is believed to be transported in the vapor

phase by hydroxy-oxides (e.g. M07013(OH)5) and deposited in stockwork

veins above the cupola upon a decrease in temperature and pressure

(Henley and McNabb, 1978; Eastoe, 1982). It is likely then that Mo

and F occur together in hydrothermal fluids not as a result of chem-

ical complexing, but because they are incompatible elements in the

crystal lattices of most major rock-forming minerals. Although F may

be present in significant amounts in biotite, muscovite, topaz,

garnet, and hornblende, for the most part it is partitioned into the

aqueous phase in the process of magma crystallization (Gunow and

others, 1980).

In contrast, the transport mechanism of Cu in porphyry Cu

systems appears to be closely linked to Cl complexes, as the parti-

tioning of Cu between magma and hydrothermal fluids is strongly

dependent upon the Cl content of the melt (Candela and Holland,

1982). As with F, Cl has little or no affect on the partitioning

of Mo. However, both these halogens (Cl in particular) are important

in porphyry Cu/Mo systems in that they will complex with K, as

evidenced by the pervasive potassic alteration typically present in

root zones (Mutschler and others, 1981).

The intrusive complex at Hahns Peak resembles known porphyry

molybdenum systems in that: (a) a batholithic source has been

inferred by geophysical techniques; (b) structural control on

emplacement of intrusions have been determined from field mapping;



187

(c) field and petrographic data suggest that magmatic differentiation

occurred; and (d) the alteration and mineralization related to hydro-

thermal activity and brecciation is consistent with that of typical

porphyry molybdenum systems. However, F values at Hahns Peak,

although sporadically high in some breccias (up to 5,300 ppm) and

only slightly anomalous in the quartz latite porphyry (average 783

ppm), are low compared to values from typical Climax-type systems

(2,000 to 10,000 ppm F; Thomas and Galey, 1982). In addition, there

is no evidence to suggest that rhylolitic tuffs were extruded at

Hahns Peak. The only venting that is evidenced is that of steam-

blast eruptions related to the emplacement of the Multilithic breccia

phase. The absence of rhylolitic tuffs, as well as the relatively

low F values are both believed to be related to the extreme depth of

the hidden felsic intrusion that acted as a source for hydrothermal

fluids. The breccia-related vent complex and the associated pyro-

clastic flows are believed to be unique in their occurrence at Hahns

Peak. They are, however, similar to hypothetical deposits that are

thought to have formed above many porphyry molybdenum systems

(Mutschler and others, 1981).

Molybdenum deposition at Hahns Peak probably occurred in three

distinct phases. The earliest phase is evidenced by the presence of

molybdenum-bearing stockwork-veined fragments in both the Summit por-

phyry and Multilithic breccia intrusive units. The second phase of

mineralization is evidenced by anomalous concenrations of molybdenite

locally within the matrix of the Monolithic breccia. The third phase

of molybdenum deposition is postulated to be present at depth beneath
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quartz and molybdenite. The presence of precious and base metal min-

eralization within and around the breccia cone sheet reflects both

explosive and passive interactions of magmatically-derived fluids and

meteoric water.

The occurrence of inter-breccia felsic dikelets suggest that the

brecciation and hydrothermal activity at Hahns Peak is directly

related to a felsic intrusion at depth. Although such a pluton has

not been intersected by core drilling, it is assumed to have been

emplaced along the intersection of two normal faults. rt is also

assumed that a volatile-rich carapice containing Si02, H20, CO2, HCI,

HF, K, Na, Mo, and other transition metals was developed along its

upper margins. Vertically directed pressure from this rising cyl-

inder of magma would have formed conical fractures in the overlying

country rock. Subsequent boiling of the volatile-rich, supercritical

fluids in the cap zone would have caused hydrothermal fluids to per-

meate through Precambrian basement rocks and ultimately form mono-

lithic breccias along some of the conical fractures. Lead, zinc,

copper, silver, and minor gold were probably leached from Precambrian

rocks by these fluids and deposited locally within and around dike-

lets of Monolithic breccia.

A later more explosive episode of brecciation is evidenced by

the Multilithic breccia phase which forms the major portion of the

cone sheet. This episode of brecciation is interpreted to have

formed by steam-blast activity when the super-heated carapice of

volatile-rich fluids encountered ground water that was held in the
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previously formed conical fractures. The absence of glass shards
throughout the breccia cone sheet suggests that ground water flashed
to steam upon contact with the super-heated, rnagrnatically-derived
fluid, rather than upon contact with true magma. However, the pres-
ence of glass shards in an isolated sample of Multilithic breccia
taken from a prospect pit outside the northern perimeter of the
breccia cone sheet (see Plate 1) suggests that ground water may have
come in contact with magma at one location.

The Multilithic breccia phase was formed primarily by steam
explosions of meteoric water and for the most part it is devoid of
mineralization. Locally, however, the sudden pressure drop created
by steam venting of meteoric fluids probably permitted boiling of
underlying magmatic fluids. Thus, metals contained in the volatile-
rich carapice above the cupola of magma may have been transported in
the vapor phase and locally introduced into the breccia cone sheet.
Manganosiderite, replacing phenocrysts of feldspar near the vent com-
plex on the west flank of Hahns Peak, was probably formed by the
early discharge of CO2 from maginatic fluids and the vapor phase
transport of Mn (probably as a chloride complex). Additional CO2 may

have been added to hydrothermal fluids by the brecciation of Mancos

Shale and Browns Park Formation. A dikelet of Multilithic breccia
that cuts siderite-altered porphyry adjacent to the vent complex con-
tains opaline and chalcedonic silica, alunite, dickite, pyrite,
tetrahedrite, and traces of covellite in the breccia matrix. A

sample of this breccia contained 24 ppm Au and 2,000 ppm Ag. Euhe-

dral crystals (2.0 to 10.0 nun diameter) of orthoclase occur as vug
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fillings in altered porphyry adjacent to this breccia. A vapor-

dominated magmatic discharge is interpreted to have transported Au,

Ag, and K as chloride complexes. Silica was probably transported in

a coexisting liquid phase.

Solubility experiments have demonstrated the importance of

bisulfide complexes in transporting Au (e.g. Au(HS)) in near-

neutral, reducing solutions up to 300°C (Seward, 1973; Romberger,

1982). However, in low pH, oxidizing solutions above 400°C, with

appropriately elevated CY concentrations, chloride complexes are the

most important mechanism for transporting Au (Goleva and others,

1970; Seward, 1973; Romberger, 1982). Chloride complexing is partic-

ularly prevalent in fluids that are direct magmatic emanations

(White, 1957; Goleva and others, 1970). Such emanations are inter-

preted to have occurred in the vicinity of the vent complex at Hahns

Peak. The earliest of these fluids deposited orthoclase in open

vugs, indicating initial temperatures above 500°C (MacKenzie and

Smith, 1961). Subsequent, but closely related, fluids deposited

opaline and chalcedonic silica, alunite, auriferous pyrite, and

tetrahedrite. This assemblage suggests an oxidizing, low pH solution

(Romberger, 1982). The inferred physical and chemical character-

istics of these two fluid phases indicate an environment in which

chloride complexes would be stable (Romberger, 1982). Bisulfide com-

plexes may have played a minor role locally in the transport of Au

and Ag in fluids with lower temperatures and higher HS and S

activity, as indicated by trace occurrences of covellite. Such

fluids probably deposited auriferous pyrite (2.0 oz/ton Au) and
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argentiferous galena and tetrahedrite (52.0 oz/ton Ag) with amethyst-

rich Multilithic breccia at the Tom Thumb Mine located 500 ft. south

of the vent complex (see Plate 1; assay values from Gale, 1906).

This mineral assemblage is typical of a Ag-dominated epithermal

deposit with solution temperatures approximately 200-300°C (White,

1981). The soutions responsible for mineralization at the Tom Thumb

are thought to have been magmatic emanations that were less violently

emplaced than those in which chloride complexes were stable. This

less violent emplacement permitted a more complete exchange of heat
4.

and H ions into the walirock, thus creating a stable environment for

bisulfide complexes.

The rapid upward transport of Au and Ag, primarily as chloride

complexes in the vapor phase, is interpreted to have emplaced these

elements at surficial levels in the breccia cone sheet. A crude zon-

ation occurred, with Au at the top and Ag beneath it. The elements

Mo, Cu, Pb, and Zn are likely to have been deposited primarily near

the bottoni of the breccia cone sheet due to the sudden increase in pH

and drop in pressure upon the discharge of H2S and CO2 coincident

with explosive boiling of the volatile-rich magmatic carapice

(Weissberg, 1969). Although the exact physical-chemical inter-

relationships are not known, mineral deposition at any level in the

hydrothermal system at Hahns Peak must have been a response to

changes in T, P, pH, Eh, and total S concentration.

Gold that is thought to have been concentrated in the upper part

of the breccia cone sheet is a likely source for that which is con-

tained in placers along the base of Hahns Peak. The present level of
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erosion on the peak appears to be coincident with the Au-Ag tran-

sition zone.

Late-stage open space fillings of sphalerite, galena, pyrite,

chalcopyrite, and silica occur locally within Multilithic breccia.

This mineralization is interpreted to have been deposited from pre-

dominantly meteoric fluids that were driven in passive circulation

cells above the cooling pluton. Analyses of Pb isotopic compositions

from galena in breccia vug fillings indicate a strong Precambrian

lead component (Antweiler and others, 1972). This implies that the

slowly circulating meteoric fluids effectively leached metals from

Precambrian basement rocks. In comparison, Pb from inclusions of

galena in gold specimens from the Royal Flush Mine, the Tom Thumb

Mine, and the placer deposits is much less radiogenic, suggesting

less contamination from basement rocks. This is consistent with the

hypothesis of gold mineralization having been rapidly emplaced,

allowing less time for hydrothermal fluids to be in contact with the

Precambrian source rocks.

Mineral Potential and Recorrnendations

The mineralization at Hahns Peak is thought to have been

deposited from hydrothermal fluids that were related to a por-

phyry molybdenum system. An explosive interaction of magmatic and

meteoric fluids led to the formation of a cone sheet of intru-

sive breccia. Gold and silver mineralization is concentrated in the

upper portion of this structure, whereas lead, zinc, copper, and
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molybdenum are distributed sporadically throughout it. In addition,

fragments of porphyry that contain stockwork veins of quartz, pyrite,

and molybdenite are present in both the breccia cone sheet and in

Summit porphyry. These fragments suggest the presence of a stockwork

molybdenite deposit at depth beneath Hahns Peak. A later episode of

stockwork molybdenite mtheral%zation may have formed beneath the

breccia cone sheet. However, the breccia-related pyroclastic rocks

that are uniquely preserved at the surface suggest a significant

depth to the hypothethical stockwork target.

Molybdenum

Molybdenum is considere

potential at Hahns Peak. It

of molybdenite are present.

of quartz and molybdenite,

intrusive rocks. The full

d to be the conodity with the greatest

is possible that three distinct deposits

The first is an early stockwork deposit

as evidenced by inclusions in later

extent of this mineralization is not

known, nor has it been determined how much of the deposit was

destroyed by the later intrusions.

The presence of minute grains of molybdenite locally within the

matrix of Monolithic breccia is evidence that a second type of molyb-

denum deposit, a mineralized breccia, may be present at Hahns Peak.

This fine-grairied molybdenite is interpreted to have been deposited

directly from magmatic fluids and to have formed syngenetically with

the breccja that hosts it. If Monolithic breccia was actually formed

by explosive discharges of CO2 and H25 from magmatic fluids, then the

accompanying drop in pressure and elevation in pH of the residual
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solution is likely to have caused the precipitation of sulfide min-

erals near the base of the breccia cone sheet. This breccia-related

deposit is considered to be similar to the molybdenum breccia pipes

located at Redwell Basin, Colorado (Sharp, 1978) and Boss Mountain,

British Columbia (Soregaroli, 1975). The Boss Mountain deposit has

particularly striking similarities to Hahns Peak in that the plutonic

host rocks are of intermediate composition with distinctively low

levels of F, and emplacement of the mineralized breccia is controlled

by conical fractures (Soregaroli, 1975). Grade and tonnage figures

are not available for Boss Mountain, but Redwell Basin is estimated

to contain 50 million tons at 0.1 percent Mo (G. Arehart, personal

coninunication, 1983). These figures are probably upper-limit param-

eters for the hypothetical deposit that may be located at the base of

the breccia cone sheet at Hahns Peak. The areas of molybdenite

enrichment that are presently known at Hahns Peak are in Monolithic

breccia in the 7D adit (2,200 ppm) and in DDH-101 (1,000 ppm at

3,535 ft.). These anomalous areas establish that the breccia cone

sheet hosts molybdenum mineralization and are the criteria for postu-

lating additional mineralization at depth. The base of the breccia

cone sheet, where breccia-controlled mineralization is most likely to

occur, is estimated to be approximately 4,000-5,000 ft. beneath the

surruiiit of Hahns Peak.

A third potential molybdenum target is a large stockwork deposit

of molybdenite located beneath, or adjacent to, the breccia cone

sheet. Although the existence of such a deposit is entirely specu-

lative, it is consistent with the model developed for Climax-type
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molybdenum systems (White and others, 1981). Stockwork molybdenum

deposits have been suggested to exist at depth beneath the breccia

pipes at Boss Mountain (Soregaroli, 1975) and Redwell Basin (Sharp,

1978). Such hidden stockwork deposits would probably compare in size

and grade to Mount Emmons, a 160 million ton deposit that averages

0.25% Mo within an area 1,600 ft. by 2,000 ft. (Thomas and Galey,

1982). Based on estimated dimensions of molybdenum systems by Sharp

(1978), the top of the inferred stockwork deposit at Hahris Peak prob-

ably lies from 4,500 to 6,500 feet beneath the present surface.

The Mount Emmoris deposit displays significantly stronger mm-

eralization than the younger Redwell Basin breccia pipe located

approximately 4,000 ft. to the northwest. Thomas and Galey (1982)

suggest that the relative lack of intrusive breccia at Mount Emmons

is an indication that the system did not undergo significant venting,

a situation that may have created a more concentrated zone of miner-

alization. Thus, although intrusive breccias are good indicators of

volatile-rich felsic magmas, their widespread formation may result in

a greater dispersion of mineralizing fluids and consequently less

intense mineralization overall. Nevertheless, the hypothetical

stockwork molybdenum deposit at }-lahns Peak is considered to be the

primary exploration target due to its potentially large size.

The presence of intermediate-composition host rocks at Hahns

Peak may be considered a negative feature, since the parent magma of

Climax-type deposits is typically felsic in composition. However,

although a felsic pluton has not been intersected by drill core or

underground workings at Hahns Peak, its presence is inferred by
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inter-breccia aplite dikes. The low level of gamma radiation

throughout the intrusive complex (Table 1) suggests low concentra-

tions of uranium and may also be considered a negative indication for

molybdenum mineralization, because Climax-type deposits are typically

enriched in uranium. The source of uranium in Climax-type molyb-

denite deposits is likely to have been Precambrian granitic basement

rocks, and the elevated concentrations are probably the result of

magmatic differentiation. The low levels of gamma radiation at Hahns

Peak may reflect the extreme depth of the system, the lack of gra-

nitic source rocks, or they may indicate a poorly differentiated

magma and a weakly mineralized
deposit.

Silver-Gold

Silver and gold mineralization appear to be limited to areas in

and around the upper part of the breccia cone sheet. The restriction

of precious metal mineralization to this level was probably a furic-

tion of the discharge rate as well as the temperature, pressure, pH,

Eh, and sulfide ion concentration of the hydrothermal fluids. If

this apparent zonation is real, then the potential for silver and

gold is severely limited. Indications are that the gold zone has,

for the most part, been eroded away. Exploration for gold targets

would therefore be fruitless. However, small isolated areas of pre-

dominantly silver mineralization with a gold credit may still exist.

These potential areas would be close to the surface and could be

mined by selective trenching. Any operation of this sort would have

to be on a small scale, and might consist of a backhoe and a one or
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two man crew. Because of the probable small size of these types of

occurrences, I find it difficult to reconinend the initiation of a

project of this nature.

Virtually every stream gravel deposit along the periphery of

Hahns Peak contains anomalous amounts of gold. The intensity of this

mineralization, however, is weak and placer gold concentrations have

not proven to be economic (W. A. Bowes, personal coranunication,

1979).

Gale (1906) suggested that the basal conglomerate of the Dakota

Sandstone may have been the source for gold in the Hahns Peak

placers. Recent exploration efforts in the region by Asarco, and

others, have sought detrital gold mineralization in this unit. How-

ever, careful inspection of the Dakota Sandstone in the vicinity of

Hahns Peak failed to reveal detrital gold and it is concluded that

this is not a worthwhile exploration target in this area.

Lead-Zi nc-Copper

Lead, zinc, and copper mineralization occur primarily within and

near the breccia cone sheet. Galena, sphalerite, and minor chalco-

pyrite occur locally in the matrix of Monolithic breccia and also as

veins and disseminations adjacent to dikelets of breccia. In addi-

tion, a one foot-thick lacustrine limestone bed encountered in the

Morrison Formation at 3,150 ft. in DDH-101 is replaced by galena,

sphalerite, pyrite, and trace chalcopyrite. Despite these occur-

rences, however, the amount of lead, zinc, and copper mineralization

that is present as either veins or replacements is extremely limited.



The possibility of Hahns Peak being the top of a porphyry copper

deposit was considered, but the overall lack of copper suggests that

this is unlikely.

Late stage open-space fillings in the Multilithic breccia

account for the majority of galena and sphalerite present at Hahns

Peak. Samples of this type of mineralization that were found on the

dump of the Price Tunnel contain up to eight percent combined lead

and zinc. Although the presence of high grade mineralization is

encouraging, its occurrence is extremely localized and the bulk ton-

nage would be negligible. Young and Segerstrom (1973) estimate that

1.3 million tons of 0.7 percent combined lead and zinc are present at

Hahns Peak. Such a deposit could not be considered economically val-

uable now or at any time in the foreseeable future.

Uranium

In 1979, the Department of Energy drilled a hole on the south-

west flank of Hahns Peak (SWB-27) to investigate the uranium poten-

tial in the coarse-pebble conglomerate at the base of the Browns Park

Formation (Carter and Wayland, 1981). The target concept was to

explore the Browns Park conglomerate throughout the Sand Wash Basin

for uranium deposits similar to those found near Baggs, Wyoming, and

Maybell, Colorado. The drill hole at Hahns Peak failed to encounter

any si gni fi cant urani urn mineralization.

Measurements of gaimia radiation throughout the quartz latite

porphyries that comprise Hahns Peak indicate extremely low levels of

uranium mineralization (Table 1). The indicated levels are low even
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for porphyry molybdenum systems which commonly contain minor amounts

of uranium mineralization. It is concluded that there is absolutely

no potential for economic-grade vein or sediment-hosted type uranium

deposits at Hahns Peak.

Recornmendati ons

The possibility of a large (50-200 million ton) stockwork molyb-

denum deposit existing at depth beneath Hahns Peak is good. However,

its extreme depth and the current depressed state of the molybdenum

market make it impossible to recommend deep diamond drilling at this

time or in the immediate future. In addition, it is likely to be a

low-grade deposit, probably comparable to Redwell Basin, Colorado

(0.1% Mo).

Future exploration work at Hahns Peak will definitely be depen-

dent upon the state of the molybdenum market. Trends in this market

are difficult to forecast, however, and economic experts have

recently expressed conflicting opinions. Kovisars (1982; see also

Eng. and Mining Jour., Oct., 1982, p. 9) has suggested that known

reserves should meet demand at least through 1991, and a price of

about $4.50/lb is likely to be maintained until that time. In con-

trast, Bilhorn (1983) suggests that the need for strong, weldable,

heat-treated steel in energy-related applications will increase,

causing the molybdenum market to recover at a faster rate than the

general economy.

Regardless of economic considerations, the area on Hahns Peak

with the highest probability of significant molybdenum mineralization



200

at depth lies within the perimeter of the breccia cone sheet along

the zone of N-S trending pods of phyllic alteration (Plate 3). One

or more 5,000. ft. vertical holes collared within this zone would test

both the base of the breccja cone sheet for a Boss Mountain-type

deposit, as well as the potential for a deeper stockwork deposit of

molybdenum.

It is remotely possible that the large magnetic low centered

approximately 3,500 feet south-southwest of the Hahns Peak summit

may be indicative of hydrothermal alteration related to a separate

porphyry system that failed to vent (see Fig. 6). Such a situation

would be analogous to that of Redwell Basin and Mount Emmons (Dowsett

and others, 1981; Thomas and Galey, 1982). Deep drilling in the area

of the magnetic low near HaThns Peak should be considered a wildcat

venture, but a series of shallow holes (under 1,000 ft.) for the pur-

pose of fulfilling yearly assessment obligations could be used to

search for W and F dispersions possibly indicative of a deep system.

Exploration for shallow Ag-Au in the upper part of the breccia

cone sheet is not recommended at this time, as this potential

resource would probably occur in small, isolated pods of marginal

economic value.
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SUMMARY

Hahns Peak is a composite laccolithic intrusion of latite and

quartz latite porphyry, approximately 12 m.y. old. A thin, cone-

shaped body of intrusive breccia (referred to as a breccia cone

sheet) is centered on the intrusive complex and is interpreted to be

related to a rhyolitic pluton at depth. Base and precious metal mm-

eralization occurs within and near the intrusive breccia and is

thought to be part of a porphyry molybdenum system that formed above

the rhyolitic pluton.

Geologic History and Interpretations

Precambrian basement rocks are granodiorite in composition and

gneissic in texture. These rocks were formed when island arc terrane

was accreted to the Archean craton by collision processes along the

Mullen Creek-Nash Fork shear zone at approximately 2.0 b.y. ago.

These original island arc rocks were regionally metamorphosed to

amnphibolite grade at about 1.7 b.y. ago.

Extensive erosion and non-deposition resulted in a paucity of

Paleozoic rocks in the Hahns Peak region. Red calcareous siltstone

and fine-grained sandstone of the Permian Goose Egg and Lower

Triassic Red Peak formations are preserved at depth and lie uncon-

formably on Precambrian granodiorite. These sedimentary units repre-

sent detritus that filled basins adjacent to isolated highlands that

were remnants of the Ancestral Rocky Mountain uplift.
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Upper Triassic rocks consist of sandstones, siltstones, and

claystones of the Jeim, Popo Agie, and Nugget Sandstone formations.

They indicate a mixture of fluvial, lacustrine, and marginal marine

depositional environments. These rocks, together with the Permo-

Triassic Goose Egg and Red Peak formations, were mapped as a single

unit.

Shallow marine sandstone and shale of the Jurassic Sundance

Formation lie unconformably on the Triassic rocks. The Sundance

Formation is, in turn, overlain disconformably by the Late Jurassic

shales and fresh water limestones of the Morrison Formation. The

Suridance and Morrison Formations have also been mapped together as a

single unit.

The Cretaceous rocks of the region are Dakota Sandstone and

Mancos Shale. The Dakota Sandstone consists of cross-bedded sand-

stones and a basal conglomerate. This unit is typically a ridge

former and is indicative of brief regional uplift. The Mancos Shale

is a calcareous unit that was probably deposited during the trans-

gression of an epeiric sea.

Rocks of Paleocene, Eocene, and Oligocene age are missing from

the Hahns Peak region due to erosion and non-deposition during the

Rocky Mountain uplift. Regional north-trending thrust faults were

developed in the early stages of this orogeny. Depostion of tuff-

aceous sandstone and basal conglomerate of the mid-Miocene Browns

Park Formation occurred subsequent to regional thrusting.

The Browns Park Formation is locally cut by igneous intrusions

throughout the Elkhead Mountains. These intrusions are most coriunonly
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quartz latite porphyry, but their composition may range from basalt

to rhyolite. Laccolithic intrusions are typical, but flows and dikes

are also present. The age of the intrusive rocks range from 7.6 to

12.0 my.

The Hahns Peak laccolith is part of the Elkhead Mountain vol-

canic field. It is believed to have been derived from a cupola on

the southeast flank of a regional batholith, the presence of which is

indicated by magnetic and gravity data. Anomalously high heat flow

measurements from Hahns Peak that correspond to values measured

throughout the Rio Grande Rift, are interpreted as evidence that the

rift extends as far north as the Wyoming border. The magma that

formed the Hahris Peak intrusions may have been generated above an

imbricated subduction zone. A linear trend of upwelled magma above

that subduction zone is thought to have formed the Rio Grande Rift as

an ensialic back-arc spreading center. At Hahns Peak, that magma was

probably channeled along deep-seated Precambrian structures such as

the Uinta Mountain Group graben and the Mullen Creek-Nash Fork shear

zone. This late Tertiary intrusive activity probably led to the

reactivation of structures along the trend of the Uinta Mountain

Group graben and resulted in the formation of a regional horst block

within which Hahns Peak is located.

The early intrusion of sills comprised of Beryl Mountain par-

phyry (latite) and Little Mountain porphyry (quartz latite) initiated

the doming of the sedimentary units at Hahns Peak. The structural

dome continued to form as a result of the vertical intrusion of magma

that was to feed the composite laccolith. This intrusion apparently
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pulsed and ebbed, as two radiating and steeply dipping normal faults

were formed prior to the collapse of the central portion of the dome.

The main phase of intrusive activity was initiated by emplace-

ment of Columbine porphyry (quartz latite) along the intersection of

the two normal faults. The injection of Columbine porphyry caused

further doming of the sedimentary units, which resulted in the for-

mation of three parallel reverse faults in the northwestern part of

the study area. It also resulted in the upward displacement and

eventual entrainment of the roof pendant of Browns Park Formation

that had been part of the down-thrown central block. Sometime after

crystallization of Columbine porphyry, but prior to the emplacement

of the Sumit porphyry phase, a period of hydrothermal activity

resulted in the local development of intrusive breccias and stockwork

veins of quartz, pyrite, and molybdenite. The Summit porphyry

(quartz latite) phase was then intruded vertically and caused further

doming and partial entrainment of earlier down-dropped blocks. The

summit porphyry phase had not undergone complete crystallization when

the last of the main phase intrusions, 7D porphyry (quartz latite),

was injected into it. The alignment of a large mass of 7D porphyry

along the southeast portion of the northwest-trending normal fault

that passes beneath Hahns Peak suggests a separate magma source for

this intrusive phase, possibly a perched magma chamber within one

mile southeast of the peak. The intrusions of main phase porphyries

into the central portion of the collapsed dome resulted in the upward

displacement and entrainment of blocks of Browns Park Formation,

Mancos Shale, and Beryl Mountain porphyry. Concomitantly, the weight
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of the overlying magma probably caused further downward displacement

of blocks of Mancos Shale, Dakota Sandstone, Morrison Formation,

Beryl Mountain porphyry, and the Permo-Triassic sedimentary units.

Continued magmatic activity at depth led to the intrusion of a

cupola composed of highly differentiated felsic magma along portions

of the same normal faults that had acted as conduits for the earlier

porphyries. The top of this cupola probably consisted of fluids that

were enriched in various metals, in addition to Si02, H20, CO2, HCI,

HF, Na, and K. The fluids contained in this volatile-rich magrnatic

carapace were in a super-critical state due to high ambient pressure.

High fluid pressure at the top of the cupola created conical frac-

tures in the country rock. These high pressures were relieved, how-

ever, with the release of fluids. In addition, ambient pressure was

lowered as the magma continued to rise to higher crustal levels. At

some point, a level of pressure was reached that permitted the evolu-

tion of a vapor plume that contained a coexisting aqueous phase.

This led to further hydro-fracturing of the country rock and addi-

tional fluid emissions. The initial fluid discharges were relatively

passive and caused pervasive Na+
metasomatism with minor disseminated

pyrite. This was followed by the more forcefully emplaced Monolithic

breccia phase. The fluids that formed the Monolithic breccia under-

went H+
metasomatic reactions with the wall rock and locally precip-

itated Pb, Zn, Cu, and Mo. The sustained discharge of these fluids

resulted in dilation of the conical fractures. Thin dikelets of

aplite were also intruded at this time, and appear to cut the Mono-

lithic breccia locally.
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A quiescent period in hydrothermal activity permitted ground

water to collect in the enlarged fractures. A resurgent pulse of

magma caused the cupola to continue to rise, which allowed the super-

heated, volatile-rich carapace to come in contact with a reservoir of

ground water held in open fractures. This encounter resulted in

phreatic steam-blast explosions. The sudden pressure release crea-

ted by these explosions
permitted fluids within the magmatic carapace

to flash and form localized violent discharges. The explosive dis-

charges of both ground water and magmatic fluids were concentrated

along the conical fractures and resulted in the formation of the

Multilithic breccia phase. It is this intrusive phase that forms the

bulk of the breccia cone sheet. Steam-blast eruptions on the west

flank of Hahns Peak formed the volcanic vent complex and the pyro-

clastic surge deposit.

The major portion of the breccia cone sheet was formed by

groundwater explosions and thus does not contain syngenetic sulfide

mineralization. However, sulfide mineralization that is syngenetic

with the formation of the breccia cone sheet is present locally

within the matrix of Multilithic breccia where magmatic discharges

were focused. Within such areas, Au, Ag, and minor Cu are believed

to have been transported in solution as chloride complexes. Associ-

ated wall rock alteration adjacent to the breccia cone sheet displays

moderate to strong phyllic and localized advanced argillic alter-

ation. Concentric zones of argillic and propylitic mineral assern-

blages are displayed outwardly.
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Molybdenum is essentially absent from the Multilithic breccia,

but may have been deposited at the base of the cone sheet where

sudden physical-chemical changes occurred. Molybdenum was probably
t

also deposited in stockwork veins of quartz and pyrite at depth.

The occurrence of anomalous Mo and F together in Monolithic

breccia suggests a common origin for these two elements. Although

the transport of Mo by F complexes is one possible genetic link, it

is unlikely that this mechanism is significant in the formation of

molybdenite deposits. Molybdenum is interpreted to have been trans-

ported predominantly in the vapor phase by hydroxy-oxide complexes

within fluid emanations from the top of the cupola. The degree to

which a vapor phase is developed from a magma is directly propor-

tional to the saturation level of H20 within that magma. One way to

raise the H20 saturation level of a magma is to increase the F con-

tent. Thus, the F content of the felsic magma that is interpreted to

have been beneath Hahns Peak probably led indirectly to the concen-

tration of Mo in a vapor plume at the top of the cupola. This rela-

tionship, together with the incompatibility of F and Mo for crystal

lattices of most major rock-forming silicates, provides an expla-

nation for the common association of these two elements in stockwork

niolybdeni te deposi ts.

The final stage of hydrothermal activity at Hahns Peak consists

of Pb + Zn ± Ag ± Au mineral i zati on that preci p1 tated as open space

vug-fiflings within Multilithic breccia and as minor veins adjacent

to to the breccia. This mineralization is interpreted to have

precipitated from circulated meteoric fluids that leached the metals



from Precambrian source rocks. These fluids were driven by the

thermal gradient created by the cooling magmatic cupola. Minor dikes

of quartz latite porphyry are the youngest intrusions at Hahns Peak.

Their markedly low degree of alteration suggests that they were

intruded very near the end of hydrothermal activity.

Freeze-thaw mechanisms and down-slope mass wasting are the dom-

inant geomorphic processes that have sculptured Hahns Peak since

Pleistocene time. The presence of active landslides, hillside creep,

and a small rock glacier suggest that these processes continue to be

acti ye.
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