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ABSTRACT 

Part I. 18o; 16o analyses were made on 355 samples in and around 

the 11 by 14 km Lake City caldera, which formed 23 m.y. ago in response 

to the eruption of the rhyolitic Sunshine Peak Tuff. All of the major 

lithologies and hydrothermal alteration facies were analyzed, and a 

detailed o18o map was made of the caldera and its surroundings. Intra­

caldera facies Sunshine Peak Tuff consists of three members interbedded 

with landslide debris and megabreccias shed into the caldera during 

eruption and collapse. Asymmetric resurgence within the Lake City cal­

dera followed collapse and was accompanied by intrusion of a flat­

topped, granitic magma centered in the resurgent dome. Ring magmatism 

produced dike-like intrusions along the northern ring fault and the Red 

Mbuntain-Grassy Mbuntain quartz latite ring dome on the eastern caldera 

margin. The caldera was emplaced into older Tertiary volcanic rocks and 

Precambrian granitic rocks. 

Based on analyses of outflow-facies samples and of the least al­

tered intracaldera facies, we can demonstrate that the caldera-fill 

Sunshine Peak Tuff originally was isotopically very homogeneous, with 

an initial igneous 6 180 value of +7.2 to +7.3. Thus, l bo depletions in 

the hydrothermally altered tuff could be compared without worrying about 

the complicating factor of different initial 6 180 values. Nearly all 

the rocks within the caldera and outside the caldera within at least 3 

km of the ring fault were altered by meteoric-hydrothermal fluids, and 

depleted in 180 down to values as low as o18o = -3.1. Erosion has 

exposed the hydrothermally altered caldera-fill rocks and the upper 



iv 

contact of the altered resurgent intrusion in the western and central 

part of the caldera, providing about 2 km of vertical exposure. Be­

cause of post-alteration regional eastward tilting, the eastern part of 

the caldera has not been extensively eroded, and the original topography 

of the ring dome and the top of the caldera-fill rocks are locally pre­

served. This differential erosion from west to east furnishes a unique 

opportunity to study water-rock interactions in a caldera-type hydro­

thermal system from near-surface environments down through 3 km into the 

sub-volcanic intrusion that drove the hydrothermal convection. 

Elevation and proximity to fractures exerted the strongest control 

on l SO-depletions in the Precambrian granite and the older volcanic 

rocks. The lowest alSo values are found in rocks from the Eureka graben, 

a highly-fractured and extensively altered zone that extends SW from 

the caldera. Low a 1So values also occur adjacent to the caldera ring 

fault. Those samples of the Precambrian granite and of the older vol­

canic rocks that are located at the greatest depths below the mid-Ter­

tiary erosion surface have the lowest alSo values. At present-day, 

constant elevations, a 1So values are lowest in the western part of the 

study area than in the eastern part; this is a result of the regional 

eastward tilting. The above effects are best interpreted as indicating 

higher water/rock ratios near the permeable fractures and higher tempe­

ratures at greater depth. 

The a 1So values within the Lake City caldera are controlled by ele­

vation, proximity to permeable zones, and proximity to the resurgent 

intrusive rocks. alSo values decrease systematically with stratigraphic 

depth within the caldera. The lowest alSo values are found along the 
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western ring fault, along resurgence-related fractures, in the per­

meable megabreccia units, and along the contact of the resurgent in­

trusion. llineralogic alteration facies within the caldera show com­

plementary patterns. Intense argillization is found along fractures 

near the resurgent intrusion. Rocks adjacent to the resurgent intrusion 

have been hornfelsed but not intensely mineralogically altered. Weak 

argillization in stratigraphically shallow Sunshine Peak Tuff grades 

into both of these alteration regimes and also grades downward into 

chlorite-calcite alteration. These data show that the resurgent intru­

sion was the "heat engine" that drove the Lake City hydrothermal system. 

Alteration in and near the intrusion occurred at high temperatures 

c~ 400°C) and intermediate water/rock ratios. Away from the resurgent 

intrusion, water-rock interaction in the permeable zones (megabreccia 

units and fractures) occurred at lower temperatures (200°C to 300°C) 

and high water/rock ratios. The regional eastward tilting has raised 

low-18o rocks in the western part of the caldera to higher elevations 

than stratigraphically equivalent rocks in the eastern part of the cal­

dera. Mineralogical alteration patterns are also similarly displaced. 

Near-surface solfataric alteration is centered on a brecciated zone 

in the Red Mountain-Grassy Mountain quartz-latite dome on the eastern 

caldera margin. a 1So values of hydrothermal quartz from this alteration 

zone are high (> +11) and decrease gradationally with depth. Vein 

quartz a 1SO values from deeper levels within the caldera lie on the 

deeper projection of the solfataric quartz alSo trend. These data can 

be successfully modelled using an upward-flowing, boiling, lSO-shifted 

meteoric water as a hydrothermal fluid. This model shows that the same 
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fluids responsible for vein quartz precipitation also produced the shal­

low solfataric alteration. High 6 180 values were also measured from a 

number of other solfatarically altered areas in the San Juan Mbuntains 

(Red Mbuntain district near Silverton, Calico Peak near Rico, Engineer 

Pass, Carson Camp, and the Summitville district). These alteration 

zones, some of which are economically mineralized, were also apparently 

produced by boiling meteoric-hydrothermal fluids. 

Deeply-circulated, 180-shifted, meteoric waters were the primary 

source of hydrothermal fluids in the Lake City hydrothermal system. By 

analogy with other deeply eroded caldera hydrothermal systems studied 

by other workers, such fluids probably rose along deep extensions of 

the fractured, permeable Lake City ring fault zone. At the present 

level of exposure, fluids in the Lake City hydrothermal system were 

apparently drawn into the central part of the resurgent dome along the 

permeable, outward-dipping, megabreccia units. Flow was directed upward 

along permeable fractures where these fractures intersected the mega­

breccia units. A strong thermal gradient existed around and over the 

resurgent intrusion. Recharge into this hydrothermal system was 

basically radially inward toward the caldera, but flow was greatly en­

hanced through the permeable, highly fractured, Eureka graben. 

Part II. Oxygen isotope studies were made on 60 samples from the 

central Nevada caldera complex, which consists of three nested calderas 

that erupted from 32 to 25 m.y. ago. 18o; 16o analyses were also made on 

96 samples from the central San Juan caldera complex, Colorado, which 

contains 7 ash-flow tuffs, each erupted from separate, nested collapse 

structures between 28 and 26 m.y. ago. The sequence of ash-flow tuffs 
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erupted from the earliest of the three central Nevada calderas began 

with the giant Tuff of Williams Ridge and Mbrey Peak (+ 2500 km3), 

followed by the Mbnotony Tuff (3000 km3), and finally by various ash ­

flow tuffs erupted from the youngest caldera (400 km3). In the San 

Juan complex, the earliest ash-flow was the Fish Canyon Tuff, which is 

also the largest of these ash-flows C> 3000 km3). Of the si x other 

major ash-flow tuffs erupted from the central San Juan complex, none 

exceeds 1000 km3 in volume. 

Previous studies of other complex calderas at Yellowstone National 

Park and in southwest Nevada indicated that the later eruptions have 

6 1 ~0 values 3 per mil lower than rocks erupted early in the cycles. 

However, in the present study, no large negative shifts in 6 1 ~0 were 

found. The various eruptions in both central Nevada and the central 

San Juans were remarkably uniform in 18o/ 1 bo, although small shifts 

of about -0. 2 to -0.3 per mil were found in both suites of rocks in 

going from the early ash-flows to a later set. The indicated range of 

o18 o values of these quartz-latite and rhyolite magmas was 9.1 to 9.8 in 

the central Nevada complex and 6.6 to 7.5 in the central San Juan com­

plex. The higher o18o values in central Nevada probably indicate mel­

ting of sedimentary or metasedimentary country rocks at depth, whereas 

in Colorado, the low-18o, lower part of the craton was very likel y in­

volved in the melting process. 

o18 o fractionations between coexisting phenocryst minerals in all 

of the ash-flow tuffs and lava flows from these two complexes are larger 

at the bases of the units (tops of the magma chambers) and smaller at 

the tops of the units (deeper levels of the magma chambers). These 



relationships show that temperature gradients existed in virtually all 

these magmas prior to eruption (cooler at the top and hotter at deeper 

levels). 

It is not clear why some complex caldera magmas become depleted 

in l8o with time, and others do not. No relationship exists between 

the duration of caldera magmatism and low-l8o rocks, nor between the 

size of the eruptions and these l8o depletions. However, the large 

l8o depletions found to date occur only in caldera complexes younger 

than about 15 to 20 m.y., corresponding to the initiation of Basin-Range 

extension in the western United States. Perhaps Basin-Range faults 

allow meteoric fluids to penetrate deeply into fairly high-temperature 

regions of the crust. These younger magmas might then be able to melt 

or assimilate larger amounts of altered, l8o depleted rocks during 

their ascent. A correlation also appears to exist between the l8o 

depletions and the major-element chemistry of the rocks. All of the 

low-l8o ash-flow tuffs contain abundant high-silica rhyolites (consis­

tently ranging up to or above 77 percent Si02)• The large silica con­

tents of these magmas indicate very strong differentiation, suggesting 

prolonged assimilation-fractional crystallization in a stable magma 

chamber without the renewed addition much primitive, unfractionated 

magma having a "normal" o1 Ho value. It is tentatively concluded that 

ash-flow magmas strongly depleted in o1eo will be produced only if: (l) 

there is a pre-history of intense fracturing, caldera collapse, and ex­

tensive meteoric-hydrothermal activity, followed by (2) the development 

of a stable, strongly differentiated, zoned magma chamber, whose roof­

ward portion is in close proximity to low-18o, hydrothermally altered 
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roof rocks for an extended interval of time (> 100,000 years ?). 
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PART I 

AN 18o; 1bo INVESTIGATION OF THE LAKE CITY CALDERA, 
SAN JUAN MOUNTAINS, COLORADO 



1.1 Object of Research 

2 

CHAPTER 

INTRODUCTION 

A primary goal of this research is to evaluate the fluid flow re­

gime and water-rock interactions in a relatively shallow paleo-hydro­

thermal system. The Lake City caldera, western San Juan Mountains, 

southwestern Colorado, provides a unique environment in which to pursue 

this goal. Erosion within this caldera has exposed a variety of levels 

within the paleo-system, from a shallow solfataric environment formed 

within a few tens of meters of the original topographic surface, stra­

tigraphically downward about 2000 m into the resurgent intrusive rocks 

within the caldera; the latter served as "heat engines" to drive the 

hydrothermal convective circulation. 

In a now classic paper, Smith and Bailey (1968) outlined a general 

model for the evolution of resurgent cauldrons. Stage VII of this model 

consists of terminal hot spring and solfataric activity. This hot 

spring activity represents the surface manifestation of large, convec­

tively driven, meteoric-hydrothermal systems. In recent years, iso­

topic, mineralogic, and theoretical studies that describe and measure 

the dynamics and chemistry of fluid flow and water-rock interaction 

have been developed and applied to a number of paleo-hydrothermal 

systems. Most of these studies have been concerned with the deeper 

portions of such systems. 

Calderas and their related magmatic rocks hold no exclusive patent 

on the generation of convective meteoric-hydrothermal systems. The 
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caldera environment, however, provides a number of advantages for 

studying the relatively shallow levels of a hydrothermal s ys tem: 1) the 

structural and magmatic evolution of calderas, or resurgent cauldrons, 

has been formulated into a general model that seems to have wide 

applicability (Smith and Bailey, 1968). The Lake City caldera conforms 

almost perfectly to this idealized model. 2) Several recent calderas in 

the western United States, the Long Valley caldera, California, the 

Yellowstone caldera, Wyoming, and the Valles caldera, New Mexico, are 

currently in stage VII of the Smith and Bailey (1968) model, terminal 

solfataric and hot spring activity. These well-documented systems 

provide modern analogues with which the Lake City system can be com­

pared. 3) Hydrothermal systems associated with the roots of deeply 

eroded calderas have been mapped using stable isotopic analyses of the 

rocks altered in these environments. For example, systems at depths of 

about 2 to 3 km and 5 to 7 km, respectively, have been studied in the 

Tertiary Scottish Hebridian province (Taylor and Forester, 1971) and in 

Tertiary intrusive centers in the Idaho batholith (Criss and Taylor, 

1983). The Lake City caldera, exposed by erosion to depths of 0 to 2 

km, provides access to that link in caldera-related hydrothermal systems 

between the near-surface, active hot-spring and solfataric stage VII, 

and the circulation patterns inferred for deeply eroded calderas. 

Several other aspects of the Lake City caldera make it an attrac­

tive candidate for extensive research. The caldera is situated in the 

western San Juan Mountains, on the margin of an area of extensive 

hydrothermal alteration and mineralization. This area includes the 

historically productive base and precious metal mining districts of 



Henson Creek, Lake City, Eureka, Silverton, South Silverton, Telluride, 

Red Mbuntain, and Ouray, among others. The economic mineralization and 

volcanic geology of the San Juan Mbuntains has drawn numerous geologic 

investigators to this region; these earlier studies provide a substan-

tial geologic and geochemical data base upon which we can build. The 

Lake City caldera is associated with the largest silicic magmatic event 

in the western San Juan area that can be shown to be temporally asso-

ciated with abundant economic mineralization. Although the Lake City 

caldera is itself not extensively mineralized, a study of the hydro-

thermal alteration of the caldera ought to provide some insight into the 

relationship between fluid circulation and ore deposition. 

1.2 Previous Stable Isotopic Investigations of Water-Rock Interaction 
in the Hestern San Juan Mountains 

Samples of altered rocks from the Silverton caldera, from the 

Ouray area, and from diorite porphyry intrusions emplaced into Pale-

ozoic and Mesozoic sedimentary rocks in the western San Juan Mbuntains, 

were analyzed by Taylor (l974a) (Fig. 1.1). The isotopic compositions 

of samples from the Silverton caldera show depletions in both 0 and 

deuterium relative to "normal" unaltered igneous rocks. Samples 

collected along the eastern Silverton caldera ring fault exhibit the 

greatest 1 0 depletions, with four samples having an average 0 = 

-5. Stocks emplaced into sedimentary rocks in the western San Juans 

show only minor 1 0 depletions. Taylor (l974a) explains such relation-

ships as indicating that the sedimentary rocks were either (l) much less 

permeable to hydrothermal fluid flow than the highly jointed and 
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Figure 1.1 Isotopic analyses of rocks from the western San Juan 

Mountains (from Taylor, 1974a). The plotted 6 180 analyses are for 

whole-rock samples, except that Q=quartz. The analyses of volcanic 

rocks are given in italics, those on intrusive rocks in regular 

lettering. The large negative numbers (-142, etc.) are 6D values of 

biotite or chlorite. The intrusions ~re shown in a stippled pattern, 

the volcanic rocks in blank pattern, and Paleozoic and Mesozoic sedi­

mentary rocks in a diagonal-lined pattern. The Stony Mountain intru­

sive complex (Fig. 1.2) is shown in solid black in the upper left cor­

ner of the map. The geology is generalized after Luedke and Burbank 

(1968). 
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fractured volcanic rocks associated with the Silverton caldera, or (2) 

they contained pore waters with much higher alSo and OD values (saline 

formation waters ?). 

Taylor (l974a) identified meteoric water as the primary source for 

the hydrothermal fluids involved in the alteration of the western San 

Juan volcanic and intrusive rocks. Using an analyses of hydrous altera­

tion minerals, Taylor (1974a) calculated the D/H ratio of the fluid with 

which these minerals had equilibrated. From this calculation, and using 

the meteoric water equation of Craig (1961), Taylor (1974a) estimated 

that mid-Tertiary western San Juan meteoric water had an initial 

an of about -115 per mil and an initial alSo of about -16 per mil. 

Because the fluids involved in alteration had been lSo shifted 

to a alSo~ -5, Taylor (1974a) suggests that the hydrothermal fluids 

must have circulated to depths of at least several kilometers, and 

interacted with a large volume of r ock. Water/rock ratios were at least 

on the order of 0.5 to 1.0, and were locally greater than 5. 

The Stony Mountain intrusive complex , southwest of Ouray in the 

western San Juan Mountains, was isotopically studied by Forester and 

Taylor (1972, 1980). This composite gabbro-diorite-granodiorite stock 

intrudes horizontal, highly jointed, volcanic rocks that are strongly 

depleted in 18 0 within 2 to 3 kilometers of the stock, with an average 

alSo of about -1.5. D/H ratios in biotites from the stock lie well 

below "normal" igneous values, with aD = -135 to -145. Both of these 

features indi ca te exchange with heated meteoric-hydrothermal fluids. 

Water/rock ratios in this system were calculated to be in the range 0.1 

to 0.8. 
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Forester and Taylor (1972) constructed a schematic vertical section 

illustrating the o18o values associated with the intrusive complex 

(Fig. 1.2). The most 18 0-depleted volcanic unit, the lowermost San Juan 

tuff, is considered to have been the main aquifer in the region. Pro­

nounced 180 depletions along the margins of the stock resulted from 

high fluid fluxes along the stock-host rock contacts (Forester and 

Taylor, 1980). 

Forester and Taylor (1972, 1980) noted that coexisting minerals 

typically exhibit disequilibrium 180 fractionations, indicating that 

the rock-forming minerals underwent variable exchange rates with the 

hydrothermal fluids. The order of increasing resistance to 180 exchange 

in this hydrothermal environment is: alkali feldspar-plagioclase­

pyroxene-biotite-magnetite-quartz. Forester and Taylor (1972, 1980) 

also noted that o18o values of the altered rocks decrease with de-

creasing gr a in size. 

Jackson et al (1980) and Ringrose et al (1981) briefly report the 

results of stable isotopic analyses of hydrothermally altered volcanic 

and intrusive rocks in the western San Juan Mountains, west of the 

Silverton caldera. Regionally propylitized volcanic rocks in this 

area exhibit the characteristic 18 0 depletions (to 6 18 0 = -1.3 per 

mil) that are typical of alteration by meteoric-hydrothermal fluids. 

However, several local zones within the regionally propylitized areas 

are intensely altered to clays and sericite and contain stockwork 

molybdenum mineralization. The OD values of fluid inclusions in 

quartz veinlets from these localities range from -109 to -73, and o18o 

of the vein quartz ranges from +7.6 to +9.5. Jackson et al (1980) and 
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Figure 1.2 A hi g hly schematic cross section showing oxygen isotopic 

data in and around around the Stony Mountain complex (from Forester and 

Taylor, 1972). All samples are plotted at their exact elevation, but 

have been projected onto the plane of the section. The volcanic units 

are: GPT, Gilpin Peak Tuff; PF, Picayune Formation; SJT, San Juan Tuff. 

In the intrusion, the central diorite is shown in blank pattern, the 

gabbro is crosshatched, and the outer diorite is stippled. 
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Ringrose et al (1981) conclude from their isotopic data that the stock-

work veinlets formed from an aqueous fluid dominantly composed of mag­

matic water. Jackson et al (1980) and Ringrose et al (1981) invoke the 

genera l hydrothermal model proposed by Sheppard et al (1969; 1971) and 

Taylor (1974a) for porphyry copper systems: 1) a magmatic fluid is 

released by a crystallizing stock, producing stockwork molybdenite mine­

ralization, 2) adjacent to the stock, this magmatic fluid mixes with 

meteoric-hydrothermal fluids, derived from the surrounding convective 

circulation system, and 3) with time, the meteoric-hydrothermal circu­

lation collapses inward during cooling of the stock, imprinting a late­

stage, meteoric-hydrothermal "signature" throughout the intrusion. In 

this model, Pb-Zn-pyrite mineralization is precipitated in veins peri­

pheral t o the stock where the two fluids mix. 

Oxygen isotopic analyses of epithermal vein quartz from the western 

San Juan Mountains has been reported by Taylor (1974a), Forester and 

Taylor (1972, 1980), Casadevall and Ohmoto (1977), and Ringrose et al 

(1981). A conclusion reached by all these authors is that meteoric 

water was the fluid from which all these quartz veins precipitated, 

including both barren and mineralized veins. Three veins associated 

with the Stony Mountain complex yield 6 180 values of -1.8, -1.7, and 

+5.1 per mil (Forester and Taylor, 1980). Vein quartz from the Gold 

King mine, 10 km north of Silverton, has a 6 18 0 value of 2.2 per mil 

(Taylor, 1974a). Ringrose et al (1981) state that vein quartz along 

the north side of the Sultan Mountain stock, west of Silverton, has 

6 18o = -2 .8 to +9.7. 

Casadevall and Ohmoto (1977) analyzed a number of vein samples 
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from the Sunnyside vein system, within the Silverton caldera. Six 

successive periods of vein mineralization were recognized in the Sunny­

side system. Periods 1 through 5 contain the quartz -sul fide ores. 

Period 6 contains fluorite, quartz, carbonates, and sulfates, but only 

traces of sulfides. The o18o values of quartz in period I to V ores 

(Fig. 1.3) range from -1.2 to +1.8, and decrease slightly but systema­

tically from period 1 to period 5. Period 6 quartz has o18o = -5.0 to 

-0.4. 

Based on the evolved nature of the meteoric-hydrothermal fluids 

from which the Sunnyside vein quartz was deposited, and on a number 

of other geochemical lines of evidence, Casadevall and Ohmoto (1977) 

suggest that the fluids involved in the Sunnyside mineralization cir­

culated deeply into the crust prior to entering the Sunnyside vein 

system. Meteoric fluid sources were in volcanic and Precambrian crys­

talline highlands peripheral to the Silverton caldera. Casadevall and 

Ohmoto's (1977) fluid circulation model is reproduced in Figures 1.4 

and 1.5. 

Farther east, in the Creede mining district, central San Juan 

Mountains, Bethke and Rye (1979) found that the OD and o18o values of 

the fluids from which different vein minerals formed (sphalerite, 

quartz, illite/chlorite, carbonate minerals) seemed to have differed 

substantially from one another. Bethke and Rye (1979) drew the remark­

able conclusion that water from three coexisting reservoirs alternately 

and episodically fed the Creede vein system, and that little mixing of 

the fluids occurred. Carbonate-producing fluids had an isotopic compo­

sition consistent with a deep-seated, probably magmatic origin. Quartz-
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Figure 1.3 Oxygen isotopic analyses of vein quartz, and calculated 

a1So values of ore fluids, from the Sunnyside vein system (from Casa­

devall and Ohmoto, 1977). The numbers refer to the period of minera­

lization. Open circles are quartz analyses. Closed circles are fluid 

compositions calculated from fluid inclusion filling temperatures and 

the quartz analyses. Vertical bars indicate uncertainty. Horizontal 

bars for period 6 are calculated water a1So values for calcite, and 

x's are calculated water alSo values for rhodochrosite. 
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Figure 1.4 Model plan groundwater flow pattern for the Sunnyside 

mineralizing hydrothermal system (from Casadevall and Ohmoto, 1977). 

Locations are: MS, Mount Sneffels; 0, Ouray; CB, Camp Bird mine; T, 

Telluride; I, Idarado mine; SIL, Silverton; S, Sunnyside mine; B, 

Beartown. 
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Figure 1.5 ~ Geologic and topographic cross section through the San 

Juan and Silverton calderas along section T-S-B (Telluride-Sunnyside­

Beartown) of Figure 1. 4 (from Casadev all and Ohmoto, 1977) • ~Vhole­

rock o18 o values are from Taylor (1974a) and Casadevall and Oh~oto 

(1977) 

b. Model cross sectional ground water flow pattern for 

the Sunnyside mineralizing hydrothermal system (from Casadevall and 

Ohmoto, 1977) • Dashed arrows indicate suggested ground>vater flow and 

convective fluid flovl during mineralization. 



T 

ELEV(M) 

4~00 

4000 
3500 
3000 
2~00 

0 1 2 3 KM 
~ 

a. 

4~00 

4000 
3~00 

3000 
2~00 

b. T 

18 

s 8 

R i m F'oulf Rim F'aulf 

Sunnysid• 
Mim, ELEV. (FT) 

• 8·1 
H H~ 

/I',.. +4 ~ 

14, 

12,000 

10,000 

~ 
I ~+6 0 1 2 Ml 

a.. , .... +2 
\ / ----- 0 818 ( ) \_ .. ·' ----!-------- -2 Ow hole rock 

0
/ 00 

-,-~ =~ 
~--------------------------~-8 

0 1 2MI 
L.....J......J 

8 

14,000 

12,000 

10, 



19 

producing fluids were low-D meteoric, and may have entered the vein 

system from topographically high areas to the north. Sphalerite and 

illite/chlorite fluids were higher-D meteoric, and may have entered the 

vein system from topographically low areas to the south. The low area 

may have been a closed-basin lake filling the structural moat of the 

Creede caldera. Bethke and Rye (1979) suggest that a large 6o dif­

ference between the two meteoric water sources may have resulted from 

evaporation from the lake, which would fractionate D and H between the 

vapor and the lake. 

Measurements of the isotopic composition of Pb in ore deposits 

throughout the San Juan Mountains (Doe et al, 1979) have shown that 

the ore lead is more radiogenic than the lead in the associa te d 

Tertiary igneous rocks (Lipman et al, 1978). The ore lead is isoto­

pically similar to lead in the Precambrian crystalline rocks and Phane­

rozoic sedimentary rocks, suggesting that the ore-depositing fluids 

leached lead from the basement below the volcanic rocks. Such interac­

tion requires deep circulation of meteoric water in the hydrothermal 

systems (Doe et al, 1979). 

In summary, except for some very localized stockwork Mo deposits, 

the sources for hydrothermal fluids involved in convective systems in 

the western San Juan Mountains are nearly entirely meteoric in nature. 

These fluids circulated deeply into the crust, and they may have inter­

acted extensively with the basement rocks prior to involvement with the 

alteration and mineralization currently exposed. In the local areas 

where magmatic fluids appear to have been present, they were responsible 

for only limited amounts of water-rock interaction for relatively short 
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periods of time. 
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CHAPTER 2 

GEOLOGIC SETTING OF THE LAKE CITY CALDERA 

2.1 Introduction 

The Lake City caldera is the youngest of 15 mid-Tertiary volcanic 

collapse structures (Fig. 2.1) recognized in the San Juan volcanic 

field, southwestern Colorado (Steven and Lipman, 1976). This volcanic 

field comprises volcanic, volcaniclastic, and shallow plutonic rocks 

emplaced in Oligocene to Pliocene time. These rocks now cover approxi­

mately 25000 km2 in southwestern Colorado and adjacent New Mexico, 

locally to thicknesses in excess of 2 km. Prior to erosion, the vol­

canic rocks were much more extensive. The basement rocks upon which the 

volcanic field was erupted range in age from Precambrian to Tertiary. 

The pre-volcanic topography varied considerably as a result of episodes 

of uplift, deformation, and erosion extending back into the Precambrian. 

One such cycle immediately preceded the initiation of volcanic activity. 

Now, the San Juan Mountains are quite rugged, with numerous glaciated 

peaks rising to elevations above 4000 meters. 

Hydrothermal alteration and mineralization are widespread in the 

volcanic province. The mineralization is typically vein controlled, 

but replacement, porphyry, and chimney deposits are also present. 

The discovery and exploitation of some of these high-grade bonanza de­

posits in the late nineteenth century initially stimulated geologic 

investigations in this region. A series of five folios produced by 

the United States Geological Survey (Cross and Hole, 1910; Cross and 

Howe, 1905; Cross et al, 1905; Cross et al, 1907; Cross and Puring-
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Figure 2.1 Map of the San Juan volcanic field showing calderas 

(from Steven et al, 1974): S, Silverton; LC, Lake City; SJ, San Juan; 

UN, Uncompahgre; CP, Cochetopa Park; Bz, Bonanza; SL, San Luis; B, 

Bachelor; C, Creede; LG, La Garita; M, general area of Mammoth Mountain 

caldera; U, Ute Creek; L, Lost Lake; MH, Mount Hope; SM, Summitville; 

P, Platoro. Solid caldera boundaries indicate known or readily inferred 

calderas, dotted boundaries indicate buried calderas. 
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ton, 1899) are monumental achievements when one considers the hardships 

of working without modern transportation in the extremely rugged and 

oftentimes nearly inaccessible terrain. This early work served as a 

foundation upon which later studies of the geology and volcanic stra­

tigraphy were based (Cross and Larsen, 1935; Larsen and Cross, 1956; 

Luedke and Burbank, 1963, 1968). More recent detailed mapping of vol­

canic rocks, coupled with radiometric age determinations, have led to 

major revisions of the volcanic stratigraphy, and to recognition of 

large-scale volcanic eruptive structures, the calderas (Lipman et al, 

1970, 1973; Steven and Lipman, 1976). These more recent studies place 

the hydrothermal alteration and mineralization within the framework of 

the magmatic evolution of the volcanic province (Steven et al, 1974; 

Lipman et al, 1976). Although lacking the insight provided by radio­

metric dating, the work of Larsen and Cross (1956) remains a classic 

piece of descriptive geology; that paper was consulted constantly during 

the course of this study. 

2.2 San Juan Regional Geology 

2.2.1 Pre- Mid-Tertiary Development 

The San Juan volcanic field was deposited on rocks ranging from 

Precambrian crystalline basement to Eocene conglomerate (Fig 2.2). 

Extensive exposures of Precambrian crystalline rocks are found along 

the northern (Gunnison River area) and southwestern (Needle Mountains) 

margins of the volcanic field. Rocks in both areas are lithologically 

and temporally similar (Silver and Barker, 1967; Bickford et al, 1967; 

Hansen and Peterman, 1968; Bickford et al, 1969; Barker, 1969). Barker 
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Figure 2.2 Generalized geologic map of the western San Juan vol-

canic field (from Burbank and Luedke, 1969) • Areas of Precambrian 

exposure in the Needle Mountains and Gunnison River area are shown. 

Faults are shown in heavy black lines. Rin8 faults of the Silverton 

(western) and Lake City (eastern) calderas are indicated by hachures. 

Intrusive rocks in the Ouray area, at Rico, and in the southwestern 

corner of the map are latest Cretaceous (Laramide) in age. 
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(1969) has summarized the history of the Precambrian rocks in the 

Needle MOuntains; deformed mafic and intermediate volcanic and clastic 

sedimentary rocks, the oldest recognized rocks in the area, have been 

intruded by 1 . 7 to 1.8 b.y. old quartz diorites, granodiorites, and gra­

nites. The thick, clastic Uncompahgre Formation, subsequently deformed 

in a second tectonic event, was deposited on an erosion surface deve-

loped on these older rocks. Postkinematic plutons ranging in composi­

tion from gabbro to granite (1.45 b.y. old) intrude the Uncompahgre 

Formation and older rocks. Finally, the mineral og ically distinctive 

two-mica Trimble granite (1.35 b.y. old) intrudes the older postki­

nematic rocks. The Trimble granite petrographically resembles the Pre­

cambrian granite exposed along the southwestern margin of the Lake City 

caldera (granite of Lake Fork, Larsen and Cross, 1956; or granite of 

Cataract Gulch, Lipman, 1976a), these two plutons are believed to be 

contemporaneous. Precambrian rocks exposed along the Gunnison River are 

correlative with those in the Needle MOuntains . One such intrusive 

rock, the Curecanti granite (1.42 b.y. old, Hansen and Peterman, 1968), 

is also a two-mica granitic rock similar petrographically to the Trimble 

granite (Larsen and Cross, 1956; Hansen, 1971). 

Sedimentary rocks of Paleozoic and Mesozoic age are exposed along 

the flanks of the Needle MOuntains, and underlie the western and south­

southwestern margins of the volcanic field. These rocks are described 

in detail by Burbank (1930) and Larsen and Cross (1956) . The Paleozoic 

rocks, approximately 1.8 km thick, were deposited on a smooth erosional 

surface cut on the Precambrian basement. Devonian and Mississippian 

marine limestone and shale overlie a basal Cambrian sandstone, and are 
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overlain unconformably by Pennsylvanian interbedded coarse clastic sedi ­

ments and limestone. These grade upward into Permian continental red 

beds. 

Prior to the deposition of the Mesozoic rocks, the Paleozoic rocks 

in the western San Juans were uplifted, and the area southeast and east 

of Ouray was eroded to expose Precambrian basement. Late Triassic to 

Late Cretaceous sediments were deposited on the Paleozoic and Precam­

brian rocks. Triassic and Jurassic rocks consist of red beds, aeolian 

sandstone, and other non-marine sedimentary rocks. An unconformity 

separates the Jurassic from the Triassic, and another occurs within the 

Late Jurassic. Cretaceous clastic marine sediments unconformably over­

lie the Late Jurassic non-marine rocks. 

Doming recurred east of Ouray in latest Cretaceous (Laramide) time 

(Dickenson et al, 196R), and was accompanied by intermediate intrusions 

and lava flows in the Ouray area (Luedke and Burbank, 1962). Subsequent 

erosion exposed the Precambrian core of this Laramide dome. Erosional 

debris was deposited as a conglomeratic apron (Eocene Telluride Conglo­

merate) on the flanks of the uplift (Steven et al, 1967). 

2.2.2 Tertiary Magmatic Evolution of the San Juan Volcanic Field 

The San Juan volcanic field is composed of two petrologically and 

temporally d i s t inct magmatic suites (Fig. 2.3) (Lipman et al, 1978). 

The older, more Voluminous, calc-alkaline suite is Oligocene in age. 

It began with the eruption of intermediate-composition lavas and volca­

niclastic rocks from volcanoes scattered throughout the field. The 

magmas evolved to more silicic ash-flow tuffs and related rocks erupted 
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Figure 2.3 Relationships between volume and age of the calc-alkaline 

and bimodal igneous suites in the western San Juan volcanic field (from 

Lipman et al, 1970; Lipman et al, 1976). Note that the earlier calc­

alkaline lavas and ash-flow tuffs were erupted in much greater quanti­

ties than those associated with the younger Lake City event. 
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from caldera environments. Fourteen calderas related to these ash-flow 

eruptions have been recognized (Steven and Lipman, 1976). The younger 

Miocene-Pliocene suite comprises a bimodal basalt-rhyolite assemblage 

that initially formed a thin veneer of dominantly basaltic rocks over 

much of the older Oligocene volcanic field. Rhyolites associated with 

the younger suite form local accumulations, but one large eruption, the 

Sunshine Peak Tuff, was related to the collapse of the Lake City cal­

dera. K-Ar dating of volcanic rocks from the San Juan volcanic field 

(Lipman et al, 1970) has shown that the early calc-alkaline intermediate 

lavas erupted from about 35 to 30 m.y. ago, the calc-alkaline ash-flow 

tuffs erupted from about 30 to 26 m.y. ago, and the bimodal suite 

erupted from about 24 to 3 m.y. ago. 

The evolution of the Oligocene magmatism, from the early andesitic 

volcanism to later more silicic ash-flow tuff eruptions, is interpreted 

by Lipman et al (1978) to represent the rise, differentiation, and crys­

tallization of a large composite batholith beneath the San Juan volca­

nic field. Lipman et al suggest that the Oligocene magmas were probably 

related to subduction along the western margin of the American plate. 

They interpret compositional and Pb and Sr isotopic patterns in the 

earlier andesitic volcanic rocks to indicate high-pressure fractiona­

tion of these magmas during melting in a subducted oceanic slab or upper 

mantle, and major interaction between these mantle-derived magmas and 

lower crustal rocks. Oligocene caldera development followed the andesi­

tic volcanism as a large batholith was emplaced beneath the volcanic 

field. Lipman et al suggest that compositional trends in the ash-flow 

sheets reflect low-pressure fractional crystallization, and more radio-
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genic Pb and Sr isotope compositions resulted from interaction with the 

upper crust. The regional gravity low centered on the calderas within 

the volcanic field is attributed to the presence of this batholith 

(Plouff and Pakiser, 1972). 

The Miocene - Pliocene volcanic rocks were emplaced during intraplate 

extension and are not related to plate convergence and subduction 

(Christiansen and Lipman, 1972). Lipman et al (1978) suggest that the 

basaltic rocks originated as upper mantle partial melts. The associated 

rhyolitic rocks are dominated by non-radiogenic Pb and Sr, and thus are 

interpreted by Lipman et al to have been generated as lower crustal 

partial melts that did not interact with upper crustal rocks, perhaps 

because they were shielded by the Oligocene batholith. 

2.2.3 Tertiary Mineralization and Alteration in the Western San Juans 

Many of the economicall y important mining districts associated with 

the San Juan volcanic rocks are located in and around the western San 

Juan caldera comp lex, which includes the Uncompahgre, San Juan, Silver-

ton, and Lake City calderas (Vanderwilt, 1947; Burbank and Luedke, 

1968; Steven e t al, 1974). The deposits are all hydrothermal in 

origin, and consist dominantly of veins filling faults and fractures, 

although chimney (vertical pipes of concentrated ore minerals), replace-

ment, and porphyry stockwork deposits are present and have locally been 

historically productive. The four-county area encompassing the western 

San Juan caldera complex has a reported total production, through 1964, 

of gold, silver, lead, copper, and zinc in excess of 500 million dollars 

(Burbank and Luedke, 1968). This includes more than 7 million ounces 



33 

of gold and 160 million ounces of silver. 

Radiometric and fission-track dating of minerals associated with 

the ore deposits and altered rocks in this area have shown that most of 

these hydrothermal systems were associated with the younger bimodal 

magmatism, not the older, calc-alkaline, caldera-forming magmatism 

(Lipman et al, 1976). However, the vein mineralization follows struc­

tures developed during the evolution of the older calderas. 

Some hydrothermal activity was associated with the older calc­

alkaline suite. Minor mineralization occurred during development of the 

pre-caldera, calc-alkaline, intermediate volcanoes. The cores of three 

such volcanic centers, the Carson, Cimmaron, and Larsen centers, are 

altered and mineralized, although metal production from these areas has 

been minimal. Mineralization and alteration contemporaneous with the 

western San Juan calc-alkaline calderas is best developed in the Uncom­

pahgre caldera. Altered and mineralized rocks near Capitol City, an 

area of minor economic production within the Uncompahgre caldera, are 

truncated by the 23 m.y. old Lake City caldera (Lipman et al, 1976). 

The Golden Fleece vein, south of Lake City on the eastern margin of the 

Uncompahg re caldera, is also clearly truncated by the Lake City caldera 

eruptive rocks (Lipman et al, 1982). In this area, the intensely al­

tered rocks of Slumgullion Pass, which include rocks of the Uncompahgre 

caldera, are overlain by unaltered Sunshine Peak Tuff, which erupted 

from the Lake City caldera (Lipman et al, 1976). 

The faults and fractures within which most of the veins were 

deposited were formed during resurgence and doming in the San Juan­

Uncompahgre-Silverton caldera cycle (Fig. 2.4abc) (Burbank and Luedke, 
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Figure 2.4abc Schematic development of the western San Juan caldera 

complex (from Steven and Lipman, 1976). (a) Initial magmatism in the 

western San Juans produced the precaldera volcanoes at the Car son center 

(lower), the Larsen center (upper right), and the Cimarron cent e r (upper 

center). These were followed by the eruption of the Sapinero Mesa Tuff 

and the contemporaneous collapse of the San Juan and Uncompahgre cal­

deras. (b) Shortly after collapse of the San Juan-Uncompahgre calderas, 

eruption of the Crystal Lake Tuff resulted in collapse of the Silverton 

caldera, nested within the San Juan caldera. This was followed by gene­

ral resurgence of the collapsed area and development of the apical 

Eureka graben. Intrusive rocks were emplaced along the ring faults of 

the calderas. (c) After a lapse of about 5 m.y., the Sunshine Peak Tuff 

erupted from the Lake City caldera, which collapsed within the southern 

part of the Uncompahgre caldera. Resurgent and ring fracture magmas 

were emplaced within the Lake City caldera. About 5 m.y. after collapse 

of the Lake City caldera, a string of intrusive rhyolites was emplaced 

along the northern margin of the Uncompahgre caldera. 
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1968; Steven et al, 1974). Veins occupying radial fissures occur in 

two areas: in a broad belt northwest of the Silverton caldera between 

the towns of Telluride and Ouray, in the vicinity of the Stony Mountain 

intrusive complex (Forester and Taylor, 1972, 1980; Fig. 2.5), and 

south of the Silverton caldera southeast of the town of Silverton (Fig. 

2.5). Veins are also found filling faults and fractures in the Eureka 

graben, which developed along the crest of the resurgent dome that 

uplifted the collapsed blocks of the San Juan, Uncompahgre, and Sil­

verton calderas. Economically less important veins fill fractures 

along the northern and eastern margins of the Uncompahgre caldera 

(Irving and Bancroft, 1911; Slack, 1980). 

Alteration associated with these vein systems consists of narrow 

(<5 m) selvages of quartz, sericite, and pyrite (Burbank, 1950). This 

alteration is superimposed upon a pre-vein regional propylitization, 

which has been called pre-ore propylitization by Burbank (1960). This 

alteration is characterized by quartz, chlorite, epidote, calcite, and 

pyrite. In the area of the Sunnyside vein system in the Eureka graben, 

this assemblage changes with depth to an assemblage that also includes 

tremolite and anhydrite but lacks calcite (Burbank and Luedke, 1968; 

Casadevall and Ohmoto, 1977). 

K-Ar and fission track ages of vein and alteration minerals from 

deposits in the radial fissures range from about 10 to 17 m.y. (Lipman 

et al, 1976). Rb/Sr isotopic analyses of minerals from the Sunnyside 

vein system define an apparent isochron between 13.0 and 16.6 m.y. 

(Casadevall and Ohmoto, 1977). These veins occur in rocks and struc­

tures related to the 27 to 29 m.y. San Juan-Uncompahgre-Silverton cal-
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Figure 2.5 Geologic map showing structure in the Silverton caldera 

area (from Burbank and Luedke, 1969). The 10 km diameter area defined 

by circular structures in the central part of the figure is the Silver-

ton caldera. Many of the faults and fissures are now mineralized, and 

represent host structures for many economically important veins. 
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dera cycle, but are also spatially related to small, contemporaneous, 

silicic intrusions of the bimodal suite, which are scattered throughout 

the mineralized area (Lipman et al, 1976). 

The veins in the western San Juan Mountains consist dominantly of 

quartz and sulfides with local concentrations or minor occurrences of 

manganese carbonates and silicates, calcite, ankerite, fluorite, adu­

laria, and barite. Abundant hypogene sulfides include pyrite, chalco­

pyrite, sphalerite, galena, and tetrahedrite, with minor arsenopyrite, 

gold and silver tellurides, silver sulfosalts, and free gold (Burbank 

and Luedke, 1968, 1969). 

Replacement deposits occur in the Eocene Telluride Conglomerate, 

beneath the volcanic rocks where the veins in the radial fissures be­

tween Telluride and Ouray intersect the conglomerate (Mayor and Fisher, 

1972). These deposits consist of 70 to 80 per cent massive concentra­

tions of sphalerite, galena, chalcopyrite, and pyrite, with quartz, 

epidote, chlorite, rhodonite, and carbonate gangue minerals. Minor 

replacement ores are also found in the underlying Permian Cutler Forma­

tion and the Triassic Dolores Formation. 

Chimne y deposits occur in the Red Mountain district in an arc along 

the northwestern margin of the Silverton caldera, and are associated 

with brecci a ted cores within latite intrusive plugs (Ransome, 1901; 

Burbank, 1941, 1950; Burbank and Luedke, 1968, 1969). Massive pyrite 

and enargite with chalcopyrite, sphalerite, and copper and silver sulfa­

salts form significant ore bodies within the breccias. The chimneys lie 

within solfatarically altered volcanic rocks, which consist of pervasive 

zones of hydrothermal quartz, dickite, · kaolinite, alunite, diaspore, and 
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pyrophyllite. The solfataric alteration grades outward into typical 

propylitization. Burbank (1950) interpreted this alteration to have 

formed in an acid-sulfate hot spring environment, based on the simila­

rity of the alteration mineralogy to that described in modern acid ­

sulfate hot spring areas. Similarly altered areas are found throughout 

the San Juan Mountains, including, among others, Red Mountain near Lake 

City, Carson Camp, Summitville, Bonanza, and Calico Peak near Rico 

(Larsen, 1913; Serna-Isaza, 1971). 

Eruption of the Sunshine Peak Tuff and the concurrent collapse of 

the Lake City caldera at 23 m.y. (Mehnert et al, 1973a) initiated the 

bimodal magmatism in the western San Juans. Alteration within the Lake 

City caldera, not an economically productive area, is centered on a gra­

nitic resurgent intrusion within the caldera. Alunite in the solfa­

tarically altered breccia within the Red Mountain quartz latite dome 

on the eastern Lake City caldera ring fault yields a K-Ar age of about 

23 m.y. (Mehnert et al, 1980), identical with that of the Sunshine Peak 

Tuff and the quartz latite dome (Mehnert et al, 1973a). Outside the 

northern margin of the Lake City caldera, radial veins that cut the 

volcaniclastic debris within the Uncompahgre caldera exhibit s ys tematic 

mineralogic zonation concentric to the Lake City caldera (Slack, 1980), 

suggesting a genetic relationship. A sericite stringer from one such 

vein, the Hidden Treasure vein, yields a K-Ar age of 20.3 m.y., consi­

dered to be a minimum age because of the fine-grained nature of the 

sericite and the possibility of argon loss (Lipman et al, 1976). 

Quartz latite intrusions, spatially related to the chimney deposits in 

the Red Mountain district on the northwestern margin of the Silverton 
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caldera, yield concordant K-Ar and fission-track ages that also cluster 

around 22.5 m.y. (Lipman et al, 1976). 

Occurrences of porphyry-type stockwork molybdenum mineralization 

are also present, although none have been productive. Several such 

areas occur between Silverton and Ophir (Jackson et al, 1980; Ringrose 

et al, 1981). A tabulation of stockwork molybdenum deposits in western 

North America by Clark (1972) includes Matterhorn Peak, just north of 

the Uncompahgre caldera, although other work in this area mentions only 

anomalous Mo-rich stream silt analyses (Fischer et al, 1968). South of 

Silverton, in the Precambrian crystalline rocks of the Needle Mountains, 

stockwork molybdenum is associated with a 9 m.y. rhyolite stock at 

Chicago Basin (Schmitt and Raymond, 1977). The Silverton- Ophir and 

Chicago Basin occurrences comprise thin quartz veinlets containing 

pyrite and molybdenite enclosed in wall rocks pervasively altered to 

quartz, sericite, pyrite, and, locally, kaolinite. 

2.3 Geology of the Lake City Caldera 

2.3.1 Magmatic Evolution of the Lake City Caldera 

The Lake City caldera formed in response to the eruption of the 

Sunshine Peak Tuff 23 m.y. ago (Lipman et al, 1973; Mehnert et al, 

1973a; Steven and Lipman, 1976; Hon et al, 1983). The caldera has been 

mapped by Lipman (1976a), and more recent work by Hon et al (1983) has 

defined detailed stratigraphic relationships within the caldera-fill 

Sunshine Peak Tuff (Fig. 2.6). The collapsed block, 11 by 14 km, is 

nested within the southern part of the Uncompahgre caldera, and trun­

cates the eastern extension of the Eureka graben. The caldera ring 
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Figure 2.6 Generalized geologic map of the Lake City caldera (from 

Lipman, 1976b). Displacement on resurgence-related faults is no more 

than meters or tens of meters. Several hundred meters of uplift in the 

central part of the caldera has resulted from resurgence. 



45 

0 

EXPLANATION 

Resurgent Qronitic intrusions 

Caldera-filling Iovas } 
Sunshine Peak Tuff LAKE CITY 

(lntrocoldera ash-flow tuff) CALDERA_ FILL 

Mesobreccia SEQUENCE 

MeQabreccia 

Precoldero volcanic rocks 

Pr~combrian rocks 

4 KILOMETRES 

Contact 

Fault--Bar and boll on downtt-rown 
side . Dashed where OI>P"'>imately 
located ; dotted where concealed 

Remnants of topographic wall 



46 

fault is exposed for about 300° of arc around the caldera, and is a sin­

gle, steeply inward-dipping, narrow fault. Various older volcanic rocks 

of the San Juan volcanic field are exposed along the margins of the cal­

dera. Also, the crystalline basement is exposed in a structural high a­

long the southern and southwestern margin of the caldera (the Precam­

brian granite of Cataract Gulch, Lipman, 1976a). 

Intracaldera Sunshine Peak Tuff comprises three gradational facies 

with an overall thickness greater than 1300 m (Hon et al, 1983): the 

lower member is a high-silica, alkali rhyolite containing quartz, sani­

dine, and rare biotite phenocrysts (76 percent Si02); the middle member 

is a rhyolite containing quartz, sanidine and biotite phenocrysts (74 

percent Si02); and the upper member is a quartz trachyte containing 

sanidine, plagioclase, quartz, and biotite phenocrysts (68 percent 

Si02). Outflow Sunshine Peak Tuff is only locally preserved, and is 

exclusively the early high-silica alkali rhyolite. Within the caldera, 

caldera-collapse breccias were shed into the downdropped block from 

the oversteepened caldera walls, and are interbedded \vith the three tuff 

units (Lipman, l976b). These megabreccias contain fragments of volcanic 

rocks and Precambrian granitic rocks now exposed along the margins of 

the caldera. Megabreccia in the northwestern part of the caldera con­

tains clasts of altered rhyolite that closely resemble altered rocks of 

the Capitol City area, just to the north outside the caldera. The 

stratigraphically higher breccia units contain smaller clasts than 

the lower units (Lipman, 1976b). 

Ring-fracture domes, the quartz latites of Red Mountain and Grassy 

Mountain (63 percent Si02: Hon et al, 1983) were erupted on the eastern 
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caldera ring fracture shortly after the ash-flow eruptions, but it is 

not clear whether they predate or postdate resurgent doming of the down­

dropped block (Steven and Lipman, 1976). A flat-topped quartz syenite 

intrusion (65 percent Si02: Hon et al, 1983) accompanied resurgence in 

the north-central part of the caldera. The caldera resurged asymmetri­

cally, as indicated by variable displacements of the tuff units along 

the caldera walls. A maximum uplift of 700 m occurred along the nor­

thern wall, which corresponds to the highest level of emplacement of the 

resurgent intrusion (Hon et al, 1983). A discontinuous ring dike is 

exposed along the northern ring fault of the caldera (Steven and Lipman, 

1976). A zone of faulting related to resurgence trends east-northeast 

across the resurgent dome, parallel to the extension of the Eureka 

graben. 

K-Ar age determinations for biotite and sanidine have shown that 

the lower and upper Sunshine Peak Tuff, the quartz latite lava domes, 

and the resurgent intrusions are all concordant at 23 m.y. (Hon et al, 

1983). North of the Lake City caldera, in the moat of the older 

Uncompahgre caldera (Fig. 2.4c), an east-northeast trending line of 

rhyolite intrusions mineralogically similar to the Sunshine Peak Tuff 

was emplaced at about 18 m.y. (Steven and Lipman, 1976). These 

intrusive rocks are fluorine-rich, topaz-bearing rhyolites, similar to 

other Cenozoic topaz-bearing rhyolites in the western United States 

(Burt et al, 1982). 
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2.3.2 Hydrothermal Alteration in the Lake City Caldera 

A hydrothermal system was established in the Lake City caldera 

shortly after collapse. Rocks mineralogically altered during this hy­

drothermal episode are exposed throughout the caldera (Fig. 2.7). The 

most intensely altered rocks within the resurgent dome occur around or 

above the resurgent intrusions (Steven and Lipman, 1976), suggesting a 

close genetic relationship. In this area, irregular zones of pervasive 

argillization and silicification, with minor pyrite, are centered on 

meter-wide quartz veins that fill resurgence-related fractures. 

Locally, the veins contain base-metal sulfides and pyrite. The altered 

zones extend from ten to several hundred meters away from the central 

veins. The abundance of alteration products in the rock decreases away 

from the veins, passing through a zone developed in the tuff where 

sericite replaces biotite, and eventually grading into a pervasive, 

caldera-wide, weak alteration characterized by spotted development of 

clay in the sanidine. Locally, calcite is an important alteration pro­

duct in the tuff in the weakly altered areas. Sunshine Peak Tuff within 

several hundred meters of the resurgent intrusions has been hornfelsed, 

such that the initially fine-grained, devitrified groundmass is recrys­

tallized to a coarser, even-grained, aggregate of quartz and potassium 

feldspar. In the hornfelsed tuff, the sanidine has unmixed to perthite. 

Surface oxidation of hypogene disseminated pyrite in the most intensely 

altered rocks imparts a bright red hematitic color to those exposures. 

In Burrows Park, in the southwestern corner of the collapsed block, 

and in the lower Cooper Creek drainage adjacent to this area, quartz 

veins containing concentrations of pyrite, chalcopyrite, sphalerite, 
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Figure 2.7 Schematic distribution of intensely altered areas within 

the Lake City ca ldera (modified after Lipman, 1976a). The geology is 

taken from Figure 2.6. Outlines of outcrops of intrusive rocks are 

shown. Note the correspondence between the areas of resurgent intrusive 

rocks and argillized-silicified rocks within the caldera. The brec­

ciated, solfatarically altered area in the Red Mountain quartz latite 

ring dome is also shown. 
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galena, and tetrahedrite have been mined (Woolsey, 1907; Krasowski, 

1976). Alteration extends on an average 3 to 8 meters away from these 

veins, and consists of the development of quartz, sericite, and pyrite. 

Andesitic megabreccia in this area has been propylitically altered; it 

now contains albite, epidote, chlorite, sericite, pyrite, carbonates, 

and clays as alteration minerals (Krasowski, 1976). 

Solfataric, acid-sulfate, hot spring alteration, centered on a 

brecciated area, occurs in the Red Mountain quartz latite (Larsen, 1913; 

Burbank, 1950). Mineralogically, the alteration consists of the pseudo­

morphic replacement of potassium feldspar phenocrysts by alunite and 

quartz, or by kaolinite and illite, with the groundmass completely al­

tered to quartz and scattered grains of alunite or kaolinite/illite. 

Fine-grained disseminated pyrite initially made up several percent of 

the altered rock, but surface samples are oxidized to red iron oxides. 

The alteration grades outward through several hundred meters of py­

ritized and weakly argillized quartz latite to fresh rock. Hall (1978) 

estimates that 250 million metric tons of alunite, a potential aluminum 

resource, are contained in the Red Mountain deposit. 

An 840 m deep diamond drill hole, collared at an elevation of 3780 

m on the west flank of Red Mountain, was drilled by A}10CO in the summer 

of 1981. This hole penetrated locally-brecciated Red Mountain quartz 

latite throughout its extent. Above about 200 m, alteration in the 

drill hole remains similar to that exposed on the surface of the 

solfatarically altered zone. Below 200 m, alteration consists of 

variable amounts of kaolinite, illite, montmorillonite, quartz, 

and minor (< 3 percent) pyrite (Ken Hon and Dana Bove, personal 
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communication, 1983). The lower-elevation alteration mineralogically 

and texturally resembles the alteration surrounding quartz veins above 

the resurgent intrusion in the central part of the caldera. 

Two samples of alunite from Red Mountain have been radiometrically 

dated using K-Ar (Mehnert et al, 1980). The two dates of 22.9 and 23.3 

m.y. are virtually identical to the age of the Sunshine Peak Tuff, the 

Lake City caldera resurgent intrusions, and the ring dome quartz latites 

(Hon et al, 1983). 

On the west side of Alpine Gulch, within the caldera 3 km northwest 

of the summit of Red Mountain (3909 m), several abandoned mines have 

exploited quartz veins bearing base-metal sulfides and pyrite. These 

veins are enclosed in pervasively altered caldera-fill tuff and mega­

breccia. This alteration is continuous with, although lower than (2990 

to 3320 m elevation), the solfataric zone at Red Mountain. These rela­

tionships suggest that erosion has exposed different levels of the same 

hydrothermal system. It is also clear that erosion within the central 

and western parts of the caldera, where the resurgent intrusion and the 

lower units of the Sunshine Peak Tuff are exposed, has cut deeper into 

the stratigraphy than along the eastern caldera margin (Fig. 2.8), where 

the eruptive ring domes overlie the original top of the youngest Sun­

shine Peak Tuff unit. The top of this unit forms a dip slope away from 

the domed caldera core on the southeastern side of the caldera. Erosion 

within the central and eastern parts of the caldera has thus exposed 

deeper, hotter levels of the caldera's hydrothermal system than that 

exposed at Red Mountain. The mineralized veins in the Burrows Park area 

are also in a deeply eroded area, but both the sulfide mineral zonation 
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Figure 2.8 Diagrammatic E-W cross section through the Lake City 

caldera (from Lipman, 1976b). The present level of exposure within the 

caldera varies from east to west. On the eastern margin, the initial 

top of the caldera-fill Sunshine Peak Tuff is preserved beneath the 

quartz latite ring dome. Erosion in the central and western parts of 

the caldera has cut deeply into the resurgent dome, exposing the resur­

gent granitic intrusion. A section up to two km thick has been removed 

by erosion in the central and western part of the caldera. 
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and the proximity of these veins to the mineralized structures of the 

Eureka graben suggest a source in that direction (Krasowski, 1976) • 

Some of the mineralization in the Eureka g r a. ben is as young as 10 to 

17 m.y. old (Casadevall and Ohmoto, 1977; Lipman et al, 1976). 
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CHAPTER 3 

OXYGEN ISOTOPIC ANALYSES OF ROCKS FROM THE LAKE CITY CALDERA 

3.1 Sampling Program and Sample Preparation 

Three months were spent during the summers of 1981 and 1982 collec­

ting samples from within and adjacent to the Lake City caldera. The ex­

tremely rugged terrain (2620 to 4273 m elevation; Fig. 3.1) and limited 

vehicular access within the caldera required that sampling be conducted 

almost entirely on foot. During the course of the field work, over 

70,000 vertical feet (21 km) and 100 horizontal miles (160 km) were 

traversed. Samples were collected at approximately 400 meter intervals 

along the traverses, unless visual indications of varying alteration 

intensity necessitated shorter intervals. All quartz veins were sampled 

when encountered. All samples consist of single hand samples, approxi­

mately 1 kg in size, and care was taken to avoid oxidized or weathered 

rocks. More than 500 samples were collected, about half of which have 

been isotopically analyzed. 23 additional surface samples were provided 

by Ken Hon of the U. S. Geological Survey, and 16 samples of drill core 

from the Red Mountain area were provided by Ken Hon and Dana Bove of the 

U. S. Geological Survey. An additional 31 samples were collected at 

other solfatarically altered areas within the San Juan Mountains, in­

cluding the Red Mountain district near Silverton, the Summitville dis­

trict, and Calico Peak near Rico. 

Standard 2 by 3 em petrographic thin sections were prepared for 

nearly all the isotopically analyzed samples. Two to five grams of 

chips from the samples were ground by hand for the whole-rock isotopic 
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Figure 3.1 Map of the Lake City caldera showing topography. Place 

names as used in the text are shown. For convenient reference the ex­

posures of the ring fracture and resurgent intrusion are numbered (from 

1 to 14). See Plate 1 (in pocket) or Figure 2.6 for a litholgic 

explanation. 
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analyses, with care being taken to avoid oxidized or weathered rinds 

on the rocks. Coarser - grained samples, such as those from the Pre­

cambrian granite of Cataract Gulch and the Lake City resurgent 

intrusion, required larger ground samples in order to insure a 

representative analys is . ffineral separates were prepared by hand ­

picking 20 to 40 mg of clean mineral from 15 to 30 gm of crushed 

sample. Quartz phenocrysts from the rocks were routinely treated with 

concentrated HF to dissolve any matrix or other minerals adhering 

to them. Hand-picked feldspar and mica separates were generally 

greater than 95 percent pure. Quartz from quartz veins was also 

hand-picked from crushed vein material in order to remove fragments 

containing sulfides or their oxidation products. Hydrothermal quartz 

from the solfatarically altered areas was prepared by hand-picking 

clean quartz fragments from crushed rock that had been treated with 

concentrated HF. The HF treatment dissolved any alunite or kaolinite 

in the rock. Pure ground alunite, donated from the Caltech collection 

by Dr. George Rossman, was treated with concentrated HF in order to 

determine if it would dissolve in the cold acid, which it did. 

3.2 Anal :-: i cal Procedcres 

The technique used for l8o;l6o determinations is essentially the 

same as that described hy Taylor and Epstein (l962a). This involves 

the reaction of silicate minerals with excess fluorine gas, purifica­

tion of the oxygen released by this reaction, reaction of the oxygen 

with a resistance-heated carbon rod to produce C02, and analysis of 

the C02 with a MtKinney-Nier double collecting mass spectrometer. 
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All results are reported in the familiar 6 notation in parts per mil. 

Precision is better than 0.2 per mil. Raw 6 values are corrected t o 

the SMOW scale using the Caltech rose quartz 6 value of 8.45. NBS - 28 

has a 6 value of +9.60 on this scale. 

3.3 Data from the Lake City Caldera 

Oxygen isotopic data for rocks from the Lake City caldera area and 

for selected solfatarically altered areas in the San Juan Mountain s are 

presented in Table 3.1. These data are listed by lithology. Included 

in Table 3.1 are mineralogical alteration data for nearly all the isoto­

pically analyzed r ocks. The mineralogical data are based on petrogra­

phic examination of thin sections prepared from the same hand samples 

from which the isotopic analyses were made. All sample locations and 

data from the Lake City caldera area are shown on Plate 1 (in pocket), 

which also includes the geology of the Lake City caldera area, together 

with the locations of the cross sections shown in Plate 4 (in pocket). 

Figure 3.1 is a condensed map of the caldera that shows topography, 

place names as used in this text, and the distribution of the resurgen t 

and ring fracture intrusions that have been mapped within the caldera. 
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CHAPTER 4 

OXYGEN ISOTOPE RELATIONSHIPS IN METEORIC WATERS AND ROCKS 

IN THE VICINITY OF THE LAKE CITY CALDERA 

4.1 Meteoric Water as a Hydrothermal Fluid 

4.1.1 Oxygen Isotope Relationships in Meteoric-Hydrothermal Systems 

The discovery that fossil hydrothermal systems were very common 

around epizonal and deeper plutons was made through systematic 18o; 16o 

and D/H studies which showed that large volumes of rocks centered on 

such intrusions are depleted in deuterium and 180. These low- 180 areas 

include the Tertiary volcanic centers of Skye, Mull, and Ardnamurchan in 

western Scotland (Taylor, 1968; Taylor and Forester, 1971), the Western 

Cascade Range, Oregon (Taylor, 1971), the Skaergaard intrusion, Green­

land (Taylor and Forester, 1979), the Silverton caldera and associated 

volcanic and intrusive rocks in the western San Juan Mountains, Colorado 

(Taylor, 1974a; Jackson et al, 1980; Ringrose et al, 1981), the Boulder 

Batholith, Montana (Sheppard and Taylor, 1974), the Stony Mountain 

intrusive complex, western San Juan Mountains, Colorado (Forester and 

Taylor, 1980), and the Idaho Batholith (Taylor and Magaritz, 1978; Criss 

and Taylor, 1983). 

The rocks affected by these fossil hydrothermal systems were 

depleted in deuterium and 180 by interaction with large quantities of 

convectively-driven meteoric-hydrothermal fl ui ds (Taylor, 1977, 1979). 

Meteoric groundwater is the only substantial reservoir for the low- 180, 

low-D, fluids required to produce such depletions. The most intense 

180 depletions occur in intrusive rocks emplaced into young, highly 
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jointed, permeable, volcanic rocks. Propylitization, characterized by 

the development of chlorite, albite, calcite, and epidote, also general­

ly accompanies the deuterium and 18 0 effects. Feldspars in these rocks 

are typically depleted in 18 0 to a greater extent than other coexisting 

igneous minerals, and such feldspars commonly exhibit turbidity as a 

result of the production of fine-grained hydrothermal alteration pro­

ducts . Water/rock ratios, integrated over the lifetime of the hydro­

thermal systems, are at least 1, and are probably significantly greater, 

which is not surprising considering the extent of mineralogical · altera­

tion in the rocks. 

The a18 0 values of hydrothermal waters in equilibrium with mine­

rals produced in these systems are generally shifted to several per mil 

higher values, away from the meteoric water line (Fig . 4.1). This re­

sults from isotopic exchange between the deeply-circulating, heated 

meteoric waters and silicate or carbonate country rocks . Such rocks 

characteristically have initial a18 0 values greater than +5.5 prior to 

alteration. As expected, the ao values of the hydrous minerals indicate 

no significant complementary shift in D/H ratios in the fluid, because 

of the very low initial hydrogen contents of the rocks as compared with 

the waters. Such effects are observed in a number of epithermal vein 

systems, including the ore districts at Tonopah, Goldfield, and Comstock 

Lode, Nevada (Taylor, 1973), the Bodie district, California (O'Neil et 

al, 1973), and in the Sunnyside and other vein systems in the western 

San Juan Mountains, Colorado (Casadevall and Ohmoto, 1977; Taylor, 1974a; 

Forester and Taylor, 1980). D/H analyses of inclusion fluids from the 

Bodie district veins, and from veins in a number of similar districts in 
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Figure 4.1 Oxygen and hydrogen isotopic anal yses of fluids dis-

charging in active geothermal areas (from Craig, 1963). The charac­

teristic 0-shift in these systems is indicated by the sub-parallel 

horizontal trajectories in the upper diagram, toward heavier o 1 ~0 

values and away from the meteoric water line. This results from 

oxygen isotopic exchange between the heated meteoric-hydrothermal 

fluid and the rocks through which it is flowing. The oD of the 

water does not show a measurable shift because only small quanti­

ties of hydrogen are initially available for exchange in the rocks. 

Although fluids showing cD shifts do occur, they are typically 

found only in hot springs that show evidence of boiling (lower 

diagram). The parallel trajectories with slopes of about 3 that 

are shown in the lower diagram are the result of kinetic fractiona­

tion effects in the boiling fluid (Crai g , 1963). 
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the Great Basin of Nevada, have shown that the OD values of these mete-

oric-hydrothermal fluids were not measureably shifted away from those 

of the local meteoric waters (O'Neil et al , 1973; O'Neil and Silberman, 

1974) . 

Oxygen and hydrogen isotopic analyses of meteoric-hydrothermal 

fluids discharging from hot springs in modern hydrothermal systems 

also exhibit the characteristic 18 0 shift (Fig . 4. 1) (Craig, 1963) . 

Wairakei , New Zealand, however, shows only a small 180 shift, either 

because the rocks have been previously altered or because of a high 

water/rock ratio . Also, geothermal fluids that have experienced boiling 

(e . g . Geysers, Lassen, Yellowstone) are systematically enriched in deu-

terium and 180 along linear , parallel, trends having slopes of about 3 

(Fig. 4.1) . This is due to nonequilibrium evaporation and is a kinetic 

effect (Craig , 1963). 

4 . 1. 2 Isotopic Composition of Tertiary Meteoric Water in the Western 
San Juan Mountains 

Much of the alteration and mineralization in the western San Juan 

Mountains took place in mid to late Tertiary time (Lipman et al, 1976) . 

Isotopic analyses of minerals formed in these meteoric-hydrothermal 

environments can be used to calculate the initial isotopic composition 

of the meteoric water involved in these systems . Taylor (1974a) noted 

that 180-depleted , altered rocks from the Silverton caldera in the 

western San Juans exhibit uniformly low 6D values of -137 to -150 per 

mil, from which he calculated a CD range of about -100 to -120 per mil 

for the hydrothermal fluid . Applying the meteoric water equation (Craig, 
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1961) to this range of 60 implies an initial 6 18 0 of -14 to -16 per 

mil for pristine meteoric water. Deuterium analyses of hydrous alter-

ation minerals at the Stony Mountain complex suggest a similar initial 

meteoric water 6 18 0 of -14 to -15 and oo of about -110 per mil (Forester 

and Taylor, 1980). Sheppard et al (1969) analyzed a hydrothermal 

dickite from the Koehler tunnel north of Silverton (60 = -141 per mil; 

618 o = -6.2 per mil) that must have been deposited from a similar type of 

meteoric-hydrothermal fluid. Deuterium analyses of inclusion fluids 

from the Sunnyside vein system range from -96 to -135 per mil (Casadevall 

and Ohmoto, 1977), which imply a 6 180 range of about -13 to -18 per 

mil, using the meteoric water equation (Craig, 1961). The 6 18 0 of 

pristine mid to late Tertiary meteoric water in the western San Juans 

thus appears to have been in the range -13 to -18 per mil, roughly simi-

lar to the present-day values (Friedman et al, 1964). For purposes of 

subsequent discussion, a value of -15 per mil is considered to be 

appropriate for these waters. 

4.1.3 Meteoric Water as a Fluid Reservoir for the Lake City Caldera 
Hydrothermal System 

Fluids in meteoric-hydrothermal convection s ystems a round epi-

zonal plutons exchange oxygen isotopes with the wall rocks, and these 

rocks thereby become depleted in 180. A histogram of whole-rock or 

feldspar oxygen isotope compositions from lithologic units associated 

with the Lake City caldera (Fig. 4.2) shows that nearly all the samples 

analyzed in this study are depleted in 18 0 relative to the original 

whole-rock isotopic compositions. The measured 18 0 depletions in these 

various lithologic units form the basis for mapping the hydrothermal 
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Figure 4.2 Histogram showing all whole-rock oxygen isotopic analyses 

made in this study from outcrop samples in the Lake City caldera area. 

The data are grouped by lithology. All of the data shown are whole-rock 

values except those denoted with a slash, which represent feldspar sepa­

rates from the ring domes. The downward pointing arrows indicate our 

best estimates of the initial o18o value of that particular rock unit 

prior to hydrothermal alteration (see text). However, the initial o18o 

values of the me ga breccias and older volcanic rocks are only approxi­

mately known (o 18o in the range +6 to +10). 
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systems associated with the Lake City caldera (to be discussed in Chap­

ter 7). Within each lithologic unit shown on Figure 4.2, almost all of 

the samples show varying degrees of depletion in lSo, from 1 to 10 per 

mil, except for the ring domes. These domes were extruded during the 

later stages of volcanism, were emplaced at the surface, and are peri­

pheral to the major lSo-depleted zones within the caldera; thus the 

outcrop samples from the ring domes were in general not subjected to 

intense hydrothermal activity. However, deeper samples from a 1000-

meter drill core (not plotted in Figure 4.2) do show marked l So deple-

tions, down to a 18 o +1.8 (see Chapter 5). 

Meteoric water and magmatic water represent the only plausible 

sources for the hydrothermal fluids involved in a rhyolitic caldera-

type environment such as Lake City. At temperatures near the granite 

solidus, waters in equilibrium with isotopically normal magmatic rocks 

would have about the same oxygen isotopic composition as the rocks them­

selves, because the mineral-water isotopic fractionations at these high 

temperatures are generally quite small (Taylo r, l974b, 1979). Thus, 

magmatic waters in equilibrium with isotopically normal magmatic rocks 

would have a a 1So range of about +5 to +10 per mil (Taylor, l974b, 1979) 

At temperatures typical of caldera-type hydrothermal systems (less than 

about 500°C), such magmatic fluids would shift whole-rock oxygen isotopic 

compositions to heavier, not lighter, al SO values. Magmatic water thus 

can be virtually eliminated as a possible major component in the hydro­

thermal fluids of the Lake City caldera, and a low- 1So fluid of meteoric 

origin is required to produce the lSo depletions observed in the Lake 

City caldera rocks. This is consistent with fluid sources defined for 
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the other hydrothermal systems that have been studied in the the western 

San Juan Mountains (Sheppard et al, 1969; Taylor, 1974a; Casadevall and 

Ohrnoto, 1977; Forester and Taylor, 1972, 1980; Jackson et al, 1980; 

Ringrose et al, 1981). 

4.2 o18o Variations in the Precambrian Granite of Cataract Gulch 

4.2.1 Initial Magmatic Isotopic Composition 

Although unaltered specimens of the Precambrian granite of Cataract 

Gulch are rare, the original rock is readily inferred to have contained 

about 35 percent tabular, subhedral, perthitic orthoclase; 35 percent 

anhedral, interstitial quartz; 25 percent tabular, subhedral calcic 

oligoclase-sodic andesine; and a total of 5 percent subhedral biotite 

and anhedral muscovite. The granite ranges from hypidiornorphic granular 

(2 to 8 rnrn in grain size) to porphyritic, with up to 20 percent tabular, 

euhedral orthoclase phenocrysts to 1.5 ern in length. Magnetite, apa­

tite, garnet, fluorite, and allanite occur as accessories. The propor­

tions of the primary mineral phases in the granite are approximately 

uniform throughout the area of exposure. All isotopically analyzed 

samples of the granite are, however, either depleted in 18 0 or mineralo­

gically altered, or both. A number of isotopic, petrographic, and loca­

tion data for the samples of granite analyzed in this study are compiled 

in Table 4.1. 

Analyzed quartz from the Cataract Gulch granite has o18o = +9.5 

to +10.5, and averages +10.0. Analyzed orthoclase ranges from +1.5 to 

+8.6, and averages +4.0. Quartz-orthoclase 18 0 fractionations range 

from 1.9 to 8.5 per mil, compared to the "normal" quartz-orthoclase 
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fractionation of about 1.5 per mil in unaltered plutonic rocks (Taylor 

and Epstein, 1962b; Taylor, 1968; Blattner and Bird, 1974; Criss and 

Taylor, 1983). Isotopic analyses of quartz-orthoclase pairs from the 

Cataract Gulch granite exhibit systematics (Fig. 4.3) similar to those 

observed by Criss and Taylor (1983) in the meteoric-hydrothermally 

altered rocks of the Idaho Batholith (Fig . 4.4). The points in Figure 

4.3 that lie below the primary magmatic fractionation line all have 

anomalous quartz-orthoclase fractionations, clearly indicative of ex­

change with hot, low- 18 o fluids . Compared to the orthoclase, the 

quartz exchanged very slowly with the meteoric-hydrothermal fluids. 

Only one sample of the granite, CG-11, exhibits a very small 

quartz-orthoclase fractionation (1.9 per mil), compatible with little 

or no hydrothermal exchange. The whole rock o18o analysis of this 

sample, +9.2, is within the range of normal granitic plutonic rocks 

(Taylor, 1968). Note, however, that the biotite, which makes up less 

than 5 volume percent of this sample, is about 25 percent altered to 

sericite, indicating at least some hydrothermal alteration. Based upon 

the quartz o18 o value of +10.5, The initial o18 o of this rock was 

probably slightly greater than +9.2, perhaps as high as +9.4 to +9.8 per 

mil. 

4 . 2.2 Mineral-Mineral Isotopic Relationships 

Thirty-five whole-rock samples of the Precambrian granite of Cata­

ract Gulch were analyzed for o18 o, representing most known outcrops out­

side the southern and western margins of the Lake City caldera. The 

results range from +0.7 to +9.2 (Fig. 4.2). A number of mineral sepa-
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Figure 4.3 Oxygen isotopic analyses of quartz-orthoclase pairs from 

the Precambrian granite of Cataract Gulch. Also shown is the diagonal, 

45° quartz-orthoclase fractionation line at 2 per mil; values of 1 to 2 

per mil are typical of unaltered plutonic rocks, and all known samples 

with ~ 18 oo-F > 2.0 have undergone subsolidus isotopic exchange (Taylor, 

1968) • The 6 18 0 values in the Cataract Gulch granite all indicate 

marked isotopic disequilibrium, except CG-11, the sample that plots on 

the unaltered plutonic curve; similar relationships were found for mine­

ral pairs from the Idaho batholith by Criss and Taylor ( 1983) (see Fig. 

4.4). Seven of the nine samples of Cataract Gulch granite define a 

(dashed) 18 0 exchange line with a very steep slope (o 18 oKSPAR 

8.75o 18 o 0Tz- 83). Two samples plot slightly off this dashed line, 

SR-19 and LC-17; their slightly anomalous o 18 o values are readily ex­

plained by grain-size effects (Section 4.2.5), because relative to the 

other samples on the main trend line, SR-19 is a fine-grained sample and 

LC-17 is a very coarse-grained sample. The quartz in these samples 

thus would be, respectively, much less resistant and much more 

resistant to hydrothermal 18 0 exchange than the average granite sample. 
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Figure 4.4 Oxygen isotopic analyses of quartz-feldspar pairs 

from the Idaho batholith (from Criss and Taylor, 1983). Data from 

the Precambrian granite of Cataract Gulch define a nearly identical 

relationship (Fig. 4.3), although the Idaho batholith data show 

a more pronounced decrease in quartz o18 o values with decreasing 

feldspar values (because of the shallower level and lower tempera­

ture of hydrothermal activity at Lake City?). 



110 

12 

10 -
PRIMARY / • A CLUSTER// /J 

/ I 
8 I & &I I ./ 

t& /~ I 
..., I 

6 I & & & ( 

J&&lf. I 
I & & & I 

I & I 
4 I & & I 

I I 
I I ..... I 0 2 && I a. I IJ'l 

"C (& & 

' & / 
Q) - I 0 & & I 

f£0 I I 
f.D I & I 

-2 I & I 

I I 
. I I 

I I 
-4 I HYDROTHERMALLY 

I I ALTERED 

I 
(& 

I 
-6 I 

\ I 
\ & 

& I 
\ 

-8 \. I ,_.y 

-10 
0 2 4 6 

6
18
0 

8 10 12 14 16 
quartz 



111 

rates from these samples were also analyzed; the quartz-orthoclase 

fractionations are discussed above (Fig . 4.3) . Although the orthoclase 

was thoroughly isotopically altered as a result of exchange with the 

meteoric-hydrothermal fluids, it is mineralogically unaltered in nearly 

all the samples. Minor turbidity is only rarely developed in the 

orthoclase. In contrast, the plagioclase in all samples displays 

variable degrees of turbidity, due to the development of alteration 

products (minute flakes of clay?) throughout the grains . Although the 

alteration minerals were not positively identified, they display a high 

birefringence similar to that of sericite . 

Biotite exhibits the widest variation in mineralogic alteration, 

and ranges from fresh to totally altered. Common biotite alteration pro­

ducts are sericite, chlorite, and very fine-grained opaque minerals. 

Quartz and clay are less common alteration products. Sericite and 

chlorite occur in variable proportions replacing the biotite along 

cleavage planes and along rims. 

Isotopic data for the mineral separates are plotted in Figure 4.5 

versus the whole-rock o18o values of the respective samples. All mine­

ral phases except quartz, and perhaps muscovite, exhibit depletions 

in 18 0, the magnitudes of which correlate positively with the magnitudes 

of the whole-rock 18 0 depletions . 

The isotopic fractionations among the coexisting phases can be used 

to evaluate the relative isotopic exchange rates between the minerals 

and the hydrothermal fluids, assuming the appropriate fractionation 

factors are known. Equilibrium fractionation curves utilized in the 

following discussion are shown graphically in Figure 4 . 6. Mineral-
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Figure 4.5 Oxygen isotopic compositions of minerals from the Pre-

cambrian granite of Cataract Gulch, plotted as a function of whole­

rock a1So of the granite. Quartz and muscovite show only minor lSo 

variations, but the alSo of orthoclase decreases systematically with 

whole-rock alSo value. Thus the alSo variations in the rocks are 

mostly attributable to effects in the alkali feldspar, which is the 

most abundant mineral in the rock. Limited data for plagioclase and 

chlorite (an alteration product of the biotite) indicate lSo effects 

similar to that observed for the orthoclase. 
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Figure 4.6 Mineral-mineral fractionation factors used in dis-

cussion of the mineral isotopic analyses. Data sources are listed 

in the text. Abbreviations used in the figure are: KSPAR, alkali 

f eldspar; CHL, chlorite; MUSC, muscovite; QTZ, quartz. 



115 

T(°C) 
800 600 500 400 300 200 

6 

t> 4 

QTZ-MUSC 

2 

o._------------------------------~-------5 0 4 



116 

mineral fractionation curves were derived by combining the appropriate 

mineral-water fractionation curves, first assuming that the fractiona­

tion, ~. between phases A and B can be approximated by: 

~ A-B 

where a is the ratio of 18o; 15o in mineral A to that in mineral R. The 

experimentally determined fractionation curves of O'Neil and Taylor 

(1969) for muscovite-water, of O'Neil and Taylor (1967) for alkali 

feldspar-water, and of Clayton et al (1972) for quartz-water were used, 

together with the empirically determined chlorite-water curve of Wenner 

and Taylor (1971). Calculated equilibrium fractionation temperatures 

for mineral pairs from the Precambrian granite are shown in Table 4.2. 

Muscovite-orthoclase fractionations of 2.6 and 4.5 per mil are 

observed in samples SC-86 and HP-5, r espec tively. These data clearly 

represent isotopic disequilibrium between these phases, as the alkali 

feldspar should have a higher 18o; 15o ratio than that of the muscovite 

(Fig. 4.6). Also, unli ke the orthoclase, the muscovite does not show a 

progressive 18 0 depletion correlative with the whole-rock 180 deple­

tion (Fig. 4.5). It appears that the muscovite exchanged oxygen with 

the hydrothermal fluids very slowly, as did quartz (Fig. 4.3). However, 

the muscovite did not perfectly preserve its initial magmatic o18o value 

throughout the duration of the hydrothermal event, because the quartz­

muscovite fractionations of 3.3, 3.7, and 2.9 per mil measured for 

samples SC-86, HP-5, and CG-36, respectively, yield equilibrium frac­

tionation temperatures of about 335° to 450°C (Fig. 4.6), clearly lower 
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Table 4. 2 Oxygen isotopic fractionation temperatures for mineral 

pairs from the Precambrian granite of Cataract Gulch (assuming isotopic 

equilibrium) • Minerals are abbreviated as: QTZ, quartz; MUSC, musco­

vite; ORTH, orthoclase; CHL, chlorite. Fractionation curves used for 

these calculations are plotted on Figure 4.6. 

Field II 

SC-86 

HP-1 

HP-5 

CG-36 

LC-17 

t:,. QTZ-MUSC 

3.3 

3.7 

2.9 

t:,. ORTH-CHL TQTZ-MUSC ToRTH-CHL 

6.6 

4.7 
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than granite solidus temperatures . This conceivably could be in part 

due to subsolidus oxygen isotopic exchange during cooling of the granite 

in Precambrian time, as has been demonstrated for a number of intrusive 

rocks by Taylor (1968). However, Taylor's (1968) compilation of oxygen 

isotopic fractionation temperatures for typical intrusive rocks shows 

that such exchange does not appreciably occur below about 500°C, so 

these muscovites have apparently exchanged with the mid-Tertiary hydro­

thermal fluids (at a rate faster than quartz and slower than orthoclase). 

Chloritized biotites from two samples, HP-1 and LC-17, exhibit 

6 180 values of -2 .2 and -2.8, respectively. The biotite in both these 

rocks is 90 to 95 percent altered to chlorite, with less than 10 percent 

sericite. Because of the very fine-grained nature of the chlorite­

biotite-sericite intergrowth, pure chlorite cannot be separated from 

the samples. However, based on numerous isotopic and chemical analyses 

of altered biotites from the Idaho Batholith, the oxygen isotopic frac­

tionation between igneous biotite and hydrothermal chlorite was shown to 

be on the order of 5 to 10 per mil for meteoric-hydrothermal alteration 

at 150° to 400°C (Criss and Taylor, 1983). Also, Figure 4.6 shows that, 

at equilibrium, muscovite (sericite) is always richer in 18 0 than coexis­

ting chlorite over this temperature range. Thus, contamination of the 

chlorite separate by biotite and sericite produces higher 6 18 0 values 

than we would observe in pure chlorite, implying that the measured ortho­

clase-chlorite equilibrium fractionations are, if anything, too small in 

HP-1 and LC-17. The temperatures of 230° and 355°C would therefore be 

maximum alteration temperatures, if equilibrium was attained and if the 

calibration curves utilized in Figure 4.6 are correct. 
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From sulfur isotope fractionation data among pyrite, chalcopyrite, 

and galena, Krasowski (1976) estimates the temperature of vein 

formation at the Bon Homme mine, within the Eureka graben, to be about 

250° to 335°C. Sample LC-17, which yields an orthoclase-chlorite tempe-

rature of 355°C, was collected from the dump at this mine. 

Assuming an alteration temperature of 300°C, which is consistent 

with both the sulfur and oxygen isotopic data, water in isotopic equili-

brium with the 180-depleted orthoclase in LC-17 would have a o1Bo 

-3.6 using the alkali feldspar-water fractionation curve of O'Neil and 

Taylor (1967). At 250° and 350°C, this water would have o18o = -5.4 

and -2.2, respectively. The hydrothermal fluids, therefore, clearly 

experienced an 18 0 shift from the pristine meteoric o18o value of -15, 

as a result of prior interaction with rocks elsewhere in the hydro-

thermal system. 

4.2.3 Water/Rock Ratios and Mineral Alteration 

Ideally, if equilibrium is attained in a closed hydrothermal system, 

it is possible to calculate the total amount of water in the system 

using the mass balance of oxygen isotopes distributed between the 

fluid and the rock. This is a function of the temperature of the inter-

action, and the initial isotopic compositions of the fluid (6iw) and 

rock (Oir)• For a closed system that undergoes cyclic convection with 

no loss of H20, the conservation relation can be written (Taylor, 1977): 

W/RcLOSED 
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where W/R is the ratio of water to rock in the system on the basis of 

the ratio of atomic oxygen, ofr is the isotopic composition of the 

altered rock, and 6 is the fractionation factor between the water and 

the rock at the temperature of interest. For an open system, where 

each packet of fluid equilibrates with the rock and then leaves the 

system forever, this equation becomes, by integration (Taylor, 1977): 

W/RoPEN ln [ -----------------

or: 

W/RoPEN ln ( W/RcLOSED + 1 ). 

Plots of W/R versus ofr for the Precambrian granite at tempera-

tures of 200° and 300°C are shown in Figure 4.7. Oir was taken as 9.2 

per mil, the isotopic analysis of that sample of the granite which gave 

a magmatic quartz-orthoclase fractionation, CG-11. Two values of 6iw 

were used: -15 per mil, pristine mid-Tertiary western San Juan meteo-

ric water; and -5 per mil, representative of a plausible 18 0 shifted 

meteoric-hydrothermal fluid, as described in the previous section. 

6 was assumed to be that of the alkali feldspar-water fractionation for 

the appropriate temperature (O'Neil and Taylor, 1967). If equilibrium 

is not achieved between the rock and water, the 18 0 depletion in the 

rock would not be as large as indicated . The W/R plots are thus minimum 

estimates of the actual W/R ratios in the hydrothermal system . 
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Figure 4.7 Idealized o18 o versus W/R ratio plot for the Precam-

brian granite of Cataract Gulch. Initial water o18 o values of 

-15 and -5 per mil, and an initial rock composition of +9.2 per mil, 

were used. Rock-water fractionation is assumed to be that of ortho­

clase-water (O'Neil and Taylor, 1967). 
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The most pertinent aspects displayed in Figure 4.7 are: (1) For 

a given initial aiw, higher temperature water/rock interaction produces 

significantly lower final rock alSo values than does a lower temperature 

interaction . (2) At a given temperature, higher W/R ratios produce 

lower whole-rock alSo values. (3) Obviously, higher aiw also produces 

higher afr, holding temperature and W/R constant. The progression of 

18 0 depletions in whole-rock and feldspar data from right to left in 

Figure 4.5 must therefore result from a systematically increasing tem­

perature of hydrothermal alteration, a systematically increasing W/R 

ratio, or influx of a different water with a lower aiw (or some combina­

tion of all three effects). 

The a 1So value of an altered rock reflects the cumulative effects 

of water/rock interaction integrated over the lifetime of a hydrothermal 

s ystem. Another measure of water/rock interaction, the de gree of mi­

neral alteration of the biotite (to chlorite or sericite), has been 

estimated from petrographic examination of thin sections of the Cataract 

Gulch granite (Table 4.1). The de g ree of mineralogical alteration of 

the biotite in the granite is a function of temperature, water/rock 

ratio, and chemical composition of the hydrothermal fluids, and is thus 

a somewhat more complex indication of the water/rock interaction than 

the whole-rock a 18 o value, which is a function just of temperature and 

water/rock ratio (assuming that the initial a 18 o value of the fluid 

remains constant). 

Using the two parameters of whole-rock a 18 o and volume percent of 

alteration products in the biotite, a plot analogous to Figure 4.7 can 

he constructed. The interpretation of such a diagram is aided by first 
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considering several theoretical alSO-mineral alteration trajectories 

(Fig. 4.8abc). For a constant initial fluid alSo, isothermal water/rock 

interaction would define a single trajectory on Figure 4.8a away from 

the initial whole-rock composition. Several such hypothetical isother­

mal trajectories are shown on Figure 4.8a; note that the actual shapes 

of the trajectories are not known, and they are shown as straight lines 

only for purposes of discussion. (If mineralogical alteration of the 

biotite occurs much faster than lSo exchange with the whole-rock, the 

curves with negative slopes would all be convex upward, and vice 

versa). The water-mineral lSo; 16 o fractionations at low temperatures 

are very large, whereas at high temperatures the fractionations are 

very small. Therefore, although biotite can be altered to chlorite 

over a wide range of temperatures, the alSo of the whole-rock will 

change along drastically different paths that depend strongly upon 

the temperature. Slopes of the lines would thus decrease from shal-

low positive slopes for very low temperature alteration to very steep 

negative slopes for extremely high temperature alteration (at high 

temperatures the lSo changes would still be very dramatic, even though 

biotite would be stable and there might be little or no chloritic 

alteration products). 

The water/rock ratio increases to the right along each isothermal 

trajectory in Figure 4.8a. However, because the kinetics of mineral­

water reactions are enhanced by increasing temperature, contours of 

equal water/rock ratios will not be vertical lines on such a diagram. 

At temperatures below the stability of biotite, higher-temperature in­

teraction would convert more biotite to chlorite than would lower-
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Figure 4 . 8 Hypothetical whole-rock o18o variations as a function 

of the degree of mineralogic alteration of biotite in the Cataract Gulch 

granite. (a) Generalized isothermal alteration trajectories are shown 

for several alteration temperatures . The actual shapes of the curves 

are unknown, but the systematic change in slope from very low to very 

high temperature alteration is correct . Time increases in the direction 

of the arrows . (b) Constant W/R ratio curves superimposed on the iso­

thermal trajectories of Figure 4 . 8a . Along a single isothermal trajec­

tory, the W/R ratio must increase monatonically with the amount of bio­

tite that has been destroyed as long as the temperature and chemical 

composition of the fluid lie outside the stability field of biotite . 

The higher the temperature of alteration, the lower is the W/R ratio 

required to produce a given degree of mineralogical alteration of the 

biotite. Thus the constant W/R curves will not be vertical, but they 

will have steeper slopes than the isothermal trajectories . (c) A gene­

ralized two-stage hydrothermal event is shown in which fluids that have 

evolved to variable degrees in an isothermal environment are (1) uni­

formly heated so that they evolve along parallel trajectories (downward 

arrows) to lower o18o values or (2) they are uniformly cooled so that 

they evolve along near-horizontal trajectories toward greater degrees 

of chloritic alteration of the biotite (upward arrows). The locus of 

rocks altered in these two hypothetical environments a r e shown as oval­

shaped fields in Figure 4.8c . Note that process (1) might equally well 

represent mixing with either lower- 18 o waters or hotter waters, whereas 

process (2) could also represent mixing with either higher- 18o waters 

or cooler waters. 
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temperature interaction at the same water/rock ratio. A series of 

hypothetical W/R ratio curves are shown in Figure 4.8b; the lines of 

equal water/rock ratio would have steep negative slopes, steeper than 

the isothermal trajectories (they would also probably be curved lines, 

possibly convex upward). 

Finally, we can examine more complex scenarios involving mixing 

of fluids or changes in the temperature of interaction in a hydrothermal 

system with time. The paths of fluids that evolved along a single, 

isothermal trajectory on Figure 4.8c could abrubtly move downward along 

steeper, secondary trajectories to lower 6 1 0 values if the alteration 

temperature was instantaneously increased, or they could move to the 

right along near-horizontal trajectories if retrograde alteration 

occurred. However, retrograde phenomena of that type are probably un­

common in most hydrothermal systems because of self-sealing by mineral 

deposition in veins and fractures. 

Figure 4.9 plots the whole-rock 6 1 0 values in the g ranite against 

the percent of mineralogical alteration products in the biotite. Thus, 

Figure 4.9 can in a sense be considered as a plot of Ofr versus W/R 

ratio, analogous to Figures 4.7 and 4.8. The approximate chlorite/ 

sericite ratio in the altered biotite is also indicated on Figure 

4.9. A comparison of Figures 4.7, 4.8 and 4.9 suggests that the granite 

was altered over a wide range of W/R ratios in two distinct regimes, one 

at relatively low temperature that produced a dominantly sericitic 

alteration of biotite, and one at higher temperature that produced a 

dominantly chloritic alteration. Or, conversely, the sericitic biotite 

alteration could have been produced by more evolved (more 1 ~ 0-shifted) 
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Figure 4.9 Whole rock isotopic compositions of the Precambrian 

granite of Cataract Gulch as a function of the degree of mineralogic 

alteration of the biotite. This plot is analogous to the W/R plot 

shown in Figure 4.7, as well as to the various models shown in Figure 

4.8. The percent of altered biotite in each sample is a complex 

function of temperature, water/rock ratio, and chemical composition of 

the hydrothermal fluids. Assuming a constant initial alSo of the fluid, 

the whole-rock alSo va lue is a somewhat simpler function just of tem­

perature and water/rock ratio. A plausible interpretation of the rela­

tionships shown above (i.e. that the chlorite -ri ch samples have lower 

a1So than the sericite-rich samples) is that the samples with chlorite­

rich biotite alteration products underwent higher temperature water-rock 

interaction than samples in which sericite is predominant over chlorite. 

Within each grouping, the decrease in alSo with increase in degree of 

mineralogic alteration of the biotite is best ascribed to increasing 

water/rock ratio. CHL chlorite; SER = sericite. 
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fluids than those that produced the chloritic biotite alteration. The 

Eureka graben samples obviously indicate the highest water/rock ratios 

(and highest temperatures?) of the samples shown in Figure 4.9, compa­

tible with the geologic evidence outlined below. 

4.2.4 Effects of Fractures and Faults on Fluid Flow 

The northwestern-most exposure of Precambrian granite in the Lake 

City area is extensively faulted and fractured in the area of the 

Eureka graben. Starting in the northeast, where the graben is truncated 

by the Lake City ring fault, structures in the graben are vein-filled 

and locally mineralized all the way to the termination of the graben 

in the Silverton caldera. Here, the structures host the economic mine­

ralization at the Sunnyside mine (Casadevall and Ohmoto, 1977). Thus it 

is obvious, simply from the field evidence that the structures exerted a 

strong influence on the hydrothermal fluid flow patterns. This is 

backed up strongly by the geographic patterns of 6 1 0 and mineralogic 

alteration in the Cataract Gulch granite, as shown on Figures 4.10, 

4.11, and 4.12. For example, note that the lowest- 1 ~0 rock analyzed in 

this entire study (6 1 ~0 = -3.1) is an altered volcanic rock from the 

Eureka graben (Plate 1, Fig. 4.20). 

Mineralization in the Sunnyside mine occurred between 13.0 and 16.6 

m.y. ago (Casadevall and Ohmoto, 1977). Several other ore-forming mag­

matic and hydrothermal events in the western San Juans occurred between 

10 and 22.5 m.y. ago (Lipman et al, 1976). The hydrothermal systems in 

the Lake City caldera were initiated shortly after collapse of this 

caldera about 23 m.y. ago. Thus, the alteration in the Eureka graben is 
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Figure 4.10 Map of the Precambrian granite showing sample locations, 

structure, and composite mineralogic alteration effects. The extensive 

fracturing in the northwestern granite exposure is the Eureka graben, 

which is truncated by the Lake City caldera ring fault. Note that 

intense alteration of the plagioclase is confined to the Eureka gra ben, 

and that the least-altered granite samples are located farthest from the 

Eureka graben and/or farthest from the caldera ring fault. 
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Figure 4.11 ~p of the Precambrian granite showing contours of 

whole-rock 6 1 0 values. As distance from the Eureka graben increases, 

the whole-rock 6 1 ~0 values in the granite also increase. The 6 1 ~0 

contours in areas away from the graben are basically sub-parallel to 

the graben axis, although they also seem to be influenced slightly by 

proximity to the Lake City caldera ring fault. The graben was a major 

recharge channel for the Lake City meteoric-hydrothermal system and 

also was a conduit for flow in younger systems centered to the west of 

the Lake City caldera. The contour pattern reflects (1) the dominant 

influence that the highly-fractured area of the graben and the less 

highly-fractured caldera ring fault have exerted over fluid flow in 

these systems; and (2) a decrease in temperature of alteration of the 

granite eastward away from the graben axis (see text). 
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Figure 4.12 Variations in whole-rock o1 0 values of the Precam-

brian granite as a function of sample elevation and distance from the 

graben axis. Distance from the graben was measured on lines projected 

perpendicularly from the sample locations to a line trending N47°E 

(parallel to graben structures in the Lake City area) drawn through 

location LC-17 (centrally located within the graben). The major control 

on o 1 ~0 is clearly the distance from the graben axis. However, elevation 

also exerts some control on the 0 1 ~0 values (e.g. see Fi g. 4.15). The 

heav y contours indicate the variations in whole-rock 0 1 ~0 for all 

granite samples except those from the hi gh-elevation sub-group of the 

5.5 t o 9.0 km g roup (defined in Figure 4.14). The oi!:lo variation in 

the high-elevation sub-group (excluding a single sample associated with 

fluorite veins, o1eo = +3.2) is shown separately by light dashed 

contours; these contours are all offset to higher elevations than the 

equivalent o1eo contours for the rest of the samples. This offset 

also appears in the position of the Precambrian-Tertiary unconformity, 

suggesting that the high-elevation subgroup was uplifted relative to 

nearby samples (see text). 
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the cumulative, integrated effect of at least two hydrothermal events 

(Lake City age and Sunnyside age), and probably several others as well. 

a 1So values and alteration mineralogy within the Precambrian gra ­

nite vary systematically with distance away from the high l y altered 

Eureka graben, and, to a lesser extent, with proximity to the Lake City 

ring f au lt. A number of parameters that vary spatially relative to 

these two major structural features are shown in Figures 4.10 and 4.11, 

and are summarized below: (1) Whole-rock a 1So values of the granite 

increase gradationally away from the area of the graben, indicating that 

the granite in the graben interacted with a larger volume of meteoric­

hydrother~al fluid than did the rocks away from the graben (Fig. 4.11). 

Also, Fi gure 4.12 shows that the whole-rock a 1So values are more 

strong ly dependent on the distance from the axis of the g raben at which 

the sample was collected tha n on the sample elevation. (2) The de g ree 

of alteration of the plagioclase is consistently g reater than 20 percent 

for samples collected within the graben, and less than 20 percent for 

most samples collected outside the graben (Fi g. 4.10). (3) The degree 

of mineralogic alteration of the biotite is g reatest in samples col­

lected closer to and within the graben than for samples away from the 

graben (Fig. 4.10). Samples collected in the vicinity of the Lake City 

ring fault also contain highly altered biotite. (4) Hand specimens of 

g ranite that are fractured or brecciated tend to be the most lSO-de­

pleted granite samples in a given areA (Figs. 4.10 and 4.11). 

Three samples of granite collected in the vicinity of the Lake Cit y 

caldera ring fault show major discrepencies between the calculated alSo 

of the feldspar (Table 4.1) and the measured a 1So of the orthoclase 
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(SR-17, SR-19, and HP-1). In each of these 3 examples, the calculated 

alSo of the feldspar is 3 to 4 per mil lower in lSo than the measured 

value. This might in part be due to the fact that the measured values 

are all on hand-picked orthoclase, whereas the calculated value includes 

a considerable amount of plagioclase that is 10 to 20 percent altered 

to sericite and clays. However, none of the other analyzed samples 

more distant from the ring fault exhibit such a discrepancy (SC-86, 

SC-95, LC-17, HP-5, HP-11, and CG-11), and most of these also contain 

altered plagioclase. The orthoclase megacrysts in SR-17 and SR-19 have 

a grain size of 6 to 14 rnrn, and were apparently more resistant to lSo 

exchange than the associated finer-grained feldspars in the groundrnass; 

however, there is no other evidence that the grain size of the feldspar 

played a significant role in the hydrothermal alSo patterns in the 

granite (see Section 4.2.5). 

The above data imply a lack of lSo; 15 o homogeneity in the feldspars 

of these three samples. The most plausible explanation of this isotopic 

heterogeneity is that these samples underwent a two-stage (or multiple­

stage) hydrothermal history that imprinted a complex 18 0 pattern in the 

rocks. For example, one possible scenario could involve periodic or 

renewed displacement on the ring-fault during the period of hydrothermal 

activity. Such displacements could drastically affect the local tern­

perature gradients and/or flow regimes. 

The samples collected from within the Eureka graben are coded in 

Figure 4.9. By analogy to Figure 4.7, and considering the patterns in 

Figures 4.10 and 4.11, it is clear that the graben fractures controlled 

meteoric-hydrothermal fluid flow within the granite, such that the 
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granite now exposed in the graben experienced much higher W/R ratios 

and/or higher temperatures than granite away from the graben. In part, 

this may be because of the more pronounced uplift that has occurred 

on the southwestern edge of the caldera; thus erosion has been more ex­

tensive here, so we are looking into a deeper part of the hydrothermal 

system (see Fig. 4.17 and Chapter 6). In any event, there is little 

doubt that these graben structures acted as significant recharge chan­

nels during the life of the Lake City hydrothermal system. 

4.2.5 Effect of Grain Size 

Because the minerals of finer-grained rocks present a higher sur­

face area in which intimate grain-fluid contact can occur, it is in­

structive to examine whether the grain-size variations in the Cataract 

Gulch granite played any role in fixing the a18o distribution in the 

granite. Although we will show below in Chapter 6 that the very fine­

grained Sunshine Peak Tuff was definitely more susceptible to hydro­

thermal 18 0 exchange than the granite, comparison of the grain size 

data in Figure 4.13 with the pattern of alSo values in Figure 4.11 

shows clearly that grain size was not important in determining the 

whole-rock a lSo values in the granite. Moreover, grain size shows no 

correlation with any of the parameters plotted in Figure 4.12. For 

example, SC-110, 1 mm grains, and SC-109, 8 mm grains, have widely dif­

ferent grain sizes, but both have high alSo values and they were col­

lected close together at similar elevations. Also, neither the two 

highest- 1So samples, nor the lowest- 1So sample of granite display 

unusual grain size; in fact, one of the lowest lSo samples (LC-17, 
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Figure 4.13 Map of the Precambrian granite showing contours of 

average grain size of the samples (in mm). Also shown is that area of 

the granite that contains orthoclase megacrysts. The three localities 

near the ring fault that are shown as triangles represent samples with 

isotopically heterogeneous feldspars (the finer-grained plagioclase and 

orthoclase in the groundmass is lower in 18 0 than the coexisting mega­

crysts). However, comparison of this figure with Figure 4.10 shows that 

grain size was not an important factor in determining the hydrothermal 

180-depletions observed in the granite. 
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6 18 0 = 3.3) is a pegmatitic sample with a grain size an order of 

magnitude higher than most other samples of the granite. Two samples 

(SC-103 and SC-106) appear to have anomalously low 6 180 values for 

their geographic positions, in that they lie within the small, closed, 

hatchured contours on the east flank of the Half Ridge uplift on Figure 

4.11; however, if anything, these samples have higher than average grain 

size of 4 to 6 rnrn. 

With the exception of the three anoma l ous samples near the ring 

fault (described above in Section 4.2.4 and Fig. 4.13), grain size did 

not markedly influence the 6 18 o values of the feldspars in the granite. 

The calculated o18 o values of the other feldspars shown in Table 4.1 

are also lower than the measured 6 18 0 values, but only by 0.5 to 1.5 

per mil. These differences are readily attributable to the fact that 

the whole -rock 6 18o values also include low- 18 o chloritized and/or 

sericitized biotite (80 to 100 percent altered) not taken into account 

in this idealized calculation. Calculated feldspar 6180 for one sample 

(CG-11) is 0.4 per mil higher than the measured feldspar 6 18 0 value, 

and in this sample the biotite is only 25 percent altered. Note that 

the zone of orthoclase megacrysts on Figure 4.13 includes some of the 

lowest-18o samples observed in the 5.5 to 9.0 km group (defined below), 

and that 60 percent of the samples in the 5.5 to 9.0 km group have 

whole-rock 6 18 o less than or equal to 5.0, irrespective of whether they 

contain megacrysts or not. Thus, most of the feldspars seem to have 

thoroughly exchanged oxygen with the hydrothermal fluids. 

Examination of Figure 4.3 shows that grain size had a very slight 

effect on the degree of oxygen isotope exchange between the the granite 

quartz and the hydrothermal fluids. All of the samples that define the 
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steep, linear trend-line in Figure 4.3 exhibit a narrow range of grain 

size from 3 to 5 mm. Sample LC-17, a pegmatitic granite with 25 mm 

grains, has a quartz alSo value greater than would be predicted by the 

main trend. Sample SR-19, with 2 mm grains, has a quartz alSo value 

lower than would be predicted by the main trend. The coarse-grained 

quartz in LC-17 was ap~arently more resistant to hydrothermal lSo 

exchange than the average granite quartz, whereas the fine-grained SR-19 

quartz was slightly less resistant. 

4.2.6 Effect of Elevation on the lSo; 16 o Ratio 

The whole-rock a 1So analyses of the granite samples have been con­

toured (Fig. 4.12) on a plot of the elevation of the sample location 

versus its distance from the Eureka graben. These distances were 

measured on a series of lines projected from the sample locations per­

pendicular to the N47°E-trending graben axis; the latter was drawn 

through sample location LC-17, which is centrally located within the 

graben structures. 

Three groups of samples (those collected within the graben, those 

collected 5.5 to 9.0 km from the graben, and those collected >9.0 km 

from the graben) are defined in Figure 4.14; these groups separate out 

as three distinct fields when the alSo values of the samples are plotted 

as a function of elevation (Fig. 4.15). Although there is a slight in­

dication of a correlation trend, the alSo values in the graben group 

appear to be essentially independent of elevation on Figure 4.15. Ex­

cept for one lSO-depleted sample, the samples from the >9.0 km group 

display a linear, positive correlation between alSo and elevation. The 
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Figure 4.14 Geographic subdivisions of sample locations within the 

Precambrian granite (see text). Samples from the three main groups, as 

well as the two sub-groups of the 5.5 to 9.0 km group are delineated on 

a plot of elevation vs. o18o on Figures 4.12 and 4 . 15. 
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Figure 4.15 alSo values of the Precambrian granite plotted as a 

function of the sample elevation. The vertical band at a 1So = +9.2 to 

+9.6 indicates the initial isotopic composition of the granite, prior 

to hydrothermal alteration. Three groups of samples defined by distance 

of the sample from the Eureka graben are shown (see Fig. 4 .14): samples 

collected within the graben; samples collected 5.5 to 9.0 km from the 

graben; and samples collected > 9.0 km from the graben. Although there 

is appreciable scatter in the data, within each of the 3 groups there 

is a tendency for the lower elevation samples to have lower o1So values 

than the higher elevation samples. A "high-elevation" sub-group within 

the 5.5 to 9.0 km group can be separated out based on the alSO-elevation 

plot and the geographic distribution of the sample localities (see 

Fig. 4.14). Both this sub-group and the adjoinin g low-elevation sub­

group show strong positive correlations hetween a 1So and elevation. 

The two northernmost samples within the "high-elevation" sub-group are 

associated with fluorite-bearing veins, and may have been altered by a 

lower o18 o fluid (see text). 
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5.5 to 9.0 km group defines an even more pronounced correlation trend 

with a positive slope. Note that relative to the >9.0 km group, the 5.5 

to 9.0 km correlation trend is offset to overall lower o18 o values, 

perhaps because of greater proximity to the Eureka graben. 

The 6 18 0-elevation correlations in Figure 4.15 become much better 

defined if we separate out a geographic sub-group, arbitrarily termed 

the "high-elevation" sub-group. This sub-group was initially de linea ted 

simply by inspection of the o18 o plot of Figure 4.15, but the samples 

within this sub-group are also vertically and geographically separated 

from the other samples of the 5.5 to 9.0 km group (Fig. 4 .14). To 

partially test the validity of these correlations between o18 o and ele­

vation, after the graph in Figure 4.15 was drawn up, two new samples, 

one from a high elevation and one from a low elevation, SC-111 and 

SR-21, respectively, were analyzed to see if they also fit the pattern. 

This test was an unqualified success; the two samples fit perfectly 

within the already est2blished contours and groupings in Figures 4.11, 

4.12, and 4.15. The high-elevation sub-group of samples is geographi­

cally confined to an area that has been domed or structurally uplifted, 

here termed the Half Ridge uplift (see Section 4.2.7). One plausible 

explanation for the isotopic systematics shown in Figure 4.15 is that 

the high-elevation sub-group trend line at one time correlated with that 

of the main part of the 5.5 to 9.0 km group, but subsequent to, or coin­

cident with, the period of hydrothermal alteration the area of the high­

elevation sub-group was uplifted. Such an interpretation is compatible 

with the positions of the dashed 618 0 contours and the Precambrian­

Tertiary contact on Figure 4.12, as well as with geographic proximity 
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of these samples to the Half Ridge uplift (Fig. 4.11) • 

Two low- 1So samples collected close together at the northern edge 

of the high-elevation sub-group (SC-114 and SC-116) came from an area 

that contains distinctive quartz-carbonate-fluorite veins not found 

elsewhere within the granite; the anomalous characteristics of these two 

samples were noted during field sampling long before any a 1So analyses 

were carried out. As will be discussed in Chapter 5, a 1So values of 

quartz from these fluorite-bearing veins are much lower than quartz alSo 

values from typical graben or Lake City caldera veins, suggesting that 

the fluids which formed the quartz-carbonate-fluorite veins had a si gni­

ficantly lower a 1So value than the typical graben or caldera vein 

fluids. Interactions between the granite and these lower- 1So fluids 

would have produced lower whole-rock alSo values than in the granite 

that had exchanged with typical higher- 18 o, lSo-shifted, graben-type 

fluids. Thus these two samples at the north end of the "high-elevation" 

sub-group might ~priori have been expected to be lower in lSo than 

nearby, equivalent-elevation samples. 

The distribution of those 5.5 to 9.0 km samples that contain highly 

altered (> 90 percent) biotite shows an interesting pattern on Figure 

4.15. All samples with less than 90 percent alteration of the biotite 

plot in the upper right portion of the 5.5 to 9.0 km field, except two 

samples that lie at very low elevations ( SR-23 and HP-15). These two 

low-elevation samples have very low alSo values, and thus plot on the 

correlation trend lines of Figure 4.15; they have clearly been altered 

at fairly high water/rock ratios, but their biotite is only 10 to 50 

percent altered to chlorite. Why then should their biotite be so fresh? 
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Note that because of this small de gree of mineralogic alteration, these 

two samples plot in unusual positions on Figure 4.9; however, there does 

not seem to be anything else unique about either sample, except that 

they were collected at very low elevations and SR-23 is hi ghly brec-

ciated and fractured. Based on the models of Figure 4.8, we can only 

conclude that these two samples were either altered at significantly 

hi gher temperatures than most of the Cataract Gulch granite, or the 

fluids which they encountered were chemically more compatible with bio-

tite for some reason Cfo ? salinity?). Because both samples are from 
2 

low elevations, the higher temperature explanation seems most likely. 

A vertical thermal gradient during hydrothermal alteration is thus 

the most logical expla~ation of the positive correlation trends shovm 

on Fi gure 4.15. This interpretation is examined more completely in 

the next section (4.2.7). Similar decreases in o18 o with increasing 

depth have been observed in a numher of active geothermal s ystems 

(Clayton et al, 1968; Eslinger and Savin, 1973; Lambert and Epstein, 

1980). The decrease in o18 o in all these samples is readily attribu-

table to a decrease in the mineral-H20 fractionation factors with depth 

because of the downward temperature increase. 

The graph in Figure 4.16 is essentially identical to Figure 4.9, 

except that the various geographic g roups and sub-groups are now deli-

neated on Figure 4.16. Comparisons between Figure 4.16 and Figures 4.8, 

4.9, and 4.12 suggest the following relationships between W/R, tempera-

ture, and elevation: (1) Because it is farthest from the main flow 

channels, the >9.0 km group experienced the lowest temperature altera-

tion, and, locally, the smallest water /rock ratios; however the effects 
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Figure 4 . 16 Whole-rock o1 8o values of the Precambrian granite 

plotted as a function of the degree of mineralogic alteration of the 

biotite (see also Figs . 4 . 8 and 4 . 9) . The samples are grouped according 

to the subdivisions in Figures 4 . 13 and 4 . 14 . This plot is analogous in 

some respects to the W/R plot shown in Figure 4 . 7 . The relationships 

shown in this figure can be plausibly interpreted to mean : (1) The gra­

nite exposed >9 . 0 km from the graben experienced lower-temperature 

hydrothermal alteration than granite closer to or within the graben, 

although W/R varied over a wide range . Note that the only overlap 

between the >9 . 0 km group and the others is with respect to sample 

SC-85, which lies near the western boundary of this group , closest to 

the graben . (2) Granite within the graben was altered at fairly high 

temperatures and consistently high W/R ratios . (3) The 5 . 5 to 9 . 0 km 

group is divided into a topographically higher sub-group (structurally 

uplifted?) and the topographically lower subgroup . Except for two 

samples, SR-23 and HP-15 , the fields of both sub-groups are virtually 

coincident on this diagram, and both sub-groups indicate alteration 

over similar wide ranges of W/R ratios . Samples HP-15 and SR-23 are 

unique in that they have low 6 1 0 values but relatively unaltered 

biotite ; inasmuch as they both were collected from very low elevations , 

they probably were altered in a relatively high-temperature hydrothermal 

regime where biotite was stable relative to chlorite . 
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of a local thermal gradient are still evident in this area. These rocks 

characteristically have sericite > chlorite, particularly those that are 

most intensely altered. (2) The graben group experienced high tempera­

tures, as well as by far the highest W/R; more sampling is required to 

establish the existence of a vertical thermal gradient in this struc­

turally complex terrane. The graben samples show both dominantly chlo­

ritic and dominantly sericitic alteration, with the sericitic and 

argillic samples tending to have the lowest o1 0 values. (3) W/R for 

the 5.5 to 9.0 km sub - groups and the >9.0 group all span very wide 

ranges. Samples with thoroughly altered biotite (90 to 100 percent 

altered) are found in all of the groups and subgroups (Figs. 4.11, 4.15, 

and 4.16). Weakly altered biotite is also distributed in all groups 

except the graben group. Therefore a vertical thermal gradient probably 

existed in the hydrothermal system throughout the outcrop area of the 

granite; however,there also may have been a lateral gradient in tempera­

ture of alteration outward from the graben. The water/rock ratio varied 

dramatically from place to place, apparently independent of these tempe­

rature gradients, except within the graben where W/R was consistently 

very high. The W/R variations are probably related to local variations 

in fracture permeability within the g ranite. 

4.2.7 Structural Interpretation of o 1 ~ 0 Values 

Isotopic and structural data both suggest that the topographi­

cally high granite exposures in the Half Ridge-Cottonwood Creek area 

were uplifted during or after alteration of the granite. Structural 

contours on the unconformity at the top of the granite (Fig. 4.17) 
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Figure 4.17 Structural contours on the upper contact of the Cataract 

Gulch granite. Also shown is the location of the Half Ridge uplift, a 

horst on the east side of the Eureka graben. See text for discussion. 
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define an elongate, north-northeast trending high area (the Half Ridge 

uplift) nearly parallel to and coincident with Cuba Gulch and Cottonwood 

Creek. A parallel, smaller, and lower arm of this uplift is exposed in 

Cataract Gulch. To the east of these highs the structural contours 

define a gently sloping surface dipping about 6° to the east away fro~ 

the Eureka graben. Older San Juan volcanic rocks erupted on top of the 

granite do not thin to the west. Bedding in these rocks has the same 

6° eastward dip as the granite-volcanic rock contact (Lipman, 1976a). 

It appears, therefore, that in this area the early Tertiary erosion sur­

face on the granite was nearly flat prior to the San Juan volcanism, and 

in fact probably remained so through the early San Juan calc-alkaline 

volcanic episode. 

Prior to formation of the Lake City caldera, resurgence of the San 

Juan-Uncompahgre-Silverton calderas developed symmetrically around the 

Eureka gra ben (Steven and Lipman, 1976). This uplift probably accounts 

for some of the eastward tilting of the Cataract Gulch granite. Resur­

gence of the Lake City caldera was asymmetric and was greater in the 

western than in the eastern part of the caldera. Resurgence within the 

caldera must also have been accompanied by uplift outside the ring 

fault; therefore this also accounts for some of the eastward tilting of 

the granite. 

The Half Ridge uplift is an anomalously high area of granite expo­

sure. It appears to be essentially a horst on the east side of the 

Eureka graben. Figure 4.17 shows that the flanks of this domical uplift 

are much steeper than the gently dipping granite-volcanic rock contact 

farther to the east. The steep western flank of the uplift formed as 
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part of the topographic wall of the San Juan caldera (Lipman, 1976a). 

The uplift is located within the earlier-described 5.5 to 9.0 km 

sample group (Fig. 4.14), and the highest parts of the uplift coincide 

with the distribution of the "high-elevation" sub-group samples. Figure 

4.12 shows that the "high-elevation" sub-group data can be contoured 

independently of all the other granite data, and that the alSo isopleths 

for this sub-group are displaced to higher elevations relative to the 

a18o isopleths for other parts of the granite. 

One reasonable interpretation of these observations (the structural 

uplift and the displaced alSo contours) is that the rocks in the Half 

Ridge-Cottonwood Creek area were structurally domed during or after the 

major hydrothermal events that altered the granite. If the alteration 

effects in the granite were mostly developed during the older San Juan­

Uncompahgre-Silverton caldera cycle, then the Half Ridge uplift could 

conceivably be related to resurgence of the Lake City caldera. Unfortu­

nately, direct field evidence for this interpretation is lacking, be­

cause no younger intrusions or faults that might be related to such 

doming have been mapped in the area of the uplift (Lipman, 1976a). 

If the "high-elevation" and "low-elevation" sub-groups have been 

differentially uplifted after they were altered, then whole-rock alSo 

values of the samples should vary relative to some pre-uplift elevation 

datum. The Tertiary-Precambrian unconformity is such a datum; therefore 

we have plotted the whole-rock alSo values of the granite as a function 

of sample depth below the unconformity in Figure 4.18. The granite 

samples from within the Eureka graben were not included in Figure 4.18 

because it is not possible to accurately define the position of the 
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Figure 4.18 Variation of alSo values of the Cataract Gulch granite 

as a f unction of the depth of the sample location beneath the Tertiary­

Precambrian unconformity. The initial alSo value of the granite is also 

shown. The horizontal lined pattern shows the distribution of samples 

in which sericite is the dominant alteration product of the igneous 

biotite. The vertical lined pattern shows the distribution of samples 

in which chlorite is the dominant alteration product of the biotite. 

Approximately equal amounts of sericite and chlorite are observed in the 

altered biotites of four samples that plot within the area of overlap of 

two lined patterns (Table 4.1). One sample from the >9 . 0 km group is 

fresh and unaltered (blank pattern). See text for discussion. 
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unconformity in those complexly eroded and fault-bounded blocks. 

In Figure 4.18 the samples from both the 5.5 to 9.0 km group and 

the )9.0 km group lie along a single common trend with a positive slope. 

This provides strong support for the structural interpretation described 

above. In addition, the biotite alteration products in the granite vary 

systematically in Figure 4.18, with sericitic alteration predominating 

(1) deeper beneath the unconformity than the chloritic alteration for 

samples with o18 o > +4.5 and (2) at shallow levels in the >9.0 km group. 

These data indicate that the meteoric-hydrothermal system was continuous 

throughout the granite, and that the decrease in o18 o with depth is 

mainly attributable to a systematic increase of temperature downward 

from the Precambrian-Tertiary unconformity. The scatter in the nata 

points is due to local variations in the W/R ratio and/or to differences 

in the o18 o of the hydrothermal fluids. The sericitic alteration was 

produced by either lower-temperature or higher- 18 o fluids than those 

involved in the chloritic alteration. 

4.2.8 Comparison with 18 o; 16o Data from the Idaho Batholith 

Criss et al (1982) and Criss and Taylor (1983) determined the iso­

topic composition of K feldspar and quartz and the K20 content of bio­

tite in granitic rocks altered by very large Eocene hydrothermal systems 

developed around epizor.al plutons intruded into the Mesozoic Idaho 

batholith. The data from the Cataract Gulch granite are amenable to 

comparisons with the Idaho batholith data because: (1) The feldspar and 

quartz analyses (Criss and Taylor, 1983) exhibit similar features, as 

indicated on Figures 4.3 and 4.4; ( 2) The degree of alteration of 
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biotite to chlorite was quantitatively measured by Criss et al (1982) by 

K20 analyses of the biotite/chlorite separates CK20 = 9.3 percent 

represents no alteration of the biotite and K20 = 0 . 0 percent indicates 

complete alteration of the biotite to chlorite) ; ( 3) Rocks from both 

areas are petrographically similar; (4) Pristine meteoric water from 

hath areas had o18 o z -15 at the time of alteration; (5) Mineralogical 

alteration products are the same in both environments; (6) Water/rock 

ratios apparently varied over similar wide ranges in both areas; and 

(7) Hydrothermal systems in both areas were developed in and around cal­

deras formed during rhyolitic ash-flow tuff eruptions, 

Alteration in the granitic rocks from these two systems are co~­

pared on Figure 4.19. The fields of data for the Cataract Gulch granite 

in Figure 4.19 are taken directly from Figure 4.9, but because the unal­

tered whole-rock o18 o values in the two areas are different (+8 to +11 

for the Idaho batholith; about +9 for the Cataract Gulch granite), for 

comparison purposes the Cataract Gulch granite data-points were moved 

up by 1 per mil in Figure 4.19. 

Idaho batholith samples for which biotite K20 analyses and quartz­

K feldspar o18 o data are available are plotted individually and enclosed 

by the solid curve in Figure 4 . 19. Other Idaho batholith whole-rock 

o18 o analyses are shown only as generalized fields in Figure 4.19 and 

are enclosed by the he2vy dashed curve . For this latter data set, 

although quantitative ~easures of biotite alteration are not reported, 

Criss and Taylor (1983) assign an overall alteration grade to each 

sample; these four grades (weak, moderate, strong, and extreme) are 

plotted on Figure 4.19 as 0, 30, 70, and 100 percent altered biotite, 
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Figure 4.19 Comparison of hydrothermally altered rocks from the 

Cataract Gulch granite and the Idaho batholith. The Cataract Gulch 

fields (shaded) are taken directly from Figure 4.9 and have been raised 

by l per mil to account for differences in the initial alSo values in 

the two areas. The solid curve encloses data-points from the Idaho 

batholith for which both whole-rock alSo data (calculated from quartz 

and K feldspar analyses; Criss and Taylor, 1983) and the degree of 

biotite alteration (based on K20 analyses of biotite/chlorite seperates; 

Criss et al, 1982) are known. These samples of biotite are relatively 

unaltered because they are the ones selected for detailed K-Ar studies 

by Criss et al ( 1982) • The dashed curve encloses a much larger set of 

batholith samples for which whole-rock alSo data, but no quantitative 

biotite alteration data, are available (Criss and Taylor, 1983). These 

samples were assigned to weak (biotite not altered), moderate (assumed 

to be about 30 percent altered biotite), strong (assumed to be about 70 

percent altered biotite), and extreme (biotite totally altered) alter­

ation grades by Criss and Taylor ( 1983) • 
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respectively. This assignment is exact for the weak and extreme altera-

tion grades (Criss and Taylor, 1983), and the shape of the dashed-

curve field enclosing all these data in Figure 4.19 suggests that the 

moderate and strong alteration zones are also nearly correctly located. 

Figure 4.19 indicates that samples from the Idaho batholith were 

altered at overall higher temperatures than samples from the Cataract 

Gulch granite (see Figs. 4.7 and 4.8). The pristine meteoric water alSo 

values were about the same in each environment and variations in this 

parameter cannot account for the overall lower a1So position of the 

batholith fields in Figure 4.19. Samples from both areas were altered 

under si~ilar wide ranges of W/R ratio. The comparisons in Figure 4.19 

are gratifying because it was expected ~ priori that alteration in the 

Idaho batholith should have occurred at generally higher temperatures; 

more extensive erosion has exposed deeper levels of the hydrothermal 

systems (5 km depth, Criss et al, 1982) in Idaho than we now observe in 

the Cataract Gulch granite (1 to 2 km depth). 

4.3 alSo Variations in Older Volcanic Rocks Outside the Lake 
City Caldera 

The Sapinero Mesa Tuff was erupted from the San Juan-Uncompahgre 

calderas well before formation of the Lake City caldera (Steven and 

Lipman, 1976) • This tuff fills the Uncompahgre caldera and makes up 

the outer northern wall of the Lake City caldera (Lipman, 1976a). The 

Sapinero Mesa Tuff is crystal poor (< 10 percent 2 mm phenocrysts of 

feldspars and biotite) and is typically pervasively altered to chlorite, 

calcite, epidote, clays, sericite, quartz, and pyrite. A suite of 
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samples of this tuff from outside the northern Lake City ring fault 

has been analyzed (Fig. 4.20). 

One sample from the Uncompahgre caldera-age Capitol City monzonite 

porphyry intrusions (HC-102, o18o = -1.2) ) was also analyzed. This 

sample is partially altered to clays, sericite, quartz, and pyrite. 

Lipman et al (1976) noted altered fragments of this rock in the Sunshine 

Peak Tuff megabreccia inside the Lake City caldera south of the area of 

the Capitol City intrusions. Also, altered volcanic rocks in this area 

are truncated by the Lake City caldera ring fault. These relationships 

lead Lipman et al (1976) to conclude that the Capitol City hydrothermal 

system was established prior to formation of the Lake City caldera. 

A northeast-trending line of small, 17 to 18 m.y.-old, topaz­

bearing rhyolite intrusions lie about 5 km north of the Lake City cal­

dera ring fault (Steven and Lipman, 1976; Burt et al, 1982). These 

rhyolite intrusions are mineralogically unaltered and have phenocryst 

mineral o18o values and fractionations typical of unaltered magmatic 

rocks (HC-99; quartz = +8.6, sanidine = +6.9, biotite = +6.0. HC-103; 

quartz = +9.2, sanidine = +7.3). These younger rhyolite intrusions 

clearly were not affected by any important hydrothermal systems. 

Five geographic groups of older volcanic rocks have been arbitra­

rily defined for purposes of discussion. Three samples with o18 o 

+6.2 to +6.9 (one from a monzonite intrusion) were collected from the 

Burns member of the Silverton volcanics in the Lake Fork of the Gunnison 

River just southeast of the caldera ring fault (Plate 1). These are 

termed the Southeast group. Another set of three samples (one a rhyo­

lite porphyry dike) with o18o = -3.1 to +1.2 was collected within the 
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Figure 4.20 Location of samples of the Sapinero Hesa Tuff 

collected north and west of the Lake City ring fault, showing whole-rock 

o18 o values. Circles are tuff samples and the two triangles represent 

an intrusive monzonite porphyry and a rhyolite porphyry dike. The s am­

ples have been arbitrarily broken into four ge o£- aphic groups for the 

purposes of discussion. Contacts between Lake City caldera rocks and 

Precambrian rocks and the older Tertiary volcanic rocks are shown, to­

gether with the Lake City caldera ring intrusions. 



" 
EU

RE
K

A
"
'
 

G
RA

BE
N

 
G

RO
U

P 
1.

2 
1.

0 
• 

• 

I 
•

8
.2

 

I 
e

6
.3

 

I 
OW

L 
GU

LC
H 

G
RO

U
P 

C
A

PI
TO

L 
C

IT
Y

 
G

R
O

U
P 

I 
0

.2
 

-0
.7

 

• 
• 

-1
.2

 • 
-0

.7
 

0
.4

 
• 

·.
2.
~ 

I~
 
~
 

~ I 
r 0 

5
k
m

 

0 
3

m
i 

A
LP

IN
E 

GU
LC

H 
G

R
O

U
P 

4.
2 

• 
0.

4 
3.

7 
.

3
.8

 
-

2.
4 

• 
5.

8 • 

1:'
'~~

 R
IN

G
 

IN
T

R
U

S
IO

N
 

/ 
FA

U
LT

 

~
C
O
N
T
A
C
T
 

e 
V

O
L

C
A

N
IC

 
S

A
M

P
L

E
 

A
 

IN
T

R
U

S
IV

E
 

S
A

M
P

L
E

 

,.._
. 

(J
\ 

'-
J
 



168 

Eureka graben on the western margin of the caldera (Eureka Graben 

group). Along the northern margin of the caldera, an additional three 

groups within the Sapinero Mesa Tuff were also delineated (Fig. 4.20). 

The eastern or Alpine Gulch group contains all samples collected east of 

a north-south line drawn 1 km west of the junction of Alpine Gulch and 

Henson Creek. The central or Owl Gulch group contains all samples from 

the western houndary of the Alpine Gulch group to a north-south line 

dravm through the junction of Copper Gulch and Henson Creek. The wes­

tern or Capitol City group contains all samples collected in the Henson 

Creek drainage west of the Owl Gulch group. 

As mi ght have ~ priori been expected from the discussion of the 

Precambrian granite in Section 4.2, of the five geographic groups of 

older volcanic rocks, the lowest- 1So samples come from the Eureka Graben 

group, and the highest-1So samples come from the Southeast group. The 

latter group of samples was collected near the >9 .0 km group of rela­

tively unaltered, high- 1So granite samples previously discussed. Except 

for this Southeast group, the alSo values of the volcanic rock samples 

are overall much lower than those of the Precambrian granite. This is 

probably mainly a function of the much finer grain size and more reac­

tive volcanic g lass shards in the Sapinero Mesa Tuff, but it mi ght also 

be linked to the closer proximity of Lake City-age ring intrusions, 

which are abundant along the northern edge of the caldera (Chapter 6). 

Data from the three northern groups are plotted on Figure 4.21 as 

functions of sample elevation and distance from the Lake City caldera 

ring fault. The alSo contours for all three groups are approximately 

parallel on Figure 4.21 and define a1So gradients that are clearly 
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Figure 4.21 Relationships between sample elevation and distance 

from the Lake City ring fault for samples of Sapinero Mesa Tuff col­

lected outside the northern ring fault of the Lake City caldera. Three 

groups of samples have been spatially defined (see text). 
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related to distance from the Lake City caldera ring fault. However, 

the characteristic steep negative slopes of the 6 180 contours also 

imply a correlation between elevation and 6 18 0. In all three groups, 

the lowest 18 0 rocks occur at the lowest elevations close to the ring 

fault. This suggests that the areas closer to and deeper along the ring 

fault were altered either at higher temperatures and/or higher W/R 

ratios. Because the northern caldera ring fault hosts a number of Lake 

City-age ring intrusions (Chapter 6), we perhaps should have expected to 

encounter significant meteoric-hydrothermal effects approaching this 

portion of the ring fault. The hydrothermal effects here are indeed 

stronger near the ring fault than they are at the southern edge of 

the caldera, where there are no ring intrusions (Section 4.2). Note 

that all of the high- 18 o samples were collected at elevations above 

3100 m and at distances of at least 2 km from the ring fault. Starting 

5 k h h . h 1 t" 1 d 1"n ~ 18 0 toward the m away, t ese 1g -e eva 1on samp es ecrease u 

ring fault in the sequence 8.2 + 6.3 + 5.8 + 3.1 + 1.7 + 1.5; the 

sample with 618 0 = +1.5 occurs only 0.2 km from the ring fault (Fig. 

4.21). Below 3100 m, the average 6 18 0 of 12 samples collected within 

2 km of the ring fault is less than +0.1, and the values go down as low 

as - 2.4. 

Progressing from east to west, the 6 18 0 contours on Figure 4.21 

shift to higher elevations. This is shown most clearly by the abrupt 

bends in the 6 18 0 contours in going west from the Alpine Gulch samples 

to the Owl Gulch suite. Also, each group exhibits a positive corre-

lation between sample elevation and whole-rock 6 18 0 value (Fig. 4.22), 

particularly at a given distance from the ring fault. The groups are 
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Figure 4.22 Plot of 6 18 0 versus elevation for samples of volcanic 

rocks older than the Sunshine Peak Tuff. The data-points are sub­

divided into five geog raphic groups (SE, NE, N, NW, and W) scattered 

around the perimeter of the ring fault (see text). The different groups 

characteristically exhibit a positive correlation between sample eleva­

tion and whole-rock o18 o. Also, the individual groups are shifted to 

successively hi g her elevations and lower 6 18 0 as one proceeds counter­

clockwise from east to west around the northern edge of the ring fault. 

At a g iven elevation within each g roup the samples within 1 km of the 

ring fault or within 1 km of the Eureka graben have the lowest 6 18 0 

values (+'s). 
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offset to successively higher elevations and lower a1So values as one 

proceeds west (Fig. 4.22). This could result either from (1) steeper 

thermal gradients to the west, (2) superimposed alSo effects of 

multiple meteoric-hydrothermal events in the west, or (3) a post­

alteration tilting to the east. The latter is consistent with the as­

symetric resurgent doming within the caldera (which resurged higher to 

the west) and with the eastward tilting observed in the Precambrian 

granite along the southern caldera margin (Section 4.2.7). However, 

it is also possible that the older hydrothermal systems associated with 

the Capitol City intrusions played a role in determining the final a1So 

patterns; for example, we might expect steeper thermal gradients near 

the Capitol City intrusions. 

A pre-Lake City age hydrothermal system almost certainly produced 

some low- 1So rocks in a limited area around the small Capitol City 

intrusions, and the integrated effects of these events combined with 

the Lake City hydrothermal event may have contributed to the overall 

lower a18 o values of the westernmost group of samples in Figure 4.22. 

Geologic evidence (truncation of altered zones around the Capitol City 

intrusions by the Lake City ring fault) shows that a significant hydro­

thermal system existed in this area prior to formation of the Lake City 

caldera. However, judging by the small size of the altered areas asso­

ciated with the Capitol City intrusions, this hydrothermal system was 

probably quite small. Variations in the alSo values of the Sapinero 

Mesa Tuff are much more closely related to proximity to the Lake City 

caldera ring fault and to the Lake City-age ring and resurgent intru­

sions than to the Capitol City intrusions (Figs. 4.21 and 4.22). Also, 



175 

the Sapinero Mesa Tuff samples have o18 o values similar to those of the 

altered Sunshine Peak Tuff within the caldera (see Chapter 6); the Lake 

City age hydrothermal activity was thus clearly intense enough to pro­

duce all the observed depletions in 18 0 observed in the Sapinero Mesa 

Tuff. Nevertheless, inasmuch as the Capitol City hydrothermal e vent 

and the Lake City caldera event both involved similar low- 18o meteoric 

ground waters, more detailed work would be required to sort out the 

exact contributions of each hydrothermal system to the final o18o 

pattern of Figure 4 . 20 . 



176 

CHAPTER 5 

ISOTOPIC STUDIES OF QUARTZ VEINS AND SOLFATARIC HYDROTHERMAL 

ACTIVITY IN THE SAN JUAN MOUNTAINS 

5.1 Alteration and Vertical Isotopic Gradients in the Ring Domes of 
the Lake City Caldera 

5.1.1 Initial Isotopic Composition 

In the Lake City area, strong, near-surface, solfataric hydro-

thermal activity is found only in brecciated portions of the lava ring 

domes. However, because of a widespread, pervasive, weak hydrothermal 

alteration, none of the whole-rock o18 o analyses of the quartz-latites 

of Grassy Mountain and Red Mountain are suitable for defining the ini-

tial o18 o values of these units. All analyzed samples are either 

slightly 18 o depleted, with o18 o as low as +4.2 (due to exchange 

with meteoric-hydrothermal fluids), or enriched in 18 0 to values as 

high as +8.3 (presumably as a result of low-temperature exchange of the 

locally glassy, perlitic, matrix with near-surface meteoric ~vater). On 

the other hand, phenocryst minerals separated from some of the samples 

can be used to estimate the original isotopic compositions of these 

units. Feldspars separated from six of the hydrothermally least altered 

samples have o18 o = +6.4 to +6.7, and average +6.6 per mil. These 

data imply an initial whole-rock o18 o value of +6.8 to +7.0, which is 

0.2 to 0.4 per mil lower than the 6 18 0 of the intracaldera Sunshine 

Peak Tuff (described below in Chapter 6) • 

Quartz does not occur as a phenocryst phase in these quartz la-

tites. Samples from the interior of the lava domes have a finely 
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crystalline, nonglassy matrix containing quartz and sanidine. Finely 

ground samples from four such rocks were treated with concentrated HF in 

order to digest the aluminosilicate phases. The residues from these 

reactions, assumed to be 100 percent matrix quartz, were analyzed; the 

o18o values range from +7.0 to +8.4, giving a range of 0.5 to 1.8 per 

mil for the quartz-felcspar fractionations. Although these fractiona­

tions are consistent with those typically observed in igneous rocks, 

their wi<ie range, together with the wide o18 o variation in the quartz, 

indicate either that the initial whole-rock o18 o value of the quartz 

latite was not uniform, or more likely, that some of the very fine­

graine<i matrix quartz was hydrothermally depleted in 18 0. 

5.1.2 Vertical Extent of the Red Mountain Alteration System 

Solfataric alteration occupies a 2 km diameter circular area 

approximately centered on Red Mountain (elevation 3909 m), and occurs 

entirely within a locally brecciated portion of the Red Mountain quartz 

latite ring <ior.1e (Fig. 5 .1). The alteration is characterized by thor­

ough alunitization of primary feldspars, and virtually complete silici­

fication of the matrix and other phenocrysts. Small needles of alunite 

are also commonly scattered throughout the matrix. Locally, alunite 

occurs as thin veins and as breccia cement. In places, kaolinite/illite 

replaces the feldspars and alunite is not present. Fine-grained, dis­

seminated pyrite originally made up 2 to 3 percent of the hydrothermal 

mineral assemblage, but in surface exposures it is nearly totally oxi­

dized to bright red to orange iron oxides. 

During the summer of 1981, AMOCO drilled a vertical, 837 m, 
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Figure 5.1 Map showing the geology , hydrothermal alteration, sample 

locations, and 8 180 data from the Red Mountain lava dome at the eastern 

edge of the Lake City caldera (modified in part from Lipm~n, 1976a). 

The diagonal pattern indicates quartz-alunite-pyrite (solfataric) 

alt eration. The horizontal pat te rn indicates deeper argillic altera­

tion. The small triangle is the location of the AMOCO drill hole. See 

Plate 1 for e xplanations of the lithologic abbreviations. 
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exploration core hole on the west side of Red Mountain, collared at an 

elevation of about 3749 m. The hole penetrated Red Mountain quartz 

latite throughout its length. Alteration similar to that in surface 

exposures persisted to a depth of about 200 m in the hole. Below that 

level, the quartz latite lacks alunite and is intensely altered to 

quartz, clays, and pyr1 te to the bottom of the hole (Ken Hon and Dana 

Rove, 1982, personal communication). 

Inside the Lake City caldera, just west of Red Mountain, several 

square kilometers of Sunshine Peak tuff and megabreccia are also in­

tensely hydrothermally altered (see Chapter 6). Although this area lies 

at a lower topog raphic level (2750 to 3350 m elevation), it is semicon­

tinuous with the solfataric zone at Red Mountain. Above about 3050 m 

elevation, this alteration is identical to the zone I to V argillic 

alteration deve loped in the Sunshine Peak Tuff throughout the higher 

elevations within the caldera. Below 3050 m elevation, we observe the 

characteristic chlorite-carbonate alteration that t ypifies the strati­

graphically deeper parts of the Sunshine Peak Tuff inside the caldera 

(Chapter 6). (Uartz veins up to a meter wide, containing pyrite and 

base metal sulfides, are scattered throughout the altered area below 

about 3150 m e levation, and locally the adjacent tuff is entirely al­

tered to quartz, sericite, and pyrite. 

The above relationships suggest t ha t the vertical gradations in 

alteration mineralogy in the Red Mountajn area represent vertical vari­

ations in a single hydrothermal system. The fluids depositing quartz 

and base metal sulfides at depth' were the same fluids which, upon rising 

through 1 km of permeable zones such as fractures or breccias, produced 
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the shallow solfataric alteration near the summit of Red Moun tain. The 

Red Mountain system thus probably represents only the shallowest part of 

a much larger meteoric~ydrothermal system that affected rocks through-

out the Lake City caldera; that system is described in detail in Chap-

ters 6 and 7. 

5.1.3 Vertical Variations in Oxygen Isotopic Compositions 
of Alteration Minerals 

Hydrothermal quartz from the Red Mountain solfataric zone has 8 18o 

+4 .8 to +11.6. The initial magmatic 8 18 0 of the quartz-latites was 

about +6.8 to +7.0. Thus, the hydrothermal quartz locally shows both 

enrichment and depletion in 18 0 relative to unaltered quartz latite. 

The pervasive and complete conversion of the quartz latite to hydrother-

mal product minerals shows that the water/rock ratio for this part of 

the hydrothermal system was ve r y l arge and that the hydrothermal fluids 

were drastically out of equilibrium with the i gneous mineral assemblage. 

~fue n the quartz data are plotted versus the elevation of the sample 

locality (Fig. 5.2), some indication of a vertical control on the 8 18 0 

data is evident. 1\To trends are apparent for the s ur face samples in 

Figure 5.2. First, a linear distribution of points (8 18o = +4.9 to 

+11.2) with a shallow positive slope defines a slightly curved (concave 

downward) trend. Second, a cluster of three points is offset above and 

to the left of the first trend; this cluster shows little vertical vari-

ation in isotopic composition. This set of three samples (RM-15, RM-16, 

and RM-23) was collected within a 150 m diameter area near the top of 

Red Mountain. 

Analyses of 11 whole-rock samples from the AMOCO drill hole also 
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Figure 5.2 lSo; 16 o ratios in altered rocks and hydrothermal 

quartz from the Red Mountain fossil hydrothermal system, as a function 

of the elevation at which the samples were collected. Analyses of 

solfataric quartz collected on the surface at Red Mountain appear to 

define two trends, one with a shallow positive gradient in alSo as a 

function of elevation, and a subsidiary steeper trend to the left of the 

former trend defined by just three.samples from a locality near the 

summit of Red Mountain. Whole-rock analyses of argillized core samples 

from the 837 m deep AMOCO drill hole also exhibit a steep positive 

vertical alSo gradient. Low-elevation vein quartz samples from the 

lower drainage of Alpine Gulch, northwest of the Red Mountain lava dome 

and inside the ring fault, show uniformly low lSo; 16o ratios; these 

data lie on an extension of the solfataric quartz alSo trend. The alSo 

values of vein quartz collected outside the ring fault are also low, but 

do not lie on the above trend. Because the vein samples were collected 

from the dumps of old prospects and mines, their actual elevation is 

not known. However, inasmuch as none of these prospects or mines were 

large producers, it can be assumed with some confidence that the elev­

ation of the dump is within 50 meters of the elevation at which the 

sample was collected. 
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show a decreasing l oo content with depth (Fig. 5.2). These data-points 

lie within a 2 per mil wide band that exhibits a very steep slope. We 

observe a maximum alSo value of +8.2 at 3532.3 m elevation and a minimum 

of +1.7 at 2912 m elevation in the drill core. Two samples at 216.7 and 

837 m depth, described as fresh Red Mountain quartz latite (Ken Hon, 

1982, personal communication), are only weakly mineralogically altered. 

As might be expected~ priori, these two samples lie on the heavy side 

of the alSO-elevation band in Figure 5.2. In general, samples on the 

low- lSo side of the band exhibit more intense mineralogical alteration 

in thin section than those on the high- 1So side. Thus, at any given 

elevation, increasing ntineralogical alteration (= higher water/rock 

ratio?) in the samples tends to shift the quartz latite to lower a lSo 

values. 

Note in Figure 5.2 that the whole-rock samples from the AMOCO drill 

core are 2 to 4 per mil richer in 18 0 than quartz vein samples from 

equivalent elevations just to the northwest of Red Mountain (see Section 

5.2 below). Inasmuch as, at equilibrium, quartz is always richer in 

18 0 than coexisting feldspar, chlorite, and white mica, the data in Fi­

gure 5.2 mean that whole-rock samples are drastically out of lSo; 15o 

equilibrium with the quartz veins and the solfataric quartz. A new 

diagram analogous to Figure 5.2 was constructed to quantify these rela­

tionships (Fig. 5.3). If we assume that the quartz veins and the hy­

drothermal alteration of the rocks were all produced by the same aqueous 

fluids, and if we assume that the W/R ratio in the veins was very large 

(>100), then we can plot contours of the W/R ratio in the rocks on 

Figure 5.3. Based on the discussion below in Section 5.3, it indeed 
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Figure 5.3 A alSO-elevation plot for the Red Mountain lava ring 

dome, showing water/rock ratios for the hydrothermal system that altered 

the quartz latite, contoured at W/R 100, 2, 1, and 0.5. The field 

bounded by the stippled pattern shows the distribution of alSo va lues 

of whole-rock samples from the AMOCO drill hole, and the horizontal 

ruled field shows the distribution of o1So values of hydrothermal quartz 

(see Fi g. 5.2). See text for discussion. 
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seems likely that all these areas were altered by the same types of 

waters, and we can also closely estimate the temperature of alteration 

from the boiling point curve. This requires the bulk rocks in the AMO CO 

drill hole to have been altered at an overall W/R ratio of about 0.5 if 

the hydrothermal fluid flowed out of the system after interaction (open 

system behavior). The water/rock equations presented in Chapter 4 were 

used in these calculations, together with the following parameters: (1) 

initial whole-rock 8 0 is that of unaltered quartz latite (+6.9); and 

(2) initial water 8 1 eo is that for a fluid in equilibrium with a 

typical vein quartz at 300°C (-4.5, Table 5.1). 

5.2 18o; 1bo Variations in Vein Quartz 

5.2.1 Data Obtained in the Present Study 

Oxygen isotopic analyses of vein quartz from the deeper parts of 

the Red Mbuntain hydrothermal system (Fi g. 5.2), collected within the 

caldera to the northwest of Red MOuntain, are similar to quartz analyses 

from other base-metal sulfide veins throughout the caldera. All vein 

quartz analyses from the Lake City caldera area are plotted in Fi gu re 

5.4. 

Three distinct groupings are evident in Fi gure 5.4. A low- 180 

group of veins containing quartz, fluorite, a carbonate mineral, and 

traces of pyrite lies just outside the caldera ring fault southeast of 

Burrows Park. These veins, which in this study were found only in the 

Precambrian granite of Cataract Gulch, contain quartz with 8 1 80 = -4.5 

to -2.5 per mil. The host rock here is the low-elevation subgroup 

granite defined in Chapter 4. Analyses of quartz from the interior and 
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Figure 5.4 Histogram of oxygen isotopic analyses of vein quartz from 

the Lake City caldera. Each of the three distinct vein assemblages 

exhibits a corresponding distinct range in 6 18 0 values. For comparison, 

the range of oxygen isotopic analyses of vein quartz 10 km farther west, 

from the Sunnyside mine, Eureka graben, are also shown (Casadevall and 

Ohmoto, 1977). Period VI from the Sunnyside mine corresponds mineralo­

gically to the Lake City fluorite-carbonate veins. Periods I through V 

from the Sunnyside mine contain assemblages that correspond to the Lake 

City base metal sulfide veins. 
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exterior of one such vein, SR-28, are nearly identical at -4.5 and -4.4, 

respectively. Alteration selvages on these veins are negligible. 

A second group with intermediate o18 o values comprises quartz-base 

metal sulfide-pyrite (OBP) veins collected from throughout the Lake City 

caldera. This group includes the aforementioned veins in the deeper 

portions of the Red Mountain system, which are exposed in lower Alpine 

Gulch. Quartz from these veins has o18 o = -1.4 to +2.1, with most 

values clustering around +1.5 per mil. Analyses of quartz from the 

interior and exterior of one vein, AG-16, are nearly identical at +1.2 

and +1.3, respectively. 

A third group of veins, found within the caldera only in the 

Burrows Park area, has much higher 6 18 0 values. This group is distin­

guished hy the presence of abundant tetrahedrite, as well as base metal 

sulfides. Quartz from these veins has o18 o = +4.6 to +5.7 per mil. 

If the temperatures at which the quartz was precipitated in these 

veins can be estimated, then the oxygen isotopic composition of the 

vein-forming fluids can be calculated. This calculated isotopic com­

position will prove useful in further discussions of water-rock inter­

actions throughout the caldera and in higher parts of the meteoric­

hydrothermal systems, such as the solfataric zones. 

5.2 . 2 Comparison with Fluid Inclusion Data 

Measurement of fluid inclusion homogenization temperatures and 

freezing point depressions provide useful estimates of the tempera­

tures of vein formation and fluid compositions. Such analyses have 

been published for a number of base-metal sulfide veins in the 
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western San Juan Mountains. Casadevall and Ohmoto (1977) studied 

fluid inclusions in vein quartz from the Sunnyside mine, which is de­

veloped in the Eureka graben 10 km west of the Lake City caldera. 

Filling temperatures of fluid inclusions in quartz for Period I through 

V mineralization (which includes quartz-base metal sulfide-pyrite ores) 

range from about 250° to 325°C. Period VI vein-filling material from 

the Sunnyside mine consists of quartz, fluorite, carbonates, and minor 

sulfates, and mineralogically resembles the quartz-fluorite-carbonate 

veins in the Precambrian granite south of the Lake City caldera. The 

bulk of period VI fluid inclusion filling temperatures lie between 175° 

and 250°C, although some samples filled as high as 320°C. Freezing 

point depression measurements of period I through VI samples from the 

Sunnyside mine show that the fluids in the inclusions generally contain 

less than 2 weight percent equivalent NaCl. 

Casadevall and Ohmoto (1977) also measured the oxygen isotopic 

compositions of vein quartz for all periods of mineralization at the 

Sunnyside mine. Period I through V vein quartz o18 o values range from 

-1.2 to +1.8. Period VI quartz 6 18 0 values range from -5.0 to -0.4, 

but o18 o values are concentrated between -5.0 and -3.0. These ranges 

in isotopic composition are quite similar to the QBP and quartz-fluo­

rite-carbonate veins associated with the Lake City caldera (see Fig. 

5.4). 

Fluid inclusion homogenization and freezing point depressions have 

also been determined for quartz and sphalerite from the quartz-base 

metal sulfide-pyrite vein assemblage in the Ute-Ulay mine, just north 

of the Lake City caldera in the Henson Creek drainage (Slack, 1980). 
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Homogenization temperatures range from about 200° to 280° C. Later fluo-

rite in this vein yields filling temperatures between about 160° to 

200°C. Freezing point depression measurements indicate salinities 

generally less than 3 equivalent weight percent NaCl, but locally as 

high as 7 equivalent weight percent NaCl. 

5.2.3 Temperatures of Formation of Quartz Veins and alSo of Fluids, 
Lake City Caldera 

Krasowski (1976) calculated sulfur isotopic equilibration temper-

atures for coexisting sulfides in QBP veins from Burrows Park, both 

inside and outside the southwestern margin of the Lake City caldera. 

These temperatures range from 250° to 370°C. Thus, based on fluid 

inclusion homogenization temperatures for mineralogically similar veins 

in the western San Juan Mountains, and on sulfur isotopic fractiona-

tions in veins in and adjacent to the western Lake City caldera margin, 

the OBP veins probably were deposited in the temperature range 250° to 

350°C. The quartz-fluorite-carbonate veins probably precipitated at 

somewhat lovler temperatures, in the range 150° to 250°C. 

Using the quartz-water fractionation curve of Clayton et al ( 1972), 

fluids in equilibrium with the Lake City QBP vein samples are calcualted 

(Table 5 .1) • Fluids from which the quartz-fluorite-carbonate veins 

precipitated had a alSo= -12 to -17, identical to the pristine western 

San Juan mid-Tertiary meteoric water (Chapter 4). This range is similar 

to that calculated hy Casadevall and Ohmoto (1977) for fluids from 

which the Sunnyside period VI ores precipitated. Fluids from which the 

QBP veins precipitated could have ranged from -10 to -4 per mil. These 
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Table 5.1 Calculated fluid oxygen isotopic compositions for selected 

QBP and fluorite-carbonate veins associated with the Lake City caldera. 

The quartz-water fractionation curve of Clayton et al (1972) was used. 

Field It 

TEMPERATURE 

618 
OQUARTZ 

618 0QUARTZ-WATER 

QBP Veins 

SC-66 0.7 

RM-55 1. 7 

RM-65A -1.4 

Fluorite-Carbonate Veins 

SR-16 -2. 5 

SR-28(I) -4.5 

6 18 0wATER@ Specified Temperature* 

12.2 9.5 7.4 5.8 

-8.8 -6.7 -5 .1 

-7.8 -5 .7 -4.1 

-10.9 - 8.8 -7.2 

-14.7 -12.0 

-16.7 -14.0 

* The QBP (quartz-base metal sulfide-pyrite) veins a r e assumed to 
have formed at 250° to 350°C. The fluorite-carbonate veins are 
assumed to have formed at 200° to 250°C. 
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fluids are evolved meteoric water, having undergone an 18 0 shift resul-

ting from previous interaction with wall rocks prior to entering the 

vein system. Similar water compositions have been calculated for the 

Sunnyside period I through V ores ( Casadev all and Ohmoto, 1977) • It 

is interesting to note that the o18o of inclusion fluids in vein quartz 

from the Creede mining district, 40 km to the southeast in the central 

San Juan Mountains, range from -5.9 to +1.8 (Bethke and Rye, 1979). 

5.3 Boiling in an Upflowing Fluid as a Model for the Red Mountain 
Solfataric Alteration 

5.3.1 Solfataric Alteration in Present-Day Hot Springs 

The quartz-alunite-kaolinite alteration at Red Mountain is charac-

teristic of a solfataric or acid-sulfate hot spring environment (Rose 

and Burt, 1979). The alteration is similar to that currently being 

produced at active acid-sulfate hot springs, such as at Yellowstone 

Park, \.Jyoming (Allen and Day, 1935), Lassen Peak, California (Day and 

Allen, 1925) , and several areas in Japan (Ellis, 1979). In-hole 

temperature measurements of shallow drill holes in areas of active 

acid-sulfate hot spring activity show that the fluids in these hot 

springs are rising along hydrostatic boiling curves. Such drill hole 

temperature profiles have been published for Yellowstone Park (Fenner, 

19%; vlhite et al, 1975; Vlhite, 1978), and for the vapor-dominated 

geothermal system at the Geysers, California (White et al, 1971), among 

other areas. Temperature-depth profiles in active geothermal systems 

show that more deep-seated fluids lying at depths below the point of 

intersection with the hydrostatic boiling curve also tend to follow 

trajectories with very steep slopes. 
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5.3.2 Temperature-Depth Model of the Red Mountain Solfataric System 

The relationships observed in active geothermal systems have been 

incorporated into a model which accounts for the steep 6 18 0 gradient 

in hydrothermal quartz from the solfataric zone in the Red Mountain 

system. The isotopic compositions of water in equilibrium with a ty­

pical quartz vein (RM-55, lower Red Mountain system, o18 o = +1.7, close 

to the mean value of QBP vein quartz in the Lake City area, see Fig. 

5.4), are shown in Figure 5.5. This diagram considers three plausible 

temperatures of vein formation, 275°, 300°, and 325°C, as shown in Table 

5.2. The evolution of three fluids with these temperatures was modelled 

(Fig. 5.5) by: (1) intersecting the boiling curve for pure water (Haas, 

1971) at the respective temperature for each fluid; (2) moving the 

fluid up the boiling curve under hydrostatic pressure and generating a 

steam phase which remains in thermal and isotopic equilibrium with the 

liquid phase; (3) partitioning the oxygen isotopes between the vapor and 

liquid masses of the fluid; and (4) calculating the o18 o of quartz in 

equilibrium with the liquid part of the system. Included in Figure 5.5 

is the boiling curve for a 5 weight percent NaCl solution (Haas, 1971). 

Inclusion fluids in the western and central San Juan veins typically 

contain less than 3 equivalent weight percent NaCl equivalent (Casade­

vall and Ohr:~oto, 1977; Barton et al, 1977; Slack, 1980). As seen in 

Figure 5.5, using pure water as opposed to a saline solution introduces 

only minor errors into the model (boiling would occur at 100 to 150 m 

shallower depths in a 5 weight percent NaCl solution) • 

Truesdell et al (1977) used a similar model to evaluate the effects 

of subsurface boiling and mixing in hot springs at the Yellowstone 
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Figure 5.5 Morlel for boiling of meteoric-hydrothermal fluids rising 

along the hydrostatic boiling curve. The boiling curves are from Haas 

( 1971). Three initial model fluids from Table 5.2 are shown. The iso­

topic compositions of these fluids are determined by calculating the 

composition of the water that would be in equilibrium with a quartz 

having o18 o = +1.7 at the respective temperatures. After intersecting 

the boiling curve at the appropriate temperature, the fluid rises along 

the hydrostatic boiling curve to the surface. The steam and liquid 

phases in the system are assumed to maintain bo t~ ther~al and isotopic 

equilibrium in this model. Also shown is the approximate vertical 

extent of the solfataric alteration at Red Mountain. 
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Table 5.2 Characteristics of three fluids used to model the solfata-

ric alteration at Red Mountain. The initial fluid is that which is cal-

culated to be in isotopic equilibrium with quartz having o18 o = +1.7. 

Initial Boiling Temperature 

~::,lBoQUARTZ-WATER 8.4 7.4 6.5 

6 1a 
OHATER,initial -6.7 -5.6 -4.7 

Depth of boiling 723m 1088m 1609m 
curve intersection2 

Steam/water ratio 36:64 42:48 48:42 
at surface 

6 1a 
OwATER,final -4.8 - 3.5 -2.3 

1Clayton et al (1972) 
2Haas (1971) 
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geothermal system, Wyoming. They used two end member models, one of 

which corresponds to the model used for the Red Mountain system; Trues­

dell et al (1977) refer to this as single-stage • A second model was 

also considered, in which steam is separated from the liquid as it is 

formed; Truesdell et al (1977) refer to this as the continuous model. 

Truesdell et al (1977) conclude that a multiple-stage model, interme­

diate between the single-stage and continuous models, together with 

minor infiltration and mixing of pristine local meteoric water with the 

evolved hydrothermal fluid, best accounts for 8D and chlorinity measure­

ments of fluids presently discharging from the Yellowstone hot springs. 

Upon intersecting the boiling curve, the rising fluid evolves into 

a two-phase system consisting of liquid water and vapor bubbles. As 

the fluid rises along the boiling curve the proportion of vapor bubbles 

in the system increases. The pressure-enthalpy diagram for pure water 

(Fig. 5.6) can be used to calculate the mass proportion of the fluid 

that is converted to steam (e.g. see White et al, 1971). Boiling in a 

rising hydrothermal fluid is an irreversible expansion, a constant en­

thalpy process (Barton and Toulmin, 1961). The model assumes that the 

vapor-liquid system remains in thermal equilibrium and is closed. In 

higher parts of the system, where large volumes of vapor are generated, 

bulk separation of the two phases must locally occur. 

Assuming the two-phase system remains in isotopic equilibrium, mass 

balance and experimental steam-water isotope fractionation curves 

(Bottinga, 1968; Bottinga and Craig, 1968) can be used to distribute the 

oxygen isotopes between the two phases. The initial fluid isotopic 

compositions (100 percent liquid H20) are those that were calculated to 
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Figure 5.6 Pressure-enthalpy diagram for the system water-steam 

(from White et al, 1971). The proportions of steam to water in a 

closed-system fluid rising along the hydrostatic boiling curve were 

calculated for the three model fluids from this diagram, assuming con­

stant-enthalpy paths (vertical arrows) and using the lever rule. 
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be in equilibrium with quartz (6 18 o = +1.7) at the three assumed tern-

peratures (Table 5.2). The steam-water isotope fractionation (t:. L-v) 

can be writ ten: 

t:, L-V 

Upon boiling, mass must be conserved between the liquid and vapor 

phases, and if X represents mole fraction, we have: 

X • olso + x • olso L L V V• 

The subscripts i, L, and V denote the initial system, the liquid, and 

the vapor, respectively, and: 

Combinin~ the three above equations yields a simple relationship that 

defines the oxygen isotopic composition of the liquid in the two-phase 

system (6 18 ot) as a function of (1) the isotopic composition of the 

hulk system, which is identical to that of the initial fluid (o 18 oi); 

(2) the temperature-derendent liquid-vapor fractionation factor; and 

(3) the temperature-dependent mass fraction of the fluid that has been 

boiled to steam (Xv): 

6 18 0; +l' t:, L ) (X ) _._ -v v · 

The oxygen isotopic changes in the fluids for the three models were 

calculated using this equation. The proportions of steam and liquid 

water at each stage are shown in Figure 5.7. The calculations were 

conducted at 50° C intervals assuming closed-sys tern behavior. 
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Figure 5.7 Plot of temperature (°C) vs. mole fraction of v apor in 

the closed steam-water systems rising along the hydrostatic boiling 

curve. These ratios were calculatecl for initial liquids having the 

three model temperatures shown in Fi gure S.A. As shown in Fi gure 5.5, 

the temperature of such a boiling s ystem is a simple function of depth 

below the water table (hydrostatic pressure), and variations in depth 

are shovm as contours on the three model curves. 



204 

350~------~------~--------------------~ 

300 

250 -u 
0 -r- - 200 meters 

200 

- 100 meters 

150 - 50 meters 

100 
0 0.2 0.4 0.6 0.8 1.0 

MOLE FRACTION VAPOR 



205 

In a hydrothermal system characterized by a high water/rock ratio, 

two factors control the final oxygen isotopic composition of the product 

phases: the isotopic composition of the liquid and the temperature of 

the reaction. Both of these variables exhibit vertical variations in 

the hot spring environment because of the cooling effect and formation 

of bubbles as the fluid rises along a boiling curve. If equilibrium 

is maintained between the fluid and the hydrothermal quartz, then a 

vertical gradient in the isotopic composition of the quartz is to be 

expected. a1So values of quartz in equilibrium wi t h the model waters 

of Figure 5. 7 are indicated by curved lines in Figure 5.8, together with 

the actual isotopic data from the Red Mountain solfataric zone. The 

quartz-water fractionation above 200°C was taken from Clayton et al 

(1972). Fractionations from 100° to 200°C were interpolated between the 

200°C curve of Clayton et al (1972) and the 0°C fractionation (39 per 

mil) measured by Knauth and Epstein ( 1976), assuming that the frac­

tionation factor varies linearly as 1/T2. 

The curves in Figure 5.8 were visually fit to match the observed 

Red Hountain quartz trend. Each curve is constrained by the model to 

pass through a alSo quartz value of +1.7 at depth. Figure 5.8 also 

includes the estimated position of the water table as defined by projec­

tions of the model trajectories to 1 atm. The quartz alSo gradient 

is dominantly a function of increased quartz-water fractionation as a 

function of decreasing temperature, not liquid-vapor isotopic frac­

tionation in the fluid (Fig. 5.9). 

The close agreement between the calculated curves and the measured 

isotopic analyses from Red Mountain (Fig. 5.8) fits the geologic 
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Figure 5.8 Calculated hydrothermal quartz 18o; 16o ratios for the 

three model fluids (curved lines), compared with the observed a18o 

variations in samples from the Red Mountain solfataric zone (dots). 

Also shown are isotherms along the a18o trajectories, as well as the 

projected water table for the three model fluids. The correspondence 

between the observed and calculated trends shows that the boiling model 

is applicable to the Red Mountain system. Moreover, this correspondence 

suggests that the same meteoric-hydrothermal fluid that deposited the 

deep quartz veins also produced the solfataric alteration in the near-

surface environment. 
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Figure 5.9 Oxygen isotopic fractionation curves used in the Red 

Mountain solfataric model. Data sources are listed in the text. 

Quartz-water fractionations between 100° and 200°C (dashed line) were 

interpolated hetween the >200°C curve and the data point at 0°C (aste­

risk), assuming a linear dependence of the fractionation on l/T2. 

Comparison of the quartz-water and water(L)-water(V) curves shows that 

the high-o 18 o quartz values in the shallow solfataric environment 

are more a result of increasing quartz-water 18 0 fractionations as a 

function of decreasing temperature, rather than the oxygen isotopic 

fractionation between the liquid and v apor phases. 
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evidence that the alteration at Red Mountain was produced in a shallow 

hot spring environment. Temperature conditions in the rising fluid were 

controlled by the hydrostatic boiling curve. Moreover, the fluid in­

volved in the solfataric alteration was the same 18 0-shifted meteoric­

hydrothermal fluid from which the QBP vein minerals were precipitating 

at depth. Three points lie off the model trend (RM-15, RM-16, and 

RM-23). These samples are readily interpreted to have formed (at equi­

librium) from liquid H20 condensed from a steam phase that originally 

separated at depth from the liquid phase and moved upward isothermally. 

The restricted location of these three samples, near the summit of Red 

Mountain, probably defines the location of a major steam vent. 

Projecting the trend defined by these three points back to the 

boiling curve suggests that the steam-liquid separation occurred between 

about 150 and 200 m ~neath the water table. Although conductive 

cooling of the fluid as it approached the surface or mixing with cool, 

near-surface meteoric water both probably occurred to some extent, 

neither process can account for these three data points. Both cooling 

and mixing would shift the equilibrium 6 18 0 value of the quartz to 

heavier values ~cause of the significant increase in quartz-water frac­

tionation with decreasing temperature (Fig. 5.~. 

The vertical isotopic gradient observed in whole-rock samples of 

the AMOCO Red Mountain drill core (Fig. 5.2) also is consistent with 

hydrothermal alteration along a vertical thermal gradient, but extending 

to much greater depths, probably into an environment too deep for 

boiling to occur. Based on infrared absorbtion spectroscopy, the clays 

in the core sample from a depth of 283.8 m consist dominantly of 
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kaolinite with minor illite. Clays throughout the upper part of the 

drill hole petrographically resemble the clays in this sample. Altera­

tion in all these samples is dominantly quartz and these clays. Both 

quartz and kaolinite exhibit increasing mineralwater fractionations as 

a function of decreasing temperature (Fig. 5.9), suggesting that the 

isotopically heavier samples from the upper portion of the drill hole 

were altered at a lower temperature than samples deeper in the hole. As 

discussed in Section 5.1.3, water/ rock ratios of about 0.5 are esti­

mated for open system alteration of the most 18 0-depleted samples in 

the AMOCO drill core. 

5.4 Solfataric Alteration Elsewhere in the San Juan Mountains 

5.4.1 Localities Studied in this Work 

Solfataric alteration similar to that at Red Mountain is deve­

loped in several other areas throughout the San Juan Mountains. Hydro­

thermal quartz samples from a numher of such areas were analyzed in 

order to determine if their isotopic compositions can be explained using 

the Red Mountain model. None of these areas provides the degree of 

vertical control found at Red Mountain in the Lake City area, but if 

high 18 o; 16 o ratios could be obtained from surface samples, it would 

strongly suggest that such a ~iling system was operating. Additional­

ly, economic mineralization occurs in a number of these altered areas, 

and the o18 o analyses can provide insight into the ore-forming process 

in shallow volcanic environments. 

The six areas studies, including the Red Mountain lava ring domes 

from the Lake City caldera, are: (1) Engineer Pass and Carson Camp, 
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just outside the Lake City caldera in older volcanic rocks; (2) the 

productive Red Mountain district on the west edge of the ring fault of 

the Silverton caldera; (~ Calico Peak, a small deposit located within a 

quartz latite porphyry intruding Mesozoic sedimentary rocks about 20 km 

west of the edge of the San Juan volcanic field; and (4) the major 

Summitville ore district in the eastern San Juan Mountains, just north 

of the Platoro caldera. The characterisitics of these localities are 

tabulated in Table 5.3, together with information concerning the litho­

logy, alteration, and mineralization associated with each area. The 

locations of the six areas are shown on Figure 5.10. 

5.4.2 Characteristic Features of the Six Localities 

The six areas studied in this work exhibit many similarities, which 

include: 

l. All of the altered areas, except Carson Camp, are associated 

with silicious intrusive rocks of the bimodal assemblage. Quartz 

latites, with coarse sanidine phenocrysts as large as 5 em, host the 

alteration in four of the six areas. 

2. Where radiometric or fission-track ages are available for the 

alteration minerals, the alteration can be shown to be no more than a 

few million years (generally less than 0.5 million years) younger than 

the associated host rocks. The spatial association of the alteration to 

the associated intrusions in areas in which alteration dating has not 

been reported suggest similar contemporaniety. 

3. All of the altered zones are centered on breccias related to 

intrusion except at Carson Camp, where the altered zones follow linear 
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Figure 5.10 Locations of solfatarically altered areas in the 

San Juan Mountains from which oxygen isotopic data have been 

obtained. The map shows the outline of the volcanic field, and 

the location of all known calderas (dashed where buried) • 
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structures. Similar linear control has occurred in some altered areas 

at Summitville. 

4. Without exception, the solfatarically alteren zones consist 

dominantly of quartz and alunite. Barite is also reported from three 

of the six areas. The quartz-alunite alteration always grades outward 

through kaolinite/illite argillized zones to fresh or propylitized 

rocks. \~ere detailed analyses have been conducted, this outer argil­

lized zone has been shown to consist of a more complicated clay assem­

blage, but lack of information precludes generalizations regarding 

detailed alteration clay mineralogy. 

5. Where present, hypogene ore deposits in the altered areas tend 

to be restricted to the quartz-alunite assemblage, occurring in vuggy 

leached rocks or in larger solution spaces. The ore mineralogy is 

dominated by pyrite and enargite. Minor sphalerite, galena, silver 

sulfosalts, gold, native sulfur, and copper sulfines are winesprean. 

Calico Peak is unique in that quartz veinlets containing molybdenite 

and pyrite are present, as well as because pyrite-enargite bodies are 

developed peripheral to the quartz-alunite altered area, not within 

it. 

5.4.3 Discussion of the Isotope Data 

Histograms of o18 o data from the six areas are compared in Figure 

5.11. All samples show varying degrees of 18 0 enrichment, to as high 

as +15.5 per mil for Summitville. These 18 0 enrichments all indicate 

very low temperature equilibration between the quartz and the hydro­

thermal fluids, characteristic of the solfataric boiling environment. 



217 

Figure 5.11 Histograms comparing oxygen isotopic analyses of 

samples from solfatarically altered areas in the San Juan Mountains. 

Data from Red Mountain in the Lake City area are also included (bottom 

row) • 
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Moreover, native sulfur, which is locally common at Summitville, occurs 

as euhedral crystals lining vugs. If the temperature had been above 

115°C, the melting point of sulfur at atmospheric pressure, the sulfur 

would most likely occur as rounded droplets. Native sulfur also occurs 

at Calico Peak and in solfatarically altered rocks in the Red Mountain 

district, east of the National Belle mine, but the crystalline state of 

these occurrences is not known. 

There is a correlation between a1So and ore enrichment. Summit­

ville, Carson Camp, and the National Belle Mine in the Red Mountain 

mining district contain the most ore mineralization of the six areas and 

also have the highest alSo values. The most productive district of all, 

Summitville, also contains the highest- 1So quartz. The high metal 

contents and high a1So values in these 3 districts could conceivably 

be derived from associated magmatic hydrothermal fluids released by the 

crystallization of the magmas; such fluids would have a1So values in 

the range of about +7 to +10 per mil. The widespread occurrence of 

brecciation in these rocks might also be construed to support such a 

model. In adciition, lead i sotopic analyses of galena from the Summit­

ville district have shown that this lead is radiometrically similar to 

lead from the quartz latite hosts (Doe et al, 1979). 

Mixing of such high- 1So fluids with an evolved meteoric-hydrother­

mal fluid having a alSo value of about -8, typical of vein-forming 

fluids from the Sunnyside mine (Casadevall and Ohmoto, 1977) and from 

the Lake City caldera, would produce fluids with intermediate alSo 

values. This would produce a higher- 1So hydrothermal quartz than 

could be precipitated by purely meteoric water. However, pure magmatic 
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water of the ahove composition would produce solfataric quartz with 

6 18 0 values to as high as 38 per mil for the shallowest portion of 

the Red Mountain model. Hence, a significant magmatic component in the 

fluids in all these areas is considered to be highly unlikely. Varia­

tions in the isotopic compositions of the hydrothermal quartz are more 

likely related to local variations in the meteoric water input into the 

meteoric-hydrothermal system, or to variations in the level of exposure 

in the various areas. 

Any model which accounts for the solfatarically controlled 

mineralization must invoke meteoric water as the dominant component 

of the hydrothermal fluid. If a model is constructed whereby the metal 

components in the fluid are released by a crystallizing magma, then a 

mechanism must be used to mix and dilute this magmatic emanation with a 

meteoric-hydrothermal fluid prior to transport of the fluid to the point 

of deposition. 

6D analyses of hydrous alteration minerals from the Alamosa River 

stock, eastern San Juan Mountains, are markedly richer in deuterium than 

those from the Silverton caldera (about -110 vs. about -145, respec­

tively, see Taylor, 1974a). These data suggest that the initial meteo­

ric water 6 18 0 values in the eastern San Juan Mountains were about 5 

per mil higher (-10 per mil) than that in the western San Juans (-15 per 

mil) in mid-Tertiary time. Thus, the heavy quartz 6 18 0 values for 

the Summitville district, which is about 5 km northeast of the Alamosa 

River stock, may be related to this higher -6 18 o meteoric water. 

Portions of the monzonitic Alamosa River stock, exposed in the 

Alamosa River canyon 5 km southeast of the Summitville district and 



221 

at an elevation 1 km below it, are pervasively altered to a kaolinite­

bearing assemblage (Steven and Ratte, 1960) . These spatial relation­

ships are compatible with the possibility that deeper argillic altera­

tion associated with the Alamosa River stock may be the eroded roots of 

the solfataric alteration present in the Summitville district, analogous 

to the Red MOuntain-Alpine Gulch system i n the Lake City caldera. 

However, the available age dating does not support this hypothesis, 

because the Alamosa River stock has been dated by K-Ar at 28 m. y. 

(Lipman, 1975), while the Summitville mineralization apparently took 

place about 22 m.y. ago (Table 5.3) . In support of these K-Ar dates , 

Steven and Ratte (1960) note that the alteration in the Alamosa River 

stock is continuous with that in the volcanic rocks outside the northern 

stock contact, and these altered volcanic rocks are unconformably 

overlain by the extrusive quartz latites that host the Summitville 

mineralization . 

In spite of the above age discrepancies, it is instructive to 

examine the a l ba-elevation trends in the vicinity of Summitville and 

the Alamosa River stock . a 18o values of solfataric quartz from 

Summitville determined in this study and whole-rock and kaolinite a 18o 

values measured by Taylor (1974a) for the Alamosa River stock are shown 

in Figure 5.12 as functions of sample elevation . Williams (1978) also 

presents some generalized a 18 o data for this intrusion. Included in 

Figure 5.12 are the fields of Red MOuntain hydrothermal quartz and the 

AMOCO drill core data (see Fig . 5.2) . It is apparent on Figure 5.12 

that if the elevation of either the Summitville or the Red MOuntain 

a 18o values are adjusted so that the highest- 18o, highest elevation 
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Figure 5.12 o18 0 values of solfataric quartz from Sumrni tv ille 

(this study) and altered rocks and kaolinite from the Alamosa River 

stock (Taylor, 1974a) plotted as functions of sample elevation. The 

general distribution of o18 o values of hydrothermal quartz from Red 

Mountain and whole-rocks from the AMOCO drill hole are also shown (see 

Fig. 5.2). The arrows indicate how the o18 o values and elevations at 

Summitville and the Alamosa River stock would have to be adjusted to 

make them directly comparable with the Red Mountain solfataric data. 

See text for discussion. 
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solfataric qua rtz values in both groups coincide (that is, adjusting 

these data sets so the a1So of the fluid and the position of the water 

table at the time of a]teration were identical, and assuming that the 

temperatures of alteration were similar) , the Alamosa River stock 

whole-rock alSo values would be about 5 per mil lower than the AMOCO 

drill hole alSo values for an equivalent depth beneath the solfataric 

zone. These relationships are in agreement with the above described age 

information, indicating that alteration of the Alamosa River stock is 

not relaterl to the the Summitville solfataric alteration in a manner 

similar to that found for the Red Mountain-Alpine Gulch alteration. 
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CHAPTER 6 

18o; 16o RELATIONSHIPS WITHIN THE LAKE CITY CALDERA 

6.1 Initial Oxygen Isotopic Compositions of the Intra-Caldera Volcanic 
and Volcaniclastic Rocks 

6.1.1 Initial o18o Values of the Sunshine Peak Tuff and Resurgent 
Intrusive Rocks 

Because the Sunshine Peak Tuff and the resurgent intrusive rocks 

are mineralogically very similar, and probably are derived from the same 

underlying magma chamber, they are discussed together in this section. 

The tuff consists of 30 to 50 percent phenocrysts of embayed quartz and 

euhedral sanidine, with less than 2 volume percent biotite and p1agio-

clase. The groundmass, originally vitrophyric, is recrystallized to 

fine-grained quartz and sanidine. The tuff can be considered vir-

tually a bimineralic rock containing approximately 40 percent quartz 

and 60 percent alkali feldspar. The intrusive rocks consist of coarse 

(to greater than 1.5 em) alkali feldspar phenocrysts in a matrix of 

quartz and alkali feldspar (typically l to 3 mm grain size). Plagio-

clase and biotite are generally also present as phenocrysts, but are 

not abundant. Embayed quartz and pyroxene locally occur as phenocrysts, 

but generally constitute less than 1 percent of the rock. 

The original oxygen isotopic compositions of the Sunshine Peak Tuff 

and the intrusive rocks from within the caldera cannot be directly 

measured because of ubiquitous effects of post-crystallization, meteo-

ric-hydrothermal alteration. However, two samples of outflow-facies 

Sunshine Peak Tuff, CC-7 and CC-8, collected on the eastern side of 

Jarosa Mesa, about 15 km east of the caldera, are unaltered. The 
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outflow-facies is equivalent to the lowermost, highest Si02, member of 

the Sunshine Peak Tuff (Tspl) within the caldera. Quartz phenocrysts 

from these two outflow-facies samples yield identical o18 o values of 

+8.1. Sanidine phenocrysts have 6 18 0 = +7.0 (CC-7) and +6.8 (CC-8). 

Quartz phencrysts separated from three tuff samples collected within the 

caldera, SC-19, SC-81, and AG-1, are also all identical at o18o = 

+8.1. 

The 18o; 16o fractionations between the quartz-sanidine pairs in cc-

7 and CC-8 are 1.1 and 1.3 per mil, which are characteristic of unal­

tered ash-flow tuffs (see Part II of this thesis). The average frac­

tionation of 1.2 per mil indicates an equilibrium temperature of about 

625°C (Bottinga and Javoy, 1973), which is slightly lower than the 

plausible eutectic temperatures in the granite-H20 system (Tuttle and 

Bowen, 1958). However, it should also be noted that a quartz-orthoclase 

fractionation of 1.8 per mil was experimentally determined at 600°C by 

Blattner and Bird (1974), in which case the (equilibrium) magmatic tem­

perature would be considerably higher than 625°C for a fractionation of 

1.2 per mil. Regardless of which geothermometer calibration curves are 

chosen, the quartz and sanidine 6 18 0 analyses in the Sunshine Peak 

Tuff clearly represent primary, unaltered phenocryst compositions. 

Taylor (1968) showed that feldspars in granitic melts are typi­

cally 0.2 to 0.4 per mil lower in 18 0 than the melt; this would indi­

cate an initial o18o of 7.2±0.2 per mil for the magma that produced the 

outflow facies of the Sunshine Peak Tuff. Sample SC-129, collected 

from the upper member of the Sunshine Peak Tuff in the southeastern 

quadrant of the caldera (an area where hydrothermal effects are very 
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weak or lacking) yields a whole-rock o18 o = +7.3. This is the average 

of four replicate analyses with a standard deviation of 0.1 per mil. 

Both the feldspar and the biotite in this sample are very fresh with no 

mineralogical alteration effects. We therefore conclude that the Sun­

shine Peak Tuff rhyolitic magma (z 250 km 3 , Steven and Lipman, 1976) 

was isotopically relatively homogeneous, with a o18 o z +7.2 or +7.3, 

and that all measured whole-rock o18 o values different from this value 

must represent a subsolidus hydrothermal effect. 

\1hole-rock 18 o; 16 0 analyses of the aforementioned outflow facies 

samples of the Sunshine Peak Tuff are +8.2 (CC-7) and +7.8 (BHS-lA, 

provided by Ken Hon of the U. S. Geological Survey, sample location not 

identified) • Both analyses are slightly heavier than the calculated 

value of 7.2 per mil. Although this conceivably could indicate an 

original 6 18 0 inhomogeneity in the Sunshine Peak magma, these minor 

18 0 enrichments are better attributed to low-temperature exchange 

between the vitrophyric, glassy, matrix of the tuff and surface meteoric 

water. This has been shown by Taylor ( 1968) to be a very common feature 

in all hydrated volcanic glasses; in extreme cases the o18 o values are 

raised to as high as +16 per mil. 

All analyzed samples of resurgent intrusive rocks from within the 

Lake City caldera have been hydrothermally altered, and are depleted 

in 18 0 relative to normal magmatic values. Phenocrystic quartz and 

alkali feldspar separated from sample SC-161 yield o18o values of +7.9 

and -1.1, respectively. Three other alkali feldspar separates from 

resurgent intrusive rocks have o18 o = -4.0 to 2.9. The quartz-alkali 

feldspar fractionation for sample SC-161 is 9.0 per mil, clearly a 
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nonmagmatic and a disequilibrium fractionation. In a mid-Tertiary cal­

dera environment eroded to a deeper level than the Lake City area, 

Criss and Taylor (1983) showed that magmatic quartz exchanges oxygen 

with hydrothermal fluids very slowly; coarse quartz phenocrysts 

closely maintain their magmatic 18o; 16o values in a hydrothermal 

environment, whereas coexisting feldspars exchange quite quickly (Fig. 

4.4). The quartz analysis from SC-161, therefore, is probably close to 

the original magmatic value, suggesting that quartz from both the resur­

gent intrusions and Sunshine Peak Tuff initially had quite similar o18o 

values of about +8.1. Thus, as a working hypothesis, we assume that the 

magmas that formed the Lake City resurgent intrusive rocks all had 

o18o z +7.2, and that the whole-rock samples also originally had this 

value prior to hydrothermal alteration. 

6.1.2 Initial 6 180 Values of the Sunshine Peak Tuff Megabreccia 

The Sunshine Peak Tuff megabreccia units were dominantly derived 

from the older San Juan volcanic rocks (Sapinero Mesa Tuff and andesitic 

volcanics related to the early calc-alkaline magmatic episode) and the 

Precambrian granite of Cataract Gulch (Lipman, 1976b), both of which 

currently form the outer wall of the Lake City caldera ring fault (see 

Chapter 4). The granite composes a significant proportion of the mega­

breccia only along the southern margin of the caldera, where the granite 

actually forms the outer wall of the ring fault. 

The initial isotopic compositions of the megabreccia units are 

difficult to estimate, as the clasts in these units have been derived 

from a variety of volcanic sources, some of which had been previously 
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altered during meteoric-hydrothermal activity associated with the Un­

compahgre caldera. For example, Lipman et al (1976) noted that altered 

rocks in the Capitol City area, just outside the northern margin of the 

Lake City caldera, are truncated by the Lake City caldera ring fault, 

and that fragments resembling these altered rocks occur in megabreccia 

units in the Lake City caldera in this area. Similarly, altered rocks 

with associated vein mineralization make up the eastern topographic wall 

of the caldera; these are unconformably overlain by the quartz latite 

ring domes (Lipman et al, 1982). However, in pre-caldera magmatic rocks 

immediately adjacent to the southern, western, southeastern, and north­

eastern margins of the caldera we have not found evidence of any pre­

Lake City alteration. The l bo depletions in these rocks are clearly 

spatially related to the Lake City caldera ring fault, indicating that 

the hydrothermal activity that produced these 180 depletions must have 

been related to the Lake City caldera hydrothermal system. It was shown 

above that the initial magmatic 6 180 value of the Precambrian granite 

of Cataract Gulch was +9.5. The o18o values of fresh, unaltered 

volcanic rocks throughout the world (including samples from elsewhere in 

the San Juan Mountains) are typically in the range +6.0 to +10.0 per 

mil. It is thus reasonable to conclude that when the masses of Sunshine 

Peak Tuff megabreccia slid into the collapsed caldera, they probably had 

normal magmatic 6 18 0 values somewhere in the range +6.0 to +10.0 per mil. 

6.2 Variations in Alteration Mineralogy and 6 180 in the Megabreccia 

The Sunshine Peak Tuff megabreccia generally is more strongly 
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depleted in lSo than the caldera-fill Sunshine Peak Tuff (Fig. 6.1). 

Because it has a mixed initial lithology and because it has been altered 

to diverse phases, it is not possible to construct meaningful water/rock 

ratio plots for this unit, as was done for the Precambrian granite in 

Chapter 4 or as is done below for the Sunshine Peak tuff caldera-fill. 

However, the overall large lSo depletions within the megabreccias 

strongly suggest that these units have interacted with large volumes of 

low- 1So water, or that they have interacted with the mete?ric-hydrother­

mal fluids at relatively high temperature (or both). 

The stratigraphically lowest megabreccia units exhibit lSo deple­

tions and alteration products distinct from higher units. Figure 6.1 

compares alSo analyses from the lower megabreccia unit in the Burrows 

Park-Silver Creek-Redcloud Peak area (southwestern part of the caldera) 

with the alSo values of the upper megabreccia lenses found elsewhere in 

the caldera. The lower unit, exposed below about 3500 m elevation, is 

clearly more lSo depleted than the upper unit, to values as low as 

-2.1. The rocks in the lower unit are generally more than 40 percent 

altered to calcite, quartz, chlorite, sericite, clay, and pyrite. The 

upper unit isotopic analyses range to as high as +8.9, and the rocks are 

fresh or are weakly argillized and silicified. One sample of the upper 

unit, SC-154, has a alSo value of -0.9, but this sample was collected 

within an argillized quartz vein selvage. 

The variation in alteration mineralogy between the upper and lower 

megabreccia units is somewhat similar to that observed in the tuff, 

where argillization is characteristic of higher elevations, while a cal­

cite-chlorite alteration and lower alSo values characterize lower eleva-
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Figure 6.1 Comparison between alSo values of megabreccia and tuff 

in the southwest quarter of the Lake City caldera. The lower histogram 

shows the whole-rock alSo values from the large megabreccia exposure 

in Burrows Park, Silver Creek, and Cooper Creek. The upper histogram 

shows o18o values of Sunshine Peak Tuff ash-flow samples within about 

1.5 km horizontally and about 1000 m vertically from the upper contact 

of this exposure of megabreccia. The middle histogram shows whole-rock 

o18o values of the upper megabreccia lenses. Note that the megabreccia 

units are typically more strongly depleted in lSo than the tuff (parti­

cularly the lower megabreccia). 
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tions. This strongly suggests that the lower megabreccia unit exchanged 

oxygen with the hydrothermal fluid at higher temperatures than the upper 

unit, as also would be expected in terms of the geothermal gradient. 

Also, because it contains a significantly greater proportion of altera­

tion product phases, the lower unit almost certainly has undergone ex­

change with a larger volume of water than the fresh to weakly altered 

upper unit . 

Because of the porous matrix of the megabreccia units (particularly 

right after their formation 23 m.y. ago), and because the lower unit has 

clearly undergone a marked degree of water-rock interaction, the lower 

megabreccia unit probably was a major channel for the meteoric-hydro­

thermal fluids in the Lake City hydrothermal system. Similar types of 

alteration and 18 o depletions (to o18o = -1.4) in the megabreccia in 

the northeastern part of the caldera (lower Alpine Gulch) show that this 

zone was also a major fluid channel. The 18 0 depletions in Sunshine 

Peak Tuff around these units generally are not as great as in the mega­

breccias (Fig. 6.1). For example, two samples collected about 8 meters 

on either side of a tuff-megabreccia contact in lower Cooper Creek exhi­

bit quite distinct isotopic compositions. The megabreccia sample, 

SC-63, is partially altered to calcite, quartz, sericite, and clays, 

and has a o18o value of -1.7. The tuff sample, SC-64, with sanidine 

partially altered to clay and quartz and biotite totally altered to 

sericite, has a o18 o velue of +3.4. This 5.1 per mil difference is 

best explained by a higher water/rock in the more permeable and more 

porous megabreccia unit. 
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6.3 Mineralogical Alteration of the Sunshine Peak Tuff 

Using the primary o18o values defined above, it is clear that 

essentially all samples of Sunshine Peak Tuff and the resurgent intru­

sive rocks from within the caldera were depleted in 18 0 by 1 to 10 per 

mil (Fig. 4.2); most samples also exhibit a complementary mineralogical 

alteration. Because of their fine grain size and simple mineralogy, 

(basically just quartz and alkali feldspar) it is not possible to exa­

mine the water-mineral interactions in these lithologic units with the 

same detail as was done for the coarser-grained multi-mineralogic Pre­

cambrian granite of Cataract Gulch. However, the systematic 180-deple­

tions in these altered rocks correlate very well with the type and in­

tensity of mineralogical alteration products in the rocks. 

Within the high interior of the caldera, areas of most intense 

mineralogical alteration form bright red to orange surface exposures 

due to the oxidation of minor amounts of disseminated pyrite in the 

altered rocks. Quartz veins (typically about one meter wide and bearing 

base-metal sulfides and pyrite) are central to many of these altered 

areas. The altered zones thus represent very wide selvages around the 

quartz veins, some extending farther than 100 m from the veins. Plate 

2 (in pocket) shows the distribution of the altered areas within the 

caldera. Plate 2 was compiled based on field observations of the dis­

tribution of mineralogic alteration in the Sunshine Peak Tuff and on 

petrographic determination of mineralogic alteration in the samples that 

were analyzed. The alteration facies (defined below) for each sample 

was recorded on a map, and facies boundaries were then drawn. Detailed 

mapping of the distribution of alteration facies was not conducted in 
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the field, and therefore in areas of low sample density some leeway 

must be assumed for placement of the facies boundaries. 

The type and quantity of alteration products in the altered Sun­

shine Peak Tuff change gradationally away from the quartz veins. Five 

zones (or facies) can be identified in the altered tuff (Table 6.1), 

four of which are delineated on the map in Plate 2. 

Zone I, developed within a meter or so of the veins, consists of 

total replacement of the tuff by hydrothermal quartz. Relict zircons 

are preserved. Primary quartz phenocrysts are recrystallized to finer 

grained aggregates of quartz grains, but can be recognized in hand 

samples and thin sections. 

Zone II, developed within tens of meters of zone I, is charac­

terized by the total replacement of sanidine and biotite by quartz and 

a white to li ght-brown, fine-grained clay, tentatively identified as a 

mixture of kaolinite and illite. Quartz phenocrys ts may show minor 

recrystallization. The groundmass locally contains thin quartz veinlets. 

Zone III grades outward from zone II and comprises partial replace­

ment of sanidine by kaolinite/illite (?) and locally quartz, and total 

replacement of biotite by sericite. Disseminated pyrite is also charac­

teristic of zones I through III. 

Zone IV, the most extensively developed of the S alteration facies, 

also consists of partial replacement of sanidine by kaolinite/illite; 

it can be subdivided into two sub-zones, IVa and IVb, based on the de­

gree of sericitization of biotite. In IVa, from SO to 100 percent of 

the biotite is altered, and in IVb, less than SO percent of the biotite 

is altered. Locally in zone IV, chlorite is the alteration product of 
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the biotite, not sericite. Zone IV grades outward and upward to a 

caldera-wide weak alteration, zone V. 

In zone V, sanidine exhibits only traces of the development of 

kaolinite/illite (?), and more commonly simply shows turbidity along 

cleavage planes, fractures, and grain margins. Biotite in zone V is 

fresh. Alteration in the resurgent intrusive rocks is similar to that 

in the Sunshine Peak Tuff, except chlorite commonly accompanies the 

sericite as an alteration product of the biotite. 

The alteration zoning described above is best developed in the 

Sunshine Peak Tuff at elevations above about 12000 ft (3658 m). Weak 

pervasive alteration in more deeply eroded parts of the caldera, along 

Burrows Park and the lower portions of the Cooper Creek and Silver Creek 

drainages in the southwestern part of the caldera, and in the lower 

elevations in the Alpine Gulch drainage in the northeastern part of the 

caldera, is different than the typical zone IV alteration described 

above. In the lower elevations, the biotite is altered to chlorite, not 

sericite, and the sanidine typically is 30 to 50 percent altered to a 

carbonate with local green clay. This chloritic type of alteration is 

indicated as a separate zone on Plate 2. Quartz veins containing 

pyrite and base-metal sulfides in Burrows Park and in the lower Alpine 

Gulch drainage have narrow alteration selvages, up to 2 m wide, charac­

terized by the pervasive development of quartz, sericite, pyrite, and 

minor clay (Krasowski, 1976). 

Sunshine Peak Tuff within several hundred meters of the resurgent 

intrusive rocks has been hornfelsed. This is characterized by the re­

crystallization of the groundmass to an even-grained mixture of quartz 
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and sanidine, coarser than that typical of devitrification of the tuff 

throughout the rest of the caldera. The hornfelsed matrix has also lost 

the outlines of compressed pumice shards and the light to dark brown 

color typical of the non-hornfelsed tuff. In hand samples the horn­

felsed tuff is light tan in color and is somewhat lighter than nonhorn­

felsed samples. Sanidine in the hornfelsed tuff is unmixed to an alkali 

feldspar perthite. Hydrothermal alteration in the hornfelsed tuff is 

typically zone IV, although some zone III and zone II hornfelsed tuff is 

present. 

6.4 Correlation between 6 18 0 Values and Alteration Assemblages 

Figure 6.2 displays the range of 18 0 analyses of the samples for 

each of the tuff alteration types discussed above and for the resurgent 

and ring fracture intrusions. Note that there is a general decrease in 

the 6 18 0 value as alteration progresses from zone V to zone III, but 

this does not continue to zones I a nd II (probably because these areas 

are intensely silicified, and quartz tends to be a very high- 18o 

mineral). The tuff becomes progressively depleted in 18 0 closer to the 

veins as the intensity of alteration increases. As a group, the tuff 

altered to a chlorite-calcite assemblage at lower elevations is more 

18 0-depleted than the rocks involved in any of the zones I to V of the 

argillic alteration. 

Variations in the extent of 18 0 depletions in the tuff and intru­

sive samples allow us to estimate relative water/rock ratios, as was 

done for the Precambrian granite. In Figure 4.9, the degree of minera­

logic alteration of original magmatic biotite in the granite was plotted 
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Figure 6.2 Histograms of whole-rock 6 18 0 values of the Sunshine 

Peak Tuff and resurgent intrusive rocks as a function of the type and 

facies of mineralogic alteration present in the samples. Note that 180 

depletions increase as the facies of argillic alteration in the tuff 

proceeds from stage V (freshest) to stage III. Topographically lower 

chlorite/calcite alteration in the tuff, however, has produced even more 

significant 180 depletions. Although not intensely mineralogically 

altered, the hornfelsed tuff and the resurgent intrusive rocks have 

overall the lowest ranges of 6 180 values because they exchanged with 

the met e or ic-hydrothermal fluids at highest temperatures. 
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against 6 10 0, and was used as a measure of the temperature and water/ 

rock ratio under which the rocks had been altered. For the Sunshine 

Peak Tuff and intrusive rocks, an analogous plot can be made utilizing 

the degree of mineralogic alteration of the sanidine phenocrysts (Figs. 

6.3 and 6.4). However, note that Figures 6.3 and 6.4 are not strictly 

comparable to Figure 4.9 because, unlike biotite, K feldspar can have a 

large field of stability at these moderate hydrothermal temperatures, 

if the pH of the fluids is sufficiently high. The degree of mineralo­

gical alteration of K feldspar in the tuff and intrusive samples is thus 

only a rough estimate of water/rock ratio, because the production of 

kaolinite and sericite is strongly dependent on fluid chemistry, as 

well as on temperature and water/rock ratio (Fig. 6.5). It is important 

to understand that at high temperatures, or under alkal ine conditions, 

the feldspar can thoroughly exchange oxygen isotopes with the meteoric­

hydrothermal fluid without becoming extensively mineralogically altered 

(perhaps producing only turbidity in the feldspars). The mineralogi­

cally "unaltered" but 18 0 exchanged sanidines in Figures 6.3 and 6.4 

typically exhibit considerable turbidity in thin section; this is a 

normal characteristic of K feldspar that has exchanged with a meteoric­

hydrothermal fluid (Taylor, 1974a). 

Figure 6.3 is a plot of data form the hornfelsed and chlorite/cal­

cite altered tuff and the resurgent and ring-fracture intrusions. 

Figure 6.4 is a plot of data from the argillized zones I through V tuff, 

and it also includes the field of hornfelsed tuff from Figure 6.3 for 

comparison. Figures 6.3 and 6.4, together with the models discussed in 

Figures 4.8 and 6.5, imply the existence of three intergradational 
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Figure 6.3 o18 o whole-rock values of hornfelsed tuff, chlorite/ 

calcite altered tuff, and resurgent intrusive rocks, plotted as a func­

tion of the degree of mineralogical alteration of K feldspar in the 

samples. The percent of sanidine in the sample that has been altered 

to clay and quartz is in some way proportional to the W/R ratio that the 

rock has experienced, but the alteration of the sanidine is also in 

large part controlled by fluid chemistry and temperature (Fig. 6.5). 

The hornfelsed tuff and the resurgent intrusive rocks have low o18o 

values but are not intensely altered because at high temperatures the K 

feldspar exchanges readily with the meteoric-hydrothermal fluids without 

becoming mineralogically altered (analogous to the biotite-chlorite 

discussion in Fig. 4.8). 
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Figure 6.4 Whole-rock o18 o values of argillically altered zones I 

through V tuff plotted as a function of the degree of mineralogical 

alteration of sanidine in the samples. The field of hornfelsed tuff 

from Figure 6.3 is also shown. Comparison with Figure 6.5 (and Fig. 

4.8) suggests that as the alteration progresses from zone V to zone I 

the tuff experienced progressively higher W/R ratios. This is consis­

tent with the quantity of alteration products in the sanidine and the 

geometric distribution of these facies around vein-filled fractures 

(zone I close to veins grading to zone V far from the veins). Compari­

son with Figure 6.5 also suggests that the argillization occurred at 

lower temperatures than the development of hornfels in the tuff (parti­

cularly the lower-grade zone IV alteration). This is consistent with 

the spatial distribution of the hornfelsed tuff around the resurgent 

intrusion, which also was altered at higher temperatures than the 

argillized tuff. 
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Figure 6.5a Stability fields of K feldspar, sericite, kaolinite, 

and pyrophyllite as functions of temperature and mKcL/mHCL (from Hemley 

and Jones, 1964). Quartz is also present in all fields. Also shown 

is the plausible range of fluid composition and temperature appropriate 

for the Fracture Regime and the Intrusive Regime. 

Figure 6.5b Plausible fluid trajectories for the Fracture Regime 

and Intrusive Regime alteration plotted as functions of whole-rock o18o 

and the amount of sanidine alteration, for comparison with Figures 6.3 

and 6.4. For both regimes the water/rock ratios (W/R) increase in the 

direction of the arrows, as shown in a highly schematic fashion by the 

dashed contours. The large amounts of kaolinite and intense silicifi­

cation found in zones I and II of the Fracture Regime, together with 

the distribution of zones I and II around obviously permeable fractures, 

imply very large W/R ratios. Only minor kaolinite is present in the 

sanidine in rocks altered in the Intrusive Regime, even though these 

rocks typically have lower 6 18 0 values than rocks altered in the Frac­

ture Regime. These relationships could conceivably result from either 

higher-temperature alteration or higher mKcL/mHCL ratios in the Intru­

sive Regime than in the Fracture Regime, or both. At sufficiently low 

H/R, the aqueous fluids would be "buffered" by the rocks and would have 

mKcL/mHCL high enough to plot in the K feldspar-stable portion of Figure 

6.5a. Alteration under such conditions would still involve extreme 

oxygen isotopic exchange between the meteoric-hydrothermal fluid and 

the K feldspar (resulting in low o18 o values for these altered rocks), 

but would not produce intense mineralogical alteration in the K feld­

spar. At the higher W/R ratios and lower temperatures characteristic 
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of the Fracture Regime, the aqueous fluids would no longer be buffered 

and the aqueous fluids could attain very high mKcLimHcL ratios (perhaps 

through oxidation of H2s or HS-), such that intense kaolinite and quartz 

replacement of the tuff could occur. Thus, the much lower o18 o values 

of the hornfels and resurgent intrusive rocks do not necessarily mean 

that these rocks have been altered at higher W/R ratios than the ar­

gillized zones I, II, and III tuff. 
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temperature/alteration regimes within the caldera (Table 6.2). These 

regimes are gradational in the sense that they overlap with one another 

geographically, and in that they are all produced by similar types of 

meteoric-hydrothermal fluids. They are, in reality, probably just 

aspects of a single phenomenon, differing only with respect to their 

positions in the evolutionary history and geometry of the Lake City 

hydrothermal system. They are also gradational in the sense that the 

low-grade alteration zones IV and V are common to all three regimes (or 

at least we do not at present know how to separate out the zone IV and V 

rocks that belong to each regime). A fourth regime (solfataric) also 

may exist, but this regime is essentially absent from the caldera, 

being almost wholly confined to the ring domes on the east side of the 

caldera (described in Chapter 5). The solfataric regime may also simply 

represent the shallowest facies of the fracture regime. 

1) Fracture Regime. A relatively uniform temperature regime pro­

ducen the argillized zone I through zone III tuff, falling off to some­

what lower temperatures in zones IV and V (Fig. 6.4). The major charac­

teristics of this alteration regime were in large part determined by 

proximity to those fractures that were the principal fluid conduits 

(Plate 2). The more intensely altered samples lie closest to the veins 

(zones I and II), and contain sanidine that is essentially 100 percent 

altered to clay and quartz. The argillized tuff closest to the veins 

was altered at the highest water/rock ratios, but probably at only 

slightly higher temperatures than the average zone III samples. Compa­

rison between Figures 6.3, 6.4, 4.8, and 6.5 indicates that even the 

highest-temperature facies of the Fracture Regime (zones I and II) 
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probably formed at lower temperatures than the alteration in the horn­

felsed or chlorite/calcite altered tuff (or the intrusive rocks) . In 

time sequence the alteration types in the Fracture Regime appear to be 

superimposed on the other regimes described below. The Fracture Regime 

alteration effects that we can presently examine in the field may repre­

sent a late-stage evolution of the caldera-wide hydrothermal system. 

2) Intrusive Regime. A generally higher-temperature regime, but 

one with very strong lateral and vertical temperature gradients, pro­

duced the hornfelsed tuff and the alteration within the resurgent and 

ring intrusions . Although these rocks have o18o values lower than the 

argillized tuff, they exhibit less mineralogical alteration than the 

argillized tuff because high-temperature alteration allows thorough 

18o; 15o exchange between rocks and meteoric-hydrothermal fluids without 

necessarily producing abundant mineralogical alteration. It is clear 

that development of the hornfels in the tuff adjacent to the intrusive 

contacts occurred at high temperatures. Also, the upper portions of 

the central resurgent intrusion (the "heat engine" that drove the me­

teoric-hydrothermal convection system within the caldera) must have 

been altered at high t~mperatures. Upward and outward from the contacts 

of the resurgent intrusion, this alteration regime grades into the 

successively lower-temperature zones IV and V. 

3) Stratigraphic Regime. On Figures 6.3 and 6.4, the chlorite/cal­

cite altered tuff samples as a group plot in an intermediate position 

between the two regimes described above. This type of alteration 

occurs deep in the stratigraphic sequence within the caldera, beneath 

the argillized tuff and peripheral to the hornfelsed tuff and resurgent 
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intrusion (discussed below in Section 6. 5. 3). This regime appears to 

be largely stratigraphically controlled, and conceivably could simply 

represent a deeper (and hotter) facies of the fracture regime. However, 

it could also represent an early stage in the evolution of the caldera­

wide hydrothermal activity, or perhaps a different type of chemical 

system (see below). 

In summary, as shown in Table 6.2, the most intensely affected end­

members within the three alteration regimes described above are readily 

separated both geographically and in diagrams like Figures 6.3 and 6.4. 

The chlorite/calcite alteration type, the hornfels-intrusion type, and 

zones I, II, and III all occupy different areas on the map in Plate 2 

and different niches on the figures. These alteration types can thus 

be, respectively, separated out as (1) the Stratigraphic Regime, (2) the 

Intrusive Regime, or the (3) the Fracture Regime. However, the low­

grade alteration types (zones IV and V), which occupy most of the area 

of the caldera (Plate 2), cannot be so delineated. Although further 

studies may allow such distinctions to be made, at present zones IV and 

V must be considered to include the low-grade, low W/R end members of 

all three alteration regimes. 

6.5 Geometry of 18o; 16o Variations in and around the Lake City Caldera 

6.5.1 o18o Contour Map 

o18 o whole-rock values for samples within the caldera and samples 

of older volcanic and intrusive rocks outside the caldera, together with 

the calculated K feldspar 6 180 values for the Precambrian granite (Table 

4. 1) are contoured on Plate 3 (in pocket). A smaller but identical 
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contour map is shown on Figure 6.6. Sample locations are shown on Plate 

3 but not on Figure 6.6. The calculated K f eldspar values from the Pre­

cambrian granite were used in the contouring because the granite had an 

initial whole-rock 8 1 0 value about 2 per mil higher than the Sunshine 

Peak Tuff, and because the granite initally contained about 30 percent of 

inert, coarse-grained quartz. Use of the K feldspar data for the gra­

nite adjusts these data such that they are compatible with the whole­

rock 8 18 0 data from the tuff within the caldera. In areas where the 

density of sample points was low, some latitude was used in drawing the 

o18o contours, for example making use of the correlations with topogra­

phy and proximity to intrusions, as described below. 

The shape o f the lowest- 18o areas on Figure 6.6 resemble an east­

ward pointing four-tined fork. The handle is the Eureka graben, with 

two tines positioned along the ring fault, and a couple of central tines 

in the deepl y eroded, low-elevation areas near the central resurgent 

intrusion. The major influences on the o18o patterns are listed below, 

and each will be discussed in detail in subsequent sections. 

1) The caldera has been asymmetrically tilted to the east. o18o 

values are lowest in the west and northwest areas of the caldera and 

highest in the east and southeast areas. This conforms to what we al­

ready know about the structural and erosional history of the caldera. 

Erosion has clearly penetrated more deeply in the west than in the east. 

Because of the regional tilting, we are looking deeper into the hydro­

thermal system in the western part of the caldera than in the eastern 

part. 

2) There is an obvious correlation between low- 180 areas and the 
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Figure 6.6 Contour map of o18o values in the Lake City caldera area. 

This figure is a smaller but identical version of Plate 3 (in pocket). 

Sample locations are not shown here but are on Plate 3. Low- 18o 

areas define a fork-shaped zone with the handle in the Eureka graben, 

two outer tines along the caldera ring fault, and a couple of central 

tines in the low-elevation areas near the resurgent intrusion. See 

text for discussion. 
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ring fault. The lowest- 18 o samples (solid black and white areas on 

Figure 6.6) all conform nicely to the ring fault (except in the eastern 

part of the caldera where erosion has not penetrated deeply and the ring 

domes still cover the ring fault. 

3) A positive correlation exists between topography and o18o 

values. Even a cursory comparison between Figures 3.1 and 6.6 shows 

a good match between low elevation and low o18 o (in Alpine Gulch, 

Cooper Creek, Silver Creek, Henson Creek, Bent Creek, and in Burrows 

Park both inside and outside the caldera). Also, high elevation areas 

corre late with high o18 o values (on the middle and eastern parts of 

Central Ridge, the Sunshine Peak-Redcloud Peak ridge, Alpine Ridge, the 

Red Mountain-Grassy Mountain ridge, and on Cooper Ridge). 

4) Rocks close to and within the central intrusion have low o18 o 

values. This is obvious from Plate 3. Also, Figures 6.2, 6.3, and 6.4 

show that the hornfelsed tuff and intrusive groups of samples have lower 

6 180 values than the other tuff alteration groups. All low- 18o areas 

at high elevations are located near outcrops of the intrusive rocks 

(near intrusion exposures 1, 9, 10, 11, and 12, Fig. 3.1). 

5) Other faults, veins, and fractures exert control over low- 18o 

areas. Low- 18o areas adjacent to faults occur on the northern end of 

Cooper Ridge, and in lower Silver and Cooper Creeks. 

6) Some lithologic control is evident. The megabreccia, Precam­

brian granite, and the Sunshine Peak Tuff each had a distinct permea­

bility, different grain size, and different initial o18o values. All 

these factors influenced to varying degrees the reaction of these rocks 

with the meteoric-hydrothermal fluid. 
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6.5.2 Shape of the Resurgent Intrusion 

Structure contours on the top of the Lake City resurgent intrusion 

are shown in Figure 6.7. These contours were drawn by connecting points 

of equal elevation along the intrusive contacts as shown on Plate 1. 

The intrusion has the form of a broad dome with steep sides, being 

nearly flat on top. Field examination of some outcrops of the resurgent 

intrusion (exposures 8, 10, 13, 14, and the western part of 11, Fig. 

3.1) revealed the nearly horizontal nature of the upper contact prior to 

drawing Figure 6.6. Also, the geologic cross sections (Plate 4) show 

that the upper intrusive contact can be readily connected between intru­

sive exposures on opposite sides of ridges (for example from exposure 8 

to exposure 13 beneath the West End of Central Ridge and from 11 to 14 

b~neath the Central Ridge). In addition, samples from exposures of the 

resurgent intrusion visited in the field (8, 10, 11, 12, 13, and 14) are 

petrographically identical. It is thus clear that erosion within the 

caldera is just beginning to expose the uppermost portion of the resur­

gent intrusion, and that all these intrusion exposures within the cen­

tral part of the caldera (2, 6, 7, 8, 9, 10, 11, 12, 13, and 14, Fig. 

3.1) crystallized from the same continuous mass of magma. 

In contrast, ring intrusions along the northern caldera ring fault 

(exposures 3 and 4, Fig. 3.1) are dike-like and have steep contacts. 

But exposure 5 (also with a steep contact along the ring fault) extends 

into the caldera away from the ring fault, where it has a flat upper 

contact similar to that of the resurgent intrusion. It is therefore 

reasonable to extend the top of the resurgent intrusion to exposure 5 

and to consider all these exposures (and perhaps all of the other ring 
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Figure 6.7 Structural contours drawn on the top of the Lake City 

caldera resurgent intrusion. These contours were drawn by connecting 

points of equal elevation of the intrusive contacts as shown on Plate 

1. The top of the intrusion is a broad, nearly flat -topped dome, 

asymmetrically displaced northward from the center of the caldera. 

Outcrops of the central resurgent intrusion in the caldera can be ob­

served in the field to have nearly flat tops, although the side con­

tacts of the intrusion dip steeply outward. In contrast, the ring in­

trusions along the northern caldera ring fault are dike-like in form and 

have very near-vertical contacts. The exposure on Cooper Ridge also has 

steep contacts and a fine-grained, nearly glassy matrix. This intrusion 

must be a narrow spike-shaped apophysis of the main resurgent magma that 

crystallized very quickly. Also shown is the boundary zone between the 

north and south halves of the caldera used in construction of the compo­

site radial cross section shown in Figures 6.8, 6.9, 6.10, and 6.11. 

The small triangle near the apex of the resurgent intrusion is the cen­

tral point from which the sample locations in the composite radial cross 

section were measured. 
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intrusions as well) to have crystallized from a single body of magma. 

The exposure on Cooper Ridge (1 on Fig. 3.1) also has steep contacts. 

This intrusion is a rhyolite porphyry with a much finer-grained ground­

mass than samples from the other exposures. This rhyolite porphyry is 

clearly a narrow , spike-shaped, intrusive prong of material that crys­

tallized very rapidly. The phenocryst mineralogy of this rhyolite por­

phyry is, however, nearly identical to that of the main mass of the re­

surgent intrusion; the Cooper Ridge rhyolite porphyry is thus probably 

simply an apophysis of the main magma body, and it is shown as such on 

Figure 6.7. 

6.5.3 Radial Cross Sections 

A composite radial cross section that incorporates data from all 

analyzed samples within the caldera was constructed. On this composite 

cross section we can plot all the data points, the lithologies, the al­

teration facies, and the whole-rock o18o values (Figs. 6.8, 6.9, 6.10, 

and n.l1). Two separate sections were made for each diagram, one for 

the north half, and one for the south half of the caldera, by plotting 

sample elevation versus the horizontal distance of each sample from a 

point centrally located near the top of the resurgen t intrusion (small 

triangle on Fi g . 6.7). The north and south halves were joined to pro­

duce the four composite radial cross sections. Note that there is an 

enormous vertical exaggeration (>6:1) in all these figures. The boun­

dary between the north and south halves is a nearly east-west, 0.5 km­

wide zone passing through the central point (Fig. 6.7). Samples within 

this boundary strip are plotted on both the north and south halves of 
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Figure 6.8 A composite radial cross section that includes all sam-

ples studied in this work from within the Lake City caldera. This plot 

was constructed by dividing the caldera into northern and southern 

halves along a 0.5 km-wide, nearly east-west zone passing through a 

point near the top of the central resurgent intrusion (Fig . 6.6). 

Sample distance from this central point is plotted vs. sample elevation. 

Samples within the narrow east-west strip were plotted on both the north 

and south halves. The two halves were then joined to produce the compo­

site section. This figure shows sample points and sample numbers. 
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Figure 6.9 Lithology plotted on the composite radial cross section 

on Figure 6.8. All units of the Sunshine Peak Tuff ash-flows and mega­

breccias dip away from the central resurgent intrusion. The lithologic 

symbols are the same as those used on Plate 1. Tspu, Tspm, and Tspl 

are, respectively, the upper, middle, and lower member of the Sunshine 

Peak Tuff, Tiq is the resurgent intrusion, and Tsml is the lower mega­

breccia. Ring intrusions along the northern caldera ring fault plot as 

distinct separate bodies on the composite section but in reality these 

are probably connected by feeders to the main mass of the resurgent 

intrusion. Because the ring fault lies at variable distances from the 

central point it plots as a wide zone corresponding to its minimum and 

maximum distance from the central point. 
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Figure 6.10 Alteration facies of the Sunshine Peak Tuff plotted 

on the composite radial cross section of Figure 6.8. Hornfelsed tuff 

is developed adjacent to the resurgent intrusion. Areas of argillized 

zone I through III tuff occur above the resurgent intrusion and locally 

in the ring fault zone along the northern caldera margin. Zone IV ar­

gillized tuff occurs above and around the resurgent intrusion and g r ades 

up into weakly altered (zone V) tuff in the south half. Zone V argilli­

zation, restricted to very shallow environments, is lacking in the north 

half because of deeper and more extensive erosion. Zone IV tuff g r ades 

down to chlorite/calcite altered tuff. See text for further discussi on. 
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Figure 6.11 Contours of o18 o values plotted on the composite radial 

cross section of Figure 6.8. The contours define a broad domal pattern 

centered over and concentric with the resurgent intrusion. o18o values 

decrease systematically with depth throughout the caldera (to less than 

-1 in the resurgent intrusion but greater than +7 in the shallow upper 

Sunshine Peak Tuff ash-flow in the south half). Low o18o areas also 

occur in the ring fault zones in both the north and south halves. See 

text for further discussion. 
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all the diagrams. Because the ring fault is oval, not circular, it does 

not lie at a constant distance from the central point, and thus the 

ring fault appears as a wide zone corresponding to its minimum and maxi­

mum distance from the central point on these figures. Although the 

assumption of perfect radial symmetry is only an approximation, and it 

obviously breaks down in going from the north half to the south half of 

the caldera, Figures 6.8, 6.9, 6.10, and 6.11 provide a remarkably 

realistic representation, allowing us to plot all of the structural and 

analytical data on a single series of diagrams. 

Fi gure 6.8 shows the distribution of sample points and sample num­

bers on these cross sections, and Figure 6.9 shows the distribution of 

lithologies in the composite cross section. It is gratifying that these 

simplified, composite cross-sections are consistent with what we already 

know about the resurgent doming in the caldera; namely, all the units 

on the radial section are in proper stratigraphic order and dip outward 

from the central resurgent intrusion. Also, in the south half the 

uppermost member of the Sunshine Peak Tuff (Tspu) caps the section just 

as it does on the actual maps and cross-sections (Plate 4). In the 

north half the upper ash-flow unit has been remove d by erosion and the 

middle ash-flow is the highest lithology. Also, sub-volcanic intrusions 

only occur along the ring fracture in the north half of the caldera, 

where they are shown schematically in Figure 6.8 as separate small 

bodies. In reality these isolated bodies must be connected by feeders 

to the main resurgent and ring-fracture intrusions. 

Minearlogical alteration patterns in the composite cross section 

are shown in Figure 6.10. The alteration fields in this figure were 



270 

delineated by drawing boundaries enclosing all tuff samples that exhibit 

the same alteration type. Figure 6.10 is complicated somewhat by the 

regional eastward tilting of the caldera (discussed in detail in Section 

6.5.5), but the overall patterns in this figure are compatible with what 

we already know about the distribution of these facies within the cal­

dera. On Figure 6.10 the hornfelsed tuff lies adjacent to the resurgent 

intrusion (see also Plate 2). Because the tuff-intrusion contact is 

exposed by erosion to a greater extent on the north side ?f the caldera, 

the hornfelsed field in Figure 6.10 is wider on the north half than on 

the south half. Zones I through III argillically altered tuff are dis­

tributed across the top of the resurgent intrusion. Plate 2 also shows 

this spatial relationship. Zone IV argillic alteration lies as a broad 

field upward and outward from the intrusion, and in the south half it is 

overlain and grades up into zone V tuff. The high-elevation zone V tuff 

in the south half of Figure 6.10 occurs only in the southeast quarter of 

the caldera in the stratigraphically high, near-surface, upper Sunshine 

Peak Tuff ash-flow (corupare Figs. 6.9 and 6.10). 

In the south half of Figure 6.10 the chlorite/calcite altered tuff 

occurs only below 3550 m elevation, but in the north half it is exposed 

as high as 4000 m. This is because the chlorite/calcite alteration in 

the north half occurs along the western caldera margin and on Cooper 

Ridge, the part of the caldera that has been uplifted the most due to 

the regional eastward tilting. Plate 2 shows that the upper boundary of 

the chlorite/calcite alteration in the western part of the caldera is 

continuous with the upper boundary of the chlorite/calcite alteration in 

the south half and that this boundary dips eastward, consistent with the 
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eastward tilting of the caldera. The small field of zone IV alteration 

that is enclosed by zone V alteration in the upper left part of Figure 

6.10 represents samples from the Sunshine Peak-Redcloud Peak ridge in 

the western part of the caldera; the "anomalous" high elevation on Fi­

gure 6.10 is thus also simply a result of the regional eastward tilting. 

The 6 18 0 values of all samples within the caldera are contoured on 

Figure 6.11. These contours define a broad domal pattern parallel to 

the contact of the resurgent intrusion, with lower 6 180 values at lower 

elevations. The lowest values occur in and adjacent to the resurgent 

intrusion. The highest 6 18 0 values are found in the south half in the 

stratigraphically high, near-surface upper Sunshine Peak Tuff ash-flow, 

coincident with the zone V mineralogical alteration. Such high 6 180 

values are not found in the north half, because of the great abundance 

of ring intrusions ("small heat engines"), and because the deeper ero­

sion in that area has removed any such materials. Note that the ring 

fault in both the north and south halves of Figure 6.11 contains signi ­

ficant amounts of low- 18 o rock. 

6.5.4 Structural Cross Sections 

Five structural cross sections have been drawn (Plate 4, in poc­

ket). These cross sections include both the lithologic units and 6 18 0 

contours. All five cross sections on Plate 4 also show those sample 

locations that lie on or very close to the lines of the sections. Three 

cross sections traverse the study area from north of the caldera to 

south of the caldera (A-A', B-B', and C-C'). These lines were chosen to 

examine geologic and 618 0 changes as one progresses, respectively, from 
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the Eureka graben eastward through the resurgent dome of the caldera. A 

fourth section traverses from west of the caldera through the resurgent 

dome to east of the caldera (D-D'). The fifth cross section zig-zags 

from north of the caldera to south of the caldera crossing the resurgent 

intrusion (E-E'). The position of this last section was chosen to in­

clude as many a1So data points as possible on or very close to the 

line of the section. 

a1So contours on the five sections were drawn after Figures 6.6 

(Plate 3) and 6.7 were constructed. Intersections of the a1So contours 

with the present-day topographic surface on Plate 3 were transferred to 

their appropriate positions on the cross sections, and the contours on 

the sections were then drawn to be compatible with the alSo contours 

on Plate 3. By an interative process, the alSo contours and geologic 

contacts were reconciled among all the cross sections of Plate 4 and the 

maps of Plates 1 and 3. 

The a1So contours on all five cross sections show in detail the 

same general features as the contours on the composite cross sections 

(Fig. 6.11). The north-south sections that traverse the caldera (B-B', 

C-C', and D-D') exhibit broad, domal-shaped a1So contours that drape 

over the resurgent intrusion, with low a1So areas within the intrusion 

and at low elevations. Low-1So zones also coincide with the ring 

fault in the western part of the caldera (B-B', E-E') but are not pro­

nounced in the southeastern part because this area is not deeply eroded 

and lacks ring intrusions. The domal pattern extends into the Eureka 

graben (A-A') and the axis of the a1So dome extends from the resurgent 

intrusion westward into the central part of the graben (D-D'). 
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6.5.5 Effect of Asymmetric Uplift and Tilting 

Many lines of evidence show that the area of the Lake City caldera 

has been asymmetrically uplifted and tilted to the east. The new data 

in the present study show that this tilting occurred after the bulk of 

the hydrothermal activity had occurred in the Lake City caldera. A 

summary of this evidence follows: (1) Stratigraphically high lithologic 

units are exposed in the eastern part of the caldera (the ring domes and 

the upper Sunshine Peak Tuff ash-flow), but have been removed by erosion 

in the topographically higher central and western parts, where the lower 

Sunshine Peak Tuff ash-flow and the resurgent intrusion are exposed 

(Plate 1 and Fig. 2.8). (2) Structural contours on the top of the Pre­

cambrian granite dip eastward (Fig. 4.17) at the same angle (6°) as the 

intravolcanic contacts above the granite. (3) Shallow solfataric al­

teration in the ring domes and nearly fresh, weakly altered tuff (zone 

V) occur only in the eastern part of the caldera. (4) The deepest 

alteration facies (chlorite/calcite and hornfels) are exposed at high 

elevations in the central and western parts, and the upper contact of 

the chlorite/calcite facies drops to progressively lower elevations from 

west to east (Plate 2). (5) a1So contours are shifted to higher eleva­

tions as one progresses from east to west outside the caldera ring fault 

in both the Precambrian granite to the south (Fi gs. 4.12 and 4.13) and 

the older volcanic rocks to the north (Figs. 4.21 and 4.22). (6) Figure 

6.11 and Plate 4 show that alSo values systematically become lower as 

one goes deeper beneath the original topographic surface. Within the 

caldera, lower a1So values occur at higher elevations in the western 



274 

Figure 6.12 The present erosional surface of the Lake City caldera, 

after adjustment to remove the eastward, post-alteration tilting. About 

6° of tilt (based on the eastward dip of the Precambrian-Tertiary con­

tact and intravolcanic stratigraphic contacts south of the Lake City 

ring fault) has been removed. The hinge line for this reconstruction 

trends north-northwest and passes near the summit of Red MOuntain; 

elevations west of this constant-elevation line are shown lower than 

their present positions (compare with Fig. 3.1). Areas that have been 

deeply eroded (Henson Creek, Burrows Park, lower Silver Creek, lowe r 

Cooper Creek, and lower Alpine Gulch) are also those areas that exhibit 

the lowest 81 0 values (compare to Fig. 6.6). Areas of little erosion 

(Red Mbuntain-Grassy Mbuntain and the East End of Central Ridge, Fig. 

3.1) contain weakly-altered rocks that have high o18o values. The 

upper Sunshine Peak Tuff in the southeast quadrant of the caldera (which 

must have been just underneath the original surface of the caldera-fill 

rocks) appears on this diagram to have been fairly deeply eroded in the 

vicinity of the ring fault. In fact, this topographically low area is 

a result of its being on the south flank of the resurgent dome, the 

effects of which have not been removed in this diagram. 
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part of the caldera than in the eastern part (Fig. 6.6 and Plate 3). 

For example, except for the solfatarically altered zone, the ring domes 

are isotopically nearly unaltered (a 1So > +6), as is the topographically 

high C< 3950 m elevation) upper Sunshine Peak Tuff ash-flow unit in the 

southeast quarter of the caldera. However, samples of Sunshine Peak 

Tuff from similarly high areas (> 3900 m elevation) along the western 

Central Ridge and Cooper Ridge all have alSo values less than +1, and 

samples from the Sunshine Peak-Redcloud Peak ridge in the south-central 

part of the caldera (the highest ridge within the caldera, > 4200 m) 

have intermediate alSo values less than +3. 

Figure 6.12 shows a reconstruction of the caldera at its present 

level of exposure if the post-alteration eastward til ti ng is removed. 

Figure 6.12 was constructed by assuming that about 6° of eastward 

tilting has occurred (based on the Precambrian-Tertiary contact south 

of the caldera and the intravolcanic contacts above the Precambrian 

granite; all these contacts dip about 6° east). Figure 6. 12 clearly 

shows that those parts of the caldera that have the lowest o1So values 

(compare Figs. 6.6 and 6.12) were altered at very deep levels C> 2 km), 

and that the relatively unaltered rocks with high o1So values are con­

fined to very shallow levels (< 500 m). 

6.5.6 Effect of Proximity to the Resurgent Intrusions 

Low alSo values (< +3) are found in and around the central resur­

gent intrusions (Figs. 6.6 and 6.11, Plates 3 and 4). These low- 1So 

zones make up the central tines of the fork-shaped, low- 1So pattern 

discussed above in Section 6.5.1. The lowest a18 o values in the central 
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tines are associated with intrusive exposures 8 (-1.8) and 11 (-1.4); 

broad zones of low o18 o values (< +1) surround these two exposures. 

The cross sections in Plate 4 also show this relationship, particularly 

sections B-B', C-C', and D-D', in which zones of o18o values less than 

-1 correspond almost exclusively to areas of the resurgent intrusion. 

Successively higher o18 o contours are dome-shaped, and drape over the 

resurgent intrusion parallel to the intrusive contact. Comparisons 

between the geologic (Fig. 6.9) and o18 o (Fig. 6.11) composite radial 

cross sections also show this pattern. 

Variations between 6 18 0 values and distance from the resurgent in­

trusion are examined in more detail in Figure 6.13. In this diagram 

the o18o values of Sunshine Peak Tuff samples that l ie above the resur­

gent intrusion and within the outermost structural contour (Fig. 6.7) 

are plotted versus sample height above this c o .. t act. Note the strong 

positive correlation in Figure 6.13 between the o18 o value and sample 

height above the intrusion, regardless of sample lithology. 

Figure 6.14 is an identical plot to Figure 6.13 but also includes 

mineralogical alteration data for the Sunshine Peak Tuff samples. Horn­

felsed tuff and zones I, II, III, and IV argillized tuff can all occur 

close to the upper intrusive contact, and, except for zones I and II, 

these alteration facies do not display a very pronounced correlation 

with height above the intrusive contact. However, the 6 18 0 values are 

lowest (+1.3 to +3.3) for hornfelsed tuff and grade to progressively 

higher va l ues in zone III tuff (+2.1 to +4.1) and zone IV tuff (+2.7 to 

+5.3). A single sample of zone V tuff lies about 500 m above the intru­

sive contact with a o18 o value of +5.9. The alteration facies in the 
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Figure 6.13 Sample height above the resurgent intrusion plotted 

versus the whole-rock alSo. This plot includes only those samples 

which lie within the area enclosed by the structural contours on 

Figure 6.7. An obvious positive correlation exists between sample 

height and alSo value . 
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Figure 6.14 Sample height above the resurgent intrusion plotted 

versus whole-rock a1So, with the alteration facies indexed for each 

Sunshine Peak Tuff sample. Hornfelsed, zone I, and zone II tuff 

have the lowest a1So values. alSo increases and the field of each 

facies extends to higher elevations as the alteration progresses from 

zone I through zone IV. However, except for the hornfels, the altera­

tion facies themselves correlate only weakly with distance from the 

intrusive contact; they are controlled mainly by proximity to local 

hydrothermal flow channels (major fractures). 
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Fracture Regime thus, as might be expected, show only a weak correlation 

with proximity to the resurgent intrusion; they are much more sensitive 

to proximity to actual hydrothermal conduits ( local fractures). 

6.5.7 Effect of Topography 

Elevations within the caldera range from greater than 14000 ft 

(4267 m) at Redcloud Peak and Sunshine Peak to below 9600 ft (2926 m) in 

Alpine Gulch (Figure 3.1). Topographically low areas occur around the 

caldera ring fault (Henson Creek on the north and the Lake Fork of the 

Gunnison River on the south). The interior of the caldera is highest 

near the center of the resurgent intrusion (along Central Ridge and 

other high ridges that extend away from it). This high central area 

has been cut by numerous valleys that drain outward into Henson Creek 

and the Lake Fork, providing up to 2 km of relief within the resurgent 

dome of the caldera. 

Comparison between Figures 6.6 and 3.1 and examination of the cross 

sections in Plate 4 show that low o18o values clearly correlate with 

low elevation areas in: 1) the entire length of Henson Creek, 2) Alpine 

Gulch, 3) Burrows Park and the upper Lake Fork, 4) Silver Creek, 5) 

Cooper Creek, 6) Bent Creek, 7) Grizzly Gulch, and 8) upper Owl Gulch. 

High o18o values clearly correlate with high elevation areas in: 

1) Cooper Ridge, 2) the West End of the Centra l Ridge, 3) the Sunshine 

Peak-Redcloud Peak ridge, 4) The Central Ridge and its East End, 5) the 

high areas around Red Mountain and Grassy Mountain, 6) Alpine Ridge 

(even though this area lies close to the r i ng fault and near ring intru­

sions), 7) the high area north of Henson Creek, and 8) the high area 
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around Handies Peak. Also, as discussed in detail in Chapter 4, the 

Precambrian granite exposed on Half Ridge has a1 0 values higher than 

topographically lower granite. In fact, the Half Ridge uplift was 

originally delineated when it became apparent that a high-elevation, 

high o1so, sub-group of granite samples could be singled out. 

An even better correlation between a1So and topography is observed 

if the effects of regional tilting are removed (Fig. 6.12). There is a 

striking similarity between the adjusted topography of Figure 6.12 and 

the a1 So map of Figure 6.6, particularly after making allowance for the 

fact that the topographic effect of resurgent doming has not been 

removed from Figure 6.12. 

6.5.8 Effect of the Ring Fault 

Areas of low- 1So rocks (< +1) occur all along the ring fault in the 

western half of the caldera (Fig. 6.6). These zones define the two 

outer tines of the fork-shaped low- 18 0 zone. The lowest alSo values in 

the entire area occur in the vicinity of the ring fault, and it is clear 

that the ring fault zone was a major area of enhanced fracture permea­

bility during the lifetime of the Lake City hydrothermal system. 

These low- 18 o zones steadily narrow to the east along the ring fault, 

and eventually die out in the eastern half of the caldera because here 

the ring fault is structurally higher than the ring fault to the west. 

The structural cross sections also show these relationship (Plate 

4). Where these sections cut across the ring fault in the western half 

of the caldera (on B-B', in the southern part of E-E', and in the wes­

tern part of D-D'), the a1 0 contours are deflected upward into sharp, 
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narrow spikes that define very steep a1So gradients in the vicinity of 

the ring fault. This sharpness and narrowness is probably related to 

the fact that the ring fault is characteristically a single, sharply­

defined fracture. In other areas where ring faults are wider zones, or 

are more deeply eroded (the Idaho batholith and the Silverton caldera, 

see Chapter 7) the low alSo zone along the ring fault is typically much 

broader (up to 5 km wide). The northern Lake City ring fault is 

associated with a broader low- 18 o zone than the southern ring fault, 

presumably because of the abundant ring intrusions along the northern 

caldera wall (compare Figs. 6.9 and 6.11). 

6.5.9 Does a alSo Discontinuity Exist along the Ring Fault ? 

The major resurgence of the Lake City caldera and upward movement 

of the caldera core along the ring fault conceivably could have occurred 

either just prior to, during, or after the bulk of the meteoric-hydro­

thermal alteration. These relationships will be examined in more detail 

in Chapter 7. However, if significant resurgence occurred after most of 

the hydrothermal activity, low- 1So rocks inside the ring fault would 

have been displaced upward against higher- 1So rocks (altered at higher 

elevation and lower temperature) outside the ring fault. This process 

could explain the juxtaposition of low o18o values just inside the 

ring fault and high o1So values just outside the fault that is ob­

served in several locations (for example along Bent Creek, +1.8 vs. 

+7.9; along Alpine Gulch, -1.6 vs. +1.6; and southwest of Sunshine Peak, 

-2.5 vs. +4.1). However, such movement must have been restricted to the 

western portion of the ring fault, if it occurred at all, because the 



285 

solfatarically altered lava ring domes are not faulted along the exten­

sion of the ring fault. In any case, o18 o values typically change 

rapidly as one gets closer to the ring fault (Plate 4); this effect, 

which is probably a result of increasingly higher W/R ratios approaching 

a zone of major permeability, also could explain these very steep 6 18 0 

gradients. Thus, although a case can be made that a o18 o discontinuity 

does exist along the ring fault, much more detailed sampling of this 

complex area would be necessary to prove it conclusively, one way or 

the other. 

6.5.10 Effects of Other Faults and Fractures 

Resurgence-related fractures within the Lake City caldera lie on 

trends parallel to that of the Eureka graben. Many of these appear to 

themselves be small, normal faults. Figure 6.6 and Plate 4 show that 

the 6 18 0 values decrease as these structures are approached, even at 

constant elevation. For example the Sunshine Peak-Redcloud Peak ridge 

samples are lower in 18 0 than are ~ priori expected based on their 

high elevation (Fig. 6.11). Similar decreases in 6 18 0 values at con­

stant elevation are seen as one progresses northwest along the Central 

Ridge (where low 6 18 0 values are also in part due to proximity to the 

resurgent intrusion) and from northeast to southwest along Cooper Ridge 

to the extension of the Eureka graben axis. There is thus no doubt that 

fractures that can be presently observed and mapped in the field were 

important local conduits for meteoric-hydrothermal fluids within the 

caldera. 

Some samples specifically collected close to fractures also have 
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anomalously low o18 o values (0.0 northeast of Cooper Ridge, -2.1 in 

lower Silver Creek, -1.7 in Cooper Creek, and 0.4 on the south end of 

Cooper Ridge). Also, some areas that contain anomalously high fracture 

densities have anomalously low o18 o values (for example the Sunshine 

Peak-Redcloud Peak ridge and the small ridge south of the east end of 

resurgent intrusion exposure 11). 

6.5.11 Effect of Mineralogy and Lithology 

All Sunshine Peak Tuff samples had nearly identical initial o18 o 

values, grain size, and mineralogical composition (o 18 o = +7.2 to +7.3, 

Section 6.1.1). Thus there is virtually no primary lithologic effect 

to worry about in discussing the alteration of the tuff samples. The 

resurgent and ring fracture intrusions also probably had initial o18 o 

values nearly identical to those of the tuff. These intrusions may have 

been slightly less susceptible to alteration than the Sunshine Peak 

Tuff because of their coarser grain size, but such a relationship is 

totally obscured by their consistently higher temperature alteration 

(they are consistently at least as 18 0 depleted as nearby hornfelsed 

tuff, see Fig. 6.6). 

K feldspar phenocrysts were analyzed for only a few Sunshine Peak 

Tuff and resurgent intrusion samples. Coarse K feldspar phenocrysts 

(to 1.5 em) from intrusive exposures 11 and 13 (Fig. 3.1) have higher 

6 18 0 values than the whole-rock host material (respectively +1.6 vs. 

-0.7 and +2.9 vs. +0.5). Phenocrysts in both samples are argillized 

along their rims and along fractures and cleavage planes, but have 

mineralogically fresh interiors. Thus their coarse grain size inhibited 
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interaction between the phenocrysts and the hydrothermal fluid; such 

interactions apparently occurred mainly along the rims of the pheno­

crysts and along penetrating cracks. The lower o18 o whole-rock values 

can be attributed to the much smaller grain size of the groundmass K 

feldspars, which must have totally exchanged with the meteoric-hydro­

thermal fluid. 

Two other intrusive samples from exposures 1 and 9 have o18o K 

feldspar phenocryst values lower than the o18 o whole-rock values (re­

spectively -1.1 vs. +1.2 and -4.0 vs. -1.6). Both these samples contain 

argillized clots throughout the K feldspar phenocrysts, and thus these 

feldspar grains appear to have thoroughly exchanged with the hydrother­

mal fluid. Similar relationships are observed i n the three tuff samples 

from which sanidine phenocrysts were analyzed. One sample in Alpine 

Gulch contains sanidine phenocrysts altered only along their margins and 

cleavage planes, and exhibits the "reversed" o18 o sanidine-whole-rock 

relationship (sanidine = +4.8, whole-rock = +2.3). The two other tuff 

samples, one from near the summit of Redcloud Peak (the highest tuff 

sample collected) and one from lower Alpine Gulch (coincidentall y the 

lowest tuff sample collected) contain sanidines with scattered clay 

clots throughout; here, the sanidine o18 o values are lower than the 

whole-rock o18 o values (respectively +4.3 vs. +5.3 and -1.9 vs. -1.6). 

Lithologic effects are clearly important when comparing Sunshine 

Peak Tuff data with : 1) the megabreccia (Section 6.2), because those 

units are composed of fragments of various volcanic and intrusive litho­

logies that must have had different initial o18o values and because 

the megabreccias were originally much more permeable to fluid flow; and 
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2) the Precambrian granite (Chapter 4), because the granite has a higher 

initial 6 18 0 value (+9.2 to +9.8), is much coarser grained, and contains 

about 30 percent inert quartz. 
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CHAPTER 7 

HYDROTHERMAL CIRCULATION IN THE LAKE CITY CALDERA 

7 . 1 A Review of Caldera-Related Hydrothermal Systems 

7.1.1 Shallow, Caldera-Related Hydrothermal Activity in the Western 
United States 

Observations in active, caldera-related, meteoric-hydrothermal 

systems provide considerable information about the fluid-flow patterns 

in the shallower portions of such environments. A review of such sys-

terns is useful for comparison with the Lake City hydrothermal system. 

Smith and Bailey (1968) define a model for the evolution of re-

surgent cauldrons (Table 7.1) which includes, as a last stage (stage 

VII), terminal solfataric and hot spring activity. In the Smith and 

Bailey (1968) model, terminal solfataric and hot spring activity follows 

resurgent doming (stage V) and major ring fracture volcanism (stage 

VI). Smith and Bailey (1968) also state that hot springs and sol-

fataras are probably active throughout most of the caldera cycle. The 

evolution of the Lake City caldera follows the Smith and Bailey (1968) 

model . Stage VII terminal solfataric and hot spring activity is cur-

rently active in three young resurgent calderas in the western United 

States: the Long Valley caldera, California, the Yellowstone caldera, 

Wyoming, and the Valles caldera, New Mexico. 

7.1.2 Long Valley Caldera, California 

The Long Valley caldera formed 0.7 m.y. ago in response to the 

eruption of the Bishop Tuff (Bailey et al, 1976). Subsequent intra-

caldera volcanism was associated with resurgence or occurred along the 
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ring fracture; this volcanism ranges in age from 0.68 m.y. to as young 

as 450 years (Bailey et al, 1976). Hot springs and fumaroles are cur­

rently active within the collapsed block of the caldera (Rinehart and 

Ross, 1964; Lachenbruch et al, 1976; Sorey and Lewis, 1976). Most of 

these active hot springs and fumaroles are located on or near active 

extensions of the Sierra Nevada frontal Hilton Creek fault (Rinehart and 

Ross, 1964; Bailey et al, 1976). However, the general distribution of 

hydrothermal activity within the caldera is in an arcuate zone peri­

pheral to the eastern edge of the resurgent dome (Fig. 5.1) (Bailey et 

al, 1976; Lachenbruch et al, 1976). Argillized and acid-sulfate altered 

rocks are widely distributed throughout the caldera, in most cases not 

associated with active geothermal areas, suggesting that surficial hy­

drothermal activity was previously much more extensive in the caldera 

than at present (Bailey et al, 1976). Extensive hot spring deposits in 

lacustrine sedimentary rocks deposited in the moat of the caldera sug­

gest that hydrothermal activity in the caldera peaked at the time of 

deposition of these rocks, about 0.3 m.y. ago (Bailey et al, 1976). 

Variations in thermal gradients in shallow (< 30 m) wells within 

the Long Valley caldera define three regions of shallow hydrothermal 

fluid circulation (Lachenbruch et al, 1976). Group I wells exhibit 

small thermal gradients and no seasonal temperature variations, sugges­

ting that local shallow heat transfer is predominantly by conduction. 

Lachenbruch et al (1976) suggest that, for group I wells, heat from 

greater depth is being absorbed by moving groundwater, a characteristic 

condition of areas of hydrologic recharge. Thus, the areas near the 

Long Valley caldera ring fracture, along which group I wells are 
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Figure 7.1 Distribution of hot springs in the Long Valley caldera 

(from Lachenbruch et al, 1976). The hot springs are located inside 

the caldera ring fault, in an arcuate zone peripheral to the south­

eastern margin of the resurgent dome of the caldera. 
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concentrated, may be an area of shallow recharge. Group III wells ex­

hibit large, variable, thermal gradients, from which Lachenbruch et al 

(1976) infer that group III wells occupy zones of regional discharge. 

The area of group III wells coincides with the area of current hot 

spring activity on the southeastern margin of the resurgent dome within 

the caldera (Fig. 7.1). Group II thermal gradients are intermediate 

between those for groups I and III, and are similar to background re­

gional gradients. The areas in which group II wells are located proba­

bly lie above regions less disturbed by water flow (Lachenbruch et al, 

1976). Deeper holes (to 300 m) drilled in areas of group III shallow 

wells display local gradient reversals; Lachenbruch et al (1976) suggest 

that this is caused by lateral and vertical circulation of hot water in 

permeable layers or fractures. 

Source areas for fluids circulating in the Long Valley caldera 

probably lie to the west in the higher Sierra Nevada Mountains (Mariner 

and Wiley, 1976; Lachenbruch et al, 1976). 0/H and 18o;16o measurements 

of thermal waters from the Long Valley caldera (Mariner and Wiley, 1976) 

show that these waters have experienced a small 18o shift (about 5 

per mil) along a trajectory parallel to acid sulfate-type geothermal 

waters (Fig. 4.1) with a slope of about 3. This trajectory intersects 

the meteoric water line at 6o equal to about -130 per mil and 618o 

equal to about -17.5 per mil. Local surface water on the western 

caldera margin has a o18o value of -15.9 per mil and a 60 value of 

-115 per mil (Mariner and Wiley, 1976). The fluid sources for the hot 

spring discharge water are depleted in 18o relative to local meteoric 

water, and have an isotopic composition similar to that which is found 
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in the high Sierra Nevada Mountains to the west (Taylor, 1974a). 

Limited data on water-table elevations (Lewis, 1974, as reported in 

Lachenbruch et al, 1976) show that flow in the shallow groundwater 

system is controlled by the surface topographic gradients. 

Thus, hydrothermal fluids involved in the Long Valley meteoric­

hydrothermal system must have originated in the higher Sierra Nevada 

Mountains to the west. Flow directions in this system are thus from 

west to east, even though areas of discharge lie to the east of the 

resurgent dome, away from the fluid source. Minor recharge occurs along 

the ring fault, where local meteoric water flows down and infiltrates 

the system. 

7.1.3 Yellowstone Caldera, Wyoming 

In Yellowstone Park, Wyoming, about 0.6 m. y . ago, a voluminous 

ash-flow eruption resulted in collapse of the two contiguous blocks of 

the 70 by 45 km Yellowstone caldera (Eaton et al, 1975). This event 

occurred within a few days, following 0.6 m.y. of relatively non-explo­

sive rhyolite-flow activity. Resurgent doming of the two blocks, with 

associated ring-fracture volcanism, followed this collapse. Since then, 

rhyolitic extrusive activity has continued intermittently right up to 

the present time. The youngest such dome is about 70,000 years old, and 

the eruptions are probably not yet permanently ended (Eaton et al, 

1975). A variety of geophysical measurements are interpreted by Eaton 

et al (1975) as strongly suggesting the presence of a large, par-

tially molten magma body beneath the Yellowstone rhyolite plateau. 

The development of the Yellowstone caldera follows the Smith 
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and Bailey (1968) resurgent cauldron model. Stage VII terminal 

solfataric and hot spring activity is manifest in the numerous, well 

known, thermal springs in Yellowstone National Park (Fig. 7.2). Within 

the Yellowstone caldera, this activity is concentrated near ring frac­

ture zones and along the margins of the two resurgent domes (Eaton et 

al, 1975; Leeman et al, 1977). Heat flow measurements in lake sediments 

from Yellowstone Lake, which straddles the southeastern caldera boun­

dary, show that conductive heat flow is relatively low outside the cal­

dera margin, but increases through a steep gradient inside the caldera 

boundary, and is highest in areas of hot spring activity (Morgan et al, 

1977). Thermal measurements in deep drill holes (to 300 m) in hot 

spring areas within the caldera show that convective fluid flow is 

confined to areas of high permeability, such as in fractures or porous 

layers (White et al, 1975). Near the surface, hydrothermal fluids 

flowing up from deeper parts of the system locally mi x with surface 

meteoric waters. Evidence for such mixing is provided by (1) dilution 

of Cl concentrations, (2) a lowering of the 6 180 value relative to the 

typical meteoric-hydrothermal fluids, and (3) shifts in deuterium con­

centrations (Lower and Shoshone Geyser basins in the caldera, Truesdell 

et al, 1977). Thermal waters from the Norris basin show no mixing ef­

fects (Truesdell et al, 1977). 

Craig (1963) first noted that thermal fluids discharging in Yel­

lowstone National Park were of meteoric origin (Fig. 4.1). However, 

deep thermal waters in the Yellowstone system have a 6D of -149 per 

mil, distinct from local surface meteoric waters, which range from -1 44 

to -133 per mil (Truesdell et al, . 1977). This suggests that the deep 
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Figure 7.2 Distribution of hot springs in the Yellowstone National 

Park (from Leeman et al, 1977). Inside the caldera, hot spring and 

fumarole activity is either peripheral to the resurgent Mallard Lake and 

Sour Creek domes or along the caldera ring faults. 
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water probably flowed into the caldera from areas of higher elevation 

outside the caldera (Truesdell et al, 1977). Pb and Sr isotopic compo­

sitions of hot spring deposits within Yellowstone Park show that the Pb 

and Sr in the fluids from which these deposits were precipitated con­

tained significant sedimentary components (Leeman et al, 1977). These 

components must have been leached from sediments outside the caldera as 

the fluid flowed into the caldera through deep channels, because there 

are no known sediments exposed on the surface in the vicinity of the 

caldera margin (within about 10 km). 

Features of the meteoric-hydrothermal system in the Yellowstone 

caldera, therefore, resemble those found at the Long Valley caldera. 

Water involved in the system originated as meteoric water in topogra­

phically higher areas outside the caldera. The fluid flowed into the 

caldera through deep channels. Areas of discharge within the caldera 

are distributed around the margins of the resurgent domes or along the 

ring structure. Upflowing thermal waters close to the surface mix 

with small quantities of local meteoric water, and shallow flow is 

strongly controlled by permeable zones such as fractures or porous 

layers. 

7.1.4 Valles Caldera, New Mexico 

Although the Valles caldera, New Mexico, is the "type" resurgent 

cauldron upon which Smith and Bailey (1968) originated their model, the 

geothermal system associated with the caldera is not well defined in the 

published literature. The Union Oil Company has conducted extensive 

drilling and geophysical investigations in the caldera in an attempt to 
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define a geothermal resource, but most of the data are proprietary and 

unavailable (Laughlin, 1981). 

The Valles caldera collapsed in response to the eruption of the 

upper member of the Bandelier Tuff 1.0 m.y. ago (Doell et al, 1968). 

Rhyolite ring domes along the caldera rim (Fig. 7.3) are as young as 0.1 

m.y. old (Doell et al, 1968). Although alteration is widespread in the 

caldera (Doell et al, 1968), active hot spring activity is restricted 

to the west side of the caldera, adjacent to the resurgent dome (Smith 

and Bailey, 1968). Resurgent graben faults and other structures repre­

sent important shallow permeable flow conduits (Laughlin, 1981). In 

these respects the Valles caldera hydrothermal system resembles the 

Yellowstone and Long Valley systems. 

The Lake City caldera is geologically almost a duplicate of the 

Valles caldera, but is about 22 m.y. older and has been eroded to pro­

vide a three-dimensional picture of the paleohydrothermal system. Both 

calderas conform perfectly to the Smith and Bailey (196B) model. 

Lambert and Epstein (1980) have published 6 18 0 values of hydrothermally 

altered rocks from a 1687 m-deep drill hole (Baca no. 7, Fig. 7.3) 

which can be used to cumpare some aspects of hydrothermal alteration 

between these two calderas. 

The initial unaltered o18 o value of the Bandelier Tuff (+7.3 to 

+7.6, Lambert and Epstein, 1980) is nearly identical to that of the 

Sunshine Peak Tuff (+7.2, Chapter 6). Both tuffs contain K feldspar 

and quartz as major phenocryst minerals, but the Bandelier Tuff also 

contains minor clinopyroxene and fayalite (Doell et al, 1968) whereas 

the Sunshine Peak Tuff lacks these ferromagnesian minerals but does 
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Figure 7.3 Map of the Valles caldera, New Mexico, showing the 

locations of the ring domes and the Baca no. 7 drill hole (from 

Lambert, 1975). 



eN
' 1 

0 
2 

4 
6 

m
l 

0 
5 

1
0

 k
m

 

V
A

L
L

E
S

 
C

A
L

D
E

R
A

 
a

ft
e

r
 

S
M

IT
H

, 
B

A
IL

E
Y

, 
a

n
d

 
R

O
S

S
 

1
9

 7
 0

 

~
 

L
o

s
 

A
la

m
o

s
 

0 
W

E
L

L
 

L
O

C
A

T
IO

N
 

X
 

R
W

fO
L

IT
E

 
D

O
M

E
 

~
 

~
 
S
L
I
R
~
'
A
C
E
 

O
U

T
C

R
O

P
S

 

0
<

' 
B

A
N

D
E

L
IE

R
 

T
U

F
F

 

IN
 

V
A

L
L

E
S

 
C

A
L

D
E

R
A

 

w
 

0 N
 



303 

contain biotite. Permian sedimentary rocks occur beneath the Bandelier 

Tuff in the Valles calQera, but the Baca no. 7 drill hole in the Valles 

caldera does bottom in a Precambrian granite similar to the Precambrian 

granite of Cataract Gulch southwest of the Lake City caldera. Ring 

domes emplaced along the Valles ring fault (Fig. 7.3) are analogous to 

the Red Mountain-Grassy Mountain ring dome at Lake City, and the ring 

intrusions along the northern Lake City caldera ring fault probably were 

feeders to other such ring domes. Alteration in the Bandelier Tuff 

samples within the Valles caldera consists of replacement of the ground­

mass by quartz and kaolinite with minor sericite and calcite (Doell et 

al, 1968). This alteration is mineralogically similar to the argillized 

and chlorite/calcite alteration in the Sunshine Peak Tuff. Present-day 

surface waters from the Valles caldera have a18 o values in the r ange 

-11 to -13.3 (Lambert and Epstein, 1980), whereas meteoric waters in 

the western San Juan Mountains had a a18o value of about -15 (Chapter 

4) during the Lake City hydrothermal event. 

a18o values from the Baca no. 7 drill hole samples (Lambert and 

Epstein, 1980) are plotted on Figure 7.4 as a function of sample depth. 

For comparison, a18o values of Sunshine Peak Tuff samples collected 

within about 2 km of cross section C-C' (Plate 1), from where it crosses 

Central Ridge north to the intersection with cross section D-D', are 

also plotted as a function of sample depth beneath the projected top of 

the upper Sunshine Peak Tuff. 

618 0 values of samples from above the Bandelier Tuff in Baca no. 7 

range from +4.5 to +7.9. Below the upper Bandelier Tuff contact the 

a18o values are much lower (+1.9 to +3.9). The pattern of lower a180 
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Figure 7.4 Whole-rock 6 18 0 values from the Baca no. 7 drill 

hole (Lambert and Epstein, 1980) compared to some 6 18 0 values from the 

Lake City caldera. Also shown are calcite-water 18o; 16 o fractionation 

temperature s from the drill hole (Lambert and Epstein, 1980) and the 

hydrostatic boiling curve for pure water (Haas, 1971) that was used 

in the Red Mountain solfataric model (Chapter 5). 6 18 0 values from 

both the Valles caldera and Lake City caldera show similar decreases 

with increasing depth. See text for further discussion. 
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values with increasing depth in the Valles caldera is nearly identical 

to that shown for the Lake City caldera samples in Figure 7.4. Also, 

feldspar from the Precambrian granite at the bottom of Baca no. 7 has 

a 6 18 0 value of +1.3, and i gneous quartz from this sample has a value 

of +8.2. These data are consistent with the 6 18 0 values of minerals 

from the Cataract Gulch granite at Lake City (Fig. 4.4). 

Calcite -water fractionation temperatures determined for hydro­

thermal calcite from Baca no. 7 are also shown on Figure 7.4 (Lambert 

and Epstein, 1980). These calculated temperatures are known to be 

within a few degrees Celsius of measured borehole temperatures (Lambert 

and Epstein, 1980). A temperature measurement of 229°C is reported for 

the bott om of Baca no. 7 (Lambert, 1975). This temperature is also 

consistent with the calculated temperatures. The thermal gradient 

used for the Red Hountain solfataric model at Lake City i s also shown 

on Fi gure 7.4. This curve has a shape similar t o that for the Baca 

no. 7 well. The similarit y of the vertical 6 18 0 patterns and thermal 

gradient s between the Lake City and Valles calderas , together with 

their geo logical similarities, show that these two hydrothe rmal systems 

must be nearly identical. 

Lambert and Epstein (1980) conclude that the meteori c -hydrothermal 

fluid in the Valles geothermal system has undergone only a neg ligible 

18 0 shift during water/rock interaction, probably because water / rock 

ratios in this system are very large. Lambert and Epstein (1980) 

suggest that the history of the hydrothermal activity in the Valles 

caldera is marked by three isotopically-preserved thermal events: (1) 

an early event (probably about 100°C) that produced hydrothermal quartz 
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in the groundmass of the Bandelier Tuff, (2) a second event (150° to 

180°C) best preserved in calcite o18 o values in Permian limestones in 

Baca no. 7, and (3) the currently active hydrothermal system involving 

temperatures greater than 230°C in lower parts of the section in Baca 

no. 7. Thus, the temperature of the hydrothermal activity at the Valles 

caldera seems to have risen with time with no evidence of any cooling. 

7.1.5 Oxygen Isotopic Evidence for Deep Meteoric-Hydrothermal Fluid 
Circulation in Eroded Calderas 

The deeper portions of active, caldera-related hydrothermal systems 

cannot as yet be examined directly, owing to the restrictions placed by 

present-day drilling technology. Where exposed by erosion, however, 

stable isotopic investigations of the deeper portions of paleo-hydro-

thermal systems have provided much useful information regarding fluid 

flow in the caldera environment. 

Ring-fracture volcanism typically takes place just before the ter-

minal solfataric and hot spring activity (Table 7.1); this is accom-

panied by the intrusion of dikes into the caldera ring fractures. After 

erosion and denudation of resurgent calderas, granitic ring complexes 

with central plutons are exposed, and can be used to infer the original 

existence of the calderas. Smith and Bailey (1968) cite several exam-

ples of such eroded calderas, including some that occur in the Scottish 

Hebridian province. In the Hebridian province, ring dikes have been 

recognized at Mull, Skye, and Ardnamurchan, among other intrusive cen-

ters (Emeleus, 1982). 

Mull, Skye, and Ardnamurchan were the object of several oxygen and 
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hydrogen isotopic investigations by Taylor and Forester (1971) and 

Forester and Taylor (1977a, 1977b). These authors found large areas 

of 18 0-depleted rocks centered on the intrusive complexes. About 400 

km2 around both Skye and Mull were depleted in 18 0 by as much as 6 

or 7 per mil, and about 80 km2 around Ardnamurchan were depleted by as 

much as 3 to 6 per mil. Deeply circulating, upflowing, heated meteoric 

water is the only material that could have caused such 180 depletions 

(Taylor and Forester, 1971). The strong jointing in the plateau lavas 

and the fracture-generating effects related to forcible intrusi on and 

caldera collapse both greatly enhanced permeability of the rocks, 

allowing ground water to flow through the walls adjacent to the the ring 

dikes and other intrusions at all three centers. At Ardnamurchan a nd 

Mull, intrusive rocks emplaced directly into the plateau lavas are more 

18 0 depleted than intrusive rocks emplaced into other, much less frac­

tured, intrusive rocks. Also, at Mull, felsic rocks emplaced along the 

caldera-ring structures are the most 18 0 depleted rocks associated 

with the complex. This probably resulted from higher ' W/R ratios in the 

ring fracture zone, controlled by the enhanced permeability contributed 

by the fractures (Taylor and Forester, 1971). 

The present levels of exposure at Mull, Skye, and Ardnamurchan 

are 2 to 3 km below the original eruptive surface. It is apparent, 

then, that at these depths in caldera-related meteoric-hydrothermal 

systems, the fluid flow is dominated by permeablility, particularly 

fracture-induced permeability related to the ring structures (Fig. 7.5). 

The fluids are meteoric water derivatives and are convectively rising at 

this point. Thus, the dominant volume of recharge into the convective 
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Figure 7.5 Generalized hydrothermal flow pattern associated with 

the Scottish Hebridian ring dike complexes (from Tayl or and Forester 

1971). Upward, convectively-driven circulation is concentrated along 

the ring intrusions. Recharge into the system is meteoric water derived 

from some distance away from the caldera. This water flows into the 

system through porous deep aquifers. Only minor quantities of fluid 

penetrate into the non-porous crystalline Lewisian basement. 
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cell must occur at least 2 to 3 km below the eruptive surface . 

Annular zones of 18 0 depletion surrounding Eocene plutons intruded 

into the Mesozoic Idaho batholith have been interpreted by Criss and 

Taylor (1983) to have formed in very deep (5 to 7 km) portions of 

caldera meteoric-hydrothermal convection systems (Fig. 7.6). Criss 

and Taylor (1983) note that these 180-depleted zones coincide with 

intrusive-related faults, which they suggest formed as a result of 

subsidence during eruption of the Challis ash-flow tuffs associated 

with the Eocene plutons. Very high W/R ratios are required by low (to 

-6.7 per mil) o18o values in the ring zones. Criss and Taylor (1983) 

envisage meteoric-hydrothermal fluids flowing radially inward to the 

ring zones, where convective flow was dominantly upward. 

7.1.6 Summary of Caldera-Related Meteoric-Hydrothermal Systems 

Thermal energy to drive meteoric-hydrothermal systems is provided 

by the crystallizing and cooling intrusive rocks associated with the 

calderas. Ground water heated by these plutons is less dense than un­

heated ground water, and rises in the earth's gravitational field. 

Such convecting systems have been modelled by Norton and Knight (1977) 

and Norton (1978, 1982). Results of these models indicate that, for 

sufficiently high permeabilities such as are probably exceeded in high­

ly fractured volcanic rocks, convective heat flux dominates over con­

ductive heat flux as a cooling mechanism for the plutons. Moreover, 

upward-flowing portions of the modelled convective cells are concen­

trated near the margins of the cooling plutons. In a caldera envi­

ronment, shallow resurgent plutons are surrounded by the highly 
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Figure 7.6 Generalized hydrothermal flow pattern associated with 

Eocene calderas of the Idaho batholith (from Criss and Taylor, 1983). 

Ring structures of the calderas exert a strong influence over upward 

fluid flow adjacent to the Eocene plutons. Recharge into the system 

occurs at very deep levels, below at least 7 km. 
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fractured ring fault systems. The enhanced permeability provided by 

these fractures must exert a strong influence over fluid flow adja­

cent to the plutons. 

The relationships observed in the active, shallow meteoric-hydro­

thermal systems at the Long Valley, Yellowstone, and Valles calderas 

can be integrated with the flow patterns defined by stable isotopic 

investigations of eroded systems in the Scottish Hebridian province and 

the Idaho batholith to produce a general model for meteoric-hydrothermal 

fluid circulation in caldera hydrothermal systems (Figs. 7.7 and 7.8). 

Both theoretical and empirical models show that upward fluid flow in 

deeper parts of the systems is strongly controlled by ring-fracture 

structures and intrusive rocks, to depths of at least 7 km around the 

Idaho batholith Eocene plutons. Recharge into the ring-fracture systems 

occurs below at least 3 km and probably below 7 km. The evolved fluids 

recharging the systems are meteoric in origin and have been shown 

through radiogenic isotopic analyses at Yellowstone (Leeman et al, 1977) 

and the Scottish ring complexes (Taylor and Forester, 1971) to have 

interacted with deeply buried rocks outside the caldera margins. Source 

regions for these fluids must lie kilometers to tens of kilometers out­

side the caldera ring faults. 

Hot springs and fumaroles in active systems occur around the 

periphery of resurgent domes, inside the caldera ring faults. At 

depths less than a kilometer, the evolved meteoric-hydrothermal fluids 

feeding the thermal vents can mix with small amounts of local pristine 

meteoric water. In the Long Valley caldera, it has been demonstrated 

that this pristine water is entering the system by flowing down through 
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Figure 7.7 Comparison of the sizes and hydrothermal flow patterns 

of caldera-related hydrothermal systems (modified from Criss and Taylor, 

1983). Black areas shown in the Lake City-Silverton calderas and the 

Idaho batholith indicate zones of the lowest 8 1 0 values for these 

calderas. Thermal springs in Yellowstone National Park are also shown 

as black areas. The map of the Valles caldera is shown for size com­

parison. 
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Figure 7.8 Model of meteoric-hydrothermal fluid flow patterns 

associated with resurgent calderas. This model is based on obser­

vations of flow patterns in active caldera hydrothermal systems at 

the Yellowstone, Long Valley, and Valles calderas. Deeper portions 

of the model are derived from isotopic studies of the hydrothermal 

systems associated with the Scottish Hebridian ring dike complexes 

and Eocene plutons in the Idaho batholith, both of which are eroded 

resurgent calderas. At deep levels, below 2 to 3 km, upward flow 

is controlled by permeable zones relat ed to the caldera ring structures 

and ring intrusions. At shallow levels, less than 1 km, upward flow 

is controlled by permeable zones within the downdropped, resurged 

block, and convection is controlled by the resurge nt intrusions. 

Betwe e n these two levels, fluid flows from the deeper re g ime to the 

shallow regime along permeable layers within the caldera-fill rocks. 

Deep fluids are derived from meteoric water drawn from well outside 

the caldera margins. Local pristine meteoric water can infiltrate 

the shallow part of the system by flowing down the ring fractures 

and mi xing with the evolved water. 
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the ring faults. Thus, at some point, within 2 to 3 km of the surface, 

upward-flowing meteoric-hydrothermal fluid is probably channelled from 

the ring fault zone toward the central resurgent dome of the caldera. 

The resurgent intrusion has domed the stratigraphic units within 

the caldera, causing these units to dip outward from their centers. 

The collapsed caldera block also commonly contains stratigraphically 

controlled porous layers, such as poorly welded basal or upper portions 

of ash-flow units, or poorly consolidated air-fall tuffs. Where these 

layers are truncated by the ring fault, fluids flowing up the fault will 

be at least partially deflected into the caldera; the fluids can then 

flow up the dip through the permeable horizons toward the convective 

system associated with the resurgent intrusions. The highest portions 

of the resurgent magmas are small epizonal apophyses which feed resur­

gence-related extrusive domes. Convective systems developed around 

these apophyses would have small radii in plan view relative to the 

systems developed around the much larger deeper plutons. These small 

convective systems within the domes could effectively draw the meteo­

ric-hydrothermal fluids radially inward; the fluids would be forced to 

rise along the deeper portions of the ring structures, through the per­

meable aquifers in the resurgent dome, and into the convective system 

in the central part of the collapsed block. 

Where nearly-vertical, resurgence-related structures are inter­

sected by the porous layers near the intrusive apophyses, fluid flow 

would typically be expected to be deflected upward and would vent where 

these structures intersect the surface as hot springs or fumaroles. 

Such layers and structures have b~en shown to strongly control fluid 
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flow in the Yellowstone and Long Valley calderas. Where shallow re-

charge along the ring fault is restricted by ring dikes and domes, the 

evolved, unmixed, meteoric-hydrothermal fluid could continue, in part, 

to flow up along the ring structure and discharge where these structures 

intersect the surface. 

7.2 The Meteoric-Hydrothermal System Associated with the Lake City 
Caldera 

7.2.1 Introduction 

Most of the 18o; 1bo features displayed by the individual lithologic 

units associated with the Lake City caldera, as discussed in Chapters 4, 

5, and 6, resulted from water-rock interaction between the rocks and the 

Lake City meteoric-hydrothermal fluid. In this section, these isotopic-

lithologic relationships will be integrated to produce a model for the 

convectively-driven hydrothermal system associated with the caldera. 

This system ends up as the Smith and Bailey (1968) stage VII terminal 

solfataric and hot spring activity of the Lake City caldera. The 

shallow (eastern end) to deep (western end) erosion within the caldera 

provides us with the opportunity to place important vertical constraints 

on the nature of this system, and allows valid comparisons to be made to 

the general caldera fluid flow models presented in the previous section. 

Upon this framework, a general model of vein and epithermal minerali-

zation in calderas can be constructed. 

7.2.2 A Circulation Model for the Lake City Hydrothermal System 

The whole-rock isotopic data from the caldera are contoured in 

Figure 6.6 and on Plate 3 (in pocket). As shown in Figure 6.6, the 180 
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depletions are controlled by permeable zones and are generally spatially 

related to the resurgent intrusions. Plate 5 (in pocket) reproduces the 

composite radial cross section showing the whole -rock o18 o contours (Fig. 

6.11) together with contours of the whole -rock o18 o values from the 

older volcanic rocks north of the caldera and contours of the calculated 

K feldspar 6 18 0 values from the Cataract Gulch granite south of the cal­

dera (excluding Graben Group samples from both data sets). Both these 

data sets were plotted on Plate 5 as functions of distance from the Lake 

City caldera ring fault. Also, Plate 5 has a vertical exaggeration 

identical to that of the structural cross sections on Plate 4. Figure 

7.9 is a schematic picture of the relationships among the alteration 

regimes (Table 6.2) within the Lake City caldera. The important aspects 

of the 18 0 variations, as detailed in Chapters 4, 5, and 6 and shown on 

Figures 6.6 and 7.9 are: 

1) Rocks just outside the caldera ring fault exhibit 180 deple­

tions controlled by this structure. In the Precambrian granite of 

Cataract Gulch, rocks adjacent to the ring fault experienced relatively 

high water/rock ratios. Southwest-trending Eureka graben structures in 

the granite controlled circulation of meteoric-hydrothermal fluids, pro­

ducing high water/rock ratios in the area of the graben. A clear-cut 

east-west gradient in c18o within the granite is mainly related to 

tilting of this Precambrian crystalline block to the east; this gradient 

in o18o is thus attributable to increasing temperature with depth within 

the hydrothermal system. 

2) o18 o values in the older volcanic rocks north of the caldera 

margin are lower in the west than in the east. This can also be best 
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Figure 7.9 Schematic distribution of alteration regimes within 

the Lake City caldera. The Intrusive Regime probably developed ear­

liest, during and shortly after emplacement of the resurgent magma. 

Fracture Regime alteration clearly cuts this earlier alteration. The 

Stratigraphic Regime may have been operative at the same time as the 

Intrusive Regime; it is found away from the Intrusive Regime, below the 

zones IV and V alteration, and it may in part be controlled by proximi ty 

to the ring fault. Zones IV and V alteration are shallow and may be the 

low-temperature e nd members of any of the three regimes. 
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attributed to eastward tilting of the rocks north of the caldera ring 

fault. Decreasing 6 1 0 values with depth north of the caldera can 

also be best attributed to increasing temperature with depth within 

the hydrothermal system. 

3) Although the resurgent intrusive rocks are generally strongly 

depleted in 18 0, they have not experienced unusually large water/rock 

ratios. The 18 0 depletions are a result of the fact that water/rock 

interaction in this intrusion occurred at a relatively high temperature. 

Hornfelsed Sunshine Peak Tuff adjacent to the intrusion exhibits the 

same characteristics. 

4) In and around the area of the resurgent dome that contains 

the resurgent intrusion, the Sunshine Peak Tuff is most intensely al­

tered and depleted in l8o along resurgence-related, vein-filled frac­

tures. Although the tuff in these altered areas experienced much higher 

water/rock ratios than did the intrusion, it displays similar degrees 

of l8o depletion because it interacted with the meteoric-hydrothermal 

fluids at a lower temperature. Away from the area of intrusive activity 

and high in the stratigraphic section (in the southeastern quadrant of 

the caldera) very little water-rock interaction took place, except along 

the caldera ring fault. Here, Sunshine Peak Tuff along the fault expe­

rienced low-temperature alteration at a relatively high water/rock ratio, 

similar to the effects observed in the immediately adjacent Precambrian 

granite. 

5) The Sunshine Peak Tuff megabreccia units in the Burrows Park 

and lower Alpine Gulch areas are more highly a l tered, are much more 

depleted in 1 0, and experienced higher water/rock ratios than the 
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immediately adjacent Sunshine Peak Tuff. These lower units are also 

more 18 0-depleted and more mineralogically altered than stratigraphi­

cally higher megabreccia units. 

6) The ring domes, erupted on the eastern caldera margin, were 

altered in a solfataric, near-surface, environment characterized by 

ascending, boiling, meteoric-hydrothermal fluids. This area is less 

deeply eroded than any other part of the caldera. Alteration in the 

ring domes grades downward to an argillic -type of alteration that is 

mineralogically and isotopically similar to that found in the Sunshine 

Peak Tuff within the caldera. Thus, we interpret these altered areas 

within the caldera to be the roots of eroded shallow solfataric systems, 

similar to that observed in the quartz latite of the Red Mountain ring 

dome. 

Water/rock ratios for altered Sunshine Peak Tuff and resurgent 

intrusive rocks in the central part of the resurgent dome of the caldera 

have been calculated. Figure 7.10 shows calculated water/rock ratios 

for the Sunshine Peak Tuff assuming open system behavior (see Chapter 

4 for discussion of the water/rock calculation) for temperatures of 

100°C, 200°C, 300°C, and 400°C and a reasonable 18 0-shifted fluid 6 18 0 

value of -5 . Figure 7.11 shows 300°C and 400°C isotherms over the 

resurgent intrusion in the resurgent dome. The 400°C isotherm is 

assumed to be coincident with the upper contact of the resurgent dome. 

This is consistent with heat flow models of cooling plutons (for 

example see Norton, 1978) that show that the 400°C isotherm is nearly 

coincident with upper pluton contacts throughout most of the cooling 

history of a pluton. The 300°C ~sotherm was placed at 1100 m beneath 
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Figure 7.10 Calculated water/rock ratios for altered Sunshine Peak 

Tuff. These curves are also valid f or the resurgent intrusive rocks 

as they have initial a18 0 values indentical to that of the tuff. Curves 

for open s ystem water-rock interaction a t 100°C, 200°C, 300 °C, and 

400°C are shown for an initial fluid a l So value of -5 (a plausible l So­

shifted hydrothermal fluid). 200°C and 400°C curves are also shown 

for an initial fluid a l So value of -15 (pristine mid-Tertiary San Juan 

metoric water). 
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Figure 7.11 300°C and 400°C isotherms associated with the resurgent 

intrusion. The 400°C isotherm is assumed to be coincident with the 

upper contact of the intrusion. The 300°C isotherm was placed at 1100 

m depth beneath the uneroded top of the caldera-fill rocks (initally 

at least 1600 m thick). 
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Figure 7.12 A schematic cross section showing the distribution of 

isotherms in the Lake City hydrothermal system. The 400°C isotherm is 

assumed to be coincident with the contact between the resurge nt intru­

sion and the caldera-fill rocks. The 200°C, 250°C, and 300°C isotherms 

were placed at approximately 150 m, 400 m, and 1100 m below the surface 

(along the hydrostatic boiling curve, see Fig. 5.5). The isotherms are 

deflected upward along the ring fault and fractures within the caldera 

because of upward flow of hot hydtothermal fluids along these permeable 

zones. These isotherms represent the distribution of temperatures 

within the calde ra when the bulk of the hydrothermal ac tivity was 

occurring. 



I 
0 

u 
0 
0 
0 
N 

u 
0 
0 
L{) 
N 

331 

I 
N 

(V'J>i) Hld30 

u 
0 
0 
0 
1'0 

I 
1'0 



332 

the surface of the caldera-fill rocks prior to erosion. This is about 

the depth at which boiling would begin in a rising, 300°C hydrothermal 

fluid (Fig. 5.5). A minimum of 1600 m of rocks overlay the top of the 

resurgent intrusion during the hydrothermal circulation; thus, the 300°C 

isotherm was placed 500 m above the upper contact of the central resur­

gent intrusion as shown in Figure 6.7. Water/rock ratios for samples 

within 0.3 km of the two isotherms were then read from the respective 

water/rock curve on Figure 7.10 using the measured whole-rock o18o value 

of the sample. These water/rock ratios are contoured on Figure 7.13. 

Rocks on the north and northwest side of the central part of the resur­

gent intrusion experienced the highest water/rock ratios C> 2). Rocks 

on the southern part of the resurgent intrusion experienced the lowest 

water/rock ratios C< 1). 

Using the relationships described above, a generalized fluid flow 

model for the Lake City caldera stage VII hydrothermal system has been 

constructed and is presented in Figure 7.14. In this model, meteoric 

water, which has evolved and become enriched in 18 0 through deep-seated 

interaction with mid-Tertiary volcanic rocks and Precambrian crystalline 

rocks, recharges the caldera system primarily through the Eureka graben 

but also probably radially inward to some extent from all other direc-

tions. 

Deep circulation of the meteoric-hydrothermal fluids in the wes­

tern San Juan meteoric-hydrothermal systems was originally suggested by 

Taylor (1974a), who documented 18 0 depletions along the eroded ring 

fault of the Silverton caldera. Other isotopic evidence also requires 

deep fluid circulation. Measurements of the isotopic composition of Pb 



333 

Figure 7.13 Contours of water/rock ratios above the resurgent intru-

sion, along the present day erosion surface within the Lake City cal­

dera. These were constructed by reading the water/rock ratio for whole­

rock o1 0 values from the appropriate curves on Figure 7.10 for initial 

water o18 0 = -5 and for samples that lie within 0.3 km of the isotherms 

shown in Figure 7.11, and then contouring those data. The highest 

water/rock ratios (> 2) occur in and above the northern part of the 

resurgent intrusion. Rocks in or above the southern half of the resur­

gent intrusion have been altered at low (< 1) water / rock ratios. 
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Figure 7.14 Hydrothermal flow model for the Lake City caldera. 

Arrows denote generalized fluid flow paths. Compare this model to 

Fi gure 5.5. Deeply circulated fluids, rising through the caldera 

ring zone, intersect the lower megabrecc i a units within 2 t o 3 km 

of the surface. These fluids are drawn as recharge, along the lower 

megabreccia units, into the convection system associated with the 

resurgent intrusions. The f luids are deflected upward where re­

sergence related faults and fractures intersect the megabreccia units 

near the reurgent intrusions. Boiling occurs in shallow portions 

of the s ys tem. Local recharge of pristine meteoric water occurs 

a l ong the shallow portions of the ring fault. lfuere the ring struc­

tures are plugged by ring dikes, fluids continue to ris e to the 

su rface through permeable zones. 
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in ore deposits throughout the San Juan Mountains (Doe et al, 1979) 

show that the ore leads are distinctly more radiogenic than lead in the 

associated Tertiary igneous rocks (Lipman et al, 1978). The ore leads 

are isotopically similar to lead in the Precambrian crystalline rocks 

and Phanerozoic sedimentary rocks, suggesting that the ore-depositing 

fluids leached lead from the basement below the volcanic rocks. Such 

interaction requires deep circulation of meteoric water in the hydro­

thermal system (Doe et al, 1979). Samples analyzed by Doe et al (1979) 

include vein galena from Alpine Gulch, within the Lake City caldera. 

Similar deep circulation was invoked by Casadevall and Ohmoto (1977) to 

account for Pb and Rb/Sr isotopic characteristics in minerals from the 

Sunnyside vein system. 

The resurgent intrusive rocks occur in the central and northern 

part of the Lake City caldera (Fig. 6.7). The intrusions provided the 

thermal energy which drove the hydrothermal convection systems within 1 

to 2 km of the surface. This can be inferred from the spatial distri­

bution of intensely altered tuff around the resurgent intrusions, and 

the fact that the intrusions experienced higher temperature water-rock 

interactions and lower water/rock ratios than the adjacent tuff. The 

intrusions did not interact with such large volumes of fluid because 

they are not as porous as or extensively fractured and jointed as the 

tuff. Note that discharge of hydrothermal fluids is also spatially 

related to resurgent intrusions in the hydrothermal systems at the Long 

Valley caldera (Fig. 7.1) (Bailey et al, 1976; Lachenbruch et al, 1976), 

the Yellowstone caldera (Fig. 7.2) (Eaton et al, 1975; Leeman et al, 

1977), and the Valles caldera (Smith and Bailey, 1968). 
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Within the Lake City caldera, two types of permeable zones exerted 

control over the hydrothermal fluid flow: the resurgence-related faults 

and fractures, and the porous megabreccia units. The deeper megabreccia 

units are more altered than the higher units, and experienced higher 

temperature alteration and much greater water/rock ratios than the 

higher units. Caldera-fill rocks tend to dip quaquaversally away from 

the central part of the collapsed block as a result of resurgent doming. 

The lower megabreccia units must therefore have been aquifers which 

channelled fluids up into the central part of the caldera where the 

resurgent intrusions were driving convective hydrothermal circulation. 

The lens-like, upper megabreccia units apparently did not act as signi­

ficant aquifers. Note that fluid flow control by permeable horizons 

has been demonstrated for hydrothermal systems in the collapsed blocks 

of the Long Valley caldera (Lachenbruch et al, 1976) and the Yellowstone 

caldera (White et al, 1975). 

On their downdip extensions, the megabreccias terminate at the 

caldera ring fault. This structure probably focused and conducted 

deeply circulating, evolved, meteoric-hydrothermal fluids upward to a 

level where they could enter the down-dip portions of the lower mega­

breccia units. The fluid was drawn into the lower me gabreccia units 

because of the hydrostatic pressure gradients ("up-dip suction") pro­

vided by the convection system associated with the resurgent intrusions. 

Smaller amounts of fluid rose further along the ring structures to 

intersect the higher megabreccia units. 

In fact, cool, pristine, local meteoric water was probably flowing 

down the ring fault and mixing with the evolved hydrothermal fluid in 
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the down-dip portions of the megabreccia units; thus, the fluids moving 

toward the central part of the resurgent dome very likely were mixtures 

of two different end-members. Such fluids would have been cooler and 

lower in 180 than the deeply circulating hydrothermal fluid. Evidence 

for this is given by sericitic biotite alteration in the Precambrian 

granite adjacent to the ring fault along the southern caldera margin, 

which was apparently produced by lower-temperature water-rock inter­

action than the chloritic biotite alteration away from the fault. 

This sericitically altered granite along the ring fault exchanged oxygen 

with a lower- 18 o fluid than did the chloritized granite. Note that 

similar infiltration of surface meteoric water along the ring fault has 

been demonstrated for the Long Valley caldera hydrothermal system 

(Lachenbruch et al, 1976). Mixed pristine and evolved hydrothermal 

fluids are also observed in the Yellowstone hydrothermal system (Trues­

dell et al, 1977). 

Close to the resurgent intrusions in the Lake City caldera, fluid 

flow was again directed upward where resurgence-related faults and 

fractures intersect the megabreccia aquifers. These nearly vertical 

channels are now filled with vein quartz a nu display intensely altered 

selvages, indications of very high water/rock ratios. High water/rock 

ratios are not surprising, as the cross-sectional areas available to 

flow in the megabreccias are quite large when compared to that in the 

veins. At low elevations in the caldera, the veins have narrow quartz­

sericite selvages, and often contain base-metal sulfides and pyrite. 

At higher elevations, the veins are enclosed in broad argillized sel­

vages and lack base metal sulfides. These broad selvages are similar 
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mineralogically and isotopically to the roots of the Red Hountain sol­

fataric zone, and are very likely related to the initiation of boiling 

in the rising hydrothermal fluid. 

The precipitation of sulfides prior to boiling in the rising fluids 

eliminates boiling as a significant mineralization-controlling process. 

The mechanism that controls this mineralization is at present unclear. 

Mixing of the evolved, metal-bearing, hydrothermal fluids with pristine 

meteoric water infiltrating down the ring fractures would cause cooling 

of the mixed fluid, which would decrease the solubility of the sulfide 

minerals (Helgeson, 1969). However, oxygen isotopic compositions of 

vein quartz from throughout the caldera show no mixing effects. The 

pristine meteoric water (-15 per mil) should have produced significantly 

lighter o18 o values in quartz veins if mixed with the 180-shifted 

evolved meteoric-hydrothermal fluid, although if it was fairly cool, 

this effect might be counteracted. Thus, only small quantities of pris­

tine meteoric water may have been added to the system. 

As boiling proceeded in the rising fluid, interaction between the 

fluid and rocks produced the solfataric alteration at shallow levels, 

as seen in the brecciated portion of the Red Mountain quartz latite 

dome. Intrusion of the quartz latite dome magmas through the ring 

fracture, and the intrusion of other ring-fracture magmas along the 

northeastern caldera ring fault, prevented local meteoric water from 

infiltrating the system in these areas, and possibly prevented signi­

ficant amounts of upflowing evolved hydrothermal fluids from entering 

the porous megabreccia in these areas. The intrusions may also have 

generated their own shallow convective systems, but significant zones 
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of 18 0 depletion and alteration are not centered on them, as is the 

case with the resurgent intrusive rocks. 

The Lake City hydrothermal model correlates closely with pheno­

mena observed in active caldera -related hydrothermal systems (compare 

Fig. 7.8 and Fig. 7.14). The nature of hydrothermal fluid flow in 

deeper parts of caldera-related systems, as inferred from stable iso­

topic studies of such systems, are more tenuously applied to the Lake 

City model. However, if this model is correct, the ring-fracture zone 

below the current level of exposure in the Lake City caldera must have 

been supplying upflowing, evolved, meteoric-hydrothermal fluid to the 

down-dip extensions of the lower megabreccia units. 

7.3 Implications for Mineralization in Shallow Volcanic Environments 

Vertical variations in the distribution and structural control of 

sulfide mineralization and hydrothermal alteration in the Lake City 

caldera are described in Chapters 5 and 6. The distribution of altera­

tion facies within the caldera are schematically shown on Figure 7.9. A 

boiling model for the solfataric alteration at Red Mount ai n was developed 

in Chapter 5. Solfatarically altered areas throughout the San Juan 

Mountains exhibit mineralogic and isotopic similarities to the Red Moun­

tain system, although only a few of these are economically mineralized. 

The characteristics of these areas will be integrated below to produce 

a vertical model of alteration and mineralization that relates deeper 

vein mineralization to the shallow solfataric alteration and minerali-

zation. 

The model is shown in Figure 7.15. This model relates vertical 
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Figure 7.15 Relationships between vein mineralization and solfa-

taric mineralization. This model is derived from vertical variations 

in alteration and mineralization in the Lake City caldera. The 

mineralogy and lateral alteration variations in the solfataric zone 

are also based in part on observa ci ons at other solfatarically altered 

areas in the San Juan Mountains. The same evolved meteoric-hydrothermal 

fluid responsible for vein mineralization at depth rises along the 

hydrostatic boiling curve to produce the solfataric alteration in 

shallow environments. 
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variations in vein and alteration mineralogy to the position of a n 

upflowing meteoric-hydrothermal fluid on the hydrostatic boiling curve. 

Fluids invol ved in the solfataric alteration and mineralization have 

been shown to be dominantly meteoric in origin. Furthermore, relation­

ships in the Lake City caldera show that, with depth, alteration asso­

ciated with the solfataric level grades down into, first, quartz veins 

with broad argillized selvages and, next, quartz-base metal sulfide­

pyrite veins with narrow sericitic selvages. Sulfide mineralization 

is common at the vein level and at the solfataric level, but is not 

abundant in the argillic level. 

At the vein level, fluids are rising along steep thermal gradients 

until they intersect the hydrostatic boiling curve. Vein-level mineral­

ization and alteration continue to be produced while a small but growing 

vapor phase is generated in the rising fluid. At some shallower depth, 

argillizati on replaces sericitization as a vein selvage and significant 

sulfide mineralization ceases. At still shallower depths, the argil­

lized selvage expands to tens of meters, or further, away from the 

vein. At very shallow depths, enough vap or is generated such that a 

vapor phase separates from the fluid and can rise independently. Also, 

at very shallow depths, alunite and quartz pervasively replace the rock, 

accompanied in some areas by the renewed precipitation of sulfide ore 

minerals. This solfataric alteration grades out through an argillized 

zone to fresh or propylitized wall rock. 

The common occurrence of solfatarically altered areas with con­

temporaneous intrusive rocks does not in any way prove that metals and 

fluids in these systems were directly derived from a crystallizing 
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magma; although mixing with small amounts of metal-rich magmatic brine 

cannot be ruled out, the metals also could have been leached out of 

surrounding rocks under sub-solidus conditions. These magmatic rocks 

provided thermal energy which drove meteoric-hydrothermal convection 

systems, and permeable structures within or adjacent to the intrusions 

provided convenient channels which controlled fluid flow in these sys­

tems. At Carson Camp, and locally at Summitville, the solfataric al­

teration is distributed along linear trends that appear to be fault or 

fracture controlled. 

The above model does not preclude the existence of porphyry-style 

mineralization associated with these rocks. Indeed, such mineralization 

is observed to occur in the Calico Peak solfataric zone. Deeper levels 

of similar systems are probably represented by the stockwork molybdenum 

mineralization in argillized zones in the Ophir-Silverton area (Jackson 

et al, 1980; Ringrose et al, 1981). This porphyry mineralization is 

derived from dominantly magmatic fluids (Ringrose et al, 1981), but 

at Calico Peak the magma contributed negligible amounts of fluid to 

the meteoric-hydrothermal fluids responsible for the solfataric altera-

tion. 
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CHAPTER 8 

SUMMARY AND CONCLUSIONS 

Meteoric-hydrothermal fluid circulation in the Lake City caldera 

23 m.y. ago has been mapped out in a general way by measuring 180 

depletions in the rocks that underwent oxygen isotope exchange with this 

hydrothermal fluid. The magnitudes of these 180 depletions in the sam­

ples, in conjunction with (1) the estimated depths beneath the original 

mid-Tertiary surface, (2) the quantity and type of mineral alteration 

products in the rocks, and (3) the distances from the contact of the 

resurgent intrusion, were used as measures of the temperatures of 

alteration and the degree of evolution of the hydrothermal fluids inter­

acting with the rocks. It was shown that both fracture permeability and 

lithologic permeability and porosity exerted a strong control over fluid 

flow, not a surprising result. The resurgent intrusion within the cal­

dera was the heat engine that drove the convective system. 

The variable, but relatively shallow, depths of erosion within the 

caldera exposed rocks from the very near-surface hydrothermal environ­

ment down through at least 2 km into the center of the hydrothermal 

system. This has furnished a unique opportunity to investigate water­

rock interactions in the upflowing, shallow portions of a fossil hydro­

thermal system. The model of fluid circulation developed from this 

investigation provides an important link between observations of surface 

hot spring activity in active caldera-related hydrothermal systems, and 

models of fluid circulation around much deeper intrusive complexes in­

ferred to be the roots of eroded calderas. Boiling of the rising 
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meteoric-hydrothermal fluid is important in shallow parts of the con­

vection system, and such a model has important ramifications when 

applied to the nexus between deeper vein-controlled mineralization and 

shallow, solfataric bonanza-type ores. 

The major conclusions of this study are: 

1) Fluids involved in the Lake City hydrothermal system were domi­

nantly, if not entirely, of meteoric origin. The al So value of mid­

Tertiary meteoric waters in the western San Juan Mountains, estimated 

to have been -15 per mil by Sheppard et al (1969), Taylor (1974a), 

Taylor and Forester (1972), and Casadevall and Ohmoto (1976), is con­

sistent with the low- 1So fluid required to produce the lSo depletions 

measured in the present study on the altered Lake City rocks. However, 

measured al So values of vein quartz within the caldera indicate that 

the meteoric-hydrothermal fluid that precipitated this quartz was lSo­

shifted upward to about a1So ~ -8 prior to entering the shallow convec­

tive system associated with the resurgent intrusive rocks. This shift 

is the result of water-rock interaction in deeper ( > 2 to 3 km) levels 

of the meteoric-hydrothermal system. These deeper parts of the system 

were recharged by lateral inward flow of groundwater infiltrating the 

hydrologic system in areas peripheral to the Lake City caldera. The 

highly fractured Eureka graben, southwest of the caldera, is probably 

the principal source for this meteoric water, but there was undoubtedly 

radial inflow toward the caldera from all points of the compass. 

2) Analyses of mineral separates from the Precambrian granite of 

Cataract Gulch, which forms the southern and western wall of the Lake 

City caldera, show that muscovite exchanges oxygen with the meteoric-
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hydrothermal fluid faster than quartz, but much slower than orthoclase. 

Meteoric-hydrothermal alteration of biotite in the granite produces 

sericite at lower temperatures and chlorite at higher temperatures. 

Because of higher permeabilities and consequently higher W/R ratios 

along the Lake City ring fault, granite altered at relatively low tem­

peratures along the ring fault may be locally more 180-depleted than 

granite altered at higher-temperatures farther from the ring fault. 

In part, this effect may also be the result of migration of cold, low-

18o, meteoric waters down the ring fault from the surface to mix, at 

deeper levels, with the upflowing evolved meteoric-hydrothermal fluids. 

This is analogous to present-day flow patterns in the young Long Valley 

caldera in eastern California. 

3) Fluid flow within the Lake City caldera was dominated by per­

meable zones: (A) the porous megabreccia units, which dip outward from 

the resurgent dome, and (B) vertical fractures and faults related to 

resurgence. The megabreccia units and tuff adjacent to the fractures 

exhibit marked 180 depletions, and they are also intensely mineralo­

gically altered. Stratigraphically lower megabreccia units are more 

18o-depleted than higher units, showing that the lower units were 

probably major aquifers that exerted a strong control over fluid flow in 

deeper parts of the caldera. Where resurgence-related fractures inter­

sect the megabreccia units near the resurgent intrusions, fluid flow was 

apparently channelled into the fractures and diverted vertically upward. 

4) The resurgent intrusive stock within the caldera, and its con­

tact metamorphosed aureole of hornfelsed Sunshine Peak Tuff, both ex­

perienced water/rock ratios lower than the permeable zones, but they 
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typically have even lower 6 18 0 values because they were altered at 

higher temperatures; the intrusion was, of course, the main source of 

heat for the hydrothermal fluids. The resurgent intrusion is located in 

the center of the area of most intense mineralogical alteration deve­

loped along fractures in the Sunshine Peak Tuff. These relationships 

all show that the shallow convection system within the caldera was dri­

ven by the resurgent intrusion. Convective fluid circulation in this 

system was controlled by the permeable zones in areas around the intru­

sions, where the largest volumes of upflowing fluid were concentrated. 

5) A relatively shallow thermal gradient, typical of a convective 

hydrothermal system, was present throughout the vertical section now 

exposed within the caldera. The shallower portion of this gradient was 

controlled by the temperature drop associated with the evolution of 

boiling in the uprising fluid. In the deeper portion of the system, the 

fossil thermal gradient can be approximately calculated by vertical 

variations in the o18 o values and the quantity and type of alteration 

products developed within the caldera-fill Sunshine Peak Tuff. Deeper 

exposures of tuff are more depleted in 18 0 than shallow portions away 

from the argillized vein selvages. The deeper tuff was altered at 

higher temperatures than the shallow tuf f, and it was probably also 

subjected to lower water/rock ratios. 

6) The vertical variations in alteration mineralogy developed ad­

jacent to flow channels are in part the result of boiling in the up­

flowing fluid. Within several hundred meters of the original surface 

(the solfataric zone), the alteration assemblage is characterized by 

the development of pervasive zones of silicification and alunitization. 
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High o18 o values in this zone result from the large quartz-water frac­

tionation at low temperatures (100°C to 200°C) along the shallowest 

portion of the hydrostatic boiling curve. Below this zone is a level 

of argillization where clays and quartz pervasively replace wall rocks 

in broad selvages adjacent to the flow channels. The channels are 

filled with vein quartz precipitated from the fluid, which contained 

only a minor vapor phase at this point. In the deepest levels of ex­

posure, quartz and sericite replace wall rocks in narrow selvages ad­

jacent to the flow channels, which locally contain abundant base metal 

sulfides and pyrite in addition to the vein-filling quartz. These deep 

veins precipitated from the fluid prior to or just after the fluid in­

tersected the hydrostatic boiling curve. A single type of upward­

flowing, evolved meteoric-hydrothermal fluid could have produced all the 

observed variations in vein and alteration mineralogy throughout all 

three levels. The high o18o values of quartz from both mineralized 

and barren solfataric zones throughout the San Juan Mountains show that 

all these solfataric areas were altered and mineralized by evolved 

meteoric fluids. 

7) Integration of all the above aspects of fluid-rock interaction 

in the Lake City caldera leads to a convective, fluid-flow model for 

this meteoric-hydrothermal system. Deeply circulating meteoric water 

rose along caldera ring structures 3 to 5 km beneath the mid-Tertiary 

surface. This convective circulation was driven by the large cooling 

pluton that initially produced the eruption of the Sunshine Peak Tuff. 

Resurgent intrusions in the resurged dome of the caldera produced 

smaller, shallower, convective systems centered within the dome. The 



351 

deeper fluids, rising along the deeper ring zone, were drawn into the 

shallow convective system through the lower, porous, megabreccia units. 

These units are apparently truncated down dip by the Lake City caldera 

ring faults. Near the resurgent intrusions, fluid flow was again 

directed upward where resurgence-related, near-vertical, fractures 

intersect the megabreccia units. At the present outcrop level, which 

probably varies from about 200 to 2500 m beneath the original mid-Ter­

tiary surface, the flow regime within these fractures was locally shal­

low enough that boiling began in the fluid (at depths of approximately 

1000 m). 

At the surface, discharge of the boiling fluid produced a zone of 

hot spring and solfataric activity peripheral to the resurgent core of 

the caldera, but generally inside the ring fault. Where the ring fault 

controlled magma intrusion, such as for the eastern tier of quartz-la­

tite ring domes, surface fluid discharge was apparently deflected into 

and along the ring fault zone. This is either because these magmatic 

bodies "sealed" the ring fault-megabreccia channels, or because they 

themselves acted as "heat engines" and thus were centers for local con­

vective circulation systems. Minor recharge of local meteoric water 

into the shallow convective system occurred through the ring structure 

where it was not intruded and sealed. Small amounts of this pristine 

meteoric water probably mixed with the evolved fluid in the megabreccia 

units. The o18 o effects and the hydrothermal model described above for 

the Lake City caldera give us insight into the deeper, unexplored parts 

of currently active geothermal systems associated with recently-formed 

silicic calderas, particularly the Long Valley caldera and the Valles 
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caldera, both of which seem to be in many respects virtually identical 

to the Lake City caldera. 
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PART II 

18o; 16o RELATIONSHIPS IN TERTIARY ASH-FLOW TUFFS 
FROM COMPLEX CALDERA STRUCTURES IN CENTRAL NEVADA AND 

THE SAN JUAN MOUNTAINS, COLORADO 



1.1 Object of the Research 

354 

CHAPTER 1 

INTRODUCTION 

In part I of this thesis, we presented a detailed study of the oxy­

gen isotope relationships in hydrothermally altered rocks in and around 

a mid-Tertiary caldera complex. Assimilation of, or exchange between, 

such altered low-o 18 o country rocks and the underlying magma can cause 

a lowering of the o 18 o value of the magma below the range of "normal" 

magmatic o 18 o values. Such 18o depletions have in fact been observed 

in ash-flow sheets and other rocks erupted sequentially from the tops of 

silicic magma chambers that are analogous to the one that formed the 

Lake City caldera (Friedman et al, 1974; Lipman and Friedman, 1975). 

The caldera-forming process provides a mechanical means to catastro­

phically fracture the roof above the magma chamber, thereby allowing the 

stoping of a large quantity of hydrothermally altered, low-o 18o wall 

rocks into the top of the magma chamber. Assimilation of these blocks, 

or oxygen isotopic exchange between the blocks and the magma, is a 

plausible mechanism for producing 18 0-depleted magmas (Taylor, 1977) . 

Moreover, ash-flow eruptions provide "snapshots" of o 18o profiles that 

existed in the upper portions of the magma chamber prior to eruption. 

Sequential eruptions record the evolution of these profiles, as well as 

recording the overall o 18 o variations with time in a sub-volcanic magma 

chamber. 

The purpose of this study is to document such variations. Two 

caldera complexes, the central Nevada caldera complex, Nye County, 
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Nevada, and the central San Juan caldera complex, San Juan volcanic 

field, Colorado, were chosen for study, because: (1) the rocks are 

well exposed; (2) these areas are logistically relatively easy to 

sample; and (3) the geological relationships and eruptive products 

from these caldera complexes have previously been described in detail 

in the literature. 

1.2 Low- 18 o Igneous Rocks 

The oxygen isotopic compositions of "normal" igneous rocks lie 

within well-defined, restricted ranges (Taylor, 1968, 1978, 1980a). 

Deviations from these "normal" o18 o values indicate that the magmas or 

crystalline igneous rocks interacted in some way with other reservoirs 

that have o 18 o values higher or lower than the "normal" range. One 

important g rouping of such rocks are those that have o18 o values below 

the "normal" range because they crystallized from low- 18 o magmas. 

Evidence for low-o 18 o magmas has been found in a number of areas, 

including the Tertiary granitic rocks at Mull and Skye, Scotland 

(Forester and Taylor, 1976, 1977; Taylor, 1978), the Tertiary inne r 

diorite at Stony Mountain, Colorado (Forester and Taylor, 1972, 1980), 

young basaltic lava flows on Iceland (Muehlenbachs et al, 1974), some 

young rhyolitic ash-flow tuffs from the western United States (Friedman 

et al, 1974; Lipman and Friedman, 1975; Hildreth et al, 1980), and in 

granophyre phases of the Skaergaard and Jabal at Tirf mafic complexes 

(Taylor and Forester, 1979; Taylor, 1980a). The development of such 

low- 18 0 magmas is explained by a number of mechanisms by these and 

other authors: (1) direct interaction between the magmas and meteoric 
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ground waters; (2) isotopic exchange between the magmas and country 

rocks that had previously been altered and thus have o1So values lower 

than "normal"; (3) partial or complete assimilation of hydrothermally 

altered, low-6 1So, country rocks derived from the roof zones above the 

magma chambers; or (4) fractional crystallization and gravitational 

removal of cumulus phases having high o1So values. 

Direct solution of meteoric water into magmas or large-scale oxygen 

isotopic exchange between meteoric waters and magmas are both difficult 

to envision as significant processes for lowering the alSo values of 

magmas, for the following reasons : (1) Diffusion of water through sili-

cate liquids is extremely slow (Shaw, 1974). (2) Pressure gradients 

outside the wall of the magma chamber are hydrostatic, whereas within 

the magma chamber they are lithostatic (Plithostatic ~ 3Phydrostatic); 

thus, water cannot physically flow up this gradient through f i s sures 

into the magma chamber. However, if (PH o)hydrostatic > (PH o)magma• 
2 2 

then grain-boundary diffusion of water up a thermal gradient adjacent to 

the magma body may allow small amounts of water to enter the magma 

chamber (Taylor, 1978). (3) Extremely large amounts of meteo r i c water 

would have to enter a magma chamber, exchange with the magma, and then 

bubble out again in order to produce a several per mil shift in the o1So 

of an epizonal magma chamber, because magmas at shallow depths in the 

Earth's crust can only dissolve 2 to 4 weight percent H20; this is not 

enough to drastically alter the alSo of the magma, especially since 

this water would have already been !SO-shifted to higher alSo values 

as a result of prior exchange with the wall rocks (Taylor, 1978). 

As stated by Taylor (1977, 1980a), the most likely mechanism for 
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generating low-6 18 o magmas is assimilation of, or exchange with, low­

o18o country rocks by the magmas. Oxygen isotopic exchange between 

the magma and stoped blocks of altered, 18 0-depleted country rocks is 

likely to be important in every volcanic-plutonic terrane where met e0 ric­

hydrothermal activity is common, particularly in rift-zone environments 

(Taylor, 1977). Physical evidence for assimilation is widespread in 

magmatic rocks of diverse composition emplaced in diverse tectonic en­

vironments (McBirney, 1979). Also, where sufficient analytical data 

are available, initial 87 Sr/ 86 sr ratios define mixing curves when 

plotted against o18 o in some igneous rock series, and Taylor (1980b) 

has shown that in such cases altered volcanic rocks or sedimentary rocks 

were assimilated by mantle-derived magmas. Heat balance requires that 

large-scale assimilation be accompanied by fractional crystallization 

in the magma (Taylor, l980b; Bowen, 1928). Because mineral-magma 

oxygen isotopic fractionations are small at magma tic temperatures, 

fractional crystallization by itself contributes ne gl igibl y to 

6 18 0 variations in the magmas (Garlick, 1966; Anderson et al, 1971). 

1.3 Previous 6 18 0 Studies of Ash-Flow Tuffs 

Ash-flow tuff magmas with o18 o values significantly lower than 

"normal" igneous rocks have been found in two areas: Quaternary rhyo­

lites associated with the Yellowstone caldera (Friedman et al, 1974; 

Hildreth et al, 1980); and Tertiary ash-flow sheets erupted from the 

Claim Canyon-Oasis Valley caldera complex in southwestern Nevada (Fried­

man et al, 1974; Lipman and Friedman, 1975). Ash-flow tuff magmas with 

"normal" o18 o values have been found in the Superstition volcanic field 
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in central Arizona (Taylor, 1968; Stuckless and O'Neil, 1973), the 

Bishop Tuff, erupted from Long Valley, California (Hildreth, personal 

communication), and the Bandelier Tuff, erupted from the Valles Cal­

dera, New Mexico (Lambert and Epstein, 1980). The latter two calderas 

are described in Part I, Chapter 7, of this work. A number of other 

"normal" Tertiary ash-flow magmas from scattered locations throughout 

North America were found by Taylor (1968). 

Analyses of sanidine and quartz phenocrysts in rhyolites sequen­

tially erupted from the Yellowstone caldera, including both ash-flows 

and domes, have shown that al So values in these rocks decrease with age 

(Fig. 1.1; Friedman et al, 1974; Hildreth et al, 1980). Similar rela­

tionships for suites of phenocrysts were found in the Paintbrush and 

Timber Mountain zoned ash-flow sheets, erupted from the Claim Canyon­

Oasis Valley caldera complex, Nevada (Fig. 1.1; Friedman et al, 1974; 

Lipman and Friedman, 1975). These authors suggest that the lSO-deple­

tions resulted from direct interaction of the upper portions of the 

magma chambers with meteoric water. However, both caldera complexes 

were emplaced into sedimentary strata capped by Tertiary volcanic rocks. 

Hydrothermal systems developed within these rocks, such as the system 

currently active at Yellowstone, would provide a reservoir of rocks with 

with alSo values below the "normal" range that, upon high-level stoping 

and assimilation or oxygen isotopic exchange, could have produced the 

lSo depletions observed in these rocks. Note that Noble and Hedge 

(1969) interpreted Sr isotopic data from the Paintbrush and Timber 

Mountain tuffs to indicate at least minor assimilation of wall rocks by 

the upper, most silicic parts of the magma chamber. 
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Figure 1.1ab o18 o values of phenocrysts separated from some low-

18 0 ash-flow tuffs and associated lavas from the western United 

States. (a) Analyses of sanidine phenocrysts from ash-flow tuffs and 

lavas erupted from the Yellowstone caldera (from Friedman et al, 1974). 

(b) Analyses of phenocrysts from the Paintbrush and Timber Mountain 

Tuffs and related lava flows, Nevada (from Lipman and Friedman, 1975). 

In both cases note that sequentially younger eruptives may have lower 

o18o values than older eruptives. However, renewed influx of new magma 

from below can produce an 180 increase. Such variations most likely 

result from some type of direct or indirect interacti on between the 

magmas and low- 18o meteoric waters. 



360 

"· 

I 
2.0 Huckleberry Ridge Tuff • • •• 

~ 1.5 .. .. ,.. 
1: 

~ 
! 
:, 1.0 .. 
< 
:0: 

0.5 

Mesa Falls , 
Tuff • ,~'!> · 

0 \<ef~~/ 

0 

\ 
Lava Creek Tuff • • • eo 

• / . .. ·~ ...... 
• 

0.0 ~ ......... ~ .................................. J....o... ........................... _._j 

2 3 4 5 6 7 
&180 (per mil) 

A 

~ 
~ AMMONIA 
z TANK MEMBER 
;)Lt.. (11.1 m..y.l 
~~r---R-A-1-N-IE~R--------------------------------------------------------

~~ MESA MEMBER -+k -~~~.:~~~--
~ (11.3 m.y.) o-... ---0..------------------· 
;:: 

LATE RHYOLITIC LAVAS 

X Tl VA CANYON 
~ MEMBER 
a:"- (12.~ m . . ) 

+--x ...... 
~~TOPOPAH 
z..- SPRING 
~ MEMBER 

x--+~~~o~========~ 
(13.1 my.) x~"F~ 5 

+9 •8 +7 +6 +4 

8o'' 
+3 •2 

Quartz lotlfe 

Rhyol•te 

Quartz lot• te 

Rhyolite 

., 0 

OQuartz XPIOQaoclase +Son•d•ne 08•ot1t t 6AuQ•tl • MaQn tt •fl 

B 

_, 



361 

CHAPTER 2 

CENTRAL NEVADA CALDERA cmtPLEX 

2.1 Evolution of the Central Nevada Caldera Complex 

Three nested collapse structures are recognized in the central 

Nevada caldera complex, located 110 km ENE of Tonopah, Nevada (Ekren et 

al, 1972; Ekren et al, 1973a, 1973b, 1974; Quinlivan et al, 1974; Quin­

livan and Rogers, 1974; Snyder et al, 1972). The lithologic evolution 

and structural evolution of this caldera complex are shown in Table 2.1 

and Figure 2.1. 

The caldera complex was emplaced into a section of Paleozoic dolo­

mite, limestone, shale, and quartzite (Ekren et al, 1973a; Quinlivan et 

al, 1974). This caldera complex is 15 to 20 m.y. older and 110 km 

northeast of the southwestern Nevada (Claim Canyon-Oasis Valley) caldera 

complex (Fig. 1.1b) studied by Lipman and Friedman (1975). 

Each of the three collapse structures produced a distinct suite 

of volcanic rocks, and it is therefore convenient to divide these rocks 

into three cycles (Table 2.1): (1) the early sequence consists of one 

major and two minor ash-flow tuffs, all of similar chemical composi­

tion, that were erupted from the oldest collapse structure; (2) the 

giant, 3000 km3, middle eruptive is the only recognized product of the 

intermediate-age caldera collapse; (3) a late sequence consists of a 

major ash-flow tuff sheet erupted from the Lunar Lake caldera, as well 

as smaller ash-flow tuffs and lava domes subsequently erupted from the 

ring dome of this caldera. Major element analyses of rocks erupted from 

these calderas define a calc-alkaline trend (Ekren et al, 1974). The 
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Table 2.1 Volumes and ages of rocks erupted from the central Nevada 

caldera complex. The rocks are listed in stratigraphic order, the youn-

gest on top. The units are divided into three sequences based on their 

source caldera. Also shown are the abbreviations for the units as used 

in the text. 

Unit 

LATE SEQUENCE 

Tuff of Black Beauty Mesa (Tbb) 

Tuff of Buckwheat Rim (Tbr) 

Andesite (Ta) 

Ring Eruptive Sequence 

Quar tz Latite (Tql) 

Tuff of Buckskin Point (Tbp) 

Rhyolite of Rig Sand Spring 
Valley 

*Tuff of Lunar Cuesta (Tlc) 

MIDDLE ERUPTIVE 

*Monotony Tuff (Tm) 

EARLY SEQUENCE 

Tuff of Palisade Mesa (Tp) 

Tuff of Halligan Mesa (Th) 

*Tuff of \Villi ams Ridge and 
Morey Peak (Twm) (outflow 
facies = 1-lindous Butte Tuff?) 

Volume 

15 km 3 

370 km 3 (2) 

3000 km 3 (3) 

75 km 3 

+2500 km 3 

Age C 1) 

25.4±1.3 bi(2) 

25.8 wrC2) 

25.5±0.8 bi(2) 

27.0±0.8 bi(4) 

29.9±1.2 bi(4) 
30.3±0.9 bi(4) 

31. 6±0. 9 bi(4) 
30.7±0.8 bi(5) 
31.7±0.8 bi(5) 

(1) All ages are m.y. ago, K-Ar; bi =biotite, wr =whole 
rock. (2) Ekren et al (1972). (3) Ekren et al (1971). 
(4) Marvin et al (1973). (5) Gromme et al (1972). 

* Denotes eruptions related to caldera collapse 
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Figure 2.labcd Structural evolution of the central Nevada caldera 

complex . (a) Initial collapse was in response to the eruption of the 

Tuff of Williams Ridge and Morey Peak about 31 m.y. ago. (b) The 

southern margin of the earlier caldera was truncated by collapse asso­

ciated with eruption of the 3000 km 3 Monotony Tuff about 27 m.y. 

ago. (c) The Lunar Lake caldera, nested within the two older calderas, 

formed about 25.5 m.y. ago in response to eruption of the Tuff of Lunar 

Cuesta. (d) The southern portion of the complex has been displaced by 

post-collapse, right-lateral faulting. Sample locations or traverses 

are shown as dots; localities where 3 or more samples were collected are 

indicated by circled dots. See text for data sources. 
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alkali-lime index for the tuffs and lavas is approximately 62, within 

the calc-alkalic field of Peacock (1931). The analyses vary from Si02 

= 65 weight percent to 77 weight percent but there is no indication of 

any systematic chemical variations as eruptions proceeded, starting 

about 31 m.y. ago (age of the Windous Butte Formation) and ending about 

25 m.y. ago (age of the tuff of Buckskin Point). The youngest rocks 

include the most basic as well as the most silicic of the suite (Ekren 

et al, 1974). Most of the ash-flow tuff cooling units in the Lunar 

Lake area are characterized by a mafic-poor rhyolitic base and a mafic­

rich quartz latitic top. Although the Windous Butte shows more extreme 

chemical variations within a single cooling unit than any of the other 

principal units in the area, the contrasting lithologies in the Windous 

Butte all plot neatly along the curves defined by the major oxides of 

the younger ash -flow sheets. 

The early sequence began with eruption of Twm, the Tuff of Williams 

Ridge and Morey Peak (Ekren et al, 1973a, 1974) . This was a very large 

ash-flow eruption, and a thick section of this tuff fills the collapsed 

block (Fig. 2.1a) of the early-sequence caldera. A core hole collared 

within the block penetrated 1830 m of Twm and bottomed in this unit 

without drilling out of it (Ekren et al, 1973) . Ekren et al (1974) be­

lieve that the tuff of the Windous Butte Formation is the outflow 

facies of the upper part of Twm. Twm is an unzoned quartz latite con­

taining 48 to 56 percent phenocrysts of, in order of abundance, plagio­

clase, quartz, sanidine, and hornblende (Ekren et al, 1973). 

In the western part of this collapsed block, Twm is overlai n suc­

cessively by the Tuff of Halligan Mesa (Th) and the Tuff of Palisade 
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Mesa (Tp). No specific source for these units has been identified, but 

their small volumes (75 and 25 km 3 , respectively) and spatial associa­

tion with Twm suggest that the three units were erupted in rapid suc­

cession from the same source area (Ekren et al, 1974). The early 

sequence is comprised of these three units. Both Tp and Th are zoned 

from lower crystal-poor rhyolites (about 25 percent phenocrysts; 

quartz = sanidine > plagioclase > biotite) to upper crystal-rich quartz 

latites (about 45 percent phenocrysts; plagioclase > quartz > sanidine > 

biotite) (Snyder et al, 1972). The crystal-poor Tuff of Black Rock 

Summit overlies Twm in the eastern part of the collapsed block; this 

unit was not sampled in the present study. 

Eruption of the voluminous (3000 km3 ) Monotony Tuff (Tm) resulted 

in caldera collapse that truncated the southern part of the earlier 

Twm caldera (Fig. 2.1b). This middle eruptive tuff (Tm) consists of a 

uniform phenocryst-rich (40 to 50 percent phenocrysts) quartz latite 

(plagioclase > sanidine = quartz = biotite >hornblende; Ekren et al, 

1971, 1973b). Tm is widespread in Nye County, Nevada (Ekren et al, 

1971). Outside the source area, this tuff is generally about 300 m 

thick, but in the collapsed block it locally exceeds 1500 m (Ekren et 

al, 1971, 1973b). 

The youngest collapse structure in the central Nevada caldera com­

plex, the Lunar Lake caldera (Fig. 2.1c), formed in response to the 

eruption of the Tuff of Lunar Cuesta (Tlc) (Ekren et al, 1974). Tlc, 

the oldest member of the late sequence, is a quartz latite with 20 to 35 

percent phenocrysts (plagioclase > quartz > sanidine > biotite; Ekren 

et al, 1974). The Lunar Lake caldera is entirely nested within the 
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older two calderas; it truncates the northern portion of the caldera 

that is the source of the Monotony Tuff. 

Ring-fracture volcanism is developed along the margins of the 

Lunar Lake caldera. The nearly aphyric rhyolite of Big Sand Spring 

Valley (not sampled in this work) erupted as lavas from multiple vents 

in the eastern and northern ring-fracture zone (Ekren et al, 1974). 

Also, small ash-flows, quartz latite lavas, and andesite lavas erupted 

sequentially along the southern margin of the Lunar Lake caldera. This 

sequence, referred to as the Citadel Mountain section, began with erup­

tion of the Tuff of Buckskin Point (Tbp). Tbp, 75 m thick, is zoned 

from a crystal-poor rhyolite base (10 percent phenocrysts; plagioclase 

>> pyroxene > quartz = biotite = hornblende) to a crystal-rich quartz 

latite top (35 percent phenocrysts; plagioclase >quartz >biotite > 

hornblende; Snyder et al, 1972). Quartz latite lavas (Tql), up to 200 

m thick, overlie Tbp and contain 30 to 55 percent phenocrysts (plagio-

clase > quartz sanidine > biotite > hornblende; Snyder et al, 1972). 

Up to 350m of andesite (Ta) overlies Tql (8 to 30 percent phenocrysts; 

plagioclase > pyroxene; Snyder et al, 1972). 

Two small ash-flows, the Tuff of Buckwheat Rim (Tbr) and the Tuff 

of Black Beauty Mesa (Tbb), cap the Citadel Mountain section (Snyder et 

al, 1972; Ekren et al, 1974). Tbr consists of up to 150 m of a basal 

rhyolite (25 percent phenocrysts) and an upper quartz latite (35 percent 

phenocrysts; Snyder et al, 1972). Tbb, up to 18m thick, is similarly 

zoned (Snyder et al, 1972). 

All of the units described above erupted in mid- to late-Oligocene 

time (Table 2.1) (Gromme et al, 1972; Marvin et al, 1973; Ekren et al, 
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1974). In ~ocene and Pliocene time, the caldera complex was deformed 

during basin-range extensional faulting. During this time the southern 

portion of the Tm-source caldera was displaced by left-lateral movement 

along the Tybo-Reveille fault system (Fig. 2.1) (Ekren et al, 1974). In 

Quaternary time basalts of the Lunar Crater volcanic field erupted 

within and around the Lunar Lake caldera (Scott and Trask, 1971). 

2.2 Oxygen Isotopic Analyses of Coexisting Minerals From the Central 
Nevada Caldera Complex 

Unweathered samples, approximately 3 to 5 kg in size, were col-

lected along traverses specifically laid out in sequential stratigraphic 

order to sample a wide compositional range in the various units of the 

central Nevada caldera complex. Some units were sampled at widely se-

parated outcrops (for example Tm and Twm), because complete stratigraphic 

sequences are not exposed in accessible areas. Samples were collected 

near the bases and tops of most of the units, and samples from the in-

terior of each unit were also collected. 

Analyses of mineral separates from these samples are tabulated in 

Table 2.2. ~neral separates of about 20 to 50 mg were prepared for 

analyses by hand picking 30 to 50 g of crushed rock. Biotite and feld-

spar separates are greater than 95 percent pure. It was not possible to 

separate K feldspar from plagioclase, and the tabulated feldspar analy-

ses in general represent mixtures of these two phenocryst minerals. 

However, in all samples the K feldspar (sanidine) makes up more than two-

thirds of the separated feldspar sample. Quartz separates were rou-

tinely treated with HF to dissolve any fragments of matrix or other 
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minerals adhering to the quartz phenocrysts; the quartz separates are 

thus nearly 100 percent pure. The matrix of some samples of densely 

welded, vitrophyric tuff consists of volcanic glass; black or red­

dish-orange to orange glass was hand picked from several samples and 

also analyzed. 

2.3 Possible Effects of Post-Magmatic Alteration on the l8o;l6o Ratios 

Based on field and petrographic observations, the analyzed volcanic 

rocks from the Central Nevada caldera complex all appear to be fresh and 

free from alteration. However, it should be remembered that these rocks 

have been exposed to weathering and groundwater alteration for up to 

25 or 30 million years, and also, during the original magmatic activity, 

some of the samples could have undergone weak hydrothermal alteration. 

It is important to take into account any such alteration effects on the 

measured 18o; 16 o ratios, before using these data to interpret the 6 100 

variations associated with the mid-Tertiary magmatism. 

The o18 o values of quartz and feldspar are plotted against o18o of 

biotite in Figure 2.2. One sample was deleted from this fi gure, CN-16 

from the quartz-latite ring dome of the Late Eruptive Sequence (Tql). 

This sample has an anomalously large 6 18 0 quartz-feldspar fractionation 

of 2.2 per mil, much larger than the typical values observed even in 

slowly cooled plutonic rocks (Taylor, 1968). Inasmuch as this sample 

is from a lava-dome erupted along the ring-fracture zone of the Lunar 

Lake caldera, by analogy with the data from the Lake City caldera dis­

cussed in Chapters 4, 5, and 6 (Part I), it is not unlikely that the 

feldspar phenocrysts in this rock underwent some 18 0 depletion during 
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Figure 2.2 o18o of quartz and feldspar plotted vs. the o18o of bio-

tite for the central Nevada caldera complex samples. The numbers in 

the fields refer to the following units: (1) Twm; (2) Th; (3) Tp; (4) 

Tm; (5) Tlc; (6) Tql. The units are numbered sequentially in order 

of their eruption, from oldest to youngest. The fields with the dia­

gonal pattern are from the Early Sequence; the blank field is the Middle 

Eruptive, and the fields with the cross pattern are from the Late Se­

quence. See text for discussion. 
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meteoric-hydrothermal alteration. However, this hypothetical alteration 

must have been very weak because the ~ 1 0 quartz-biotite value is not 

unusually large and the biotite is not chloritized. 

Only one other sample in Table 2.2 has an anomalously low 6 1 eo 

feldspar value (+8.2) that possibly ought to be attributed to weak 

meteoric-hydrothermal alteration. This is CN-13, from the Tuff of 

Buckskin Point (Tbp). Like the Tql sample described above, this unit 

is also from the ring-eruptive sequence. No coexisting minerals were 

analyzed from this sample, however, so this unit cannot be plotted on 

Figure 2.2, and we can only speculate about the reason for the low 6 18 0 

value. It perhaps should be pointed out that this phenocryst feldspar 

is much lower in 18 0 than the coexisting orange glass or black glass 

(Table 2.2). These cannot represent equilibrium relationships at mag­

matic temperatures; either the volcanic glass became enriched in 18 0 

or the feldspar became depleted in 18 0. Both are plausible possibili­

ties. 

Two other samples that are plotted on Figure 2.2 have somewhat 

anomalous ~ 18 0 feldspar-biotite, mainly attributable to their unusual 

6 18 0 biotite values. These are: (1) Sample CN-12.5 (Tp), which has the 

highest o18 o biotite in the entire suite, and a ~ 18 o feldspar-biotite 

value that is much too small to represent isotopic equilibrium (0.1 per 

mil); and (2) Sample CN-23 (Tlc), which has the lowest 6 180 biotite in 

the suite of samples. Neither of these unusual samples appears to be 

hydrothermally altered, and in fact there is no obvious way that hydro­

thermal alteration would produce the entire set of o18o values and 

18 o; 16o fractionation effects described above. Thus, we simply note 
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the existence of these somewhat anomalous data-points on Figure 2.2, 

and we shall not place much emphasis on these samples in the following 

discussion of magmatic 6 18 0 variations. 

All of the other data-points plotted in Figure 2.2 form very 

tight, close-knit groupings. The phenocryst mineral assemblages exhibit 

the following 18o; 16o fractionations: 

Range (per mil) 

Mean (per mil) 

No. of Samples 

0.9 to 1.8 

1. 3 

12 

1. 8 to 3.7 

2.7 

16 

t;l8 
OFeld-Bio 

0.6 to 2.1 

1.4 

11 

Although we cannot rule out the possibility that some of the above 

phenocrysts were slightly disturbed by post-magmatic alteration, there 

is no reason to invoke such an explanation; all of the nata can be 

thought of as "quenched-in" primary igneous values, and the o18 o varia­

tions can be attributed to phenomena taking place in the respective 

magma chambers prior to eruption. The above values are very similar to 

va lues ob tained by other workers studying fresh, unaltered volcanic 

rocks (Taylor, 1968; Stuckless and O'Neil, 1973; Friedman et al, 1974; 

Lipman and Friedman, 1975). 

2.4 Oxygen Isotopic Fractionations Among Coexisting Minerals 

2.4.1 General Statement 

Fi gure 2.3 is a plot of t. 18 o quartz-biotite vs. t. 18o quartz-feld­

spar comparing data from the Central Nevada caldera complex with data 
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Figure 2.3 ~ 18 0 quartz-biotite fractionations plotted vs. ~ 1 8 0 

quartz-feldspar fractionations for ash-flow tuffs from the central 

Nevada complex, the central San Juan complex, and other published stu­

dies of ash-flow tuffs (see text for data sources). The field of 

equilibrium 18o; 16o fractionations at magmatic temperatures should 

lie between the two lines emanating from the origin with slopes of 1.6 

and 2.8. These data could be interpreted as indicating that the pheno­

cryst assemblage in the Fish Canyon Tuff formed at relatively high tem­

peratures (~ 850°C ?) whereas that in Tlc and Twm formed at relatively 

low t emperatures (~ 700°C ?) . However, a possible complicating fact or 

is the exis tence of very hi gh fluorine concentrations in the biotites 

of the Fish Canyon Tuff; fluorine substitution for hydroxyl in biotite 

might also produce small ~ 18 0 quartz-biotite and 6 18 0 feldspar-biotite 

fractionations (see Section 3.7). 
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from other literature sources, as well as with other data from this 

thesis on volcanic rocks from the San Juan Mountains, Colorado. Figure 

2.3 backs up the discussion in the previous section with respect to 

the 3 anomalous samples CN-12.5, CN-16, and CN-23. All three of these 

samples plot well outside the two lines with slope of 1.6 and 2.8 that 

emanate from the origifi on Figure 2.3 and which enclose most of the 

available 18 o; 16 o data on coexisting quartz, feldspar, and biotite 

phenocrysts from ash-flow tuffs. 

If all of the feldspars and biotites that are plotted on Figure 2.3 

inherently had identical oxygen isotopic properties, and if equilibrium 

had been ''frozen in" at the time of eruption in all these rocks, then 

the data-points ought to all plot close to a single straight line 

(Clayton and Epstein, 1958; Taylor and Epstein, 1962b). The most likely 

equilibrium line on such a diagram would be one with a slope of about 

2.2. However, there could in reality be a family of such lines depen­

ding, for example, on the fluorine content of the biotite or the Al/Si 

ratio of the feldspar (Taylor and Epstein, 1962b; O'Neil and Taylor, 

1967). In fact, at the present time there is insufficient information 

to decide which of the data-points lying between the lines of slope 

1.6 and 2.8 represent non-equilibrium, if any! Such a determination 

must await more detailed laboratory calibrations of the pertinent 

18 o; 16o equilibrium curves, as well as more complete chemical infor­

mation on the mineral separates. Because the hydroxyl oxygen in biotite 

is probably intrinsically lower in 18 0 then the immediately adjacent 

oxygen within the sheets of linked silica tetrahedra (Taylor and 

Epstein, 1962b; Hamza and Epstein, 1980), substitution of F for OH 
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would produce an equilibrium line with a smaller slope on Figure 2.3, 

perhaps even approaching the 1.6 line. 

2.4.2 Early Eruptive Sequence 

A series of diagonal 45° lines are shown on Figure 2.2 at ~ = 0, 

l, 2, 3, and 4 per mil. Such a plot of o18 o quartz and o18o feldspar 

vs. o18o biotite is very useful, because both the 18 o fractionations 

c~ values) and the bulk 18o; 16 o variations (6 values) can be simul­

taneously displayed on a single diagram. 

The individual ash-flow tuff eruptive units from the Central Nevada 

caldera complex each plot in a distinctive position on Figures 2.2 and 

2.3. Therefore, although the 18o; 16o variations are small, they clearly 

are not random; each eruptive unit has a characteristic oxygen isotopic 

signature. In the feldspar-biotite plot (lower series of data points on 

Fig. 2.2) there is a systematic, marked increase in ~ feldspar-biotite 

going fro~ the oldest unit (Twm) through the intermediate unit (Th) to 

the youngest unit (Tp), all within the Early Eruptive Sequence. This 

trend also shows up on Figure 2.3 and the upper part of Figure 2.2, but 

in a less systematic fashion. These systematics are best interpreted 

as indicating a sequentially increasing equilibration temperature, with 

the gigantic Tuff of Williams Ridge and Morey Peak (> 2500 km3) having 

been erupted at the overall lowest temperature. This could perhaps 

be interpreted as indicating that the Twm magma chamber was relatively 

H20-rich, which would make sense in terms of the size of the Twm erup­

tion, as this was very likely triggered by a pressure-release event 

and rapid exsolution of the dissolved magmatic H20 (however, reverse 
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effects are observed in the giagantic Fish Canyon Tuff from the central 

San Juan Mbuntains, as discussed below in Chapter 3!). 

Although on the basis of ~ feldspar-biotite, unit Tp appears to 

have been erupted at a higher temperature then the immediately pre­

ceding unit Th, this is less clear for ~ quartz-biotite (Fig. 2.2) and 

not supported at all by~ quartz-feldspar (Fig. 2.3). If the Tp biotite 

had higher fluorine contents then the Th biotites, these discrepancies 

would be removed, and we would conclude that Tp and Th were erupted at 

roughly similar temperatures. We should also point out, however, that 

Tp is a much smaller eruption than Th (Table 2.1), so that the sequence 

of increasing feldspar-biotite "temperatures" correlates very well with 

decreasing size of eruption (and decreasing H2o content in the magma 

chamber?). 

2.4.3 The Middle Eruptive 

About 27 m.y. ago, after about 3 m.y. of quiescence, an event 

occurred that was comparable in magnitude to the eruption of the Tuff of 

Williams Ridge and Mbrey Peak. This was the eruption of the 3000 km 3 

~bnotony Tuff. The measured 18 o/ 1 bo fractionations in this single unit 

cover much of the range exhibited by the various units of the Early 

Sequence, but they in general occupy an intermediate position (particu­

larly on Fig. 2.3). If interpreted literally, these data would suggest 

intermediate, but quite variable, "temperatures" of phenocryst equili­

bration. 

The most significant 8 18 0 effect observed in the Mbnotony Tuff is 

the small, but nevertheless distinct, lowering of the 8 18 0 in the feld-
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spars compared to those of the Early Sequence. This indicates that 

there was a decrease in the alSo of the magma chamber of about 0.3 per 

mil during the 3 m.y. prior to eruption of the Monotony Tuff (see 

below). 

2.4.4 Late Eruptive Sequence 

The Late Eruptive Sequence is quite complex, and not all of the 

units were analyzed for alSo (Table 2.1). Nonetheless it is clear that 

Tlc, the Tuff of Lunar Cuesta, was a fairly "low-temperature" eruptive, 

similar in this respect to the Tuff of Williams Ridge and Morey Peak. 

This was also a major eruption with a volume of about 370 km3. Just 

as is the case in the Early Sequence, following the eruption of Tlc, a 

smaller-volume and later-stage eruption (Tql) displays a higher isotopic 

"temperature" on Figures 2.2 and 2.3. 

The statements made above, which assume isotopic equilibrium, must 

be particularly qualified for these Late Sequence samples, because of 

the indications of disequilibrium in one sample of Tql and one sample 

of Tlc (Fig. 2.3). Nevertheless, there are some very strong indications 

of both a close approach to isotopic equilibrium and of systematic 

temperature differences among these various magmas. It appears that in 

each sequence the latest-stage, smallest volume eruptives exhibit the 

highest equilibration temperatures, compatible with lower H20 contents 

in the magmas (and thus less likelihood of a truly violent eruption?). 

2.5 alSo Variations in the Eruptive Units with Time 

The alSo values of mineral separates of quartz, feldspar, and 
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hiotite phenocrysts from the central Nevada complex are plotted in Fi­

gure 2.4 in their respective stratigraphic order. Except for a few 

analyses of orange glass and black glass (Table 2.2), whole-rock o18o 

values of rocks were not measured because their glassy matrices probably 

have exchanged oxygen with local near-surface meteoric water (Taylor, 

1968). However, the original magma o18 o values can be fairly accurately 

calculated from the feldspar analyses, because at high (magmatic) tem­

peratures, magma-feldspar fractionations in rhyolitic rocks are 0.2 to 

0.3 per mil (Taylor, 1968). Most of the feldspar o18 o values lie 

within the range +8.9 to +9.5 (Fig. 2.2) indicating o18 o values of 

about +9.1 to +9.8 for the original magmas (quartz latite to rhyolite ) . 

The central Nevada complex lies within the Great Basin high- 18 0 

belt (Solomon and Taylor, 1981) defined by Cretaceous plutonic rocks 

with whole-rock o18o values greater than +9.0. Solomon and Taylor 

(1981) note that this high- 18 0 belt corresponds spatially with a belt 

of lat e Precambrian-early Paleozoic, hi gh- 18 0, geosyncl inal sediments, 

which they consider to be the dominant source material for these Creta­

ceous magmas. These geosynclinal rocks thus also probably account for 

at least one source of the magmas with similar o18o values that formed 

the Oligocene central Nevada comple x. 

The variation in o18 o in the magmas of the central Nevada eruptive 

sequences can be discerned on both Figures 2.2 and 2.4. Throughout the 

Early Sequence, with the exception of the one anomalous sample of late­

stage Tp (o 18 o = +9.0), the feldspar o18 o values remain constant within 

experimental error (+9.3 to +9.5, average = +9.4). These o18o values 

show a small, but definite decrease to an average value of +9 .0 in the 
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Figure 2.4 Mineral o18o values from central Nevada complex rocks 

plotted as a function of stratigraphic height, based on the stra­

tigraphic relationships worked out by Ekren et al (1972, 1973a, 1973b, 

1974). The relative thickness of each stratigraphic unit is based on 

the thickness at the actual sample locality; this thickness bears little 

or no relation to the actual volume of the eruptive unit, which is given 

along the right-hand side of each unit. 
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Middle Sequence. The o18o of quartz shows a similar decrease. However, 

quartz also exhibits a greater 18 o; 16 o variability (+10.3 to +11.2, 

average= +10.7 in the Early Sequence versus +10.1 to +10.9, average 

+10.4 for the Mi dd le Sequence); this is in part attributable totem­

perature variations (Fig. 2.3). These feldspar and quartz values indi­

cate that the 3000 km3 mass of Monotony Tuff magma had become about 0.3 

to 0.4 per mil depleted in 180 during the three million years following 

the close of the Early Sequence eruptive cycle. This small 18 0 deple­

tion in the Monotony Tuff could be the result of (a) assimilation of al­

tered, 180-depleted, volcanic country rocks (which have not been looked 

for in the area of the calderas); or (b) a change in the o18o of the 

primary magmas, possibly related to a different source region. Inasmuch 

as all the magma batches have similar chemical compositions (quartz 

latite to rhyolite) with no correlation between o18o and petrographic 

type, it is simpler to explain the o18 o variations as resulting from 

differences in the amount and type of high-level assimilation of country 

rocks by the primary magmas. 

Following the great Monotony Tuff eruption, there was another 

quiescent period of 1.0 to 1.5 m.y. prior to eruption of the much less 

voluminous Tuff of Lunar Cuesta (Tlc). The latter exhibits higher 

feldspar o18o values (+9.0 to +9.8, average +9.3), similar to those 

of the Early Sequence and possibly indicating a return to the primary 

o18 o value for the magma in this area. Very shortly after the Tlc 

eruption, the relatively tiny eruptions of Tbp and Tq l occurred, and 

this may have been accompanied by another decrease in o18o attributable 

to assimilation of low-18 o roof rocks (Tbp: +8.2; Tql: +8.2 to +8.9, 
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average = +8.6). However, as indicated above, these small changes 

in a18o conceivably could be due to minor hydrothermal alteration, or 

to changes in the alSo of the source materials of the original magmas. 

Although we have emphasized the changes in alSo with time in the 

above discussion, the major conclusion indicated by the data in Figures 

2.2 and 2.4 is the remarkable constancy in a1So of the rhyolite and 

quartz latite magmas erupted over a period of more than 6 m.y. in the 

central Nevada caldera complex. This is particularly true if we assume 

that some of the later-stage magmas such as the Tql ring dome have been 

hydrothermally altered. Thus, although we specifically entered this 

project looking for low- 1So magmas of the type found by Friedman et al 

(1974) and Lipman and Friedman (1975) in the Yellowstone and southwes­

tern Nevada caldera complexes, it is clear that such low- 1So magmas are 

either very rare or totally non-existent in the central Nevada caldera 

complex. It is not at all obvious why the lSo depletions should be so 

extensive and dramatic at Yellowstone and in the Claim Canyon-Oasis 

Valley caldera complexes, and virtually non-existent in the rocks we 

have studied. Perhaps the development of low- 18 o rhyolitic magmas re­

quires a unique set of circumstances involving an interplay between the 

timing and location of caldera collapse and the vagaries of the hydro­

thermal circulation system. 

2.6 lSo; 16 o Variations within Individual Ash-Flow Tuffs 

Mineral o18o data are plotted as functions of stratigraphic posi­

tions within each volcanic unit in Figure 2.4, and the 6 18 0 fractiona­

tion data are plotted in a somewhat analogous fashion in Figure 2.5. 
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Figure 2.5 6 18 0 quartz-feldspar and quartz-biotite fractionations 

for the central Nevada complex plotted as a function of relative height 

of the sample. Fields for all the units show negative slopes for both 

fractionations. These slopes indicate a vertical temperature gradient 

in the magma chamber, with larger fractionations (lower equilibration 

temperatures) characterizing the phenocryst assemblages near the roof 

of the magma chamber prior to eruption of each of these units. 
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The thicknesses of the tuffs and flows are variable, and the thicknesses 

used in Figure 2.4 correspond to the thickness of a unit where it was 

sampled . Twm is at least 1 km thick and the base of the unit is not 

exposed. The two samples of this unit (CN-21 and CN-24) were both col­

lected within 50 m of the top of the unit and are plotted as such on 

Figure 2.4. 

Mineral-mineral fractionations typically decrease systematically 

within each tuff unit as one goes from the lower to the higher samples. 

This supports the previous interpretations in Section 2.4 that these are 

close to equilibrium 18 0 fractionations because: (1) We would~ priori 

expect that the temperatures would increase upward in each unit, as the 

upside-down stratigraphy means we are actually sampling deeper into the 

magma chamber; and (2) The equilibrium ~ 18 0 values within a single tuff 

unit should all decrease systematically with an increase in temperature, 

because any chemical variations (fluorine, etc . ) are expected to be 

smaller within a single unit than they would be in a whole series of 

different a sh-flow sheets. Thus, the isotope data in Figure 2.5 indi­

cate that a thermal gradient existed along the upper margin of the 

magma chamber prior to the eruption of most of the tuff units . The 

lowermost portions of the ash-flows (uppermost portions of the magma 

chamber) exhibit the largest mineral-mineral 18 0 fractionations, com­

patible with cooler temperatures adjacent to the roof of the magma 

chamber. 

The effects described above are best developed in the Early Se­

quence eruptives. The middle eruptive (Tm) does not exhibit very sys­

tematic patterns on Figure 2.5, particularly for ~ 18 0 quartz-biotite. 
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The late sequence eruption (Tlc) also does not show this pattern, 

particularly if the lowermost Tlc sample (CN-23, the one with the very 

large quartz-biotite fractionation, +4.1 per mil) were to be deleted 

from the diagram. CN-22, collected just above CN-23, has the smallest 

quartz-biotite fractionation (+2.7 per mil) of the Tlc samples, and the 

two uppermost Tlc samples (CN-14 and CN-15) exhibit intermediate frac­

tionations of +3.1 and +3.4, respectively. It may not be a coincidence 

that the least systematic ~lSo fractionation patterns are found in 

those units (Tm and Tlc) that have the lowest bulk alSo values. This 

might be taken as indicating that the small degree of alSo lowering in 

these magma chambers was indeed caused by stoping and assimilation of 

hydrothermally altered roof-rocks, thereby imparting a relatively 

heterogeneous lSo pattern to the upper parts of these particular magma 

chambers. 
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CHAPTER 3 

CENTRAL SAN JUAN CALDERA COMPLEX 

3.1 Evolution of the Central San Juan Caldera Complex 

The central San Juan caldera complex is a product of the caldera­

forming calc-alkaline magmatism of the San Juan volcanic province de­

scribed in Part I of this thesis. Eight ash-flow tuffs related to 

collapse in the central San Juan caldera complex are recognized (Ratte 

and Steven, 1967; Steven and Lipman, 1976). The distribution of these 

units in and adjacent to the complex were studied by Lipman and Steven 

(1976), Steven (1967), Steven and Lipman (1973), Steven and Ratte 

(1973). Evolution of the caldera complex is summarized in Table 3.1, 

and the structural evolution of the caldera complex is shown in Figure 

3.1ahc. The rocks into which the caldera complex were emplaced consist 

of the products of the earlier San Juan intermediate calc-alkaline vol-

canism. 

The earliest major eruption from the central San Juan complex, the 

Fish Canyon Tuff (Tfc), had a volume greater than 3000 km3. This erup­

tion is the largest single event in the history of the central San Juan 

Mountains, and it resulted in collapse of the great La Garita caldera 

(Fi g . 3.1a) (Steven and Lipman, 1976). This widespread tuff is a chemi­

cally and mineralogically homogeneous quartz latite, and contains about 

40 percent phenocrysts (plagioclase > sanidine > hornblende = biotite > 

quartz) (O'Leary and Whitney, 1981; Whitney and Stormer, 1983). Analy­

ses of iron-titanium oxides suggest magmatic temperatures of about 760°C 

at the stratigraphic base and about 810°C at the top (O'Leary and 
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Table 3.1 Volumes and ages of rocks erupted from the central San 

Juan caldera complex. The rocks are listed in stratigraphic order, with 

the youngest above and the oldest at the bottom. Also shown are abbre-

viations for the units as used in the text. 

Unit Volume 

Fisher quartz latite (Tf) 10-100 km J ( 2) 

*snowshoe Mountain Tuff (Ts) >500 km 3 (3) 

Volcanics of Stewart Peak ? 

*Nelson Mountain Tuff (Tnr) >500 km 3 ( 3) 

*Rat Creek Tuff (Tnr) <100 km3 ( 3) 

*Wason Park Tuff (Tw) 100- 500 km 3 (3) 

*Mammoth Mountain Tuff (Tm) 100-500 km 3 ( 3) 

Farmers Creek Tuff 10-100 km 3 (2) 

Shallow Creek Quartz Latite (Tsc) +5 km 3 

*carpenter Ridge Tuff (Tcr) >500 km 3 ( 3) 

Miners Creek Rhyolite (Tmc) 1 km 3 

*Fish Canyon Tuff (Tfc) >3000 km 3 

Age (1) 

26.4 bi(3) 

26.7 bi(4) 

27.7±0.8 
bi ( 4) 

(1) All ages are m.y. ago, K-Ar; bi =biotite; analytical 
uncertainty given where listed by original authors. (2) 
Ratte and Steven (1964). (3) Steven and Lipman (1976). 
(4) Lipman et al (1970). 

* denotes eruption related to caldera collapse 

Caldera 

Creede 

San Luis 

early 
San Luis 

Creede 
area 

Creede 
area 

Bachelor 

La 
Garita 
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Figure 3.labc Evoletion of the central San Juan caldera complex 

(from Steven and Lipman, 1976). (a) Volcanism began with eruption of 

the voluminous Fish Canyon Tuff (3000 km 3 ) and collapse of the La Ga­

rita caldera about 28 m.y. ago. This was followed by eruption of the 

Carpenter Ridge Tuff and collapse of the Bachelor caldera on the western 

margin of the La Garita caldera. (b) The only intermediate-age ash­

flows in this complex that can be traced to well-defined sources are the 

Rat Creek Tuff and Nelson Mountain Tuff, both of which erupted from the 

San Luis caldera on the northwestern margin of the La Garita caldera. 

The eruption of the Cochetopa Park Tuff to the north closely followed 

the collapse of the San Luis caldera. (c) The final caldera collapse in 

the central San Juan complex, the Creede caldera, occurred in response 

to the eruption of the Snowshoe Mountain Tuff. Lavas of the Fisher 

quartz latite (about 26.4 m.y. old) occur as domes around the periphery 

of the Creede caldera. 
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Whitney, 1981). Outside the La Garita caldera the tuff ranges from 30 

to 200m thick, and accumulated to greater than 1.4 km thick within the 

caldera (Steven and Lipman, 1976). The only ring-fracture volcanism 

possibly related to the La Garita caldera is the porphyritic rhyolite 

dome of Miners Creek (Tmc), which may have erupted from a source on the 

western caldera margin. Tmc comprises 20 percent phenocrysts (sanidine 

plagioclase > biotite) (Steven and Ratte, 1965). 

The other ash-flows and lavas produced from the caldera complex 

after the gigantic eruption of Fish Canyon Tuff all erupted from sources 

along the western margin of the La Garita caldera (Fig. 3.1bc). The 

mineralogy of most of these units is summarized by Ratte and Steven 

(1964) and is shown on Figure 3.2. The Bachelor caldera formed in re­

sponse to the eruption of the Carpenter Ridge Tuff (Tcr) (Steven and 

Lipman, 1976). The Bachelor Mountain member of Tcr (Bachelor Mountain 

rhyolite of Ratte and Steven, 1964) fills the collapsed block of the 

Bachelor caldera to 1.5 km (Steven and Lipman, 1976). Outflow Tcr is 

less than 400 m thick and is in places compositionally zoned from a 

lower rhyolite to an upper quartz latite. The Shallow Creek quartz 

latite lava dome (Tsc) was then extruded along the western margin of 

the Bachelor caldera. Steven and Ratte (1965) note that samples of 

fresh, unaltered Tsc are very rare. 

Eruption of the small Farmers Creek Tuff (Farmers Creek rhyolite 

of Ratte and Steven, 1964) initiated the Mammoth Mountain eruptive 

cycle (Steven and Lipman, 1976). This was followed by eruption of the 

Mammoth Mountain Tuff (Tm) (Mammoth Mountain rhyolite of Ratte and 

Steven, 1964). Tm is highly variable in thickness and accumulated to 
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Figure 3 . 2 Mineralogy of some of the ash-flows and lavas erupted 

from the central San Juan caldera complex (modified after Ratte and 

Steven, 1964; Steven and Ratte, 1965; and Lipman, 1975) . Note that 

Steven and Lipman (1976) have significantly reinterpreted the evolution 

of these calderas, and this list has been expanded to include all units 

listed in Tables 3.1 and 3.2 (consult those tables for an explanation 

of the unit symbols). Mineral abbreviations for composition of pheno­

crysts are: P, plagioclase; K, sanidine; Q, quartz; B, biotite; M, mag­

netite; P, pyroxene; A, amphibole. M indicates that mineral makes up 

more than 10 percent of total phenocrysts; m indicates less than 10 

percent; and o indicates a trace or not present. Except for the ear ­

liest ash-flow (Tfc), phenocryst abundances tend to increase in the 

successively younger eruptions (Ratte and Steven, 1964) . 
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greater than 500 min topographic lows (Steven and Lipman, 1976). 

Locally, Tm is zoned from a basal crystal-poor rhyolite to an upper 

crystal-rich quartz latite (Ratte and Steven, 1964, 1967). Tm is 

postulated to have erupted from a source in the area of the subse­

quent Creede caldera (Steven and Lipman, 1976). Similarly, the Wason 

Park Tuff (Tw) (Wason Park rhyolite of Ratte and Steven, 1964), which 

followed the Mammoth Mountain Tuff, has a postulated source within 

the area of the subsequent Creede caldera (Steven and Lipman, 1976). 

The Rat Creek and Nelson Mountain Tuffs (collectively Tnr) were 

then sequentially erupted from the San Luis caldera (Fig. 3.1b) (Steven 

and Lipman, 1976). T~ e rhyolitic Rat Creek Tuff varies widely in thick­

ness (to a maximum of about 200 m) because of rough underlying topo gra­

phy, whereas the quartz latitic Nelson Mountain Tuff accumulated to at 

least 1.5 km thickness within the collapsed block of the San Luis cal­

dera and to 300 m thickness outside the caldera (Steven and Lipman, 

1976). Intermediate to silicic volcanics of Stewart Peak were then 

erupted within the collapsed block of the San Luis caldera (Steven and 

Lipman, 1976). Eruption from the Cochetopa Park caldera, north of the 

central San Juan complex, deposited the Cochetopa Park Tuff in the San 

Luis caldera area (Steven and Lipman, 1976) 

The final ash-flow eruption from the central San Juan complex was 

the Snowshoe Mountain Tuff (Ts) (Snowshoe Mountain quartz latite of 

Ratte and Steven, 1964), which erupted from the Creede caldera (Fig. 

3.1c). Smith and Bailey (1968) used the Creede caldera as one example 

of a typical resurgent cauldron. Perhaps up to 2 km of Ts fill the 

Creede caldera, but outflow Ts is . thin and not widespread (Steven and 
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Lipman, 1976). Caldera-fill Ts is pervasively weakly altered (Steven 

and Ratte, 1965). Eruption of Ts was followed by the extrusion of 

flows of the Fisher quartz latite (Tf) around the periphery of the 

Creede caldera. 

3.2 Oxygen Isotopic Analyses of Coexisting Minerals from the Central 
San Juan Caldera Complex 

Sampling procedures for rocks from the central San Juan caldera 

complex are similar to those described in Chapter 2 for rocks from 

the central Nevada caldera complex. Sample preparation was identical 

to that of the Nevada samples. Analyses of mineral separates from the 

central San Juan samples are shown in Table 3.2. Quartz is only 

rarely found as a phenocryst mineral in the San Juan ash-flows and this 

is reflected by the small number of quartz analyses shown in Table 3.2. 

Also, the central San Juan calderas have been affected by widespread 

hydrothermal alteration; this alteration is not always manifest in hand 

samples, and thus some data in Table 3.2 represent analyses of altered 

rocks. The 6 1 0 values in such rocks are lower than those in unaltered 

igneous rocks. Feldspar analyses in Table 3.2 include both K feldspar 

and plagioclase, because these minerals are not readily separated during 

hand picking. However, the feldspar separates generally were made up of 

more than 50 percent sanidine. Hornblende, magnetite, and pyroxene are 

found as accessory phases in many of the ash-flows from the central San 

Juan caldera complex. In rocks where these minerals occur in suffi-

cient quantity as large grains, they were hand picked and analyzed. 

The matrix of the Miners Creek rhyolite dome consists of green and 
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orange devitrified vo lcanic glass. Fragments of these two glass types 

were hand picked and analyzed. Analyses were also made on a number of 

whole -rock samples, all from aliquots prepared by crushing one to two 

grams of unweathered rock. 

3.3 Possible Effects of Post-Magmatic Alteration on the 18o; 16o Ratios 

Large volumes of volcanic rocks in the central San Juan caldera 

complex have been hydrothermally altered; these hydrothermally altered 

rocks host the Creede and Spar City mining districts (Steven et al, 1974; 

Steven and Ratte, 1965). Any such alteration effects on the measured 

18o; 15o ratios must be taken into account before using these data to 

interpret the o18o variations associated with the mid-Tertiary magma-

tism. 

Areas that contain mineralogically altered rocks were routinely 

avoideo during sampling, but some outcrops that were sampled and ana ­

lyzed were subsequently found to exhibit mineralogical alteration under 

the petrographic microscope. For example, two specimens of Tcr (CC-17, 

CC-18) were found to contain heavily argillized plagioclase. Even 

though this plagioclase could be avoided in the mineral separations 

(the analyzed feldspars from these two samples were nearly pure sani ­

dine), the sanidine from CC-18 was found to have a a 1So value of +6.1, 

1.1 per mil lower than feldspars from the other three analyzed Tcr sam­

ples. This low-a 1So value suggests that the sanidine in CC-18 exchanged 

oxygen with the low 18 0 meteoric-hydrothermal fluid that was probably 

responsible for the alteration of the plagioclase. Note, however, that 

sanidine from the other altered sample (CC-17) has a o18o value of +7.2, 
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identical to feldspar from two unaltered Tcr samples (CC-16, CC-47). 

The sanidine from CC-17 thus does not appear to have exchanged appre­

ciably with meteoric-hydrothermal fluids. 

The alSo values of quartz and feldspar are plotted against alSo of 

coexisting biotite in Figure 3.3. Sample CC-20, from a Tf ring dome of 

the Creede caldera, was deleted from this figure; this was done on the 

basis of the anomalously small ~ feldspar-biotite fractionation of 0.4 

per mil, as well as because this sample contains hydrothermal calcite 

and quartz in microveinlets. The small fractionation indicates non­

equilibrium, and means that one (or both) of these minerals probably ex­

changed oxygen with the same hydrothermal fluid that produced the micro­

veinlets; however, in thin section, there is no obvious mineralogical 

alteration of the feldspar or biotite. 

Two samples of Ts (CN-23, CN-26) were also excluded from Figure 3.3 

because they show evidence of hydrothermal alteration: (1) CC-23 exhi­

bits carbonate alteration of pyroxene phenocrysts; the 6 feldspar-bio­

tite fractionation for this sample is much too small to represent equi­

librium (0.0 per mil). (2) CC-26 is not obviously mineralogically al­

tered, but it has a low ~ fel d ~ar-biotite fractionation of 0.5 per mil 

and an anomalously large ~quartz-feldspar value of 1.9 per mil. The 

most plausible explanation for the anomalous ~lSo values in these two 

samples is post-crystallization oxygen isotope exchange with a meteoric­

hydrothermal fluid. Also, both samples are intracaldera facies from the 

Creede caldera; by analogy with what we know about the Lake City and 

other caldera hydrothermal systems (Part I of this thesis), it is not 

unreasonable that caldera-wide meteoric-hydrothermal activity occurred 
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Figure 3.3 a lSo of quartz and feldspar plotted vs. the alSo of 

biotite for the central San Juan complex samples. The numbers in 

the fields refer to the following units: (1) Tfc; (2) Tmc; (3) Tcr; 

(4) Tm; (5) Tw ; (6) Tnr; (7) Ts; (8) Tf. These units are numbered 

sequentially in order of their eruption, from oldest to youngest. 

See text for discussion. 
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in the Creede caldera shortly after it formed. 

Three samples of the Shallow Creek Quartz Latite dome (CC-38, CC-

39, CC-40) were found to be so intensely mineralogically altered that 

analyses of mineral separates for these samples were not even attempted. 

A whole -rock alSo value of +5.7 for CC-40 is suggestive of relatively 

high temperature oxygen isotopic exchange with a meteoric-hydrothermal 

fluid. Lower temperature hydration and alteration is probably respon­

sible for the intensely argillized feldspars in CC-39, which has a 

whole-rock alSo value of +9.4. By analogy to CC-39, CC-38 (whole-rock 

alSo = +9.6) is also probably altered, although a petrographic thin 

section of this sample is not available to confirm mineralogical al­

teration. In hand sample, feldspars in CC-38 show the same clouded, 

white discoloration that is evident in both CC-39 and CC-40. 

The two samples of perlitic Miners Creek Rhyolite (CC-41, CC-42) 

were collected within a meter of each other at the same outcrop. No 

evidence of hydrothermal alt e ration in this outcrop was noted during 

sampling, although sample CC-4 2 is highly oxidized. Because perlites 

are typically enriched in lSo by low-temperature hydration processes 

(Taylor, 1968), it was not surprising to find glass and whole-rock 

alSo values of +11.8 to +12.9 in these samples. However, it was some­

what surprising to find that the ~ 18 0 feldspar-biotite fractionations 

in the phenocrysts from these two samples were quite differen t (1.1 and 

0.5, respectively). The 1.1 per mil fractionation for CC-41 is within 

the normal range of magmatic values. The 0.5 per mil fractionation for 

oxidized sample CC-42 lies below the normal range, and thus these data 

are not plotted on Figure 3.3 and are not considered in the following 
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discussion of magmatic o18o values of the central San Juan caldera 

complex. The unoxidized sample CC-41 is used in the discussions below 

as the only representative of the Miners Creek Rhyolite. 

All of the other data-points plotted on Figure 3.3 form very 

tight, close-knit groupings. A similar plot (Fig. 2.2, discussed in 

Chapter 2) shows similar tight groupings for the central Nevada calde­

ra complex. The phenocryst mineral assemblages for the central San Juan 

caldera complex, excluding Tfc sample SF-5 (see below), but including 

two samples of outflow-facies Sunshine Peak Tuff from the Lake City cal­

dera (Part I of this thesis) exhibit the following 18o; 16 o fractiona-

tions: 

Range (per mil) 

Mean (per mil) 

No. of Samples 

0.8 to 1.6 

1.2 

8 

1.6 to 3.2 

2.2 

6 

0.6tol.7 

1.1 

23 

The above values are very similar to values obtained on the central 

Nevada caldera complex, as well as those obtained by other workers stu­

dying fresh, unaltered volcanic rocks (Taylor, 1968; Stuckless and 

O'Neil, 1973; Friedman et al, 1974; Lipman and Friedman, 1975). Thus, 

although we cannot rule out the possibility that some of these pheno­

crysts were slightly disturbed by post-magmatic alteration, there is no 

reason to invoke such an explanation; all of the data can be thought of 

as "quenched-in" primary igneous values, except those specifically men­

tioned above in connection with the discussion of hydrothermal altera­

tion. The o18 o variations and ~ 18 0 effects can be attributed to 
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phenomena taking place in the respective magma chambers prior to erup­

tion. 

3.4 Oxygen Isotopic Fractionations among Coexisting Minerals and Rocks 

The individual ash-flow eruptive units from the central San Juan 

caldera complex each plot in a distinctive position on Figures 2.3 and 

3.3. As was the case for the central Nevada caldera complex, although 

the 18o; 15o variations are small, they clearly are not random; each 

eruptive unit has a characteristic oxygen isotopic signature. There 

is no obvious systematic variation in ~ feldspar-biotite (lower series 

of data points on Fig. 3.3) in going from older to younger units. These 

data thus might be taken as indicating that most of the magmas from the 

central San Juan caldera complex erupted at about the same average tem­

perature. Although some suggestion of a temperature effect appears in 

the ~quartz-biotite values (upper series of data points on Fig. 3.3), 

there really are not enough 6 18 0 quartz analyses to establish a pattern 

(remember that quartz phenocrysts are very rare in most of the central 

San Juan tuffs). 

The above statements need to be qualified to a certain extent, be­

cause for some of the units (notably Tw and Tnr), the data-points 

plotted on Figure 3.3 do not cover the complete stratigraphic range. 

Comparison with Figures 3.5 and 3.6 below shows that the Tw samples are 

all from near the roof of the Tw magma chamber whereas the Tnr samples 

are all from the deeper parts of the Tnr magma chamber. Thus, if we 

were to neglect any complications caused by variable fluorine concen­

trations in the biotite (see Section 3.7), and assuming a close approach 
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to equilibrium, we can make a tentative ranking of these eruptions 

according to their average 18o; 15o "temperatures". Figures 3.3, 3.5, 

and 3.6 suggest the following sequence from highest temperature to 

lowest: (l) Tcr, (2) Tm and Tw, (3) Tfc, (4) Tnr, and (5) Ts. It is 

interesting to note that the lowest temperatures are observed in the 

latest-stage units Tnr and Ts, which are also the ones that characteris-

tically have the highest phenocryst contents and the highest concentra-

tions of hydrous minerals like biotite and amphibole (see Fig. 3.2). 

Thus, all of these data are compatible with higher PH 0 (and lower T) 
2 

in some of the later-stage magmas from the central San Juan complex. 

These magmas also display slightly lower overall o18o values (see Sec-

tion 3.5 below), compatible with some direct or indirect involvement 

with meteoric ground waters. 

The giant, earliest-stage eruption in the central Nevada caldera 

complex (Tuff of Williams Ridge and Morey Peak) has very large 6 feld-

spar-biotite and 6 quartz-biotite values. These data can be interpreted 

(Section 2.4.2) as indicating that the magma chamber from which this 

tuff erupted was relatively H20-rich. However, the gigantic Fish Canyon 

Tuff (3000 km3), the earliest and largest ash-flow to erupt from the 

central San Juan caldera complex, shows the opposite relationship: the 

Tfc samples have 6 feldspar-biotite values that are consistently about 

as low or lower than in any other ash-flow studied in this work. If the 

large Twm and Tfc eruptions were both triggered by the same mechanism 

(e.g. a pressure-release event and rapid exsolution of the dissolved 

magmatic H20), it is clear that this mode of eruption does not produce 

consistent o18 o patterns, nor does it lead to similar o18 o effects in 
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subsequent eruptions from the magma chambers (compare Figs. 2.2 and 

3.3). 

Although the Tfc samples are in general amazingly uniform, with 

~ 18 0 quartz-feldspar= 0.7, 0.8, 0.8, and 1.0, and ~ 18 0 feldspar-biotite 

= 1.1 ± 0.2 (6 samples), one sample of Fish Canyon Tuff (SF-5) has an 

unusually low 6 18 0 quartz of +7.5 and a very small ~ 18 0 quartz-feldspar 

value of 0.5. This sample has not been affected by hydrothermal altera­

tion, but it does contain numerous xenoliths. This outcrop of Tfc con­

tains about 20 percent xenoliths up to 3 em in length. These xenoliths 

consist of about equal proportions of older ash-flow tuffs and ande­

sitic volcanic rocks, both of which must have been derived from the 

older San Juan volcanic rocks. The xenolith-bearing sample was col­

lected from a relative height of 0.20 above the base of Tfc, along the 

same traverse that includes samples SF-2 and SF-3. In fact, SF-3 also 

was collected from the same relative height of 0.20 above the base of 

Tfc. Therefore, little weight is attached to sample SF-5 in the 

followin g discussion. 

Hornblende, pyroxene, and feldspar 6 18 0 values from the central 

San Juan caldera complex are plotted vs. the whole-rock 6 180 values of 

the samples in Figure 3.4. ~ feldspar-hornblende fractionations range 

from 0.8 to 1.4 per mil, and~ feldspar-pyroxene fractionations range 

from 0.4 to 1.6. A series of diagonal 45° lines are shown on Figure 3.4 

at ~ = -2, 0, and +2 per mil. The shaded region on Figure 3.4 represents 

the normal magmatic wholerock-feldspar fractionations of 0.0 to +0.3 

per mil (Taylor, 1968). If the ~ wholerock-feldspar fractionations from 

the central San Juan caldera complex represent equilibrium magmatic 
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Figure 3.4 o18 o whole-rock values from the central San Juan complex 

plotted vs. o18o values of feldspar, hornblende, and pyroxene. Also 

shown are 45° lines of 6 = -2, 0, and +2 per mil. The shaded area 

in the feldspar field shows the range of normal magmatic 6 wholerock­

feldspar fractionations of 0.0 to +0.3 per mil (Taylor, 1968). M::lst 

of the whole-rock o18o values are higher than predicted from the feld­

spar o18 o values and the normal magmatic fractionations. This is pro­

bably a result of low-temperature oxygen isotopic exchange between 

volcanic glass and meteoric ground waters (Taylor, 1968). 
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fractionations they should plot within this shaded region. Nearly 

all of the data plot outside this shaded region on Figure 3 . 4, indica­

ting that these fractionations are not magmatic. Both the feldspar and 

the hornblende-pyroxene fields on Figure 3.4 are elongate parallel 

to the alSo whole-rock axis; this indicates that the whole-rock alSo 

values have been increased by a post-magmatic process that has not af­

fected the phenocryst mineral alSo values. The most plausible process 

that can account for these data is near-surface, low-temperature oxygen 

isotopic exchange between meteoric ground water and the glassy matrix of 

the ash-flows and lava domes. Taylor (1968) noted that this process is 

widespread in young, glassy volcanic rocks, and our work again empha­

sizes that it is virtually useless to try to study magmatic phenomena by 

analyzing whole-rock a1So values of volcanic rocks, unless the rocks 

were erupted very recently. This interpretation is supported by a1So 

values of perlitic orange glass (+12.9) and perlitic green glass (+12.4) 

from CC-41 (Tmc). 

3.5 alSo Variations in the Eruptive Units with Time 

Like the rocks erupted from the central Nevada caldera complex, 

rocks erupted from the central San Juan caldera complex have monoto­

nously nearly consistent mineral a1So values, both from one eruptive 

unit to the next and within any one particular unit (Fig. 3.3). In 

fact, the San Juan samples are, if anything, more uniform than the 

central Nevada samples, even though hydrothermal alteration is more 

widespread and more pervasive in the central San Juans (Section 3.3). 

All analyses of minerals separated from the central San Juan cal-
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dera complex are plotted in Figure 3.5 in their respective stratigraphic 

order. Based on stratigraphic relationships and the feldspar o18o data, 

it is possible to divide these units into two groups: (1) an early, 

higher- 18 o sequence that includes all units erupted sequentially from 

Tfc through Tm, with feldspar 6 180 values all practically identical 

within experimental error, +6.9 to +7.3, and (2) a later, lower- 18o 

sequence that includes Tw, Tnr, and Ts, that has feldspar o18o values 

in the range +6.3 to +6.9. Inclusion of the Snowshoe Mountain Tuff 

samples in the latter group must be qualified because the Ts samples 

contain visible mineralogic alteration (clinopyroxenes partially altered 

to calcite); thus the feldspar 6 180 values in the Ts samples may have 

undergone some change from their original igneous values, as the feld­

spars very likely exchanged some oxygen with the same hydrothermal 

fluids that altered the clinopyroxene phenocrysts. Note that the 

lowest- 18 0 feldspars in the central San Juan complex come from these 

altered Ts samples (Figs. 3.3 and 3.5). However, arguing against this 

is the fact that the o18o values of quartz phenocrysts from two Ts 

samples (both +8.2) are identical to the +8.2 value for one sample of 

Tnr, suggesting similar o18o values for both magmas. 

Using a magma-felcispar fractionation of 0.3 (Taylor, 1968), we can 

infer that the early, higher- 18o sequence had magma o18o values in the 

range +7.2 to +7.5, whereas the later, lower- 18o sequence had a range of 

+6.8 to +7.2 (perhaps extending down as low as +6.6 if the o18o values 

of the Snowshoe Mountain feldspars indeed represent primary igneous 

values). These values are all well within the range of "normal" inter­

mediate to silicic igneous rocks (Taylor, 1968). Note also that the 
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outflow facies of the Sunshine Peak Tuff from the Lake City caldera 

plots within this range, overlapping most closely with the later se­

quence Tnr and Tw rocks (Fig. 3.5). The shift in o 18o values from 

the early to the late sequences (about 0.3 per mil) is small, and 

similar to the 180 shift observed between the Early and Middle Sequence 

in the central Nevada complex (Chapter 2). Even though these variations 

are very small and in fact barely greater than analytical uncertainty 

(±O.l per analysis, thus for comparison of two data points is ±0.2), it 

is clear from the consistency of the results that the trend is real. 

This 180 shift must be a result of: (1) A significant change in magmatic 

temperature from the earlier sequence to the later sequence, enough t o 

affect the 18o; 16o fractionations between the phenocrysts and the magma 

by at least 0.3 per mil. However, the feldspar-biotite fractionations 

(Fig. 3.3) change most markedly at the Tw-Tnr boundary, not at the 

early-late sequence boundary, suggesting that variation in temperature 

is not the explanation; (2) Fractional crystallization that is dominated 

by some high-o 18o mineral, like quartz; (3) Assimilation of altered, 

180-depleted volcanic rocks; or (4) Variations in the o 18o values in 

the primary deep-seated magma sources. Fractional crystallization of 

quartz can be ruled out in general, and particularly in these magmas, 

which contain only very tiny amounts of phenocryst quartz (Fig. 3.2). 

Thus, the most likely explanation of the shift to lower o 18o values is 

either a relatively modest amount of assimilation of low- 18o, hydro­

thermally altered roof rocks or a change in the deep-seated source 

regions from which the magmas were derived (thus pushing the problem so 

far down that we are unable to say much of anything about it). 
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3.6 lSo; 15o Variations within Individual Ash-Flow Tuffs 

Mineral alSo values and isotopic fractionations (6 values) are 

plotted as functions of stratigraphic position in individual ash-flow 

units in Figures 3.5 and 3.6. Unit thicknesses in Figure 3.5 are thick­

nesses of the units where they were sampled. Mineral-mineral lSo 

fractionations for most of the units show small, but systematic varia­

tions as a function of sample height within a given volcanic unit (Fig. 

3.6). In particular, the 6 1So quartz-biotite values for the Fish 

Canyon Tuff (Tfc) show a well-defined decrease upward in the section, 

indicating a small thermal gradient (temperatures decreasing roofward) 

in the magma chamber prior to eruption of this voluminous (> 3000 km 3 ) 

ash-flow. These data are consistent with the temperature gradients in 

Tfc as defined by analyses of iron-titanium oxides (O'Leary and Whitney, 

1981). Although we cannot say anything about the absolute temperatures 

from the alSo data, based on these oxide analyses, O'Leary and Whitney 

(1981) determined a magmatic temperature of 760°C at the stratigraphic 

base of Tfc and 810°C at the top. 

Except for one anomalous sample (CC- 34), feldspar -bi otite frac­

tionations for Tm (Fig. 3.6) are remarkably unif orm throughout the sec ­

tion where this unit was sampled. This suggests either (1) little or no 

temperature variation in the phenocryst assemblage throughout this 

entire sample traverse through the Mammoth Mountain Tuff (from 0.07 to 

0.87 relative height, Table 3.2), or (2) that any temperature-gradient 

effect is counteracted by fluorine concentration gradients of the type 

found for the Fish Canyon Tuff (Section 3.7). Ratte and Steven (1967) 

note that Tm is locally zoned from a lower crystal-poor rhyolite to an 
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Figure 3.5 a lSo values of the mineral separates of rocks from the 

central San Juan caldera complex plotted as a function of stratigraphic 

position. The alSo values are generally very uniform; however, an 

abrupt lowering of alSo feldspar (and thus of alSo magma?) occurs at 

the boundary between Tm and Tw, and the late sequence is consistently 

lower in lSo than the early sequence. The l So; 16 o variability 

within individual units is not quite as pronounced as noted for the 

central Nevada caldera complex samples (compare with Figs. 2.4 and 2.5). 
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Figure 3.6 ~ 18 0 feldspar-biotite and ~ 18 0 quartz-biotite frac-

tionations plotted vs. relative sample height for the central San Juan 

complex. Data from Tfc exhibit a slight decrease in fractionation 

with stratigraphic height, but data from Tm, a chemically and mineralo­

gically zoned ash-flow, are remarkably consistent through the entire 

thickness of the unit (also see Figs. 3.3 and 3.5). The units that 

exhibit smaller ~ 18 0 values upward in the stratigraphic sequence were 

probably derived from magma chambers having lower temperatures near 

their roofs prior to eruption. Note that the gradients in ~ 18 0 (and 

hence temperature?) in the rocks from the San Juan caldera complex are 

typically steeper and better defined than those observed in the 

central Nevada complex (Fig. 2.5). 
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upper crystal-rich quartz latite. Samples analyzed in this study were 

collected from the First Fork section of Ratte and Steven (1967), who 

describe the tuff from this section as consisting of a lower 1000 feet 

of the crystal-poor facies and an upper 500 to 600 feet of the crystal-

rich facies. All samples from both facies exhibit nearly identical 

phenocryst 6 180 values, except sample CC-34, which contains an unusually 

low- 18 0 biotite but a typical feldspar 6 18 0 value. We do not have any 

idea why sample CC-34 should have such a unique 6 18 0 biotite value; 

there are no indications of any complications, such as hydrothermal 

effects (see Sections 3.3 and 3.4). One possible explanation would be 

that this particular biotite has a very low fluorine content (see 

below). 

3.7 Possible Complications Attributable to High Fluorine Contents 
in the Biotites 

Taylor and Epstein (1962a) hypothesized that 6 18 0 value of the 

hydroxyl oxygen in igneous biotite and hornblende is lower than the 

adjacent silicat-lattice oxygen, and that it might be as much as 10 to 

15 per mil lower than the 6 18 o value of coexisting igneous quartz. 

Hamza and Epstein (1980) obtained some experimental evidence for this 

idea. If this is true, then substitution of fluorine for hydroxyl 

groups would markedly raise the 6 18 0 value of igneous biotite relative 

to the value it would have if the hydroxyl position were occupied 

wholly by OH; this substitution would thus produce lower ~ 18 0 feldspar-

biotite values compared to assemblages where the biotites contain no 

fluorine. Therefore, comparison between the ~ 18 0 feldspar-biotite 

values from the central Nevada (0.6 to 2.1, mean = 1.4) and the central 
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San Juan (0.6 to 1.7, mean= 1.1) complexes conceivably could be inter-

preted as suggesting higher fluorine contents in the San Juan biotites. 

Fluorine analyses of biotites from the central Nevada complex are not 

available. However, microprobe analyses of 5 biotites from 3 samples of 

Fish Canyon Tuff showed that some of these biotites do indeed have very 

high fluorine contents: 

F (weight percent) F (formula positions based 
on two hydroxyl sites) 

SP-1 (A) 6.01 1.57 

SP-1 (B) 4.42 1.04 

SF-2 4.01 0.97 

CC-4 (A) 3.37 0.80 

CC-4 (B) 1.46 0.35 

Unfortunately, the anomalous biotite from sample CC-34 has not yet 

been analyzed for fluorine. 

~ 18 0 feldspar-biotite values are plotted vs. F formula 

positions in biotite for the Tfc samples on Figure 3.7. Opposite to 

what we might have predicted, the ~ 1 8 0 feldspar-biotite values increase 

with increasing fluorine in the biotite. However, another factor must 

be considered; note that sample CC-4 was collected at a relative height 

of 0.95, corresponding to a deep level within the original magma cham-

ber. This sample must have equilibrated at higher temperatures than 

SP-1 and SF-2, which were collected at relative heights of 0.39 and 

0.01, respectively. Thus, the roofward temperature gradients in the 

Tfc magma chamber may be more dramatic than might be inferred by the 

small variation in ~ 18 0 feldspar-biotite. O'Leary and Whitney (1981) 



429 

Figure 3.7 ~l 0 feldspar-biotite values plotted vs. F formula 

positions for three samples of Fish Canyon Tuff (Tfc). CC-4 was col­

lected at a relative height of 0.95 in Tfc, whereas SP-1 and SF-2 were 

collected at relative heights of 0.39 and 0.01, respectively. Biotites 

from sample CC-4 have the lowest F concentrations, and this sample also 

has the smallest ~ 18 0 feldspar-biotite value, contrary to the effect 

expected when fluorine substitutes for hydroxyl in biotite (see text). 

Thus, the small ~ 18 0 feldspar-biotite value in CC-4 therefore must 

reflect equilibration at higher temperatures in the Tfc magma chamber 

than for SP-1 and SF-2, compatible with its higher position in the 

upside-down stratigraphic sequence. 
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used iron-titanium oxides to define a temperature gradient of 760°C at 

the top to 810°C near the base of the Tfc magma. The fluorine effect, 

if it exists, is apparently counteracted by the temperature gradient 

effects . 
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CHAPTER 4 

CONCLUSIONS 

4.1 Comparison with Plutonic Rocks 

Ash-flow magmas erupted from calderas are more-or-less instantane­

ously quenched, and the 6 180 values of phenocrysts are thus "frozen in" 

with their original high-temperature, magmatic values at the time of 

eruption. However, plutonic rocks cool very slowly compared to ash-flow 

tuffs; therefore, subsolidus oxygen isotopic exchange can be expected to 

occur, and has in fact been documented in numerous instances. Accor­

dingly, ~ 18 0 values for igneous minerals from plutonic rocks reflect 

lower-temperature equilibration and are larger than ~ 180 values for 

minerals from ash-flow tuffs (Taylor, 1968). In Figures 4.1 and 4.2, 

ti
18o quartz-biotite and 6

180 feldspar-biotite values from a typical 

granodiorite pluton in the Southern California batholith (Turi and 

Taylor, 1971) are compared with ~ 180 values for ash-flow tuffs from 

the central Nevada and central San Juan complexes (this study), as well 

as with previous data on other ash-flow tuffs (southwest Nevada caldera 

complex, Lipman and Friedman, 1975; Superstition volcanic field, 

Arizona, Stuckless and O'Neil, 1973). 

Figures 4.1 and 4.2 clearly show that ~ 18 0 quartz-biotite and ~ 180 

feldspar-biotite values for the granodiorite pluton from the Southern 

California batholith are much larger than values for the ash-flow tuffs. 

~ 180 quartz-biotite values in the former range from +3.8 to +6.1, 

whereas the range of d
18o quartz-biotite values from all the ash-flow 

tuffs is only +1.3 to +3.2. Distinct differences in 6 180 feldspar-
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Figure 4.1 ~ 18 o quartz-biotite values plotted vs. the o18o values 

of biotites, for a granodiorite pluton from the Southern California 

batholith and for various ash-flow tuffs discussed in the text. 

Data sources are listed in the text. Plutonic rocks cool more slowly 

than ash-flow tuffs, which quench upon eruption. Thus, ~ 180 values 

for plutonic rocks are larger than for ash-flow tuffs, reflecting lower­

temperature, sub - solidus oxygen isotope exchange among the plutonic 

igneous minerals. The steep negative slopes displayed by the various 

data - point envelopes are a reservoir effect; because biotite is an 

accessory mineral (modal abundance < 10 percent in most of these rocks), 

its o18o value responds very sensitively to temperature, whereas the 

o18 o values of the much more abundant quartz and feldspar change only 

slightly. 
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Figure 4.2 ~ 18 0 feldspar - biotite values from the Southern California 

batholith and ash-flow tuffs plotted vs. the o18o values of biotite. 

Data sources are listen in the text. ~ 1 8 0 values for plutonic rocks 

are larger than for ash- flow tuffs, reflecting lower - temperature, sub­

solidus oxygen isotope exchange among the plutonic igneous minerals. 

See Figure 4.2 for an explanation of the steep negative slopes of the 

data-point envelopes. 
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biotite are also observed between the pluton (+3.9 to +4.6) and the 

ash-flow tuffs (0.0 to +2.9), although the granodiorite values are con­

fined to three data points. The granodiorite pluton is, however, only 

used as an example; similar features are found in all plutonic igneous 

rocks. These data demonstrate unequivocally that the minerals in the 

granodiorite continued to exchange oxygen isotopes with one another down 

to well below the solidus temperatures; this took place in the absence 

of meteoric-hydrothermal fluids (Turi and Taylor, 1971). 

It is clear that higher equilibration temperatures are the main 

reason why the ash-flow tuffs have smaller ~-values than the granodi­

orite. However, another effect that needs to be considered is the 

probable higher fluorine content of the ash-flow tuff biotites compared 

to plutonic biotites; this would act in the same direction as increased 

temperature (Section 3.7). A summary of plutonic biotite analyses by 

Deer, Howie, and Zussman (1962) shows that such biotites generally 

contain less than 2 weight percent fluorine . A compilation of vol­

canic biotite analyses by Stormer and Carmichael (1971) shows that 

biotites in volcanic rocks typically contain up to 3.5 weight percent 

fluorine; in fact the lowest fluorine content of any volcanic biotite 

reported by Stormer and Carmichael is 1.55 weight percent . Fluorine 

analyses of biotites from a few samples of Fish Canyon Tuff in this 

thesis are in agreement with these generalizations. This literature 

review of biotite analyses is certainly not exhaustive, and is used 

only to point out the relatively high fluorine contents of volcanic 

biotites . A more detailed study of fluorine- 6 18o correlations in 

igneous biotites would be required to definitively determine the 
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relative importance of equilibration temperatures vs. fluorine content 

of biotite in explaining the differences between volcanic and plutonic 

igneous rocks on Figures 4.1 and 4.2. 

4.2 Temperatures of the Ash-Flow Magmas 

Because the 6 18a values of phenocrysts from ash-flow tuffs are 

"f · .. t th ti f t' ti 1 Al Ba d' · h fl rozen 1n a e me o erup 1on, ver ca u gra 1ents 1n as - ow 

tuffs are also "frozen in" in the upside-down ash-flow stratigraphy; 

these can be used to infer the presence of temperature gradients in ash-

flow magmas prior to eruption (Figs. 2.5 and 3.6). Figure 2.3 is a 

plot of t:. 18a quartz-biotite values vs. t:. 18a quartz-feldspar values for 

the various ash-flow tuffs . With the exception of some possibly altered 

samples from the central San Juan and central Nevada complexes (dis-

cussed in Chapters 2 and 3), most of the data points in Figure 2.3 fall 

between two lines emanating from the origin with slopes of +1.6 and 

+2.8. This suggests a close approach to equilibrium . 

Figures 2.5 and 3.6 plot the relative height of samples from the 

central Nevada and central San Juan caldera complexes vs. the ~::. l Ba 

quartz-biotite and t:. 1Ba feldspar-biotite values of the samples. Data 

points for all these units define fields with negative slopes on Figures 

2 . 5 and 3. 6 . The basal portions of the units (upper levels of the magma 

chambers) typically have much larger e 1Ba values than the upper portions 

of the units (lower levels of the magma chambers). These data show that 

essentially all the magma chambers from which these volcanic rocks 

erupted were thermally stratified; the lowest temperatures existed near 

the roofs of the magma chambers (largest ~ 1 8a values) and the highest 
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temperatures existed in the lower levels of the magma chambers (smal­

lest ~ 1 8 0 values). Although we cannot at present assign any absolute 

values to these ~ 18 0 "temperatues", the Fish Canyon Tuff gradient is 

confirmed by O'Leary and Stormer (1981), who used analyses of iron­

titanium oxides to estimate temperatures of about 760°C at the base of 

Tfc (top of the magma chamber) and 810°C at the top of Tfc (deeper level 

of the magma chamber) . 

Lipman (1971) also used iron-titanium oxide analyses to estimate 

magmatic temperatures of the Topopah Spring and Tiva Canyon Members of 

the Paintbrush Tuff and the Ranier Mesa and Ammonia Tanks Members of the 

Timber MOuntain Tuff, all of which erupted from the southwest Nevada 

caldera complex. Temperatures in the basal parts of these members 

(upper parts of the magma chambers) are 720°C, 660°C, 700°C, and 680°C, 

respectively. Temperatures in the upper parts of these tuffs (deeper 

levels of the magma chambers) are 900°C, ?, 930°C, and 930°C, respec­

tively (the temperature of the upper part of the Tiva Canyon Member was 

not determined by Lipman, 1971). Thus the upper parts of the later, 

low-18o magma chambers formed in the southwest Nevada complex were 20° 

to 60°C lower than the upper parts of the early, high- 18o magma 

chambers. ~ 1 8 0 feldspar-magnetite fractionations for the southwest 

Nevada ash-flow tuffs confirm these temperature gradients and are in 

good qualitative agreement with the iron-titanium oxide temperature 

estimates (Lipman and Friedman, 1975). 

The above discussion makes it clear that similar "temperatures" and 

temperature gradients existed in the ash-flow tuffs erupted from all 

caldera complexes, irrespective of whether strongly 18o-depleted magmas 
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were developed (southwest Nevada) or were not (central Nevada, central 

San Juans) . There are, however, some weak indications that the later­

stage, slightly lower- 18a magmas in the latter complexes typically 

had somewhat lower temperatures, analogous to the effects described 

above for the southwest Nevada complex. 

4.3 The Problem of Low- 18o Magmas 

This study of a18a variations in ash-flow tuffs was initially 

stimulated by earlier investigations of a18o variations in Tertiary ash­

flow tuffs erupted from the southwest Nevada caldera complex (Friedman 

et al, 1974 ; Lipman and Friedman, 1975) and the Yellowstone caldera 

(Friedman et al, 1974). These authors found that the sequentially later 

volcanic rocks erupted from these caldera complexes commonly had much 

lower o18o values than the earliest erupted rocks (by about 3 per mil 

for both complexes, see Fig. 1.1). Because catastrophic ash-flow erup­

tions can shatter hydrothermally altered roof rocks above magma cham­

bers, mechanisms involving stoping and assimilation of these low- 180 

rocks can readily be called upon to account for the development of 

such low- 18a magmas. The data of Friedman et al (1974) and Lipman and 

Friedman (1975), together with earlier data of MUehlenbachs et al 

(1974) on volcanic rocks from Iceland, seemed to indicate that the 

development of low- 18o magmas would be commonplace in such volcanic 

terranes. 

We were therefore quite surprised that our analyses from the cen­

tral Nevada and central San Juan caldera complexes showed only minor 

negative shifts in a18a (typically less than 0.3 per mil) in the 
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sequentially erupted ash- flow tuffs and lava domes . In the central 

Nevada complex, o18o values decrease by about 0 . 3 from the Early 

Sequence to the Middle Eruptive . This is followed by a reestablishment 

of the higher Early Sequence o18o values in the first Late Sequence 

eruption , and the values again decrease by about 0 . 3 to 0 . 6 in the later 

Late Sequence eruptions (see Figs . 2 . 2 and 2 . 4) . Variations in 6 180 

values for rocks erupted from the central San Juan complex are also 

small . A consistent 180 difference of about 0 . 3 per mil is observed 

between the early magmas and the lower- 18o, later-stage tuffs erupted 

from the central San Juan complex (Figs . 3 . 3 and 3 . 5) . 

On Figure 4 . 3, feldspar o18o values are plotted vs . biotite o18o 

values for a number of mid- to late-Tertiary ash-flow tuffs in the wes­

tern United States . This includes data from the central Nevada and 

central San Juan complexes (this study) , the Superstition volcanic 

field , Arizona (Stuckless and O'Neil, 1973) , and the Timber MOuntain­

Paintbrush Tuff , southwest Nevada caldera complex (Friedman et al , 1974 ; 

Lipman and Friedman, 1975) . Nearly all of these data points fall within 

the diagonal ~ 1 8 0 feldspar-biotite boundar i es of +0 . 5 to +2 . 0 . Thus , 

all these tuffs were erupted within basically the same temperature range 

(see also Fig . 2 . 3) . However , note that , whereas the central Nevada, 

central San Juan , and Superstition volcanic rocks each define distinc­

tive, very tight groupings on Figure 4 . 3, implying virtually no magma­

tic 18o; 16o variation, the southwest Nevada samples exhibit a distinct 

lowering of o18o values (by about 3 per mil) from the older eruption in 

each sequence (Ranier Mesa and Topopah Springs Members) to the younger 

eruption (Ammonia Tank and Tiva Canyon Members) . 
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Figure 4 . 3 alSo feldspar values plotted vs. aloo biotite values 

for ash-flow tuffs . Data sources are listed in the text . Diagonal 

lines with 45° slopes are shown for ~lSo = 0, 1, and 2 . Note the 

extremely narrowly defined , but distinctive , ranges in a1So exhibited 

by each of the central Nevada, Superstition, and central San Juan cal­

dera complexes; this contrasts sharply with the large a1So vari a tions 

in the southwest Nevada complex . Ash-flow tuff members from the south­

west Nevada caldera complex are abbreviated as: RM, Ranier Mesa; TS, 

Topopah Springs; TC, Tiva Canyon ; and AT, Ammonia Tank . The Ranier Mesa 

and Ammonia Tank Members make up the Paintbrush Tuff and the Topopah 

Springs and Tiva Canyon Members make up the Timber Mbuntain Tuff . 

Nearly all the data points lie within the ~l S o feldspar-biotite range 

of 0.5 to 2 . 0 . Thus, all of these ash-flows erupted within basically 

the same temperature range . See text for further discussion . 



443 

11----~----~----~--~----~--~ 

10 

'0 
~ .._...9 
0::: 

~ 
U>a 
Cl 
_J 
w 
l.L..7 

0 
(X) 

71>6 

5 

CENTRAL 
NEVADA 
(31 to 25 
m.y.) 

SUPERSTITION (20 to 15 

CENTRAL SAN / 
JUANS (28 to / af-
26 m.y.) 

RM (11.3 m.y.) 

/ 
TS (13.1 m.y.) 

/ 
TC 02.5 m.y.) 

/ 
. TC lavas ("'12 m.y.) 

/ 
AT {11.1 m.y.) 



444 

Why should the southwest Nevada and Yellowstone volcanic fields 

show an order of magnitude greater 180 depletion than the central Nevada 

and San Juan volcanic fields? This is the most striking and remarkable 

problem raised by the present study . Also , why should the first two 

detailed 180/ 150 studies of complex caldera structures show abundant 

evidence for strongly 180-depleted magmas, whereas the next two (this 

work) show such miniscule 180 depletions (barely outside analytical 

error)? These dramatic 18o; 15o differences cannot be attributed to 

variations in the o18o of the associated meteoric ground waters . They 

must be due to some differences in the way the magma chambers at Yellow­

stone and the southwest Nevada complex interacted with their environ­

ment . For some reason , these particular sub-volcanic magma chambers 

interacted much more strongly with hydrothermally altered roof rocks 

or with the meteoric ground waters themselves . Based on the new data 

obtained in the present work, this process (whatever it is) must be much 

less common than heretofor believed (e . g . Lipman and Friedman , 1975, 

page 701, last sentence) . 

Figure 4 . 4 is plot of feldspar o18o values vs . age for the ash-flow 

tuffs shown in Figure 4 . 3 ; it also includes data for the Sunshine Peak 

Tuff erupted from the Lake City caldera, San Juan Mbuntains , Colorado 

(this study, Part I) , for the Bandelier Tuff erupted from the Valles 

caldera, New Mexico (Lambert and Epstein, 1980), and for the ash-flows 

erupted from the Yellowstone caldera, Wyoming (Friedman et al , 1975) . 

Note that ash-flows from all the caldera complexes plotted on Figure 4 . 4 

show some degree of negative o18o shifts from older to younger erup­

tions , except the Valles caldera and the Lake City caldera where only 
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Figure 4 . 4 6 18 0 feldspar values from ash-flows plotted vs . the age 

of the ash-flow eruptions . See text for data sources . 6 180 values 

decrease by about 3 per mil from early eruptions to later eruptions for 

two caldera complexes that are less than 15 m. y . old . Only small o18o 

shifts occur in ash-flows erupted from caldera complexes with ages 

greater than 25 m. y . This gap in time also corresponds to the initia­

tion of Basin-Range crustal extension in the western United States . 

This extension produced fractures that conceivably could have led to 

greatly enhanced circulation of meteoric waters deeply into the conti­

nental crust; thus , the Yellowstone and southwest Nevada caldera com­

plexes may have been depleted much more strongly in 180 at great depth 

than the central Nevada and central San Juan caldera complexes, leading 

to much greater amounts of assimilation and partial melting of low-l8o 

country rocks by the sub-volcanic magma chambers . 
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limited data are available, and the Superstition volcanic rocks , which 

are also a limited data set and not clearly related to any recognized 

calderas (in fact these rocks may have been erupted from totally unre­

lated calderas ; note that their ages span a greater range than any of 

the other groups plotted on Figure 4 . 4) . 

At this stage , we can only speculate as to why some caldera com­

plexes produce volcanic rocks with much larger negative 180 shifts 

than other complexes . MJre detailed studies are required on a variety 

of other areas before we can develop sufficient statistics to answer 

these questions . Nevertheless, we can at least address some of the 

salient points that might be important in such considerations . 

Scale and Size of Eruptions . The nature and size of the eruptions 

does not seem to be important in determining the 18o; 16o effects . All 

four caldera complexes that have been studied in detail (Yellowstone, 

southwest Nevada , central Nevada , and central San Juans) have a history 

of at least one or two giant (> 2000 km3) eruptions . The Ammonia Tanks 

Member of the Timber Mountain Tuff , the youngest ash-flow from the south­

west Nevada complex, has the lowest sanidine o18o values (+4 . 8 to +5 . 5) 

of any of the four members and also has the largest volume (+ 2000 km3) . 

The oldest ash-flow (Topopah Spring Member of the Paintbrush Tuff) has 

the highest sanidine 6 180 values (+6 . 9 to +7 . 7) and has the smallest 

volume (+ 300 km3) . 

The earliest ash-flows erupted from the central San Juan and cen­

tral Nevada complexes are both gigantic (Fish Canyon Tuff , > 3000 km3 , 

the largest ash-flow erupted from the central San Juan complex ; Tuff of 

Williams Ridge and Mbrey Peak , > 2500 km3 , the second largest ash-flow 
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erupted from the central Nevada complex). Both of these ash- flows be­

long to the earlier, slightly higher- 1 0 sequences erupted from these 

two normal- 18 0 complexes . However, in the low- 18 0 Yellowstone caldera 

complex, the earliest eruption was also gigantic (Huckleberry Ridge 

Tuff, 2500 km3). Thus, the 8 180 values of ash-flow tuffs do not 

vary in any systematic manner as a function of the volumes of the 

eruptions, or of the position of the largest eruption in the age 

sequence. 

Duration and Intensity of Magmatism. The duration and intensity 

of magmatic activity does not seem to have exerted any obvious control 

on the magnitude of the 18 0/ 1 bo effects observed for the four complex 

calderas that have been studied in detail. Vast volumes of magmas were 

erupted from both the southwest Nevada and the Yellowstone calderas over 

a short period of time (about 2.5 m.y.), and rocks erupted from both 

these complexes exhibit the most dramatic variations in o18o values. 

However, the central San Juan complex produced even greater volumes of 

ash-flow tuff over an equally short time span, and this complex shows 

only a small 18 0 shift. Nevertheless, this subject warrants further 

study, because the two caldera complexes that displayed the longest 

duration of eruptive activity both show negligible depletion in 18o; 

the central Nevada complex and Superstition volcanic field were both 

active for more than 6 m.y., more than twice the cime span of the other 

three complexes. Note also that in the southwest Nevada complex there 

was only a very short (200,000-year) hiatus between eruption of the 

high- 18 0 Ranier Mesa Member and the extremely 18 0-depleted Ammonia 

Tanks Member. 

Nature of Associated Tectonic Activity. The two caldera complexes 
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that exhibit the greatest 6 180 shifts on Figure 4. 4 are both younger 

than 15 m. y ., and those which exhibit only small shifts are older than 

24 m. y . It is interesting to note (remember , this is only speculation!) 

that this gap in time between 15 and 24 m. y . also corresponds to the 

transition between non-extension in the western United States and the 

extensional tectonic regime of the Basin-Range province (for example , 

see Stewart , 1978) . The Yellowstone caldera , in fact , lies on the 

eastern end of the currently-active Snake River Plain rift system , and 

the southwest Nevada caldera complex lies right in the midst of abundant 

Basin-Range extensional features . Such region-wide extension must 

produce fractures that penetrate deeply into the crust . These fractures 

could allow meteoric water to circulate very deeply into the crust, as 

they clearly have in Iceland (Muehlenbachs et al , 1974) . Therefore , the 

Yellowstone and southwest Nevada caldera complexes conceivably could 

have been subjected to much greater rifting and regional extension 

than the central Nevada or central San Juan caldera complexes , allowing 

for much more massive stoping and assimilation of hydrothermally al­

tered, low- 18o country rocks . This hypothesis could be tested by 

carrying out more comparative 18o; 16o studies of caldera complexes 

developed in rift and non-rift environments . 

Complexity of the Eruptive Cycle . When this study was initiated , 

it a priori seemed likely that low- 18o magmas might be most abundantly 

developed in those caldera complexes exhibiting the most complicated 

history of eruption and overlapping caldera collapse . This assumption 

was mainly predicated on the following basis: (1) The two known low-

18o caldera complexes , Yellowstone and southwest Nevada , were both 
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geologically complex, and (2) in terms of our assimilation-stoping 

model, the more complicated and intense the eruptive and fracturing 

history, the more likely there would be large-scale interaction between 

the magma chamber and the roof rocks. The central Nevada and central 

San Juan caldera complexes were thus (in part) chosen for study because 

of their complexity. As a result of the present 18o; 1 0 study, we 

now, of course, know that factors other than a complicated eruptive 

history must be involved. Nonetheless, there are some features of this 

argument that bear more detailed consideration, because low-18o magmas 

were apparently not developed in any of the relatively simple caldera 

complexes on which 18 0/ 1 bo studies have been made (Valles, Long Valley, 

Lake City). It is obvious that eruptive complexity is not a sufficient 

condition for development of low-18o ash-flow magmas. However, it may 

be a necessary condition for their development! 

Chemical Composition. Examination of Figure 1 in Hildreth (1981) 

shows that all of the known low-18o ash-flow tuffs belong to his Groups 

I and II (high-Si02 rhyolites and high-Si02 rhyolites zoned to interme 

diate compositions). The extremely 18o-depleted tuffs thus all exhibit 

Si02 contents up to and above 77 weight percent, indicative of very 

strong differentiation. This is probably the most clear-cut correlation 

with 8 1 ~ 0 of any of the parameters discussed previously. All of the 

normal-18o ash-flow tuffs described in Chapters 2 and 3 from the central 

Nevada and central San Juan complexes are either monotonous intermed­

iates (e.g. Fish Canyon and Monotony Tuffs), or, if they do include 

rhyolites, the rhyolites are zoned to Si02 contents no higher than 74-

76 weight percent. The only known counter-examples to the above 
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correlation are the Bishop Tuff, erupted from Long Valley caldera 

700,000 years ago, the Bandelier Tuff, erupted from the Valles caldera 

1 m. y . ago, and the Sunshine Peak Tuff , erupted from the Lake City 

caldera 23 m. y . ago . The Bishop Tuff is extremly uniform in 6 180 

(Hildreth , 1981) and is not depleted in 180 to any measurable degree 

(Taylor, 1968) ; the Sunshine Peak Tuff shows similar characteristics 

(Part I of this thesis) . 

It is plausible that a relationship should exist between 18o deple­

tion and extreme fractional crystallization, because the latter is 

expected to go hand-in-hand with assimilation and stoping of roof-

rocks (Bowen, 1928 ; Taylor , 1980) . Magma chambers stable enough to 

develop extremely high-Si02 differentiates at their roof are also the 

ones that would have undergone the least amount of stirring and mixing 

with any new influx of primitive , normal-18o magma from depth . The 

roof-ward portions of such stabilized chambers would also have the best 

chance of interacting with adjacent ground waters and with the hydro­

thermally altered country rocks above the magma chamber . 

Why then do we observe "normal" 6 180 values in the Bishop Tuff , 

Bandelier Tuff, and Sunshine Peak Tuff, all of which contain abundant , 

strongly differentiated , 77 weight percent Si02, rhyolitic material? 

The best explanation of the absence of low-18o magma in these three 

ash-flow tuffs is that each of them was erupted from a relatively 

simple caldera environment that had not undergone a prior history of 

intense meteoric-hydrothermal alteration . Thus , although further work 

is required , we tentatively conclude that two conditions probably need 

to be satisfied in order to produce significant volumes of low-18o 
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ash-flow magma: (1) a complex eruptive and fracturing history that pre­

dates the low-18o eruption and which produces significant meteoric­

hydrothermal alteration; and (2) a period of quiescence during which 

a stabilized magma chamber develops underneath a carapace of low-18o, 

hydrothermally altered, highly fractured roof-rocks. This magma chamber 

must be free of disruption from additions of primitive magma from depth, 

and it should undergo strong fractional crystallization and differen­

tiation, enhanced by addition of relatively cold blocks of hydrother­

mally altered roof-rocks that remove heat and add water of dehydration 

to the magma. Judging by the K-Ar data from the southwest Nevada cal­

dera complex, this interval can be as short as 200,000 years. 
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