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ABSTRACT 

Pre-Beltian Montana talc deposits are the most profitable talc 

deposits in North America. In the study area, tremolite-free talc 

replaced Cherry Creek dolomitic marble when silica-rich aqueous solu

tions were introduced under greenschist-facies metamorphic conditions. 

Folds, lithologic contacts, and foliation planes provided avenues of 

structural permeability for ore-fluid migration, and coarseness of grain 

size provided lithologic permeability. The pre-Beltian Cherry Creek 

Group comprises metasedimentary and metavolcanic units that were 

folded by a minimum of three deformational events. A prolonged 

episode of upper amphibolite-grade metamorphism attained maximum tem

peratures and pressure at the end of the first folding event. The 

greenschist-facies event persisted throughout the second and third de

formational events and lasted until ca. 1450 m.y. B.P. 

The talc exploration project included reconnaissance mapping, 

district-level mapping on aerial photographs, detailed geologic mapping, 

soil sampling, trenching, and first-stage percussion drilling. 

x 



CHAPTER 1 

INTRODUCTION 

Talc is a medium to high unit value commodity used in ceramics, 

paper, paints, plastics, and cosmetics. Commercially desirable charac

teristics of talc include its unrivaled softness, chemical stability, 

whiteness when powdered, and refractory properties. Mineralogically, 

talc is a three-layer silicate with the composition Mg^Si^O^^OH)-,. The 

talc lattice consists of one Mg-O-OH trioctahedral layer between two 

sheets of silica tetrahedra. Commercial usage of the term "talc" is not 

restricted to a rock composed purely of Mg^Si^OjgCOH^; most commer

cial "talc" contains between 40 and 99 percent talc with the remaining 

60 to 1 percent as tremolite, carbonate, quartz, or mica. The Ruby 

Range in southwestern Montana contains some of the purest, largest, 

lowest cost talc deposits in North America. A typical Ruby Range talc 

sample is 98 percent talc, with the remaining 2 percent as quartz and 

chlorite. Tremolite is present in only trace amounts. Talc formed as a 

metasomatic replacement of the Cherry Creek dolomitic marble horizons 

during a pre-Beltian greenschist facies metamorphic event. 

The structural and petrologic features of Precambrian geology 

in the Ruby Range are as alluring as the economic geologic aspects; 

therefore, the Ruby Range has been studied by many workers for many 

purposes. 

1  
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Purpose of Investigation 

The field work for this thesis was conducted during the 

summers of 1982 and 1983 as part of a talc exploration program on the 

west flank of the Ruby Range in southwestern Montana. The aims of 

the investigation were similar to those of the exploration program, 

which has a producing, profitable mine as its ultimate goal. These 

aims include: 

1. Locating and mapping units in which talc mineralization potential 

is best. 

2. Determining of structural controls on talc mineralization. This 

includes not only geometric considerations but also qualitative kinematic 

and dynamic considerations. 

3. Determining alteration processes and mineral assemblages that 

may indicate the metamorphic conditions under which talc formed. 

4. Determining the deformational, metamorphic, and mineralization 

history of the study area. 

5. Employing exploration techniques in the search for talc de

posits. 

Location and Physiography 

The 2,800-acre study area lies about 13 miles east-northeast of 

Dillon, Montana, on the west flank of the Ruby Range (figs. 1 and 2). 

Dillon, a small ranching community, is situated on Interstate 15 halfway 

between Butte, Montana, and the southernmost Montana-Idaho border. 

The mapped area is contained in portions of the 7i-minute U.S. Geo

logical Survey topographic maps of the Mine Gulch, Christensen Ranch 
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Ranch, and Beaverhead Rock SE quadrangles. The entire study area is 

within T. 7 S. , R. 6 W., Madison County, Montana, and all subsequent 

land descriptions refer to this township. 

Access to the study area is provided by Stone Creek Road, for 

which the turnoff is 5$ miles north of Dillon on State Highway 41. 

From the turnoff, Stone Creek P»cad proceeds eastward to the Treasure 

Talc mine owned by Pfizer, Inc., (fig. 2). Caution is advised when 

driving on Stone Creek Road because Pfizer uses the access as a haul 

road for its talc trucks. 

Extensive pedimentation of the deformed pre-Beltian metasedi-

mentary and metavolcanic rocks is the dominant geomorphic feature of 

the study area (fig. 3). The pediment outcrops allow uninhibited 

two-wheel-drive travel over much of the study area. In the spring

time, however, four-wheel-drive vehicles are required to cross many of 

the creeks especially where the creeks cut through nonresistant sil-

limanite schist units. The more rugged areas are accessible by well-

established jeep trails. 

Elevations in the study area range from 6,960 feet in SEiSW} 

sec. 20 and in SE^SEi sec. 20 down to 5,850 feet along Stone Creek in 

SE^NEi sec. 18. Major perennial streams drain northwesterly into 

Beaverhead Valley. The general northwest trend of the major streams 

is controlled by Precambrian strike-slip faults, which appear to have 

been reactivated at least twice in Cenozoic time. Tributaries to the 

major streams flow along the following subparallel geologic features: 

axial planes, compositional layers, foliation planes, and bedding planes. 



Figure 3. North-looking view of the study area 
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The climate is semiarid. Grasses and sagebrush abound on the 

pediment, and pine, fir, and spruce grow at higher elevations and 

along perennial streams. Conifers also have an affinity for marble 

units, even at the lower elevations. North-facing hillsides usually have 

a dense tree canopy and a well-developed O soil horizon due to lower 

temperatures and reduced transpiration. South-facing slopes are 

rugged and sparsely vegetated. Soil cover on the pediment ranges 

from nil to 7 feet. 

Previous Work 

The pre-Beltian Cherry Creek rocks were named by Peale 

(1896) during his studies along Cherry Creek on the eastern flank of 

the Gravelly Range. Heinrich (1960) discussed the petrology of the 

Precambrian rocks in the Ruby Range and mapped the southwest portion 

of the range. Giletti (1966) provided isotopic ages for rocks in 

southwestern Montana. 

Perry (1948) was the first to describe the Montana talc de

posits. Olson (1976) has furnished the best historical account of the 

Montana talc industry. In addition, he discussed both the economic and 

geologic aspects of the Montana talc deposits. Berg (1979) discussed 

the economics of talc and presented new ideas on the genesis of the 

Montana talc deposits. Whitehead (1979) studied talc occurrences on 

the Benson Ranch in the southern Ruby Range, Beaverhead County. 

Garihan (1973a) mapped the west-central portion of the Ruby Range and 

Okuma (1971) the southern portion for dissertations funded by Pfizer, 

Inc. The area of the present study is contained within Garihan's 
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(1973a) dissertation area. Garihan's work has excellent discussions on 

Precambrian structural geology and the geology of talc deposits. 

James, Shaw, and Wier (1972) mapped the 7i-minute Christensen Ranch 

quadrangle. Tysdal (1976) mapped the northern Ruby Range -with the 

Precambrian lithologies left undifferentiated. Karasevich (1980) also 

mapped the northern Ruby Range but with an emphasis on Precambrian 

lithology and structure. Dahl (1977) studied the mineralogy and pet

rology of the Precambrian rocks in the Ruby Range. 

Other studies have focused on special geologic problems in

volved with the Precambrian geology of the Ruby Range. Garihan and 

Okuma (1974), Garihan and Williams (1976), Garihan (1979), and Smith 

(1980) studied the Dillon granite gneiss to establish its origin. The 

work has left unresolved the question of whether ^he Dillon granite 

gneiss is sedimentary or igneous. Bielak (1979) determined that the 

Cherry Creek amphibolite units in the Ruby Range are separable into 

metasediments (now hornblende gneisses) and metamorphosed basalt 

flows (now amphibolites). Wooden (1975) and Wooden and others (1978) 

studied the geochemistry and geochronology of Precambrian mafic dikes 

in southwestern Montana. 



CHAPTER 2 

PRECAMBRIAN METAMORPHIC ROCKS 

The study area contains pre-Beltian metasedimentary and meta-

volcanic rocks of the Cherry Creek Group, a pre-Beltian quartzofeld-

spathic gneiss and its pegmatitic derivatives, 1700- to llOO-m.y.-old 

diabase dikes, and zoned Precambrian(?) pegmatites. The following de

scriptions of rock types are based on megascopic field observations. 

Only the dolomitic marble units were studied in thin section. Petro-

graphic descriptions of Ruby Range pre-Beltian rocks have been pro

vided by Okuma (1971), Garihan (1973a), Dahl (1977), and Smith 

(1980). 

Cherry Creek Group 

Cherry Creek Marble 

Marble units are expressed geomorphologically as white to 

buff-brown to dark-reddish-brown strike ridges covered with orange 

lichen (fig. 4). Marble supports more coniferous vegetation than any 

other Precambrian unit in the area. The conspicuous nature of the 

marble outcrops makes the marble units ideal marker beds for identify

ing macroscopic structures. Iron-manganese-rich marbles weather to a 

relatively smooth, reddish-brown outcrop that exhibits solution caverns 

1 to 2 feet in diameter. Freshly broken surfaces reveal that iron 

staining occurs as both a 1-in or less weathering rind and as a 

9 



Figure 4. Typical dolomitic marble outcrop. — Note the north-
west-trending vertical faults. View is northerly. 
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pervasive soaking of the rock. The latter condition imparts a friable, 

crumbly texture to the marble. Iron-manganese-poor marbles weather 

differentially along individual foliation surfaces (fig. 4). The 

differential weathering results in a ribbed outcrop, which is easily 

discerned on aerial photographs to determine foliation direction. 

In the exploration area, marble is the most abundant rock type 

within the Cherry Creek Group. Marble units range in thickness from 

50 to 1,400 feet. Structural flowage and folding prohibit determinations 

of the original stratigraphic thickness, the actual number of metamor

phosed limestone and dolomite beds, or the true stratigraphic succes

sion. Bed thickness ranges from an inch or less to more than 6 feet. 

Freshly broken surfaces are white to buff to brown to red (hematitic). 

The texture is dominantly granoblastic with grain sizes ranging from 

0.02 inches to an inch or more. The coarsest units are dolomitic, and 

the fine-grained units are calcitic. Grains of an inch or more in 

diameter resulted from recrystallization of dolomitic marble near 

northwest-trending faults. Planar terminations of crystal faces reveal 

the foliation direction in unweathered specimens. 

The principal marble types in the exploration area are calcitic, 

dolomitic, and diopsidic. The marble units may grade upsection, down-

section, or laterally into calc-silicate rocks. Quartz occurs in the 

marbles as folded, boudinaged metasedimentary intercalations, as irreg

ular masses, as discrete grains, and as discontinuous layers of jasper 

and chalcedony that fill foliation planes and fractures. Accessory 

minerals in the marbles include chlorite, tremolite, hornblende, diop-

side, phlogopite, biotite, serpentine, quartz, and talc. Vermiculite 
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is present as a supergene alteration product of biotite or chlorite or 

both. 

Only dolomitic marbles are considered exploration targets for 

talc because: 

1. They contain sufficient Mg++ to have formed talc. 

2. Their coarse-grained granoblastic texture provided porosity and 

permeability for fluid migration during the greenschist facies event. 

3. Talc derived from dolomitic marble requires little or no bene-

ficiation. 

Cherry Creek Sillimanite Schist 

In the study area, the Cherry Creek sillimanite schist is the 

second most abundant lithologic unit in the Cherry Creek Group. The 

nonresistant sillimanite schist is expressed as strike valleys that have 

anomalously large amounts of shin-high cactus but few trees. The 

schist weathers to a shimmering, micaceous soil that is garnet rich 

where the schist bears garnets. Boggy conditions exist in the soil at 

stream crossings. 

Outcrops of sillimanite schist exhibit a brown to purplish-brown 

color, small-scale isoclinal folding, axial-plane schistosity, and 

discontinuous quartz-feldspar layers that are often parasitically folded 

(fig. 5). The principal amphibolite-grade minerals are quartz, plagi-

oclase, biotite, almandine, and sillimanite. The almandine is present as 

i-in. porphyroblasts about which schistosity is wrapped. Sillimanite 

crystals, usually about I in. long, occur in two habits: (1) the 

crystals are aligned with the fold axis (A^) of the first deformational 
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Figure 5. Northeast -view of a near-vertical face of sillimanite 
schist. — Folded quartz-plagioclase layer is encircled. 
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event, and (2) the crystals radiate in the plane of metamorphically 

induced compositional layering (Sc). Retrograde greenschist facies 

minerals include chlorite, muscovite, and talc. Talc is seen only in the 

schist near dolomitic marble contacts. 

The study area contains a macroscopic synform, which has an 

axial trace trending slightly east of north. The synform is called the 

Regal synform in this thesis because the structure contains the Regal 

marble, a unit so named by Okuma (1971). The axial trace is contained 

within the sillimanite schist outcrop for much of the study area (sees. 8 

and 17). In sec. 5, the axial plane crops out within an apparently 

younger dolomitic marble. Large-scale isoclinal folding appears to have 

made the schist quite amenable to Precambrian fluid migration because 

foliated pegmatitic and granitic layers are abundant in the sillimanite 

schist units. Most of the quartzo-feldspathic layers are concordant, 

but a discordance of up to 20 degrees with compositional layering is 

seen in some areas (SEiSWi sec. 4). 

Sillimanite schist contacts with dolomitic marble show more talc 

mineralization than those of any other lithologic unit. In some areas 

the schist and dolomitic marble are equally mineralized. 

Cherry Creek Calc-Silicate Rock 

Calc-silicate rock is volumetrically minor in the area. The units 

crop out as brownish-gray ridges that are coated with gray lichen (not 

orange like the marble). Freshly broken surfaces have a fine-grained 

texture (0.01-0.03-in. grains) and a greenish-gray color. The most 

abundant minerals are diopside and tremolite-actinolite. Common 
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accessory minerals are quartz, potassium feldspar, plagioclase, biotite, 

and calcite. The calcite is common as concordant veinlets. In one in

teresting outcrop in NEiNEi sec. 9 a 5-foot-thick calc-silicate bed 

separates granite gneiss (Dillon granite gneiss) from dolomitic marble 

(fig. 6). If the granite gneiss is a metamorphosed igneous intrusive 

rock, this calc-silicate bed may be a metamorphosed skarn assemblage. 

Cherry Creek Amphibolites 

Amphibolite units crop out along canyon walls as black blocky 

ridges (fig. 7). Over the pediment surface, the units crop out poorly 

or not at all. The units range in thickness from a few feet to about 

500 feet. Some of the thicker amphibolites are continuous for miles of 

strike length, whereas thinner units within marbles are commonly 

boudinaged due to layer-parallel extension during the first deformational 

event. 

The amphibolites vary from hornblendite to "salt-and-pepper" 

hornblende-plagioclase rocks to hornblende-quartz-plagioclase gneisses. 

The hornblendites are the coarsest grained amphibolite rock, and they 

also have euhedral hornblende crystals. "Salt-and-pepper" amphibolites 

and gneissic amphibolites tend to be finer grained, with subhedral to 

anhedral hornblende crystals 0.05 to 0.20 in. long. Garnet porphyro-

blasts, often poikiloblastic with quartz and plagioclase, are most common 

in quartz-poor layers and units. Almandine is the dominant garnet. 

Smith (1980) noted metaconglomeratic layers in the gneissic 

variety. Possible parent rocks for isochemically metamorphosed amphib

olites are calcareous shales for the quartz-plagioclase-hornblende 
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Figure 6. Calc-silicate (CS) as possible contact metamorphic 
zone between Dillon granite gneiss (DGG) and dolomitic marble (DM). 

Figure 7. Metaquartzite (Q)-amphibolite (AM) contact. — View 
N. 10° E. 
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gneisses, dolomitic shales for the plagioclase-hornblende rocks, and 

basalt sills or flows for the hornblendites (Smith, 1980). 

All observed and mapped dolomitic marble-amphibolite contacts 

have some degree of talc mineralization. The talc layers, usually about 

2 in. thick, may indicate a contribution of Mg++ and a small amount of 

quartz by amphibolite units. Layer-parallel extension of the stiff, thin 

amphibolite layers resulted in amphibolite boudins. If the flowing 

dolomitic marble incompletely filled the areas of dilation, a low-pressure 

site for talc mineralization could have been generated. 

Cherry Creek Metaquartzite 

The youngest pre-Beltian sedimentary rocks in the study area 

are believed to crop out in sec. 18, based on the general trend of 

northwestward younging and on the displacements along left-lateral 

faults. In E£ sec. 18, metaquartzite beds, which average 160 ft in 

thickness, are interbedded with 100-ft-thick amphibolite units (fig. 7). 

The metaquartzite beds themselves contain interbeds of marble and am

phibolite. Foliation is exhibited in the metaquartzite units as an 

alignment of mica flakes. 

Cherry Creek Iron Formation 

In the study area, a 60-ft-thick iron formation unit lies between 

a dolomitic marble unit and an amphibolite unit. The iron formation is 

continuous in a N. 5° E. direction across VVJ, sec. 17. The unit con

tains prospect pits in NW^SWi sec. 17. In SW£ sec. 8, the iron for

mation is truncated by a northwest-striking strike-slip fault. The dis

placed portion is in NW^SWi sec. 8 and shows left-lateral drag. 
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The nonresistant iron formation crops out only along stream 

canyons. Weathered surfaces are greenish brown. From hand specimen 

inspection the unit could be appropriately described as a magnetite-

quartz schist. The schistose texture is due to aligned biotite and 

chlorite crystals. Quartz layers are isoclinally folded in a flexural flow 

fashion (fig. 8). The aligned micaceous crystals parallel the axial 

planes of the isoclinal folds. 

Other Cherry Creek Units 

This category encompasses minor lithologies that were included 

within major units for map representation. Biotite gneisses and schists 

are common as thin, discontinuous units. Mineralogically the gneisses 

and schists are similar to sillimanite schists. Chlorite-quartz-mica 

schists are thin, discontinuous units interlayered with amphibolite units 

and sillimanite schist units. The chlorite-quartz-mica schists are 

medium-grained, dark green, and schistose. 

Dillon Granite Gneiss 

The main body of the Dillon granite gneiss, named by Heinrich 

(1953), is a foliated, tabular, concordant, quartzo-feldspathic body, 

which crops out over a 125-mi2 area along the backbone of the Ruby 

Range and separates Cherry Creek Group rocks from pre-Cherry Creek 

Group rocks. In the exploration area, a 990-ft-thick granite gneiss 

unit crops out in sees. 8, 17, and 20, and Dillon granite gneiss-derived 

unzoned pegmatites crop out in sees. 4, 5, 8, and 9. The pegmatites 

are often within thick sequences of sillimanite schist. The granite 



Figure 8. Isoclinally folded quartz layer in iron formation. 
Slight thickening of the hinge is due to flexureil flow folding. 
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gneiss contains quartz, plagioclase, microcline, and one or more of the 

following minerals: biotite, hornblende, and garnet. 

Garihan and Williams (1976, p. 46) have used modal analyses to 

define five compositional variations of the Dillon gneiss. Garihan and 

Williams preferred the term "Dillon gneiss" to "Dillon granite gneiss" 

because the former does not connote a genetic relationship. Composi

tional variations are described by naming the accessory mineral(s) pres

ent (garnet, biotite, or hornblende). These five variations are: 

1. Garnet-hornblende gneiss. 

2. Garnet gneiss. 

3. Hornblende-biotite gneiss. 

4. Garnet-biotite gneiss. 

5. Biotite gneiss. 

On Garihan's (1973a, 1979) maps and on my maps these five varieties 

are mapped singly as the Dillon granite gneiss or as the Dillon quartzo-

feldspathic gneiss. The Dillon biotite gneiss shows the greatest compo

sitional range, because it includes syenitic, granodioritic, and granitoid 

compositions (Garihan, 1979). 

The Dillon granite gneiss crops out as pinkish-brown to light-

brown, smooth topographic highs (fig. 9). Veins of bull quartz stand 

in relief above the gneiss. In general, darker gneisses show better 

metamorphically induced compositional layering and better foliation 

development than leucocratic varieties. 

Foliated pegmatites crop out as pale-yellow, 1- to 2-ft-high, 

smooth, rounded knolls (fig. 10). Jointing is well developed. The 



Figure 9. Outcrop of Dillon granite gneiss 

Figure 10. Outcrop of pegmatitic variety of Dillon granite 
gneiss. — Folder (held up by hammer) simulates foliation. View N. 25° 
E. 



22 

most pronounced joints, possibly cooling joints, strike 90 degrees from 

the pegmatite's trend. Pegmatite-derived gravel covers the pegmatite 

bodies. The pegmatites range in thickness from 20 to 600 feet. Most 

are concordant and have outcrop lengths ranging from less than 100 

feet to half a mile or more. A few pegmatitic bodies have discordant 

segments, which, after a few hundred feet of outcrop, bend to resume 

a concordant trend (SEiSWi sec. 4). Discordance is less than 20 

degrees. In NW^NW? sec. 8, a 330-ft-long, 100-ft-wide concordant 

unzoned pegmatite has been prospected for sheet mica. Pegmatites are 

most abundant northwest of the main mass of the Dillon granite gneiss. 

If the Dillon granite gneiss is a metamorphosed intrusive rock and if 

the pegmatites are late-stage, upward-migrating derivatives of the 

Dillon granite gneiss, the idea of northwestward younging (pre-Beltian 

up-direction) is further supported. 

The origin of the Dillon granite gneiss is unresolved. The 

gneiss is old enough to have been folded by the earliest deformational 

event, is concordant with adjacent lithologies and with lithologies it 

encompasses, and is devoid of unequivocal skarn zones. The Dillon 

granite gneiss encloses marble units that are miles in strike length. If 

the gneiss has an igneous protolith, passive emplacement of the igneous 

body was required to produce the observed field relations. If the 

gneiss is metasedimentary, a quartz illite shale with carbonate interbeds 

may be the parent rock (Garihan, 1979). The continuous enclosed 

marble units could have been formed by the metamorphism of the carbon

ate interbeds. The Dillon granite gneiss is discussed as a possible ore 

fluid contributor in the section on origin of talc-forming solutions. For 
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further discussions on the Dillon granite gneiss, the reader is referred 

to the articles by Garihan (1973a), Garihan and Okuma (1974), Garihan 

and Williams (1976), Garihan (1979), and Smith (1980). 

Unfoliated Diabase Dikes and Sills 

Diabase dikes intruded along near-vertical, northwest-trending 

planes of weakness that were produced during a Precambrian strike-slip 

event. The dikes are unfolded, unfoliated, and nonresistant. The 

dikes are expressed as narrow valleys that have a red-brown soil. 

A single branching and anastomosing diabase dike crosses the 

study area from NW£ to SEi sec 8. The dike averages 100 feet in thick

ness. On aerial photographs the dike, like many other diabase dikes in 

the region, can be easily mapped because of the dark-toned soil over

lying the dike. 

An unfoliated diabase sill has intruded a sillimanite schist in 

NE^SWi sec. 8. Due to gravel cover on the pediment, it is impossible 

to determine if this sill is a branch of the major dike that crosses the 

study area. 

The diabase dikes appear to postdate talc mineralization because 

dike-truncated talc deposits show no mineralization along dolomitic 

marble-diabase dike contacts. Ages for the dikes in the Ruby Range 

range from 1700 m.y. to 1100 m.y., with the oldest unmetamorphosed 

diabase dikes dated at 1450 m.y. B.P. (Wooden, 1975; Wooden and 

others, 1978). It is therefore possible that talc mineralization occurred 

before the 1700-m.y. date but that greenschist facies conditions lasted 

until 1450 m.y. ago. Wooden and others (1978) believed that 
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subsidence along the Belt seaway, which was west of the study area, 

caused subparallel northwest-trending fractures in the Ruby Range 

along which younger diabase dikes intruded from 1455 to 1100 m.y. 

B.P. 

Unfoliated Pegmatites 

Unfoliated, unmetamorphosed, zoned pegmatites in SEi sec. 20 

trend N. 60° E., are 10 feet thick, and have outcrop lengths up to 60 

feet. The pegmatites contain quartz-potash feldspar graphic 

intergrowths, muscovite, biotite, and schorl. 

Garihan (1979) believed that the unfoliated pegmatite dikes are 

residual or partial-melt liquids of the Dillon intrusive body, but the 

orientation of the dikes in sec. 20 argues against Garihan's idea as 

applied to these unfoliated pegmatites. The pegmatite dike orientation 

is unrelated to any Precambrian principal stress orientation mapped in 

the study area. Based on the lack of a correlative stress field and the 

lack of a metamorphic mineralogy or fabric, it could be assumed that 

the dikes are the youngest Precambrian rocks in the area or that they 

are Phanerozoic in age. If the Precambrian age is correct, the 

maximum age for the pegmatite dikes is the youngest diabase dike 

age—1100 m.y., the age of the last obvious Precambrian structurally 

controlled intrusion. The age of the Dillon granite gneiss is believed to 

be ca. 2700 m.y. (Mueller and Cordua, 1976). It is doubtful that 

derivatives of the Dillon granite gneiss would remain uncrystallized for 

1600 m.y. (2700 m.y. - 1100 m.y.). 
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Derivation of Precambrian Lithologies 

The Cherry Creek lithologies may represent a rifted-margin 

sediment prism. Precambrian submarine volcanism contributed to the 

formation of basalt sills and flows (now hornblendites), oxide facies iron 

formation, and possibly primary dolomite due to Mg++ enrichment of sea-

water. The quartzo-feldspathic gneiss may be the metamorphosed 

equivalent of a passively emplaced, tabular granitic body. Another 

possible protolith for the Dillon granite gneiss is a quartz-illite 

shale—siltstone turbidite sequence. In the latter interpretation the main 

mass of the Dillon granite gneiss is older than the Cherry Creek 

Group. 

The Cherry Creek Group and the Dillon granite gneiss under

went a minimum of three deformational events. A prolonged period of 

upper amphibolite metamorphism attained maximum temperatures and 

pressures at the end of the first folding event. A greenschist facies 

metamorphic event began before the second folding event. Talc formed 

as a metasomatic replacement of dolomitic marble during the greenschist 

facies event. 

Diabase dikes intruded northwest-southeast planes of weakness 

that were developed near the end of the greenschist facies event. 

Roughly 8,500 feet of cumulative left-handed strike-slip separation 

occurred along the northwest-striking faults in the study area. 

The zoned pegmatites in sec. 20 are believed to be the young

est Precambrian rocks in the exploration area. Like the diabase dikes, 

they are unfolded, but unlike the diabase dikes, they lack an apparent 

district-scale structural control and are unmetamorphosed. 



CHAPTER 3 

PRECAMBRIAN STRUCTURE 

The principal aim of analyzing the Precambrian structure was to 

define the present-day orientation of the structural controls of talc 

mineralization. A second aim was to determine the timing of talc min

eralization by comparing the geometries of talc bodies to the present-

day configurations of the principal stress axes for various structural 

elements. 

Terminology 

For uniformity, the notations used in this thesis are the same 

as those used by Garihan (1973a). Subscripts are used to indicate the 

temporal relationship of structural events. The notation is as follows: 

D - One of three deformational events: D,, D0, D_. n 1 2 3 

S - A plane of inhomogeneity. Sq is a bedding plane and Sc 

is metamorphically induced compositional layering 

(foliation). S^ and S£ are axial planes of and F 

respectively. 

Ln - A linear feature produced during Dn< 

F^ - A fold produced by the deformation of an S surface 

during Dn< 

A - Hingeline of F . 
n n 

Pi axis - In a southern hemisphere equal-area plot, the Pi (it) axis 

is the pole to the best-fit great circle (Pi circle) that 
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contains poles to cylindrically folded S surfaces. The irn 

axis is the fold axis of F . 
n 

Mesoscopic Features 

Bedding Planes 

Bedding planes (Sq planes) are best displayed in the study 

area as major lithologic contacts and as contacts between metaquartzite 

intercalations and enclosing dolomitic marble. Mesoscopic bedding 

transposition has not been observed in the study area. Sq planes have 

roughly the same strike as the schistose and gneissic features (Sc). 

The dips of Sq planes and Sc planes have the same direction but the 

magnitudes are similar only by coincidence. 

Smith (1980, p. 24) has identified metaconglomeratic layers in 

hornblende gneisses. Garihan (1973a) observed cross-bedding in meta

quartzite units. Up-indicators or other directional sedimentary fabric 

were not observed during this study. 

Foliation 

Foliation is used here to describe a surface produced during 

metamorphism by mechanical shearing, rigid-body rotation, pressure-

shadow crystallization, pressure-solution removal, or directional 

crystallization. The term "foliation" therefore includes axial plane 

cleavage, gneissic structure, and schistosity. Metamorphically or 

deformationally induced surfaces have been assigned subscripts of c, 1, 

and 2, as defined. 
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Sc surfaces correspond to gneissic structures. In the Dillon 

granite gneiss and the sillimanite schists, ferromagnesian platy and 

prismatic mineral layers alternate with quartzo-feldspathic mineral 

layers. The mineral grains are aligned with their longest axis in the 

plane of Sc, which was the plane of maximum flattening during a sus

pected but unidentified metamorphic event prior to the oldest recognized 

deformation event, D^. Some of the mineral grains have their longest 

dimension parallel to the axis of elongation and minimum stress (Aj = 

Uj), whereas other mineral grains radiate in the Sc plane. The compo

sitional layering Sc is folded by D^. The origin of the layering, how

ever, has not been determined. Sc surfaces are the most ubiquitous 

and most pronounced structural feature in the study area. 

In the dolomitic marble units, Sc surfaces are defined by paral

lel terminations of dolomite crystals. Alternating layers of varying 

composition in the marble induced a ribbed outcrop due to differential 

weathering. The ribbed appearance is easily detected on aerial photo

graphs. 

Sj surfaces refer to axial plane schistosity, which is actually 

continuous cleavage from passive slip folding (F-^) during D^. S-^ 

surfaces are poorly to superbly developed in gneissic and schistose 

rocks. Away from the hinge region of an fold, and Sc surfaces 

are coincidental and indistinguishable. 

S2 surfaces refer to spaced cleavages and weakly developed 

axial-plane schistosity formed during the second deformation event, 

Mineral alignments are notably lacking near S£ planes. S£ cleavages 

are often irregularly spaced and poorly developed. Well-developed 



surfaces often show discrete offsets along the fractures. The offsets 

resulted from pressure solution removal of material in the plane of 

flattening during 

Lineation 

Non-intersection lineations in the study area include boudins, 

oriented elongate minerals, and slickensides. Boudinaging resulted from 

layer-parallel extension of thin, stiff layers during deformation. 

Amphibolite boudins, up to 10 feet wide, are common in dolomitic marble 

layers. Metaquartzite layers, usually about 2 inches thick, are also 

boudinaged in dolomitic marble sequences. Each of the boundinaged 

sequences comprises a thick unit of relatively high ductility that con

tains a thin, rigid unit. Boudins usually lie in the Sc plane and trend 

in a direction parallel to regional fold axes. 

Mineral lineations are defined by oriented elongate minerals, 

especially hornblende and sillimanite, in the Sc plane. Although the 

relative age of lineations is hard to determine, most lineations are 

believed to be associated with (and F^) because of the similarity in 

trend and plunge between and A^. 

Slickensides were observed on a loose, softball-size piece of 

dolomitic marble. The rock's slickensided surface parallels Sc surfaces 

and lies in the plane of one of the marble-metaquartzite contacts. The 

metaquartzite layer is i inch thick. The surface probably indicates 

slippage along Sc planes during flexural slip folding. The unoriented 

habit of the loose rock prohibited determination of the trend and plunge 

of the slickensides. 



Folds 

In the study area, three Precambrian deformation fold events 

are recognized based on three fold types. The oldest event, D^, is 

revealed by mesoscopic and macroscopic folds. The event is 

indicated by mesoscopic F£ folds. A single F^ fold, discernible only on 

a macroscopic scale, indicates the youngest event, D^. All folds in the 

study area are termed "antiforms" and "synforms" because stratigraphic 

succession is unresolved. 

Fj folds are recognizable on both the mesoscopic and macro

scopic scale. Fj folds are the oldest mapped fold phase and consist of 

deformed Sq and Sc surfaces. On a mesoscopic scale, the geometry of 

a particular F^ fold depends on the anisotropy of the folded unit and 

the difference in ductility between interbeds and the enclosing unit. 

Sequences with ductile and rigid layers of nearly equal thickness 

tended to be folded in a flexural (concentric to subconcentric) fashion. 

The flexural folding is most common in the metaquartzite-bearing 

dolomitic marble units (fig. 11). In figure 12, normal profile view 

analysis of the F^ fold shown in figure 11 reveals a class IC fold 

(Ramsay, 1967). Class 1C folds have slight thickening of the hinge 

area and slight thinning of the limbs. Flexural flow folding was the 

main mechanism for the fold in figure 11. Sequences with uniformly 

high ductility and a low degree of anisotropy best display F^ passive 

fold features. Sillimanite schist, some gneiss units, and many marble 

units were passively folded. 

Fj folds are tight to isoclinal to closed (figs. 13 and 14). The 

fold axes (A^) trend northwesterly and plunge at moderate to steep 
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Figure 11. Folded, boudinaged metaquartzite layer (MQ) in 
dolomitic marble (DM). — View is of a vertical N. 60° W.-S. 60° E. 
face. Fold axis of Fj fold is 42°, N. 30° E.; axial plane is N. 52° E., 
60° NW. Erasure for scale. See figure 12 for einalysis of this fold. 



Rotated image is from photograph in Figure II. 

Axial Plam 

Dip Isogon 
Limb Thickness(t|) 
Limb Inclination(a) 

a \  »  \  t/t0 

0° t0 0.37" 1 

75° t2 0.26" 0.70 

51° t, 0.30" 0.81 

40° t3 0.31" 0.84 

Class IA 

Class IB 

Class IC 

Class 2 

Class 3 

Figure 12. Normal profile view analysis of fold in figure 11. — a. Normal 
profile view of fold. b. Tabulation of limb thicknesses measured at various limb 
inclinations; t is measured in hinge region and is true thickness; t/t is relative 
thickness, c. Plot of relative thickness vs. inclination angle reveals a class IC fold. 



Figure 13. Flexural slip F, fold in dolomitic marble. — View is 
of a horizontal surface. Fold axis lA,) 50°, N. 1° W., axial plane (S,) 
N. 20° E., 84° NW. Minor fold is encircled. 



Figure 14. F, fold in sillimanite schist. — View is of a 
horizontal surface. Fold axis (A,) 60°, N. 14° W., axial plane (S,) 
76° E., 60° NW. 
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angles. The axial planes (S^) dip to the northwest at an angle in 

between the dip of the limbs. Mesoscopic fold wavelengths range from 

inches to tens of feet. 

F£ folds refold Sc and Sq planes and fold planes. The folds 

are tight to open. Flexural slip and flexural flow folding predominate, 

but passive slip occurred in some folds along spaced cleavage (S2K 

Most F2 folds bear a weak axial plane schistosity. 

The F2 fold axes (A£) plunge northeastward at moderate 

angles. In the study area , and A2 are not parallel. Axial planes 

(S2) dip steeply in the same direction as the most gently dipping fold 

limb. 

Parasitic folds are displayed in NWi sec. 4 and SW^SEi sec. 5. 

The folds were born at the onset of layer-parallel shortening. In NWi 

sec. 4 quartz-plagioclase layers in sillimanite schist have been para-

sitically folded and subsequently rotated due to flexural slip along Sc 

planes (fig. 15). The asymmetry of the folds, combined with nearby Sc 

surface orientations, indicates the presence of an antiform in the 

schist. 

Dolomitic marble outcrops in SWiSEi sec. 5 represent the core 

of the macroscopic Regal synform, an F^ fold. Cherty layers were 

folded during the onset of layer-parallel shortening but were left un-

rotated because of their location within the hinge region of F^. The 

cherty layers have retained crudely symmetrical box and circular shapes 

(fig. 16). The box forms resulted from buckling and rupture of rigid 

layers as if a layer of cardboard was folded within a sequence of tissue 

paper. 
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Figure 16. Crudely symmetrical box and circular folds in dolo-
mitic marble. — Layers were folded during the onset of layer-parallel 
shortening but were left unrotated because of their location within the 
hinge region of the Regal synform. The oblique northeasterly view is 
of a horizontal surface. 
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Two exploration applications of parasitic folds are important. 

First, the degree of symmetry of the parasitic fold indicates nearness to 

the macroscopic fold hinge. Symmetry decreases (asymmetry increases) 

away from the hinge because increments of flexural slip movement in

crease. Rotation and transposition of parasitic folds in macrosopic Fj 

fold limbs may have rendered some folds unrecognizable. The second 

application is the recognition of macroscopic folds on the basis of 

parasitic fold asymmetry. Fold asymmetry indicates flexure slip vec

tors. Parasitic folds on each limb of an otherwise unrecognizable fold 

reveal the fold as an antiform or synform. Axial planes within dolomitic 

marble were favored sites for talc mineralization. The use of parasitic 

folds to find "hidden" axial planes is therefore a powerful tool in talc 

exploration. 

Macroscopic Features 

Macroscopic features are those too large to be analyzed at a 

single outcrop. The determination of macroscopic features is carried 

out by using a small-scale synoptic view (aerial photographs) or by 

analyzing the sum total of mesoscopic features within a macroscopic 

domain. Domains are subareas of a map that are homogeneous with 

respect to their contained structural data. The domains are 

homogeneous if surfaces are folded cylindrically about one macroscopic 

fold axis. The study area was divided into three domains (fig. 17) on 

the basis of foliation directions and macroscopic fault locations. 
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Figure 17. Tectonic map of study area 
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Domain I 

In Domain I, Sc surfaces trend slightly east of north and dip 

steeply westward. The pi diagram plot for Domain I reveals a fold axis 

(A^ = iri) of 70°, N. 23° W. (fig. 18). The northeast-trending axial 

trace of a macroscopic synform, the Regal synform, is seen in SEi sec. 

20 in Domain I. In the study area, the axial trace of the Regal 

synform is offset by two major left-lateral faults, those which define the 

limits of the domains, such that the axial trace is also present in 

Domains II and III. Rock units show left-lateral drag at the northern 

limit of Domain I. 

Domain II 

Domain II, the smallest subarea, is a thin strip of land bounded 

on the northeast and southwest by strike-slip faults. The foliation 

strikes more northeasterly than that in Domain I because Domain II 

underwent clockwise coupling due to left-handed movements along the 

strike-slip faults (fig. 17). The pi diagram for Domain II yields a fold 

axis (Aj = iti) of 75°, N. 47° W. (fig. 19). 

The axial trace of the Regal synform crosses NWiNEj sec. 17. 

Another fold is inferred in SWi sec. 17 where a thin marble unit 

ends abruptly along strike. This marble band has a 2,200-foot left-

handed separation from the same thin marble unit in Domain I in which 

the marble is continuous for a mile of strike length. 

Domain III 

Sc planes in Domain III show a systematic change in strike due 

to refolding about a third fold axis (A^). The wavelength of the 
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Figure 18. Lower hemisphere equal-area plot of poles to meta-
morphically induced compositional layering (S ) in Domain I. — Plot 
reveals a Pi value of 70°, N. 23° W. c 
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Figure 19. Lower hemisphere equal-area plot of poles to 
metamorphically induced compositional layering (S ) in Domain II. -
Plot reveals a Pi value of 75°, N. 47° W. c 
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fold is measured in miles. The statistical pi value for Domain III is 

60°, N. 2° E. (fig. 20). The pi value is the attitude of A^. 

The axial trace of the Regal synform passes through Domain III 

and is also refolded by F^. Symmetrical parasitic folds (previously 

mentioned) indicate a hinge zone of the Regal synform in SWJSE^ sec. 

5. 

Northwest-trending Faults 

The major northwest-trending faults cross the study area as 

part of an extensive 18-mile-long fault zone (Garihan, 1979). In the 

study area, the faults are parallel and subvertical. The faults are 

conspicuously displayed in the field and on aerial photographs as lin

ear, silica-filled scarps. Major drainages are controlled by the faults, 

whereas tributary streams are aligned with foliation planes. 

At least three periods of movement occurred along the north

west-trending faults. The first episode displaced the folded meta-

morphic terrane during a Precambrian strike-slip event. The results of 

the second faulting episode are seen in the northern portion of the 

Ruby Range where Precambrian metamorphic rocks and Paleozoic sedimen

tary rocks are juxtaposed. The juxtaposition resulted from Laramide 

reverse faulting along the Precambrian planes of weakness. The last 

faulting episode was extensional and young enough to displace a Holo-

cene basalt flow. Grabens in fault splays also indicate Cenozoic normal 

faulting. 

Strike-slip separation is left handed. Variations in fault strike 

created restraining bends and releasing bends, sites of brecciation and 
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Figure 20. Lower hemisphere equal-area plot of poles to 
metamorphically induced compositional layering (S ) in Domain III. — 
Plot reveals a Pi value of 60°, N. 2° E. 0 



dilation, respectively. The best example of restraining bend brecciation 

is in SEi, sec. 17. Strike-slip movement produced gentle to open drag 

folds, especially in fine-grained dolomitic marble units (e.g., SW^SW* 

sec. 8). The left-handed nature of the movement produced clockwise 

rotation of S surfaces in Domain II, which is sandwiched between the c 

two major faults. 

The strike-slip separation is best estimated by realigning the 

displaced, near-vertical axial trace of the Regal synform. This method 

yields a 4,500-foot left-handed separation for the northern fault and a 

4,000-foot left-handed separation for the southern fault—a total of 8,500 

feet of left-handed offset in the study area. Once the axial trace of 

the Regal synform is realigned, it becomes apparent that the outcrop 

width of the folded schist is greater on the north side of both strike-

slip faults. When a normal fault cuts across a syncline, outcrops of 

units in the downthrown block are displaced away from the axial trace. 

Similarly, a faulted synform will exhibit a wider outcrop in the down-

thrown block. The dip-slip separation on each fault can be- estimated 

by using the basic idea of outcrop displacement. The geometry of the 

synform is drawn in a vertical cross section that lies in the plane of 

the strike-slip fault. The cross section is drawn to portray the portion 

of the synform with the widest outcrop as measured along the strike-

slip fault, that is, the cross section displays the synform in the down-

thrown block. A horizontally aligned plastic scale is moved vertically 

down the cross section until the value read is equal to the outcrop 

width of the synform in the upthrown block. A horizontal line is drawn 

to simulate the topographic truncation of the upthrown block. The 
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vertical distance between the two outcrop-width levels is the estimate of 

the dip-slip separation. Topographic variations between the outcrop-

width levels are added or subtracted as required from the separation 

obtained. By this method, 3,300 feet of dip-slip movement is estimated 

for the northern fault and 4,200 feet on the southern fault. On each 

fault the north side is down. 

Stress Orientations and Talc Formation 

An understanding of the timing of talc mineralization can be 

gained by analyzing the present-day principal stress axes orientations 

of the deformational events. 

Event 

Figure 21 shows the principal stress direction in each domain 

for the Dj event. The fabric is unrotated because the objective is to 

view stress orientation in present-day x,y,z space. The axis of min

imum stress, 03, is the axis of elongation-tension. The axis of maximum 

stress, ai, is the axis of compression. The axis of intermediate stress, 

02» is mutually perpendicultar to the axes of 03 and o^. Talc deposits 

are oriented parallel to Sc and surfaces, the 02—03 plane, which was 

the plane of flattening, and the plane perpendicular to maximum stress 

(oj) during Dj. Mineralizing fluids would not be expected to migrate 

to dolomitic marble and subsequently replace it along this plane of 

maximum compression during the event. The penetrative structural 

features parallel to the 02-03 plane would be ideal avenues of 

permeability and sites of mineralization in a subsequent stress field of 

differing orientation. 
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Figure 21. Unrotated principal stress directions for deforma-
tional events in the study area. — stresses (<Ji, a2, cr3) are shown 
for each domain. The 03 orientations are taken from the Pi values in 
figures 18, 19 and 20. Number in parentheses is the pitch of iri on the 
03-02 plane (axial plane S^). tt2 is an approximation for the average 
orientation of F2 fold axes. F£ folds are mesoscopic so they do not fold 
macroscopic fabric. ir3, a macroscopic fold axis, is the pole to the 
plane that contains the axis of aj for each domain. 



Event 

F£ folds are much less common than folds. The folds 

observed have fold axes (A£) of approximately 50°, N. 20° E. (fig. 

21). The orientations of a\ and 02 were not plotted for D£ on figure 

21 because of the limited exposure; however, a3 is directed at 50°, 

N. 20° E., so ai pierces the stereonet's southeast quadrant and 02 

pierces the southwest quadrant. stress orientations are similar to 

those of Dp except that 03 is directed more northeasterly and at a 

shallower plunge. 

In one exploration trench, talc is seen as a replacement of a 

2-inch dolomitic marble layer that is bounded by Sc surfaces (fig. 22). 

The layer is flexurally folded into an open F£ fold that plunges 59°, N. 

19° E. It is difficult to determine whether the layer was replaced 

before or during D£ because stress orientations of D£ are not incom

patible with the idea of mineralizing fluid migration in this particular 

structure during D^. 

Event 

A third folding episode is revealed stereographically because 

the axes of Oj for the three domains line up on a great circle to which 

tr3 (20°, N. 25° W.) is the pole (fig. 21). The cylindrical arrangement 

of a 1 axes indicates the folding of by the event. The geologic 

map of the area, figure 23 (in pocket), shows the west limb of a large 

antiform becoming more northeasterly as the northern limit of the 

mapped area is approached. The open fold, F^> refolds all earlier 

structural fabric. It is believed that talc formed before this event. 
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Figure 22. F^ fold exposed on a vertical trench wall in 
talc-replaced dolomitic marble. Fold axis (A?) 59°, N. 19 E. 
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Northwest-trending Faults 

Figure 24 shows the principal stress orientations obtained from 

three conjugate strike-slip fault pairs in Domain I. The axis of ai is 

horizontal and varies between N. 35° W. and N. 70° W. The axis of a3 

is horizontal and varies between N. 20° E. and N. 55° E. The axis of 

a2 is vertical. Talc deposits that formed during or soon after the 

strike-slip event would be expected to prefer the a^—02 plane as a 

mineralization site because the plane is perpendicular to the extensional 

axis. Talc deposits show no affinity for this stress field. Diabase 

dikes, however, do fill 01-C2 planes. The dike ages (1700 m.y to 1100 

m. y.) set a minimum duration for the stress arrangement shown in 

figure 24. 

Summary 

Talc deposits are seen as layers, veinlets, and stringers that 

are controlled by Sc and planes (©2 - 03 planes). Talc mineraliza

tion probably occurred before or during the event. Mineralizing 

fluids may have been generated by pressure solution removal of material 

in quartz-rich sediments during D-^ passive folding. 

Figure 21 shows values in parentheses near it 1 fold axes. 

These values are the pitch of the irj axes on the plane (the 02 ~ o3 

plane). If a favorable bed is sought in the axial plane of a large F^ 

fold, the pitch angle should be kept in mind during inclined hole 

drilling. 

Talc mineralization is apparently unrelated to the northwest-

trending faults along which both strike-slip and dip-slip movements 
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have occurred. In some areas (SWi sec. 20), fault truncations of talc-

bearing marble have been misinterpreted as a mineralization control 

(Garihan, 1973a, p. 186) instead of being viewed as an ore displacer. 

The dip-slip displacement along the northwest-trending faults must be 

kept in mind during talc exploration; for a single displaced talc body 

to crop out on both sides of a fault, the talc body must have an un

likely downdip extent of 3,000 feet. If a favorable zone is discovered 

on one side of a fault, the displaced zone should be thoroughly exam

ined. Even though a 3,000-foot downdip extent of a single talc body is 

unlikely, a favorable horizon could have many talc zones within the 

3,000-foot displacement. 



CHAPTER 4 

METAMORPHISM AND TALC FORMATION 

The study area exhibits mineral assemblages of two metamorphic 

facies. An amphibolite facies event attained maximum temperatures and 

pressures after the first deformation event (D^). A greenschist facies 

event during which talc was formed began before the second deforma-

tional event (D^^ and ended during the period of diabase dike emplace

ment. The greenschist facies conditions may have been part of a 

single, long-lived event or separate events of shorter duration. Field 

evidence does not conclusively indicate whether the greenschist facies 

event is a retrograde continuum of the amphibolite facies event or a 

distinctly later event. 

Amphibolite Facies Event 

On a megascopic scale amphibolite-grade conditions are indicated 

by: 

1. Calc-silicate assemblages derived from calcareous sandstone. 

2. Sillimanite-almandine-andesine-quartz-biotite schist derived from 

pelitic rocks. 

3. Hornblende-andesine ("salt-and-pepper") amphibolites derived 

from dolomitic shales. 

Dahl (1977) established that upper amphibolite conditions were 

695°C to 795°C and 6 to 8.5 kilobars. His work consisted of electron 

53 
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microprobe geothermometry and geobarometry on rocks from the Kelly 

iron deposit. Oxygen isotope work by Ross and others (1969) on 

quartz-magnetite pairs from iron formation samples indicates a minimum 

temperature of 620°C for the amphibolite facies event. Figure 25 sum

marizes pressure and temperature limits proposed by earlier workers. 

Smith's (1980) amphibolite metamorphism field is based on thin-section 

determination of equilibrium and disequilibrium assemblages. Garihan's 

metamorphic field is bounded by the: 

1. Kyanite-sillimanite boundary. 

2. Minimum melting curve for granite. 

3. Formation of sillimanite and potassium-feldspar from quartz and 

muscovite in pelitic rocks. 

The presence of migmatites indicates the formation of granitic 

solutions by partial melting. Garihan (1973a) stressed the importance 

of the following reaction for the metamorphism of pelitic sediments in 

the Ruby Range: 

muscovite + quartz -*• sillimanite + K-feldspar + I^O 

If the anatexis (or partial melting) and sillimanite formation are assumed 

to be synchronous, the lower temperature limit for upper amphibolite 

metamorphism is 670°C. 

Timing of the Amphibolite Facies Event 

In the western half of the Ruby Range two megascopic features 

help to temporally coordinate the amphibolite event with the deforma-

tional events. Garihan (1973a) noticed that granulite dikes cross cut 
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Figure 25. Temperature-pressure diagram for amphibolite-
grade metamorphic conditions in the Ruby Range. — Diagram slightly 
modified from Smith (1980). Kyanite (KY)—sillimanite (SL)—andalusite 
(AN) fields from Holdaway (1971). Granite melting curve after Thomp
son and Algar (1977). Curve for muscovite (m) + quartz (q) = silli
manite (SL) + K-feldspar (KF) + water after Beach (1973). 



S and S, surfaces. The dikes indicate the intrusion of basic rocks c 1 

during upper amphibolite metamorphism but after the event. The 

basic dikes were metamorphosed to granulite dikes in areas of low q 

2 
or in areas of elevated temperatures during upper amphibolite metamor

phism. In some areas the granulite dikes were deformed by D2. 

The second megascopic feature is common throughout the pres

ent study area: Sillimanite schist crystals in a single outcrop may be 

aligned with Aj and a few feet away may be radial about a point. In 

both cases, the crystals lie in the Sc (or S^) plane. Crystals aligned 

with indicate crystallization in or subsequent rotation into the axis 

of minimum stress, which was the direction of maximum elongation dur

ing D^. Radial arrangements indicate crystallization in the plane of 

flattening (the 03 - 02 plane or S^) during waning deformational 

intensity. 

The arrangement of sillimanite crystals therefore reveals that 

upper amphibolite conditions began during and continued throughout 

the waning stages of D.,. The orientations of upper amphibolite facies 

minerals bear no relationship to stress axes. The absence of this 

relationship and the F£ folding of granulite dikes each indicate that 

upper amphibolite conditions ceased before the D£ event. 

Greenschist Facies Event(s) 

One or more greenschist facies metamorphic events are indicated 

by: 

1. Chlorite as an alteration product of biotite. 

2. Mica as an alteration product of feldspar. 
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3. Epidote as an alteration product of plagioclase. 

4. Talc replacing dolomite. 

The purpose of analyzing the greenschist facies event was to 

develop a model for talc formation. The most pressing question in an 

exploration geologist's eyes is "Where did the mineralizing solutions 

come from?" It is important to bear in mind that multiple greenschist 

facies events may have occurred and that talc-forming processes may 

have differed throughout the Ruby Range as a function of structure, 

dolomitic marble mineralogy, and the mineralogy of rocks adjacent to 

dolomitic marble. 

The Talc-forming Reaction 

The talc-forming reaction proposed by many investigators is: 

3CaMg(C03)2 + 4Si02 + H20 Mg3Si4O10(OH)2 + 3CaC03 + 3CC>2 

dolomite quartz talc calcite 

The reaction involves the five-component chemical system of CaO, MgO, 

Si02> C02, and H20. Figure 26 illustrates the composition triangle of 

CaO—Mg0-Si02. In figure 26 the above reaction is labeled as Reaction 

B. The original rock consisted of only dolomite and quartz. Because 

the rock's composition lies on the talc-calcite tie line, the quartz and 

dolomite are eliminated in the reaction: talc, calcite, and a H-,0—C02 

fluid phase are the products. Reactions A, C, D, and E, on figure 26 

show the effect of host rock composition. For example, Reaction A 

shows that a rock consisting of calcite, quartz, and dolomite will react 

to form calcite, talc, and quartz. The reaction will proceed until 
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Figure 26. Equilibrium relations within the system CaO-MgO-
SiC^-Cl^Ot- CC^) before and after the formation of talc. — Individual 
reactions designate the specific assemblage of the reactants and pro
ducts. Drill cuttings with appreciable amounts of talc plot in the 
stippled region and are in equilibrium with the quartz-talc-dolomite 
assemblage. Note the amount of introduced quartz required for Reac
tion B. 



dolomite is eliminated. Dolomite, quartz, and calcite are stable together 

in the presence of a fluid phase to temperatures up to 300°C— 400°C 

(Ehlers and Blatt, 1980). The exact temperature is a function of fluid-

phase composition and pressure. The 300°C value sets the minimum 

temperature for talc formation. 

Reaction B (fig. 26) requires that the original dolomitic marble 

is 30 percent by weight quartz. Dolomitic marble units rarely have 

quartz in this proportion. A typical dolomitic marble unit with 

numerous metaquartzite intercalations is 10 percent quartz. Figure 26 

shows that marble with 10 percent quartz requires an introduction of 

2.94 moles of quartz per 3 moles of dolomite to proceed with Reaction 

B; therefore, 73.5 percent of the reacted quartz is introduced. For 

every ton of talc that replaced dolomitic marble, 933 pounds of quartz 

would have been introduced. Fieldwork indicated that the metaquartzite 

layers did not make major quartz contributions for talc formation, so 

the 933 pounds of quartz per ton of talc is a conservative (low) value. 

The talc-forming system must have been an open system with metaso-

matic introduction of quartz. 

The stippled area in figure 26 is the equilibrium assemblage 

most common in the study area. Dolomite, talc, and quartz are the 

three mineral species seen in dolomitic marble units that have been 

partially replaced by talc. Calcite is absent near talc bodies. The 

removal of calcite means that the present-day volume of talc-replaced 

dolomite is 68 percent of the original volume if the assumptions are 

made that all of the quartz is introduced in Reaction B and that 

present-day porosity roughly equals original dolomitic marble porosity. 
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If none of the quartz in Reaction B is introduced, the present-day 

volume of talc-replaced dolomite is 43 percent of the original volume. 

Talc was formed after so only deformation can be called upon to 

reduce volume. passive folding, a mechanism by which material 

could have been removed, is not seen in the dolomitic marble units. 

Volume reductions of 32 percent (100% - 68%) to 52 percent (100% - 48%) 

could not have been produced by the folding and deformation style of 

It is doubtful, therefore, that Reaction B best describes talc 

formation in the study area. 

The stippled area in figure 26 requires that Reactions D and E 

be modified to contain excess dolomite in lieu of calcite. The implication 

in the modified D and E reactions (quartz + dolomite -»• dolomite + talc + 

quartz) is that the reactants were available but for some reason the 

reaction proceeded slowly: Greenschist facies conditions ended before 

the reaction could go to completion. In sequences where talc formation 

in an originally pure dolomitic marble (no quartz) kept pace with quartz 

introduction, the rock composition would have migrated talc-ward along 

the dolomite-talc tie line until the lone species remaining was talc (fig. 

26). If silica was introduced faster than the talc reaction rate, the 

rock composition would have veered from the dolomite-talc tie line into 

the stippled region. 

A complication heretofore unaddressed is open-space filling by 

talc within dolomitic marble units. Open-space deposits in the study 

area are best seen as 1/16- to 1/4-inch-thick concordant talc veinlets 

that fill Sc and foliation planes (fig. 27). Structurally, these 

veinlets indicate that talc formed after D^. Compositionally, the 



Figure 27. Open-space filling by talc along a foliation plane 
fine-grained dolomitic marble. 



veinlets indicate that MgO was in solution and was able to react with 

quartz and water to form talc. For comparison, figure 28 shows 

dolomitic marble replaced by talc in a low-pressure site developed 

during D^. 

Up to this point three major inconsistencies have been drawn 

between field evidence and Reaction B, the oft-quoted talc reaction: 

1. Calcite bodies are notably absent near talc deposits. 

2. The removal of calcite means that a talc-replaced dolomitic 

marble, which originally had no quartz, is 68% of its original volume. 

Field evidence to support this volume decrease has not been found. 

3. The reaction does not account for open-space filling by talc 

(fig. 27). 

A reaction for talc formation is put forth here to accommodate 

the deficiencies in Reaction B and to comply with the dolomite-quartz-

talc assemblage seen in the field. The reaction and its main features 

are summarized as follows: 

2 dolomite + (x)Mg++ + H_0 + (l-x)Mg++ + H-O + 4SiO? 
I v/—J I ^ 

pore fluid in introduced 
dolomitic marble 

* talc + 2HCC>3" + 2C02 + 2Ca++ 

where: x is less than or equal to 1. 

volume of replaced rock = 149 cc 

minimum original porosity of replaced rock = 12% 

volume of products = 135 cc. 



Figure 28. Talc replacement of a synform in dolomitic marble 
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porosity of products = less than 5%. 

volume change = a decrease of 4.7% to 9.4%. 

For each ton of talc produced, 1,270 pounds of quartz were 

introduced into the dolomitic marble. The amount of quartz required 

precludes small rock bodies, like pegmatitic intrusions, as a source of 

•f+ •) •)" 
quartz. The amount of introduced Mg depends on the amount of Mg 

in the pore fluid. 

Origin of Talc-forming Solutions 

Silica was introduced into the dolomitic marble under green-

schist facies conditions (300°C-400°C, 3-4 kbars) to form talc. Deter

mination of the origin of the aqueous silica-rich solutions is critical to 

the development of a talc exploration model. 

Previous workers have submitted the Dillon granite gneiss to be 

an anatectic melt that provided quartz for talc formation in dolomitic 

marble. The Dillon granite gneiss displays Sc planes and D^ deforma-

tional features. Intense D^ deformation of the gneiss indicates that 

crystallization of the igenous protolith occurred not only before the 

greenschist facies event but also before the peak of the amphibolite 

facies event. The Dillon granite gneiss may be a metasedimentary rock 

and not an anatexitc that formed a short time before the amphibolite 

event peak during the waning stages of D^ deformation. Another pos

sibility is that the protolith of the Dillon granite gneiss is an igneous 

rock body emplaced at the time of the event that produced Sc planes. 
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In any case, subsequent partial melting of the gneiss during the peak 

of the amphibolite event may have produced silica-rich solutions. 

Berg (1979) described a cation transfer situation between dolo-

mitic marble and quartzo-feldspathic gneiss to explain the origin of some 

of the chlorite deposits in Montana. Chlorite formed in the gneiss by 

•| | 

the introduction of dolomite-derived Mg ; talc formed in the marble by 

the introduction of gneiss-derived quartz. In the study area, talc de

posits are not spacially related to the outcrops of Dillon granite gneiss. 

The cation transfer idea is still worth keeping in mind with respect to 

other silica-rich rocks adjacent to dolomitic marble. 

As previously mentioned, pegmatitic rocks are volumetrically too 

insignificant to have provided quartz for talc formation. The older 

pegmatites parallel Sc planes and were deformed by D^. Talc formation 

postdates these older pegmatites. The younger pegmatites are unfolded 

and unmetamorphosed and postdate talc formation. 

Talc deposits in the study area are all near sillimanite schist 

units. During the greenschist facies event, the quartz-plagioclase-

biotite-almandine sillimanite schist should have favored chlorite over talc 

as a metamorphic mineral. In NE}SW* sec. 8, trenches revealed 1-2-

inch pods of talc in sillimanite schist (figs. 29 and 30). Drilling 

confirmed dip continuity of this talc-bearing zone. The mineralized 

sillimanite schist in figures 29 and 30 constitutes a steeply dipping 

footwall rock beneath talc-bearing dolomitic marble. The schist contains 

roughly the same amount of talc as the dolomitic marble. Whole-rock 

analysis of drill cuttings from the mineralized schist yielded the 

following data: 
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% by weight % by weight 

MgO 4.8 KzO 3.92 

A12C>3 18.0 Fe2°3 2,00 

SiOz 58.1 FeO 4.90 

CaO 0.66 HzO 2.40 

NazO 3.7 

The sillimanite schist contains 5 percent by weight talc. The MgO 

content  due  to  the  ta l c  a lone  i s  1 .6  percent .  The  remain ing  MgO (4 .8% 

- 1.6%) is tied up in biotite. The 3.2% MgO allotted for biotite means 

that the schist is about 10 percent biotite. If talc formed in the schist 

under  i sochemica l  cond i t i ons ,  33  percent  o f  the  to ta l  MgO (1 .6%/4 .8%)  

was available for talc formation. Biotite alters to chlorite, not talc, so 

MgO made available by biotite alteration should favor the formation of 

chlorite. MgO was probably derived from the overlying dolomitic marble 

under open chemical conditions instead of from within the schist itself 

under isochemical conditions. The sillimanite schist contributed quartz 

for the talc-forming reaction in the dolomitic marble. The system was 

one of cation transfer across the lithologic boundary. 

A driving mechanism must have been present to induce cation 

transfer between the schist and the marble. The ACF plot in figure 31 

illustrates the common greenschist facies assemblages in the schist and 

the marble. The schist contains greenschist facies minerals along the 

muscovite-talc line. The marble has a dolomite-chlorite-talc greenschist 

facies assemblage. These two assemblages can exist as stable side-by-

side rocks if the rock compositions lie near the chlorite-talc line, as 
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MUSCOVITE 

Muscovite- Chlorite-Talc 
assemblage in schist 

Region of stability between 
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c 
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1 = Dolomitic Marble; 60% Talc 
2 = Dolomitic Marble: 84% Talc 

3 = Sillimanite Schist' 5% Talc 

Figure 31. ACF plot showing common greenschist facies assem
blages in the schist and the marble. — Samples of drill cuttings are 
plotted as a numbered X. 



70 

does sample 3 on figure 31. Two talc-bearing dolomitic marble samples 

are plotted on the ACF diagram. Dolomitic marble sample 1 plots far 

from the chlorite—talc line; therefore, the dolomitic marble sample was 

unstable with respect to the adjacent schist during greenschist facies 

metamorphism, and a compositional gradient existed between the two 

units. Because Al+++ was probably immobile, the talc-bearing dolomitic 

marble could only be shifted talc-ward along the dolomite-talc line. The 

talc pole is therefore the point at which the two talc-bearing marble 

samples would each be in equilibrium with the schist. Movement of SiO^ 

across the lithologic boundary would have been required to "move" the 

marble samples' compositions toward the talc pole. At the same time 

MgO might have migrated from the marble to the schist to move the 

schist's composition toward the talc pole. 

In the study area, talc formed in dolomitic marble and the in 

sillimanite schist when MgO and SiC^ were transferred in aqueous solu

tions across lithologic boundaries during greenschist facies metamor

phism. Any feature, lithologic or structural, that induced permeability 

or created sites of low pressure was a favorable site for fluid migration 

and talc mineralization. The features include axial planes, foliation 

planes, bedding planes, lithologic contacts, and coarse-grained dolomitic 

marble. 

Timing of the Greenschist Facies Event (s) 

Megascopic field relations can be used to establish relative 

timing of talc formation. Talc mineralization was structurally controlled 

by deformation features but not by active principal stresses. 
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Talc layers are folded by the D2 event and faulted along strike-slip 

faults. Diabase dikes range in age from 1100 m.y to 1700 m.y with the 

oldest unmetamorphosed dike 1450 m.y old (Wooden and others, 1978). 

Diabase dike truncations of dolomitic marble did not act as a mineral

ization control. These facts taken together indicate that greenschist 

facies conditions began before and ceased during diabase dike em

placement. It is not clear if the time span represents a single long-

lived event or a series of discontinuous events. It is also unclear as to 

whether the event is a retrograde continuum of the amphibolite event or 

a distinctly later event. The talc-forming episode began before D^ and 

stopped before or around the 1700-m.y. date, the age of the oldest 

dated diabase dike. 



CHAPTER 5 

MONTANA TALC EXPLORATION 

In the Montana talc district, successful talc exploration methods 

have been limited to talc float chip prospecting, geologic mapping, 

trenching, and drilling. Stream sediment sampling of talc from Jasmine 

Creek, a creek in a timbered area of the Greenhorn Range (NEiSE^ 

sec. 10, T. 8 S., R. 4 W.), was performed by Berg (1979). Talc 

tends to persist in streams as a very fine particulate (2 to 4 microns) 

because talc is easily abraded, soft, and chemically stable. The fine 

grain size means that X-ray diffraction or infrared spectroscopy is 

required to positively identify talc. During this project, a soil 

sampling exploration method was field tested by A. M. Blount of the 

Newark Museum, Newark, New Jersey, for possible application in heavi

ly wooded areas where talc chips are obscured by fallen leaves and 

other organic debris and for application in areas of 0-5 feet of colluvial 

cover. 

I know of only one exploration geophysical survey performed in 

search of subsurface Montana talc deposits. The survey was apparently 

an electromagnetic (EM) survey that met with no success. The work 

was done over ground of unknown potential, so it is unclear whether 

the method failed or whether talc was absent. 

Exploration efforts during this program were designed on the 

basis of the structural geology outlined in Chapter 3, the talc-forming 

72 



73 

theories put forth in Chapter 4, and the evaluation and reevaluation of 

exploration data as it was received. 

Grass-roots Reconnaissance 

Talc formed in southwestern Montana during a pre-Beltian 

greenschist facies metamorphic event, so areas of pre-Beltian outcrops 

were the principal grass-roots exploration targets. Five mountain 

ranges in southwestern Montana were considered as viable exploration 

targets due to their literature-cited, pre-Beltian Cherry Creek out

crops. These mountain ranges are the Tobacco Root Mountains, the 

Ruby Range, the Greenhorn Range, the Gravelly Range, and the 

Madison Range (fig. 1). Only the Madison Range does not have pre

viously or presently active talc mines. 

Areas of known or suspected Cherry Creek outcrops were 

"walked out." Locations with possible talc-associated features were 

marked on topographic maps. The sought-after talc-associated features 

include: 

1. Thick, continuous, coarse-grained dolomitic marble units. 

2. Dolomitic marble units with structurally induced permeability. 

3. Greenschist facies silicate minerals (talc, chlorite, serpentine) 

in the dolomitic marble that indicate the introduction of silica-rich 

fluids. 

4. Topographic lows that may correspond to nonresistant talc-rich 

areas or altered dolomitic marble. 



5. Concentrations of talc chips in the soil. Talc breaks down 

physically but is quite stable chemically; therefore, small talc bodies 

are reflected by a disproportionately large amount of talc in the soil. 

On the basis of these criteria, land status, and accessibility, the west 

flank of the Ruby Range was chosen as one site for district-level 

exploration. 

District-level Work 

Areas left largely unexplored during reconnaissance work were 

mapped on 1:20,000 aerial photographs. Large talc float areas dis

covered during reconnaissance mapping were mapped in detail at scales 

of 1 inch = 50 feet, 100 feet, or 200 feet. Blount's soil sampling 

method was field tested for its possible application as a district-level 

and target-level exploration method. The purpose of the district-level 

work was to designate trenching targets. 

Aerial Photographic Work 

Cherry Creek dolomitic marble units show up on aerial photo

graphs as light-toned, conifer-bearing ridge formers. Foliation is well 

displayed on aerial photographs due to differential weathering along Sc 

and Sj surfaces. Macroscopic structure identification is facilitated by 

the use of marble units as marker beds. 

Field mapping on an aerial photographic base was performed 

using standard mapping practices when nondolomitic marble units were 

being mapped. Mapping dolomitic marble units on aerial photographs 

consisted of walking traverses that were 200 feet apart and aligned 
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perpendicular to the strike of Sc and surfaces. The talc-associated 

features sought in reconnaissance mapping were also those mapped dur

ing the aerial photographic work. Large areas bearing talc-associated 

features were subsequently mapped in detail, whereas smaller areas 

were trenched. 

Detail Mapping 

Detail mapping was performed on areas that contain some or all 

of the five talc-associated features sought in the grass-roots exploration 

phase. Mesoscopic structures, talc float areas, zones of alteration, and 

geologic contacts are the principal features shown on the detail maps 

(fig. 32, in pocket). Uphill limits of talc float chip zones were plotted 

to determine the surface-projected location of the source talc layers. 

In most areas, designated trench sites extended for some distance uphill 

from the uphill limit of talc float. Geometric descriptions of the struc

tural fabric were also performed to aid in the design of drilling pro

grams. Figures 33 and 34 are pi diagrams for the Reagan's Ridge 

property (fig. 32). 

Soil Sampling 

Much of the potential talc-bearing bedrock underlies thousands 

of acres of heavily timbered terrane. Thick organic-rich layers pro

hibit rapid detection of talc in the soil. Systematic sampling of the 

soils may provide a means to rapidly explore for talc on a district-level 

scale. Other areas have colluvial blankets up to 10 feet thick. The 

soil sampling method allows colluvial blankets of less than 5 feet thick 
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0- 5% 

© 5 -10% 

© 10- 15% 

0  > 15% 

Figure 33. Lower hemisphere equal-area plot of poles to foli
ation planes (S ) on north Reagan's Ridge. — North Reagan's Ridge is 
the area north of the right-lateral fault shown in the southwest corner 
of figure 32 (in pocket). Plot reveals a Pi value (fold axis) of 70°, W. 
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© 10- 15% 

0 > 15% 

Figure 34. Lower hemisphere equal-area plot of poles to foli
ation planes (S ) on south Reagan's Ridge. — South Reagan's Ridge is 
the area south 'bf the right-lateral fault shown in the southwest corner 
of figure 32 (in pocket). Plot reveals a Pi value (fold axis) of 48°, N. 
53° W. 
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to be penetrated so that residual, weathered bedrock can be analyzed 

for the presence of talc. 

A soil analysis method was field tested in the study area during 

the summer of 1983 by A. M. Blount and John King, one of her gradu

ate students. Sample sites were spaced 50 feet apart; traverses were 

perpendicular to strike and 100 feet apart (fig. 35). Dolomitic marble 

forms strike ridges; therefore, traverses were usually directed up and 

down hill slopes (fig. 36). The muscle-powered sampler obtained £-in.-

diameter samples in 12-in. intervals (figs. 37). It was usually neces

sary to sample two holes per site because any rock chip that exceeded 

the £-in. diameter of the sampler would stop the sampler's downward 

penetration. Soil composition and color were used to distinguish be

tween bedrock barriers and rock-chip barriers. Blount used X-ray 

diffraction to analyze the insoluble residues of each interval. 

A future application of this method may be the sampling of soils 

on an aerial photographic scale for quick and cost effective exploration 

of concealed dolomitic marble units, many of which have remained un

explored for years. A second application is at the detail map scale. 

An array of talc percentages in soil could be obtained and used in con

junction with surface geology to design trenching and drilling pro

grams . 

Trenching Program 

Promising areas outlined during detail mapping were trenched 

with a small backhoe. The shallow trenches were 50 to 300 feet long 

and perpendicular to foliation (figs. 38 and 39). The purpose was not 
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70. 

flo' 

I inch = 200 feet 

Figure 35. Soil analysis sample grid. 



Figure 36. Soil analysis traverse. — Sample locations are 
encircled. Foliation dips steeply into the page. 

Figure 37. Soil sampler and extender. — Sampler collects a 
12-inch column of soil for each increment of penetration. 



81 

Figure 38. Exploration trench in dolomitic marble. — Trench is 
3 feet wide. 

Figure 39. Array of exploration trenches in dolomitic marble. 
— Trenches are aligned perpendicular to foliation, which dips steeply 
into the photograph (westerly). Cows in foreground provide relative 
scale. 
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to obtain a three-dimensional view but to remove the 1 to 7 feet of 

overburden and to map bedrock. 

Trench maps reveal that some sillimanite schist units have large 

amounts of dark-green talc near the dolomitic marble contact (figs. 29 

and 30). The adjacent dolomitic marble is also mineralized. The 

quartz-plagioclase-biotite-almandine-sillimanite schist is too deficient in 

MgO to have allowed replacement or open-space filling by talc without 

the introduction of MgO. The trenches indicate that aqueous solutions 

permeated the marble—schist contacts. Quartz and water were added to 

the dolomitic marble and MgO and water to the sillimanite schist. The 

MgO may have been derived from convecting solutions that leached the 

dolomitic marble or from high-Mg pore fluid originally within the 

dolomitic marble. The transfer of cations across the lithologic boundary 

explains the formation of chlorite and talc in the quartz-poor dolomitic 

marble and the formation of talc and serpentine in the magnesium-poor 

schist. 

Another trench that contained a schist—marble contact revealed 

intensely silicified dolomitic marble that has 1/8-in. talc blebs, biotite, 

and chlorite. A 10-foot-thick zone of dark-green talc intergrown with 

quartz separates the silicified dolomitic marble from the schist. The 

quartz—talc zone may indicate that quartz was an excess reactant in the 

replacement of dolomitic marble by talc. Irregular silica-rich masses are 

common throughout the exploration area. The masses could be excess 

quartz from the talc-forming reaction, or the features could be posttalc, 

silica-rich igneous bodies that intruded along the same avenues of 
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structural permeability as the talc-forming solutions. In either case, 

the silica masses are a favorable exploration guide. 

During the exploration program over 5,000 feet of trenching 

were mapped at a scale of 1 inch = 20 feet. The location of drill holes 

was based on the trench data and on large-scale (1 inch - 100 feet) 

maps. 

Percussion Drilling Program 

The drilling program was designed to extend the known limits 

of talc layers and altered dolomitic marble horizons 40 to 100 feet 

downdip and 20 to 50 feet along strike. If the horizons showed widen

ing with depth or persistence with depth, second-phase drill holes were 

designed to obtain rough limits on the mineralized horizon. Although 

ore deposits of 1,000 feet or more in strike length are desirable, 

first-phase percussion drilling must be performed on 20-50-foot inter

vals because of the deformation of dolomitic marble horizons. 

A down-the-hole pneumatic hammer was used to drill 3,100 feet 

on a one-shift basis at an average cost of $7.38 per foot. This drilling 

method provided a quick, cost-effective means of obtaining subsurface 

data. 

Drilling Apparatus 

The down-the-hole pneumatic hammer was actuated by a 100-

psi, 250-cfm, diesel-powered air compressor. A small motor rotated the 

BQ drill steel and the rock drill to achieve an ideal penetration rate of 

i inch per revolution. The hammer was slightly larger than the drill 

steel to create a £-in. annulus through which the cuttings escaped. 



The down-the-hole pneumatic hammer was a Belgium-made Stenwick 

Model ASS655. The 2 3/4-inch bit had 3/8-inch tungsten carbide but

ton inserts. For this exploration project the button bit was chosen 

over a star or cross bit because the button bit made smoother walls, 

performed well at low air pressures, and had modest air consumption. 

The hammer had a "down to drill and up to blow" valve that provided 

extra air to clear the drill holes of cuttings; however, the air exhaust 

while drilling was usually adequate to remove cuttings. Vertical motion 

of the drill train was afforded by a shell (a motorized slide arrange

ment) from a Gardner-Denver wagon drill. Figure 40 is a schematic 

diagram of the drilling system employed. 

Drill Cutting Flow 

In turbulent flow the terminal velocity of a particle varies as 

the square root of its diameter. Because the updraft of the air medium 

must exceed the terminal velocity of the transported particles, it is 

beneficial to produce finer cuttings. It was calculated that in the blow

ing position air carrying no particles should travel up the hole at a 

theoretical (frictionless) rate of 167 feet per second (fps). In a 300-

foot-deep hole it took 22 seconds for the cuttings to reach the collar. 

The cuttings therefore traveled 14 fps and the apparent terminal velo

city of the particles was 153 fps (167 fps - 14 fps). The average par

ticle size was 0.02 inches in diameter. Particles of this size have a 

terminal velocity of 60 fps. The disparity between the 60-fps value and 

the 153-fps value is due to friction between the rising air column and 
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Figure 40. Schematic diagram of percussion drilling system 
employed. — No scale implied. 
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the wall. Friction apparently decreased the velocity of the air column 

to about 74 fps. 

Talc-rich cuttings tended to pelletize into 1/16-in.- to 1/8-in.-

diameter balls. These balls clung to the circumference of the hole, 

thereby decreasing the annulus through which cuttings flowed. The 

decrease in annulus volume meant that the surface area-to-volume ratio 

of the air column increased. The increase of this ratio resulted in an 

amplified frictional effect on the rising air column. The pelletization 

caused the velocity of the air column during drilling to be insufficient 

to lift the talc. The hole had to be "blown" more often in talc-rich 

holes to keep the doughnut of talc pellets to a minimum thickness and 

to lift the talc pellets and coarser cuttings. 

Cutting Retrieval 

A sideways "tee" was placed above the collar. The drill steel 

moved vertically through the tee's long leg, which had a rubber gland 

at the top to deflect the cuttings into the tee's short leg. The cuttings 

were piped to a cyclone where they lost velocity and fell into a bucket. 

Cuttings were obtained continuously and were analyzed in increments of 

5 feet. The collection bucket under the cyclone was emptied every 2\ 

feet. A 30-inch section of rock weighed about 18 lb and had a volume 

of about 178 in.3. As cuttings, this 30-inch section occupied the 

bottom 4 inches of a 5-gallon bucket. During drilling, the volume was 

watched closely to ensure that a talc doughnut was not building up in 

the drill hole. 



Splitting and Analyzing Cuttings 

Each 60-inch section of cuttings was split four times. This 

procedure provided roughly 2.2 lb of sample and 33.8 lb of rejects. 

The samples were analyzed "on the spot" with a 20-power hand lens. 

Subsequent laboratory work confirmed that the errors in the on-the-

spot talc estimates were usually less than 10 percent of the actual talc 

percentage. The accuracy of the analyses is due in part to the coarse

grained nature of the talc cuttings. The rejects were lined up in 

conical piles such that the first 5 feet of rejected cuttings was at one 

end of the line and the last 5 feet at the other end. 

Special Drilling Problems 

As would be expected, dissolution features were encountered in 

the marble units. Attempts were made to fill the caves with concrete 

comprised of quick-setting (high percent CaC^) cement. This method 

worked, but the cement required 18 hours of setting. The most cost-

effective cavern-filling method was to dump finishing sand (fine-grained 

sand) down the hole and directly apply 100 psi compressor-derived air 

to push the sand into the cavern. With this method, delays never ex

ceeded \\ hours. 

Geologic Information 

Cuttings provided no intraformational structural information, 

but lithologic boundaries were easily identified and could be correlated 

with surface geology to infer some structural data. Most drill holes 

were angled into the steeply foliated dolomitic marble. A drill-hole 

angle of 15 degrees from vertical usually provided ample security that 
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steepening foliation would not require an inordinate drilling distance to 

reach the target horizon. 

Figure 41 is a cross section through drill hole D 12 (shown on 

fig. 32, in pocket). The antiform northwest of D 12 was not known 

until the uppermost road was constructed. The roadwork was under

taken to provide drill-rig access so that the two talc outcrops that lie 

between the roads could be explored. Drill-hole D 10 was projected to 

the section. Talc estimates are shown on figure 41 adjacent to the 

drill-holes. First-phase drilling encountered three talc-bearing zones in 

D 12. A proposed second-phase drilling program was designed to ex

tend the known limits of the thickest zone (from 165 to 205 feet down-

hole in D 12) 120 feet in an updip direction. The main talc target is a 

prism containing 270 tons of laic per -foot of strike lengih. A fence of 

second-phase holes, one of which is shown on the cross section, was 

designed along the lower road. About 60 feet northeastward, the rocks 

are truncated by a right-lateral strike-slip fault along which the anti-

form shown in the cross section has been transported and drag folded. 

Southwestward, second-phase drill holes were designed on 100-foot cen

ters to extend the talc target southwesterly along strike. 

A structural geologic point to bear in mind when viewing the 

cross section in figure 41 is that the rocks may be isoclinally folded 

back on themselves. The 165- to 205-foot interval of D 12 may be an 

isoclinal fold that, in this cross section, has a hinge region between 

D 12 and the proposed hole. 
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Figure 41. Cross section through drill hole D12. — Talc per
centages shown adjacent to drill hole. Target for second-phase explor
ation drilling has 270 tons of talc-bearing rock per foot of strike 
length. 
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Drilling Information and the Talc Model 

The drilling program led to these observations regarding talc 

deposits: 

1. Talc is present in the highest percentages where dolomite 

constitutes 100 percent of the carbonate species. 

2. Chlorite is almost always present as an accessory mineral in 

talc-rich horizons. 

3. Fine-grained, sugary dolomitic marble is easy to drill and 

contains little or no talc. 

4. Footwall sillimanite schist often contains more talc than the 

overlying dolomitic marble. 

5. Dolomitic marble with metaquartzite intercalations usually 

contains less talc than does purer dolomitic marble. 



CHAPTER 6 

SUMMARY AND CONCLUSIONS 

The relationship between talc deposits and the sequence of 

Precambrian events must be continuously analyzed and considered to 

allow the best decisions to be made in a talc exploration program. 

Timing of Precambrian Events 

The fieldwork for and compilation of this thesis have led to the 

following chronological arrangement of Precambrian events in the study 

area: 

1. Pre-Beltian sediment deposition. 

a. Pre-Cherry Creek rocks, which crop out in the south

western Ruby Range, were deposited. 

b. A quartz-illite siltstone-shale turbidite sequence was de

posited as the protolith of the Dillon granite gneiss (alter

native is 5). 

c. Cherry Creek rocks were deposited in a pre-Beltian rifted-

margin structural setting. 

2. Pegmatitic intrusions during the development of the Sc planes. 

a. A possible deformational-metamorphic event created Sc sur

faces . 

b. Partial melting of Dillon granite gneiss protolith (in lb) 

produced pegmatitic derivatives. 
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c. Pegmatites intruded along Sc surfaces in rocks overlying 

the Dillon granite gneiss. 

d. Intensification of the confining pressures created Sc 

surfaces in these unzoned pegmatites. 

3.Beginning of a deformation event, D^, that produced tight to 

isoclinal flexural and passive folds. 

4. Beginning of amphibolite facies conditions. 

5. Possible synkinematic emplacement of granitic protolith and 

pegmatitic derivatives of the Dillon granite gneiss at 2700 m.y. B.P. 

(alternative, is lb). 

6. End of D^ deformational event. 

7. Highest attained grade of amphibolite facies metamorphism. 

8. End of amphibolite-grade metamorphic event. 

9. Beginning of greenschist facies conditions. 

10. Talc mineralization. 

11. Deformational event which produced open to tight flexural 

slip, flexural flow, and passive slip folds. 

12. Deformational event D_ which caused broad antiformal folding 
J 9 

in the study area. 

13. Development of northwest-trending shear planes. 

14. Beginning of strike-slip faulting(?). 

15. Diabase dike intrusions and end of the greenschist facies con

ditions . 

a. Diabase dikes intruded planes of maximum extension pro

duced by left-lateral strike-slip stress orientations (1700 

m.y. B.P.). 
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b. Greenschist facies conditions ceased at or before 1450 m.y. 

B.P. 

c. Diabase dike emplacement continued until 1100 m.y. B.P. 

along fractures produced by or reactivated by Belt seaway 

subsidence. 

16. Emplacement of small, zoned pegmatites along structures 

younger than the diabase dikes. 

Talc Mineralization Model and 
Exploration Considerations 

Talc deposits of economic interest are confined to pre-Beltian 

Cherry Creek dolomitic marble units. Talc formed as a metasomatic 

replacement of dolomitic marble during a Precambrian greenschist facies 

metamorphic event when silica-rich aqueous solutions invaded the marble 

via avenues of structural and lithologic permeability. 

Talc occurs in dolomitic marble units as intergranular blebs, 

especially in coarse-grained units; as stringers, veinlets, and layers 

that parallel Sc and planes; as cigar-shaped lenses in the Sc and 

planes; and as 5-10-ft-wide irregular masses that are crudely 

concordant with Sc and planes. 

Mineralogically, the purity of talc depends on the host-rock 

composition. A high iron and aluminum content resulted in chloritic or 

impure talc. Because of increased permeability, coarse-grained 

dolomitic marbles have more replacement textures than fine-grained 

dolomitic marbles. Fine-grained marbles are not barren of talc; in

stead they have more open-space mineralization (fig. 27). 
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Structurally, any feature that induced permeability or created 

sites of low pressure was a favorable site for the migration and pre

cipitation of mineralizing fluids. Because talc formed after the re

laxation of principal stresses, the structural features produced by 

Dj were ideal sites for talc mineralization. Field data indicate that talc 

mineralization preceded strike-slip faulting. Strike-slip faults should 

therefore be viewed as orebody displacers and not orebody controllers. 

In some areas, talc deposits adjacent to northwest-trending strike-slip 

faults appear as though they have been silicified by Phanerozoic 

silica-rich fluids that migrated along the faults. 

The talc-forming reaction: 

3 dolomite + 4 quartz + H^O 3 calcite + 300^ + talc 

has inconsistencies that cannot be resolved by field evidence: There 

are no calcite bodies near talc deposits and there is no evidence to 

indicate a volume reduction of 32 percent. This reaction also fails to 

account for open-space filling by talc. 

A possible reaction to accommodate the deficiencies of the above 

reaction is: 

2 dolomite + (x)Mg++ + H_0 + (l-x)Mg++ + H70 + 4Si07 
I  ^  _ — i  I  ^ ;  Lj  

pore-fluid in introduced 
dolomitic marble 

-• talc + 2HC03" + 2C02 + 2Ca++ 

where x is less than or equal to one. This reaction involves a volume 



95 

decrease of less than 10 percent. The presence of the pore fluid in 

the dolomitic marble implies a minimum porosity of 12 percent during 

talc formation. The introduced quartz (and Mg)-bearing water was 

derived from a system of migrating, convecting connate and metamorphic 

solutions that leached nearby silica-rich metasediments, most notably the 

sillimanite schist units. 

The explored talc deposits have no apparent association with 

the Dillon granite gneiss. Gneiss outcrops are all half a mile or more 

from the explored talc deposits. Shorter distances at depth between 

gneisses and talc-bearing marbles would occur only if the gneisses were 

discordant at depth. The Dillon granite gneiss outcrops show no dis

cordance in the Ruby Range. An igneous protolith of the gneiss may 

have recrystallized the dolomitic marble in preparation for talc min

eralization. 

Talc can most effectively be explored for if the structural 

fabric is well defined for the target area. Soil traverse arrangements, 

trench orientations, and drilling schemes all depend on the geometric 

considerations of mineralization controls. 
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