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Abstract 

This report documents several new findings concerning the volcanic history and magmatic sulfide content of latites in the 
central East Tintic Mountains, Utah. For example, fission-track ages and 40 Ar;>9 Ar ages reported here suggest that some of the 
volcanism and alteration in this area is as old as 37.4 to 35.3 Ma. This early episode of volcanism was contemporaneous with 
lacustrine deposition; the overlying volcanic rocks and cross-cutting intrusions range in age from about 34.5 to 33.6 Ma. Previous 
workers had inferred that a large caldera related to the eruption of the younger Packard Quartz Latite (ca. 32-33 Ma) and Fernow 
Quartz Latite ~s present beneath these 34.5 to 33.6 Ma volcanic rocks in this area. Consequently, the new ages reported in this 
paper indicate 'that either the previously determined age of the Packard Quartz Latite is incorrect or the inferred caldera (related 
to eruption of the Packard Quartz Latite) is not present. However, data suggest that a smaller caldera related to the eruption of 
the ruff member of the Copperopolis Latite may be present. It is noted that many monzonite dikes and intrusions in this area are 
hornblende bearing and are correlative in modal and chemical composition with the productive Silver City Stock rather than the 
barren Sunrise Peak Stock. The large areas of hydrothermal alteration which surround these intrusions exhibit many similarities 
to the well-studied alteration halos in the East Tintic District. The age, composition, and field relationships of the post-lacustrine 
volcanic rocks suggest that they may represent, in part, the extrusive equivalents of the monzonite dikes and Silver City Stock. 
Data presented here suggest that the Silver City Stock and related intrusions may be part of one of the youngest (33.6.±. 0.2 Ma) 
igneous events in the central East Tintic Mountains, but not as young as previously suggested (ca. 31.5 Ma). 

This paper documents, for the first time, the existence of unusually large (and abundant) magmatic sulfides in lava vitrophyres 
and vent-facies biotite latite dikes, which are the surface expressions of the Silver City Quartz Monzonite intrusions in this area. 
In addition, preliminary analytical data suggest that the sulfides host most of the Cu and Ag present in the latites. Magmatic 
sulfides are preserved only in the least oxidized and least degassed lavas and vitrophyres. Sulfide petrography of other dikes and 
flows reveals a progressive suite of degassed sulfide compositions and textures which document the removal ofCu and S (and Ag?) 
from the sulfide bleb. It is proposed that similar degassing processess in sub-volcanic intrusions may have made substantial 
contributions to an ore fluid. The East Tintic Mountains are potentially the first locality, worldwide, where Cu and Ag in 
mesothermal veins can be demonstrated to be derived from degassed Cu-Ag-bearing magmatic sulfides. Consequently, the central 
East Tintic Mountains are a favorable area for exploration for Ag (Pb-Zn-Cu-Au) ore bodies because: 1) productive monzonite 
intrusions are present, and 2) Paleozoic rocks favorable for ore deposition may be present beneath relatively thin volcanic cover 
because the area is not entirely enclosed within a caldera. 

Introduction 

Morris and Lovering (1979) suggest that the ages of 
all the volcanic and intrusive units in the East Tintic 
Mountains cluster into two groups of about 32 to 33 Ma 
and 18 Ma. However, they do report some older ages (35 
to 39 Ma), which they consider to be anomalous. They 
suggest that most volcanic units in the East Tintic 
Districtweredeposit~d in an area of moderate topographic 
relief, analogous to the East Tintic Mountains today. 
They hypothesize that the initial ash-flow eruption 
deposi ted the Packard Quartz Lati te and Fernow Quartz 
Latite and created a caldera 14 km in diameter in the 
central portion of the East Tintic Mountains (Figure 1; 

Morris, 1975). Subsequently, latite flows, ash flows, and 
hypabyssal intrusions of the Tintic Mountain Volcanic 
Group filled and overflowed the caldera. These two 
events were followed closely in time by a final episode of 
Oligocene latitic volcanism and consanguineous intru­
sions (Silver City stock and correlative dikes; Figure 1) 
which appears to be genetically related to all 'of the 
mineralization in these districts (Morris and Lovering, 
1979). 

This report documents the occurrence of previously 
unrecognized Eocene-Oligocene (ca. 37 to 35 Ma) vol­
canic and intrusive rocks and lacustrine sedimentary 
rocks (up to 50 m thick). These events were followed by 
volcanic and intrusive activity which ranged in age from 
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Figure 1. A. Ore deposits, monzonite stocks, inferred caldera of Morris (1975), and index map of the East Tintic Mountains 
(compiled from Morris, 1975; Morris and Morgensen, 1978). Replacement and vein ore deposits are shown as solid black; 
monzonite intrusions are stippled (sills of Morris (1975) are not shown); other features as labeled in figure. Part of the area 
mapped by Keith and Kim during the summer of 1988 is outlined and summarized in part B. The immediate vicinity 
of the sub-economic Cu-Mo deposit is covered by alluvium or unmapped (mapped by Hannah and Macbeth, 1990). B. 
Map summarizing the relationship between monzonite intrusions of Silver City lithology (in solid black), argillic-phyllic 
alteration and moderate to intensely silicified rock (stippled). In addition, biotite latite dikes (outlined only), some of 
which contain magmatic sulfides are also summarized from Keith et al. (1989b). 

roughly 34.5 t033.6Ma. The study area also includes an 
area of strong hydrothermal alteration and diking in the 
central East Tintic Mountains (Figure 1). The alteration 
assemblages present in this area (silicification and abun­
dant pyrite in carbonate-bearing sedimentary rocks) 
suggest several analogies to alteration in the East Tintic 
District. 

The lacustrine sedimentary rocks clearly affected the 
character of the widespread hydrothermal alteration in 
Government Canyon. Alteration products in the volcanic 
rocks overlying the sedimentary rocks are indicative of 
more neutral pH conditions compared to the argillic 
alteration below the sedimentary rocks. In addition, 
larger amounts of pyrite and jasperoid are generally 
found in the sediments than in subjacent volcanic rocks. 
These and other facets .of the alteration assemblages 
present in Government Canyon are very analogous (and 
probably of equivalent age) to the well-studied alteration 
halos in volcanic rocks in the East Tintic District 
(Lovering, 1949). At the surface, acidic hydrothermal 
solutions in Government Canyon were mostly neutral­
ized during passage through Oligocene sediments rather 
than along veins in Paleozoic rocks. However, several 
lines of reasoni ng sugges t that the volcani c cover becomes 
thinner to the east and north in this portion of the East 
Tintic Mountains; consequently, exploration in areas of 
favorable hydrothermal alteration and potentially thin 
volcanic cover may be practical. 

The Tintic and East Tintic Districts have long been 
recognized as clearly exemplifying the spatial relation­
ships between sulfide-rich alteration, Ag (-Au) miner­
alization, and productive intrusions (Lindgren and 
Loughlin, 1919; Lovering, 1949; Morris and Lovering, 
1979). However, whether the precious metals are derived 
from the intrusions or merely leached from the country 
rock by hydrothermal circulation has not been con­
vincingly demonstrated for this district or any epi thermal­
mesothermal vein deposit. Our recent work has docu- · 
mented the existence of unusually large magmatic sulfides 
in vent-facies dikes (and lava vitrophyres) which are the 
surface expressions of the productive intrusions in the 
East Tintic Mountains(Keith et aI., 1989a). In addition, 
preliminary analytical data suggest that the sulfides may 
host most (~75%) of the Ag present in the latites. Such 
a close correspondence between intrusions with unusually 
abundant magmatic sulfides and hydrothermal miner­
alization has not been previously demonstrated. How­
ever, Whitney and Stormer (1983) speculated that a 
general relationship between degassing calc-alkaline 
pyrrhotite-bearing magmas and hydrothermal ore de-

posits was possible. The East Tintic Mountains are 
potentially the first locality, worldwide, where Ag in 
mesothermal veins can be demonstrated to be derived 
from degassed Ag-bearing magmatic sulfides. 

Methods 

X-Ray FluorescencJ! and Electron Microprobe 
Techniques 

Approximately 150 samples of extrusive and intru­
sive units were collected and examined in thin section or 
polished section. Whole-rock sulfur analyses were done 
by X-ray fluorescence spectrometry using pressed pow­
der pellets with G-2, GSP-1, and W-1 as standards. 
Whole-rock major elements were analysed using a fused 
disk procedure (Norish and Hutton, 1969) with the 
USGS standard AGV -1 used as an internal standard. 
Microprobe analyses were done at the University of 
South Carolina using a Cameca SX-50 electron micro­
probe. Descriptions and locations of samples used for 
analysis are given in Keith et al. (1989b). An appendix 
of sample petrography and sample locations is available 
from the first author on request. 

40 Ar/39 Ar Analytical Techniques 

Optically pure (> 99%) mineral concentrates were 
wrapped in aluminum-foil packets, encapsulated in sealed 
quartz vials and irradiated in either the U.S. Geological 
Survey TRIGA reactor (samples HS-UTH-86-2, TJ-84-
88, TJ-112-88, TJ-77-88)or the H-5 position of the Ford 
Reactor at the University of Michigan (samples TJ-8-87 
and KS-2A-87). Variations in the flux of neutrons along 
the length of the irradiation assembly were monitored with 
several mineral standards, including MMhb-l (Alexander 
et al. 1978). The samples were incrementally heated until 
fusion in a double-vacuum, resistance heated furnace. 
Temperatures were monitored with a direct-contact ther­
mocouple and are controlled to ± 1 DC between increments 
and are accurate to ± SOc. Measured isotopic ratios were 
corrected for total system blanks and the effects of mass 
discrimination. Interfering isotopes produced during ir­
radiation were corrected using factors reported by Dalrymple 
et al. (1981) for the TRIGA reactor or Harrison and 
Fi tzgerald (1986) for the Ford Reactor. Apparent 40 Arj39 Ar 
ages were calculated from the corrected isotopic ratios 
using the decay constants and isotopic abundance ratios 
listed by Steiger and Jager (1977). 
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Two categories of uncertainties are encountered in 
40 Ar/39 Ar incremental-release dating . . One group in­
volves intralaboratory uncertainties related to measure­
ment of the isotopic ratios used in the age equation. The 
other group considers interlaboratory uncertainties in 
other parameters used in the age equation (monitor age, 
J-value determination, etc.), and are the same for each 
gas increment evolved from a particular sample. 
Therefore, to evaluate the significance of incremental 
age variations within a single sample, only intralaboratory 
uncertainties should be considered. These are reported 
here and have been calculated by statistical propagation 
of uncertainties associated with measurement of each 
isotopic ratio (at two standard deviations of the mean) 
through the age equation. Interlaboratory uncertainties 
are approximately 1.25-1.50% of the quoted age. Total­
gas ages have been computed for each sample by ap­
propriate weighting of the age and percent 39 Ar released 
within each temperature increment. A "plateau" is 
herein considered to be defined if the ages recorded by 
two or more contiguous gas fractions, each representing 
>4% of the total 39 Ar evolved and characterized by 
generally simaar apparent K/Ca ratios (and together 
constituting> 50% of the total quantity 0[39 Ar evolved) 
are mutually similar within a ± 1 % intralaboratory 
uncertainty. Analyses of the MMhb-l monitor indicate 
that apparent K/Ca ratios may be calculated through the 
relationship 0.518 ( ± 0.005) x 39 ArP7 Ar corrected 
(TRIGA reactor) or 0.505 ( .±. 0.003) x 39 Ar/37 Ar cor­
rected (Ford Reactor). 

Plateau portions of the analyses have been plotted on 
36 Ar/40 Ar vs. 39 Ar/40 Ar isotope correlation diagrams. 
Regression techniques followed the methods of York 
(1969). A mean square of the weighted deviates (MSWD) 
is the statistical parameter which has been used to 
evaluate isotopic correlations. Roddick (1978) suggests 
that an MSWD > c. 2.5 indicates scatter about a 
correlation line greater than that which can be explained 
only by experimental errors. 

Results 

40 ArP9 Ar Results 

Four biotite, one sanidine, and one muscovite con­
centrate have been prepared from samples collected 
within volcanic units exposed in the East Titnic 
Mountains, Utah. Location coordinates and detailed 
petrographic descriptions of the analyzed samples are 
itemized in Keith et al. (1989b). The 40 Ar/39 Ar ana­
lytical data are listed in Table 1, and are presented as 
incremental age spectra in Figure 2. Results 0[36Arl40 Ar 
vs. 39 Ar/40 Ar isotope correlations of the analysis are listed 
in Table 2. 

The four biotite concentrates display internally dis­
cordant 40 Ar/39 Ar age spectra corresponding to total-gas 
ages ranging between 37.9.±. 0.2 Ma (TJ-8-87) and 34.0 
.±. 0.4 Ma (HS-UTH-86-2). Apparent K-Ca spectra are 

464 

internally variable. The low-temperature increments are 
generally characterized by systematically increasing 
apparent K/Ca ratios and systematically decreasing ap­
parent ages. Intermediate-temperature gas fractions are 
characterized by very large and only slightly fluctuating 
apparent K/Ca ratios. These increments generally record 
mutually similar apparent ages wi thin each analysis, and 
define plateau ages of 37.4.±. 0.3 Ma (TJ-8-87), 35.3 ± 
0.1 Ma (TJ-112-88), 34.5 .±. 0.2 Ma (TJ-84-88), and 
33.6 ± 0.2 Ma (HS-UTH-86-2). Higher temperature 
portions of each analysis generall y display systematically 
decreasing apparent K/Ca ratios and record somewhat 
variable apparent ages. The plateau analytical data yield 
well-defined 36 Ar/40 Ar vs. 39 Ar/40 Ar isotope correlations 
(MSWD = 0.14-1.84, Table 2) with inverse ordinate 
intercepts similar to the 40 ArP6 Ar ratio wi thin the present­
day atmosphere (295.5). This indicates a lack of sig­
nificant extraneous (" excess") argon contamination within 
constituent biotite grains. Using the inverse abscissa 
intercepts in the age equation yields plateau isotope 
correlation ages similar to those calculated for each 
sample directly from the analytical data. 

The muscovite concentrate from sample KS-2A-87 
displays internally discordant apparent age and K/Ca 
spectra with a total-gas age of 36.5 .±. 0.6 Ma. The 450-
660°C temperature fractions are characterized by large 
and generally similar apparent K/Ca ratios. These in­
crements define a plateau age of36.7 .±. 0.5 Ma. The four 
high-temperature gas fractions display markedly fluctu­
ating apparent K/Ca ratios and record somewhat vari­
able apparent ages. The plateau data yield an isotope 
correlation (MSWD = 0.19) with an inverse ordinate 
intercept of 346.3 .±. 31.3 . Using the inverse abscissa 
intercept in the age equation results in a plateau isotope 
correlation age of 36.6.±. 0.2 Ma. 

The sanidine muscovi te concentrate from sample TJ-
77 -98 also displays internally discordant apparent age 
and apparent K/Ca spectra with a total-gas age of 34.3 
.±. 0.2 Ma. Apparent K/Ca ratios systematically increase 
throughout the 700-1020°C portions of the analysis. 
However, the 800-1020°C increments record mutually 
similar apparent ages which define a plateau age of 34.1 
.±. 0.1 Ma. The two high-temperature increments record 
lower apparent K/Ca ratios and define younger apparent 
ages. The plateau analytical data result in an isotope 
correlation (MSWD = 0.43) with an inverse ordinate 
intercept of 360.3 .±. 42.6. Using the inverse abscissa 
intercept in the age equation yields a plateau isotope 
correlation age of 34.0 .±. 0.1 Ma. 

Interpretation 

During the biotite analyses, intrasample fluctuations 
in apparent K/Ca ratios suggest experimental evolution 
of argon occurred from several compositionally distinct, 
and variably retentive phases. These could be represented 
by: 1) very minor, optically undetectable mineralogical 
contaminants in the biotite concentrates; 2) petro-



Table 1 
40 ARl39 AR Analytical Data for Incremental Heating Experiments on 
Minerals From Volcanic Units in the East Tintic Mountains, Utah. 

Release (40 Arl39 Ar)* ('6 Ar/39 Ar)* e7Arl39ArY 39Ar %4°Ar 36Arc. Apparent 
eemp (0C) % of non- % Age (Ma)** 

eotal aemos.· 

Biotite 

Sample TJ-8-87 : J = 0.00631 

475 7.75 0.02444 0.021 0.48 6.32 0.02 5.6.±. 9.3 
610 18.09 0.04679 0.149 0.27 23.44 0.09 47.7.±. 16.1 
645 8.76 0.01818 0.079 0.76 38.36 0.12 37.9.±. 4.2 
680 5.62 0.00721 0.014 1.94 61.41 0.06 38.9.±. 1.6 
715 4.09 0.00252 0.007 6.53 80.87 0.08 37.2.±. 0.7 
750 3.64 0.00140 0.005 13.03 87 .58 0.10 36.0.±. 0.2 
775 3.64 0.00087 0 .006 11.68 91.89 0.19 37 .7.±. 0.3 
800 3.59 0.00103 0.005 13.41 90.48 0.14 36.7.±. 0.2 
825 3.61 0.00074 0.003 17.70 92 .92 0.11 37.8.±. 0.3 
850 3.70 0.00084 0.004 18.93 92.23 0.15 38.4,±, 0.3 
Fusion 4.03 0.00105 0.011 15.27 91.40 0.29 41.5.±. 0.4 

Toeal 3.86 0.00156 0.007 100.00 89.00 0.16 37 .9.±. 0.4 

Toeal wiehout 475-680°C 81.28 37.4.±. 0.3 
and fusion 

Sample TJ-112-88: J = 0.009245 

500 9.82 0.01669 0.283 0.74 49.95 0.46 80.0.±. 1.6 
600 6.63 0.00703 0.132 1.27 68.72 0.51 74.4.±. 1.6 
650 4.38 0.00448 0.039 2.04 69.69 0.24 50.2.±. 0.9 
690 2.95 0.00209 0.017 7.11 78.92 0.22 38.4.±. 0.4 
725 2.37 0.00065 0.013 10.18 91.65 0.54 35.9.±. 0.1 
750 2.22 0.00035 0.009 11.30 95.07 0.69 34.9.±. 0.2 
775 2.19 0.00028 0.008 11.03 95.95 0.73 34.7.±. 0.1 
800 2.20 0.00026 0.008 9.95 96.27 0.83 35.0 .±. 0 .2 
825 2.29 0.00044 0.012 6.34 94 .14 0.76 35.7.±. 0 .2 
960 2.46 0.00099 0.014 17.51 87.94 0.39 35 .8.±. 0 .1 
Fusion 2.44 0.00105 0.030 22.54 87 .13 0.78 35 .2 .±. 0.1 

Toeal 2.54 0.00105 0.020 100.00 89.51 0.62 36.6.±. 0.2 

Toeal without 500-690"C 88.84 35.3 .±. 0.1 

Sample TJ-84-88: J = 0.009622 

525 15 .64 0.04150 0.369 0.62 21.76 0 .24 58. I.±. 5.3 
625 3.23 0.00433 0.084 1.27 60.36 0.53 33.5.±. 0.7 
675 2.45 0.00140 0.047 2.25 83.09 0.91 35 .0.±. 0.5 
710 2. 19 0.00056 0.021 5.75 92.20 1.02 34.6.±. 0.3 
740 2.08 0.00031 O.OlD 9.32 95.34 0.89 34.1.±. 0.2 
765 2.06 0.00021 0.007 10.43 96.66 0.90 34.2.±. 0.1 
790 2.08 0.00029 0.007 10.62 95.60 0.62 34.1.±. 0.2 
813 2.11 0.00044 0.007 9.88 93 .52 0.41 33.9 .±. 0.2 
840 2.16 0.00055 0.007 8.95 92.27 0.33 34.3.±. 0.2 
870 2.30 0.00096 0.008 10.24 87.47 0.22 34.6.±. 0.1 
905 2.56 0.00176 0.010 8.26 79.50 0.16 35 .0.±. 0.4 
940 2.92 0.00291 0.017 6.75 70.39 0.16 35.3.±. 0.7 
980 2.92 0.00291 0.023 8.67 70.37 0.22 35.3.±. 0.4 
1020 2.79 0.00255 0.057 6.13 72.93 0.61 35.0.±. 0.5 
Fusion 2.47 0.00245 0.478 0.87 71.92 5.30 30.5.±. 2.3 

Total 2.44 0.00142 0.022 100.00 86.15 0.55 34.6.±. 0.4 

Total without 525-625°C 97 .24 34.5.±. 0.2 
and fusion 
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Table 1 (Continued) 

Release (4°Arl-i9 Ar)* (i6Ar/39 Ar)* (17 Ar/39 Ar)' 59Ar %4°Ar 36Area Apparent 
tempeC) % of non- % Age (Ma)** 

total atmos. ' 

Sample HS-UTH-86-2: J = 0.009895 

525 10.37 0.02782 0.104 2.47 20.72 0.10 37 .9.±. 2.4 
625 6.00 0.01315 0.028 7.75 35.23 0.06 37.4.±. 0.9 
675 2.52 0.00202 0.012 11.44 76.07 0.16 33.9.±. 0.2 
710 2.18 0.00090 0.010 11.30 87.53 0.30 33.7.±. 0.1 
735 2.15 0.00077 0.012 7.11 89.20 0.42 33.9.±. 0.2 
760 2.16 0.00098 0.012 5.38 86.37 0.33 33.1.±. 0 .3 
785 2.26 0.00115 0.012 4.68 84.71 0.29 33.8.±. 0.4 
810 2.47 0.00181 0.019 3.87 78.08 0.28 34.0.±. 0.3 
840 2.48 0.00179 0.022 4.69 78.52 0.33 34.4.±. 0.6 
875 2.38 0.00144 0.022 5.90 82.00 OA2 34.6.±. 0.5 
910 2.26 0.00124 0.021 8.81 83 .53 0.45 33.4.±. 0.2 
945 2.13 0.00083 0.019 14.69 88.22 0.62 33.2.±. 0.2 
Fusion 2.09 0.00074 0.039 11.90 89.49 1.45 33.2.±. 0.3 

Total 2.74 0.00276 0.022 100.00 79.30 0.48 34.0.±. 0.4 

Total without 525,625, 945°C 89.78 33.6.±. 0.2 
and fusion 

Muscovite 
Sample KS-2A-87: J = 0.006345 

450 4.25 0 .00291 0:013 11.72 78.89 0.13 38.0.±. 0.4 
475 3.57 0.00094 0.012 14.30 91.19 0.38 36.9.±. 0.5 
500 3.70 0.00136 0.013 12.27 88.13 0.41 37.0.±. 0 .3 
525 3.49 0.00066 0.012 16.86 93 .37 0.54 36.9.±. 0.5 
550 3.47 0.00070 0.012 15 .99 92.99 0.50 36.6.±. 0.3 
575 3.52 0.00085 0.011 5.70 91.82 0.50 36.6.±. 0.5 
600 3.45 0.00099 '0.010 6.31 90.48 0.30 35.4.±. 1.2 
625 3.71 0.00202 0.010 5.72 82 .89 0.14 34.8.±. 0.5 
660 3.72 0.00175 0.017 3.68 85 .08 0.27 35.9.±. 0.8 
695 3.73 0.00233 0.0 14 2.35 80.53 0.18 34.0.±. 1.8 
740 3.90 0.00350 0.012 1.46 72.49 0.10 32.1.±. 3.2 
800 4.18 0.00494 0.041 l.10 64.28 0.24 30.5.±. 4.3 
Fusion 4.85 0.00442 0.081 2.55 72.41 0.53 39.8.±. 1.2 

Total 0.00 143 0.016 100.00 88.02 0.38 36.5.±. 0 .6 

Total without 69SOC-Fusion 92.54 36.7.±. 0.5 

Sanid ine 
Sample TJ -77 -88: J = 0.010020 

700 2.76 0.00262 0.112 9.99 72.04 1.16 35.6 ± 0.4 
800 1.95 0.00017 0.052 17.29 97.36 8.46 33.9.±. 0 .1 
850 1.94 0.00013 0.040 16.73 97.90 8.44 34.0 ± 0.1 
890 1.95 0.00012 0.034 19.36 97.95 7.48 34.1 ± 0.1 
930 1.96 0.00016 0.031 10.25 97 .38 5.24 34.2 ± 0.2 
970 1.99 0.00026 0.029 13.19 95 .92 3.02 34.2 ± 0.2 
1020 2.09 0.00054 0.030 10.16 92.22 1.51 34.5.±. 0.2 
1100 2.47 0.00188 0.041 1.94 77.33 0.60 34.2.±. 1.0 
Fusion 3. 18 0.00474 0.058 1.08 55.94 0.33 31.9 ± 1.8 

Total 2.07 0.00053 0.045 100.00 93.49 5.54 34.3 ± 0.2 

Total without 700, 1100°C 86.99 34.1±0.1 
and fusion 

measured . 'corrected for post-irradiation decay of i7Ar (35 .1 day 1I2-life). + [
4°Ar,ot. - (36Ararmos '> (295.5» 1 4OAr,o,,. .. 

calculated using correction facrors of Dalrymple et al. (981); twO sigma, inrralaboratory errors. 
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. Table 2 
36 ARl40 AR VS. 39 ARl40 AR Isotope Correlations Using Plateau 

Analytical Data from Incremental Heating Experiments on Minerals 
fromVolcanic Units in the East Tintic Mountains, Utah. 

Sample 

(Mar 

.Biotite 
TJ-8-87 
TJ-112-88 
TJ-84-88 
HS-UTH-86-2 

Muscovite 
KS-2A-87 

Sanidine 
TJ-77-88 

Isotope 
Correlation Age 

(Mat·· 

34.7 .±. 0.2 
34.7 .±. 0.1 
34.2.±. 0.1 
33.0.±. 0.2 

36.6.±. 0.2 

34.0.±. 0.1 

4°Ar/36Ar 
Intercept" 

326.8.±. 26.3 
352.2.±. 33.1 
322.6.±. 21.3 
323.2.±. 26.1 

346.3.±. 31.3 

360.3.£ 42.6 

MSWD 

1.84 
1.58 
0.14 
0 .17 

0.19 

0.43 

%of 
Total 39Ar 

81 .28 
88.84 
97.24 
89.78 

92.54 

86.99 

Calculated 
40 Ar/;9 Ar Plateau Age 

37.4.±.0.3 
35 .3.±. 0.1 
34.5.±. 0.2 
33.6.±. 0.2 

36.7 .±. 0 .5 

34.1 .±. 0.1 

• Calculat~d using the inverse abscissa intercept (40 Ar/39 Ar ratio) in the age equation . 
•• Inverse ordinate intercept . 
••• Table 1. 

graphically unresolvable exsolution or compositi~'nal 
zonation within constituent biotite grains; and/or, 3) 
intracrystalline inclusions. Gas increments evolved ... 
during most intermediate-temperature increments are 
characterized by mutually similar apparent K/Ca rarios, 
indicating experimental evolution of gas from compo­
sitionally uniform populations of intracrystalline sites. 
Apparent ages recorded by intermediate-temperature 
increments evolved from each of the biotite concentrates 
are similar and yield well-defined plateau ages. The 
plateau analytical data yield similar isotope correlations 
ages indicating a lack of significant extraneous argon 
contamination. Because of these relationships, the biotite 
plateau ages are considered geologically meaningful. 

low- and intermediate-temperature portions of the 
muscovite analysis are characterized by generally uniform 
apparent K/Ca ratios indicating experimental evolution 
of gas from a compositionally uniform population of 
intracrystalline sites. The higher temperature ga~ frac­
tions display markedly fluctuating apparent KlCa ratios 
which likely reflect experimental evolution of gas from 
minor, optically undetectable mineralogical contami­
nates in the muscovite concentrate. The low- and inter­
mediate temperature increments yield a well-defined 
plateau age which is similar to that resulting from 
isotope correlation of the plateau data. This suggests the 
muscovite plateau age is geologically meaningful. 

Consistent intrasample variations in apparent KlCa 
ratios in low- and intermediate-temperature portions of 
the sanidine analysis suggests that compositionally vari­
able intracrystalline sites contributed gas during the ex­
periment. However, most of these increments record similar 

apparent ages which define a plateau. These data yield a 
similar isotope correlation age indicating the sanidine 
plateau age may be considered geologically reliable. 

Revised Volcanic and Intrusive Sequence 

Mapping in the central East Tintic Mountains indi­
cates the occurrence of several significant sedimentary 
and volcanic units not recognized by Morris and Lovering 
(1979) or Morris (1975). For example, two lacustrine 
sedimentary horizons are intercalated with ash-flow tuff 
and flow/agglomerate members of the Copperopolis 
latite. The lowe~sedimentary horizon (0-50 m) overlies 
an ash-flow tuff member (the upper portion of which is 
moderately reworked}and consists dominantly of fissile 
shale with lesser amounts of mudstone and volcaniclastic 
sandstone. The coarser-grained horizons in this unit 
generally contain the greater amount of carbonate cement. 
Small (-1 em), primary ovoidal structures in the shaley 
horizons probably represent calcareous gastropod shells 
which have been replaced by pyrite and subsequently 
converted to limonite. 

The upper lacustrine horizon is separated from the 
lower by a previously unmapped flow and agglomerate 
member of the Copperopolis latite. The agglomerate 
often contains deformed clasts of shale or mud (between 

. large blocks) that were apparently ripped up fr~m the 
lake bottom during deposition. The flows which occupy 
this stratigraphic position near Sunrise Peak appear to 
have vented from the Sunrise Peak Stock (as first sug­
gested by Lindgren and laughlin, 1919) and dikes of 
similar composition to the north. Consequently, this 
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Table 3 
Fission Track Age Data 

Location Track Denisty 
Sample Mineral Method No of 
Number . Analyzed N . Lat. Grains 

W.Long. 

TJ-6 Apatite Pop. 39"51'11 " 150 
1110 3'20" 

TJ-9 Apatite Pop. 39"51'11 " ISO 
111 0 3'20" 

unit is informally referred to as the flows and agglomer­
ates of Sunrise Peak (Keith et al., 1989b). The upper 
lacustrine horizon (0-20 m)overlies a few metersoffiner, 
reworked volcanic material and consists of alternating 
beds of organic-rich shale (abundant plant remains) and 
limestone (0-3 m). 

Fission-trac~ dating of apatites extracted from the 
volcaniclastic material in each of the two lacustrine 
horizons yields an approximate age of about 36-37 m.y. 
(Table 3) for this episode of volcanism and sedimenta­
tion. In addition, 40 Arl39 Ar ages for bioti te from a biotite 
latite vitrophyre (sample # TJ-8; 37.4 ± 0.3 Ma) and 
sericite from the lower lacustrine horizon (sample # KS-
2A; 36.7 ± 0.5 Ma; Figure 2) suggest approximately the 
same ages for some of the volcanic and intrusive units 
beneath the lacustrine horizons. Biotite from a Sunrise 
Peak dike (sample # TJ -112), which presumably fed the 
flows and agglomerates between the two major lacustrine 
horizons, yielded a 40 Ar/39 Arage of35.3 ± 0.1 Ma. These 
ages are significantly older than the 32m. y. age suggested 
by Morris and Lovering (1979) for these volcanic rocks, 
but they are in accordance with the recently determined 
ages of volcanic rocks found in adjacent ranges to the 
south, east, and west (Hannah and Macbeth, 1989; 
Witkind and Marvin, 1989; Le Vot, 1984;Villien, 
1984; Willis, 1986). 

The upper lacustrine horizon may grade into an 
epiclastic sedimentary unit consisting of volcanic con­
glomerates and sandstones with a variety of latitic clast 
compositions. Due to the high porosity and carbonate 
content of the epiclastic sedimentary rocks, hydrother­
mal fluids more completely altered these sedimentary 
rocks compared to subjacent and overlying latite flows. 
However, in a few of the less-altered outcrops of this 
unit, abundant pumice (partly replaced by calcite) is 
interspersed with latite breccia. Some outcrops of this 
unit also contain a few angular clasts ofTintic Quartzite 
and other Paleozoic carbonates. The distribution and 
composition of this unit suggest it occurred near a sharp 
transition from a quiet lacustrine environment to a 
higher relief terrane with some Paleozoic rocks still 
exposed at the surface - possibly along a caldera wall. 

Following deposition of the upper lacustrine unit and 
the epiclastic sediments, widespread lava flows occurred, 
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tr/ce2 .lQ~ Neutron Dose Age ±. Error 
Fossil Induced D/cm2 x 1014 (2 ) 

1.30 (701) 2.44 (1315) 11.26 (3121) 35.8 ±. 5.1 Ma 

1.92 (1038) 3.44 (1860) 11.26 (3121) 37.5 + 5.2 Ma 

which range in composition from latite to shoshonite 
(Table 4). At least 6 flows can be distinguished in a few 
well exposed areas, but mapping individual flows is 
generally not possible due to the near identical compo­
sition of most flows. The reciprocal abundance of biotite 
versus orthopyroxone is perhaps the best field criteria we 
used for distinguishing the biotite latite flow units from 
the orthopyroxene-bearing mafic (or shoshonite) flows, 
which contain only traces of oxidized, resorbed biotite. 
Both units contain abundant clinopyroxene, plagio­
clase, and titanomagnetite and are clearly genetically 
related. 

In addition, the distribution and thickness of these 
flows and sedimentary units may be controlled to some 
extent by an earlier-formed caldera, possibly related to 
eruption of the tuff member of the Copperopolis Latite. 
For example, the mafic flows pinch out to the northeast 
of our mapped area, but thicken dramatically to the 
southwest (Keith et aI., 1989b). Lindgren and Loughlin 
(1919) described the occurrence of olivine basalt dikes 
west of Tintic Mountain while Morris and Lovering 
(1979) stated that they failed to find any evidence of this 
lithology. Lindgren and Loughlin (1919) report a partial 
chemical analysis of a flow near Buckhorn Mountain 
which is more alkaline and mafic than any rocks found 
by Morris and Lovering (1979), but is chemically similar 
to the mafic flows we have analyzed (Table 4). 

Several vitrophyre horizons were located at the base 
of some of the biotite latite flows and were extensively 
sampled. Contrary to previous descriptions of these 
rocks, we found that many of the fresh flows and 
vi trophy res also contained phenocrystic amphibole and 
magmatic sulfide blebs. The occurrence of amphibole in 
some flows or samples and its absence in others is 
analogous to the reciprocal abundance of biotite and 
orthopyroxene. For example, the amphibole often occurs 
as overgrowths on, or as partial ("fibrous") replacements 
of, clinopyroxene. In other instances, clinopyroxene is 
found as a reaction rim on amphibole; the more oxidized 
or degassed lavas less commonly contain amphibole. 
These relationships suggest that amphibole occurred 
only late in the crystallization sequence and was often 
removed from the magma during degassing. 

The biotite latite dikes have essentially the same 
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Fig.2. 40 Ar/39 Ar age and apparent KJCa spectra of biotite, muscovite, and sanidine concentrates from the East Tintic Mountains. Two­
sigma intralaboratory uncertainties indicated by vertical width of bars. Experimental temperatures of argon evolution increase from 
left to right. Total gas or plateau ages (plateau increments outlined by arrows) listed on each spectrum. On the central index map, 
replacement and vein ore deposits occur in the area surrounded by the dashed line. The eastern lobe of this area comprises the East 
Tintic mining district; the remainder comprises the Tintic district. Ore-related monzonite intrusions ate shown as solid black; all 
other Tertiary intrusions and volcanic rocks in the East Tintic Mountains are shown in white; the brick pattern represents Precambrian 
and Paleozoic sedimentary rocks; Quaternary valley-fill sediments are shown as stipple. The immediate vicinity of the sub-economic 
Cu-Mo deposit is covered by alluvium or mapped by others (Hannah and Macbeth, 1990). The area enclosed by the trail of circles 
contains nested calderas and related lacustrine sediments and abundant intrusions, Keith et ai., 1989b). 

chemical and modal composition as the biotite latite 
flows, including the occurrence of amphibole and mag­
matic sulfide blebs (discussed later). The dikes are 
classified as latite due to the extremely fine-grained 
texture of the groundmass. Inasmuch as most of the flow 

and lacustrine uni ts dip about 20° to the southeast, these 
dikes are progressively eroded to a deeper level going 
from the southeast to the northwest portion of our 
mapped area. As this is done, the groundmass texture of 
the dikes becomes coarser grained. This transition along 
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Table 4 
Whole-Rock Major Element Analyses 

~ ! ! 1.1:.8.1 1J=1Q Il=BM II·80B CIPWNorm 
Lithology Silver Sunrise Biotite Upper Upper Upper Q 15.71 10.30 25.34 22.95 28.61 30.06 

City Peak Latite Biotite Biotite Biotite C 0.00 0.00 1.00 1.03 1.67 1.23 

Monzonite Monzonite Dike Latite Latite Latite Or 25.39 27.23 31.61 29.64 34.37 24.63 

Wt % Oxide Ab 21.05 25.06 33.01 36.54 25.60 27.02 

SiO, 61.08 60.13 59.02 59.41 58.68 60.83 An 20.45 20.78 4.66 5.43 4.88 12.10 

Ti0
2 

0.89 0.89 0.94 1.01 0.99 0.99 Di 1.88 0.29 0.00 0.00 0.00 0.00 

AlP, 16.14 16.19 16.64 16.60 16.22 17.51 Hy 5.62 5.90 1.63 1.39 1.76 1.75 

Fe2O; 7.59 7.16 7.00 7.58 8.25 6.48 Mt 0.00 0.00 0.00 0.00 0.00 0.00 

MnO 0.12 0.14 0.12 0.12 0.12 0.12 II 0.26 0.27 0.17 0.21 0.13 0.11 

MgO 2.21 2.84 2.50 2.75 3.10 1.79 Hm 7.25 6.91 2.05 2.28 2.34 2.44 

Cao 3.97 4.16 5.02 5.64 5.94 5.51 Tn 1.70 2.08 0.00 0.00 0.00 0.00 

Na,O 3.08 3.20 3.61 2.57 2.62 2.59 Ru 0.09 0.00 0.33 0.31 0.35 0.34 

K,O 4.50 4.88 4.55 3.90 3.64 3.72 Ap 1.05 1.16 0.19 0.23 0.29 0.32 

(O~ 0.43 DAD 0048 DAD 0043 0045 Pr 0.00 0.00 0.02 0.00 0.02 0.02 

S 0.02 0.02 0.06 0.01 0.01 0.01 Diff. 
Index 62.15 62.59 89.96 89.13 88.58 81.71 

CIPWNorm 
Q 15.39 10.83 9.18 14.57 14.47 18.37 
C 0.03 :0.00 0.00 0.00 0.00 0.30 

Whole-Rock Major Element Analyses Or 26.58 28.81 26.91 23.04 21.49 21.96 
Ab 26.03 27.09 29.81 21.64 22.13 21.87 Si!.m£!l~ itII·I08TI·18 
An 16.87 15.42 16.14 22.30 21.77 24.41 Lithology Upper Mafic flows 

Di 0.00 2.02 2.21 2.36 1.48 0.00 Biotite 
Hy 5.50 6.14 5.21 5.76 7.03 4.45 Latite 
Mt 0.00 0.00 0.00 0.00 0.00 0.00 Wt % Oxide 
II 0.21 0.26 0.25 0.27 0.27 0.26 Si0

2 
62.02 54.23 

Hm 7.59 7.16 7.00 7.58 8.25 6048 Ti0
2 

0.83 1.16 

To 0.00 1.83 1.99 2.14 2.09 0.00 Alp} 15.84 17.71 
Ru 0.78 0.00 0.00 0.00 0.00 0.85 Fe2O; 6.45 8.46 
Ap 1.02 0.95 1.13 0.96 1.03 1.06 MoO 0.09 0.14 
Pr 0.04 0.04 0.00 0.00 0.00 0.00 MgO 2.51 2.57 
Diff. CaO 4.37 7.69 
Index 68.00 66.73 65.90 59.25 58.09 62.19 NazO 3.10 3.46 

Kp 4.43 3.93 
P

2
0

S 
0.36 0.57 

S 0.12 0.04 
Whole-Rock Major Element Analyses CIPWNorm 

Q 15.62 3.57 
Sample # ua I1=M I1=.12 I.'-=11 * * C 0.00 0.00 - -
Lithology Lower Lower Rhyolite Rhyolite Swansea Packard Or 26.15 23.24 

Biotite Biotite Of Keystone Of Keystone Quartz Quartz Ab 26.21 28.66 
Latite Latite Springs Springs Monzonite Latino' An 16.26 21.51 

Wt % Oxide Di 0.08 7.34 
SiD, 60.39 58.47 71.49 70.45 71.63 70.86 Hy 6.23 2.99 
TiO, 0.93 0.99 0.42 0.42 0.42 0.40 Mt 0.00 0.00 
AI1O; 16.24 17.47 14.92 15.55 14.73 15.42 II 0.00 0.29 
Fe

1
O , 7.25 6.91 2.05 2.28 2.34 2.44 Hm 6.45 8.46 

MnO 0.12 0.12 0.09 0.10 0.07 0.06 Tn 2.12 2.46 
MgO 2.61 2.42 0.65 0.56 0.71 0.70 Ru 0.00 0.00 
'Cao 5.19 5.50 1.05 1.22 1.14 2.62 Ap 0.85 1.35 
Na,O 2.50 2.99 3.90 4.32 3.03 3.19 Pr 0.21 0.00 
K,O 4.30 4.61 5.35 5.02 5.82 4.17 Diff. 
P

2
0

S 
0.44 0.49 0.08 0.10 0.12 0.14 Index 67.98 55.47 

S 0.01 0.01 0.01 0.00 0.01 0.01 

some dikes includes a change to Silver City Monzonite. eruption rates; the Silver City Monzonite may represent 
Near this transition, the latite or monzonite of tens a more passively emplaced comagmatic batch of magma, 
contains fragments or blocks (up to 3 m) of Tintic which accounts for the numerous stoped blocks in the 
Quartzite. The biotite latite dikes often contain broken Silver City Stock (Morris and Lovering, 1979) and in 
phenocrysts and strong flow foliation due to rapid satellite intrusions which we mapped. 
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· The field evidence for correlating the biotite latite 
dikes and the Silver City Srock as being comagmatic is 
supported by the 40 Ar/39 Ar ages of each unit. For ex­
ample, a "vitrophyre" sample (TJ-84) from a vent facies 
biotite latite dike exhibits an age of 34.5.±. 0.2 Ma. Our 
plateau age for biotite from the Silver City Srock (sample 
HS-UTH-86-2; courtesy of). Hannah) is only slightly 
younger, 33.6.±. 0.2 Ma (Tables 1 and 2; Figure 2). 

Monzonite porphyry of Silver City Stock lithology 
extends south and east (Figure 1) across most of our 
mapped area. The correlation of these intrusions with 
the Silver City Srock is tentatively made on the basis of 
similar modal compositions and textures. Morris (1975) 
located some of these intrusions, but classified most of 
them as monzonite of Sunrise Peak lithology. The major 
element compositions of these two monzonites are es­
sentially indistinguishable (Table 4). The apparent tra- . 
ditional criteria for distinguishing these two lighologies 
appears to be based on the occurrence of amphibole and 
a coarser-grained groundmass in the Silver City Mon­
zonite. 

Near the extreme southern enq of the mapped area on 
the east flank of Tintic Mountain, a dome or neck of 
feldspar porphyry was encountered. This lithology is 
identical in chemical and mineralogical composition to 
the descriptions of Lindgren and Laughlin (1919) of the 
rhyoliteofTintic Mountain. In addition, it is chemically 
almost identical to the Swansea Quartz Monzonite and 
the Packard Quartz Latite (Table 4). Its most obvious 
characteristics are large Carlsbad-twinned sanidine 
phenocrysts (up to 3 cm) and an absence of any phe­
nocrystic quartz. Smaller phenocrysts of plagioclase and 
minor biotite, oxyhornblende, titanomagnetite, and 
traces of magmatic pyrrhotite are also present. Lindgren 
and Laughlin (1919) stated that this Ii thology occurs on 
the west flank of Tintic Mountain, whereas the largest 
Outcrop we found is on the east flank. However one small 
intrusion occurs on the west flank (Keith et al., 1989b) 
which is nearly correlative in modal composition, but 
contains a slightly higher proportion of biotite and 
oxidized, relict amphibole. This unit is informally re­
ferred to as the rhyolite ofKeysrone Springs to avoid use 
of the term "Tintic Mountain" which has been widely 
applied to other rock types. Water-clear sanidine from 
this unit yielded a 4°Arj39 Ar age of34.1.±. 0.1 Ma (Figure 
2, Tables 1 and 2). 

Magmatic Sulfides 

Immiscible magmatic sulfide blebs occur in 
vitrophyres of several biotite latite flows and dikes of the 
same composition. Very fresh samples of the rhyolite of 
Keystone Springs also have traces of magmatic pyrrho­
tite. The abundance and diameters of sulfide blebs 
between various units varies widely. The most sulfide­
rich biotite latite glass from the East Tintic Mountains 
which has been found so far contains globules up to 450 
microns in diameter with a modal abundance of 0.02% 
(Figure 3). Careful modal analysis of the sulfide distribu-

tion in one sample revealed a total of 465 sulfide blebs 
over 1 micron in size in one thin section. Titanomagnetite 
contained 36% of the blebs, clinopyroxene contained 
27%, the matrix 22%, biotite 10%, and plagioclase 
contained only 4%. The associated glass has S concentra­
tions (-400 ppm) anticipated for sulfide saturation of 
this bulk composition (Carroll and Rutherford, 1985). 

By comparison, several vitrophyres are relatively 
sulfide-poor. Standard petrographic thin sections of 
such vitrophyres commonly contain fewer than 10 sul­
fide blebs with diameters in the range of 1-10 microns. 
In addition, there are no "degassed sulfide blebs" (as 
described later) which might indicate that these 
vitrophyres were at one time more sulfide-rich. Pe­
trography and major-element analysis clearly suggest 
that some flows were sulfide-rich (i.e. TJ-84 and TJ-55) 
and others of t~ same bulk composition were sulfide­
poor (i.e. TJ-8, TJ-64, and TJ-80A; Table 3). Sulfide­
poor flows are found both stratigraphically above and 
beneath the sulfide-rich flows. 

Some vitrophyres which are present along chilled 
dike margins also contain magmatic sulfides. Recent 
mapping reveals that monzonite intrusions of the pro­
ductive Silver City lithology are far more wide-spread to 
the east and south of the stock (compare Figure lA and 
1 B) than previous maps have indicated (Morris, 1975). 
Monzonite intrusions near the southern part of the 
mapped area begin to give way to biotite latite dikes 
(along the same zones of emplacement) as the paleosurface 
at the time of intrusion is approached. Some portions of 
these biotite latite dikes were chilled rapidly enough 
that glass (now variably hydrated or devitrified) was 
preserved. These glassy or microcrystalline samples 
contain the highest proportion of magmatic sulfides. 
The reason for this unusual sulfide preservation may 
have been because the dikes were chilled, but not 
lowered completely to atmospheric pressure. By analogy, 
quenched glasses from submarine basalts (> 1000 m 
water depth) are notable for preserving high sulfur 
contents and sulfide globules indicative of magmatic 
conditions. 

The sulfide blebs, present in both flow vi trophy res 
and dikes, are composed of pyrrhotite, pyrite, As-rich 
pyrite, chalcopyrite, cubanite, and "Fe-oxide". The pyr­
rhotite, pyrite, chalcopyrite, and cubanite, are the ear­
liest exsolved components of the sulfide blebs which are 
still preserved (Figure 3). As-rich pyrite and Fe oxide 
result from degassing of the sulfide bleb after eruption 
or emplacement in shallow dikes (as discussed later). 

The preliminary analytical data ofTintic magmatic 
pyrrhotites indicates that a small amount of composi­
tional variation occurs due to reaction with their sur­
rounding host mineral. Pyrrhoti tes hosted by 
titanomagnetite are distinctly more Fe-rich (Fe/S ratio 
of 0.90 to 0.94) than those hosted by clinopyroxene or 
plagioclase (Fe/S ratio of 0.90 ro 0.84). Microprobe 
analysis of the minor elements in the sulfides (Figure 4) 
indicates the expected high concentrations ofNi (max. 
of 0.96 wt. % and ave. of 0.40 wt. %) and Co (max. of 
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Fig. 3. Photomicrographs of exsolved and degassed magmatic sulfides from a biotite [atite dike (TJ-84) and a lava vitrophyre (TJ-
55). A. Comparison of two magmatic sulfide blebs locked within a single titanomagnetite grain (TJ-55). As the margin of the 
titanomagnetite and the upper sulfide bleb react with the oxygen in the cooling lava vitrophyre, titanomagnetite oxidizes to become 
maghemite and the pyrrhotite oxidizes to pyrite, Fe oxide, and chalcopyrite. Pyrrhotite sequestered towards the interior of the bleb 
is not oxidized. B. Reflected light photomicrograph of an exsolved composite magmatic sulfide bleb present in aglomeroporphyritic 
clot from a biotite latite flow vitrophyre (TJ-55). This composite magmatic sulfide grain is 140 microns in length and consists mainly 
of three phases: chalcopyrite (ISS), Ni-Co-bearing pyrite (MSS), and a small degassed Fe-oxide core (gray). Not apparent in this photo 
are small exsolved phases of cubanite in the chalcopyrite and Ni-rich zones in the pyrite. The grain is surrounded mostly by glass. 
Distler et al. (986) describe amazingly similar sulfide blebs present in oceanic basalts in which the sulfide bleb has segregated inco 
two halves; one half is aNi-bearing MSS and the other halfis close to cubanite in composition. Lightfoot et al. (984) note very similar 
magmatic sulfide globules in the Insizwa Cu-Ni deposit except the Cu-rich half is dominantly chalcopyrite as in this illustration. C. 
These two magmatic sulfide blebs are composed mostly of pyrite (white lines), interstial Fe-oxide (gray), surrounded by a partial rim 
of exsolved chalcopyrite (white). The largest white areas within the blebs are also chalcopyrite. The bleb on the left, surrounded by 
glass exhibits a rounded shape whereas the bleb on the right has molded to fit between three titanomagnetite grains. D. Very similar 
sulfide bleb to the two illustrated in part C, except it shows marginal resorption. The most prominent white areas of the bleb are 
chalcopyrite, the gray is Fe oxide and the white lines are pyrite. E. Small magmatic sulfide bleb enclosed within biotite adjacent to 
a smaller melt inclusion. The sulfide bleb degassed along biotite cleavage forming a lamellae of As-rich pyrite (bright white) which 
does not extend to the margin of the biotite phenocryst . F. Completely degassed magmatic sulfide bleb hosted by a euhedral 
clinopyroxene phenocryst. The spherical bleb is now composed of Fe oxide while adjacent portions of the clinopyroxene have been 
replaced by As-rich pyrite (bright white). 

472 



4J 
C 
Q) 
o 
L­
Q) 

a.. 

1.5 

1.0 

o 

0.8 

...... 
c 
Q) 
U 
L­
Q) 

0.. 

0.6 

~ 0.4 
O'l 

'Q) 
3: 

0.2 

o 

A 

B 

o 

o 

v 

<1> -

o 

o 

I 
I 
I 

I 
I 
1 

q 
I 

I 
I 
I 
I 
I 

I 
I 

I 

I 

I 

1 

I 

1 

00 I 

I 

..,.., 

<l> -\".. 
>. 
C­
O 
U 

o 
.c 
u 

<1> -\".. 
>. 
0. 
o 
<.> 

o 
..c 

<.> 

<1> -c 
o 

..0 
:l 
U 

"'0 
C 
o 

<1> -c 
o 

.!) 

::J 
U 

"'0 
C 
o 

I 
q 

I 
1 

1 
'7

1 

I 
I 

1 

1 
I 

0 1 

1 

o 

v 
V 

-

o 
o 

<1> -

o 0 

.., 'V 

o V 

o o 

3.5 - Li.9%+ 
I 

o 

o 

1 

1 

I 
1 

cPl 
I 

o 

I 0 
1 .., I 
I I 

IW 
I 

1 
I 

.., 'V : 
'7.., I 

01 

<1> -

\".. 

o 
<1> 

<1> -
o 
E 

\".. 

o 
<1> 

o As 
'V Ag x /0 

o 

v 

Ni 

Co 

Fig. 4. Minor element content of sulfides plotted versus different sulfide occurrences: A) As and Ag(Xl 0) abundances; B) Ni and 
Co abundances. Analyses are ordered along the x-axis according to increasing As content within each group. The "early 
hydrothermal pyrite" is pyrite disseminated in the intensely altered lacustrine sedimentary rocks. 

473 



:0-
0. 
..e: 
co 
< 
"0 
C 
t':S 

E 
0. 

..e: 
:s 
U 

80 

60 • 
• 

40 ·0 

20 .[0 
0 

0 
0 2 

1 
4 6 

As (ppm) 

o 

• 
o 

8 10 

o Cu (ppm) 

• Ag (ppb) 

Fig. 5. Scatter plot of As versus eu and Ag contents oflatites 
and monzonites from the central East Tintic Mountains. See 
text for discussion of data. 

0.51 wt. % and ave. of 0.14 wt. %); however, the 
weighted average Cu and Ag contents of the blebs may 
be particularly high (Cu max. of 34.7 wt. % and ave. of 
5.50 %; Ag max. of 0.03 % and ave. of < 0.02 %)when 
compared to magmatic sulfides. from other systems. 

Inasmuch as argentian pentlandite has been noted in 
some magmatic sulfides from other localities, it was 
deemed advisable to analyze the magmatic sulfides for 
detectable Ag; this effort yielded limited success. All Ag 
"anomalies" found were only just above background. 
The Ag anomalies were generally reproducible, but no 
consistent Ag-bearing phase was verified. The apparent 
Ag anomalies were found in heterogeneous magmatic 
sulfides, but none was found in hydrothermal pyrite 
analyzed at the same time (Figure 4; which suggests the 
anomalies may be real). ICP analysis of several acid 
leachates from these samples (Figure 5) yields approxi­
mately the same Cui Ag ratio as calculated using modal 
estimates of relative sulfide abundances and the micro­
probe analyses. Consequently, the magmatic sulfides 
may contain detectable Ag, but much work remains to 

be done to verify or refute this possibility. 
The textures and inclusion relationships of the sul­

fide blebs correspond to what might be expected for 
exsolved and degassed magmatic sulfides. The precursor 
of the Cu-sulfides is interpreted to be a non-stoichiomet­
ric Cu-Fe-S phase (ISS) which exsolves from the sulfide 
bleb at high temperatures (> 5000 C). The relict exsolved 
ISS blebs form a scalloped margin around the parental 
monosulfide grain, line early-formed fractures (Figure 
3C and 3D), or occur as a single discreet grain bounded 
by a curved surface (Figure 3A and 3B). [Hildreth 
(1977) also found Cu-rich margins on the much smaller 
pyrrhotite grains in the Bishop Tuff.} The presence of 
small inclusions of cubanite in chalcopyrite suggests 
that at lower temperatures the ISS phase exsolves chal­
copyrite and very minor cubanite. 

The remaining Ni-Co-bearing pyrrhotite and pyrite 
are often heterogeneous in Ni content (Figure 4). This 
may be related to a migration process analogous to 
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penclandite exsolution. However, no penclandite has 
been found in any sulfide blebs. The Ni-rich, As-poor 
pyrite which is present in the blebs may have exsolved 
from sulfur-rich MSS and was formed from the MSS after 
eruption or intrusion. This may be due in part to the fact 
that S-rich pyrrhoti te compositions spontaneously exsolve 
upon quenching, as noted by Craig and Scott (974) . 
Evidence for the occurrence of this process in calc­
alkaline volcanic rocks was also encountered by Whitney 
(984) during examination of pyrrhotite blebs in the 
Fish Canyon Tuff. 

Pyrrhotite in the magmatic blebs is rarely preserved 
unless the blebs are embedded: 1) near the centers of 
silicate phenocrysts (which are devoid of cracks to the 
crystal surface), 2) within titanomagnetite devoid of 
oxidation exsolution (or maghemitization) or 3) within 
some glomeroporphyritic clots. When these conditions 
are not met, the pyrrhotite apparently degasses to form 
As-rich pyrite, Fe-oxide, and a sulfurous gas (Figure 3E 
and 3F). 

In dike samples, it is noteworthy that S and As 
apparently migrate to the margins of the pyrrhotite 
crystal along a prefered crystallographic direction (relict 
{0001} planes in hexagonal pyrrhotite?). Magmatic 
sulfide blebs present in lava vitrophyre samples show 
only minor evidence of crystallographic control during 
degassing ofS and As; loss ofS and As occurs along cracks 
in the bleb (Figure 3B). The end result of this degassing 
process in both vitophyres and dikes is an Fe oxide 
residue with an Fe/O ratio slightly lower than hematite. 
Some samples intermediate in texture between latite 
and monzonite exhibit spherical "spongy" Fe oxides 
where > 90 % of the magmatic sulfur has been removed 
by degassing processes (Figure 3F). The size, distribu­
tion, and modal abundance of the "spongy" Fe oxides 
mimics the occurrence of the magmatic sulfides. The Co 
and Ni content of the Fe oxide residue is approximately 
the same as the original pyrrhoti te (Figure 4). The Fe and 
S distribution in a complexly degassed sulfide bleb (very 
similar to Figures 3C and 3D), consisting of intermixed 
As-rich pyrite, pyrite, and Fe oxide, was mapped using 
a microprobe X-ray mapping technique (Keith, in prep.). 
The results show a very homogenous distribution of Fe 
and very inhomogenously distributed S and As. Conse­
quently, Fe, Co, and Ni show little evidence of mobility 
during this degassing process. 

Hydrothermal Alteration 

Within the mapped area, an extensive area of hydrother­
mally altered volcanic rocks occurs which is approximately 
coincident with a swarm of dikes and small intrusions of Silver 
City Monzonite lithology (Figure 1). No previous maps or 
reports have delineated or described the alteration, probably 
because of theapparem lack of nearby mineralization. However, 
the character of the alteration exhibits several similarities to the 
well-studied alteration in the East Timic District that is present 
around producciveintrusions(Lovering, 1949)and,consequently, 
merits some description and analysis. 



The hydrothermal alteration was apparently struc­
turallyand chemically controlled in several ways (Kim 
and Keith, 1989). The poorly welded tuff member of the 
Copperopolis Latite (at the base of the stratigraphic 
section) exhibits a pervasive argillic alteration. Whether 
or not the argillic alteration is zoned exclusively around 
monzonite intrusions or is related in part to fractures and 
faults is not well known. The high porosity and per­
meability of the tuff apparently allowed wider dispersal 
of alteration than occurred in other rock types. 

The most obvious zonation of hydrothermal alteration 
is caused by stratigraphic changes in lithology. For 
example, immediately above the argillically altered tuff 
member of the Copperopolis Latite, the sedimentary 
rocks of the lower member of the Golden's Ranch 
Formation commonly record a distinct change in alter­
ation products. The lowest few meters of shale generally 
show strong argillic alteration. However the intensity of 
argillic alteration decreases upward in the section while 
the amount of pyrite and sericite present in the sedi­
mentary rocks rapidly increases. The greater amount of 
pyrite deposited in the sedimentary rocks appears to be 
related to an .increased carbonate content or porosity of 
a particular bed. Coincident with this change, some 
silicification of the most carbonate-rich beds occurs 
(although no jasperoid has yet been found in this unit). 
None of this alteration appears to be zoned around veins. 

The flow and agglomerate member of the 
Copperopolis Latite that overlies the pyrite-rich lower 
member of the Golden's Ranch Formation typically 
exhibits alteration products indicative of less acidic 
conditions. The characteristic light green color of this 
unit (when altered) is imparted by abundant chlorite, 
which replaces matrix and phenocryst constituents, and 
contrasts with the kaolinite-dominant assemblage of the 
underlying tuff member (Kim, 1988). The flows which 
clearly vented from Sunrise Peak almost always exhibit 
this type of propyllitic (or chloritic) alteration. This 
difference, in the dominant alteration products, is prob­
ably not due to original differences in composition of 
these latitic units, inasmuch as these associations have 
been noted to be reversed in some outcrops of these units. 
Another common alteration characteristic of the ag­
glomerate member is that quartz (clear euhedra) and 
calcite often line vugs and cavities while sparse limonite 
(after pyrite) occurs along fractures or small veinlets. 

The alteration present in the upper lacustrine unit is 
more variable in intensity than the alteration present in 
underlying units. The shaley part of this unit is rarely 
exposed; however, one outcrop reveals that the basal part 
(-0.5 m) of the black, organic-rich shale contains abun­
dant limonite, whereas the shale immediately above 
remains fresh and black. The lateral transition from 
limestone to jasperoid is also often abrupt (although 
recrystallization of the limestone may be more wide­
spread). The most common variety of jasperoid found in 
this horizon is dense and black; however, various colors 
and porosities of jasperoid exist as well as variable 
amounts of interspersed limonite. Reflected light mi-

croscopy of vuggy, limonite-rich jasperoid reveals the 
presence of pyritohedral pyrite. Limestone adjacent to 
jasperoid generally exhibits evidence of substantial dis­
solution. The lateral variations in the alteration of this 
unit are probably related to proximity to hydrothermal 
conduits such as veins, faults, or dike margins. 

Wide, persistent fissure veins generally occur in the 
more brittle or reactive rock types (such as the Paleozoic 
rocks and Tertiary porphyry intrusions). Consequently, 
significant veins have not been found in tuff, agglom­
erate, or lacustrine rock types, However, one small vein 
(15 em wide) occurs in an agglomerate uni t near J umpoff 
Spring (Keith et aI., 1989b) and exhibits a mineralogy 
consisting of quartz-caki te-dolomi te-Fe-Mn-carbonates­
barite-pyrite. With the exception of the carbonates, 
these gangue minerals are generally typical for many of 
the Tintic fissure yeins. Other fragments 'Of weathered 
vein material (also from veins approximately 10-15 em 
wide with variable proportions of quartz and carbonates) 
occur as float in the general vicinity ofJumpoffSpring, 
but soil cover prohibits determination of their exact 
location. No veins of this width have been found that cut 
the lacustrine units. 

Mineral Compositions 

The compositions of the individual mineral phases in 
the biotite latites flows and dikes and the Silver City 
Monzonite are unremarkable by themselves, but are 
generally equivalent; this reinforces the comagmatic 
interpretation of these units as indicated by the field and 
age relations and modal compositions. For example, the 
compositions of the clinopyroxenes in the flows, dikes, 
and monzonite of Silver City lithology are identical 
(Figure 6; Keith et aI., 1989b). Although only a few 
analyses for plagioclase are available, the same corre­
spondence is apparent (Keith et al., 1989b). 

The compositions of the amphiboles from two widely 
seperated intrusions of Silver City Monzonite are also 
compared. One intrusion is adjacent to the concealed 
Cu-Mo deposit on the western side of the mapped area 
(Figure 1). The sample analyzed (TJ-164) has been 
intensely altered to the point that the stable mineral 
assemblage consists of epidote and amphibole. Amphi­
bole from a comparatively fresh intrusion (TJ-153) 
exhibits an identical composition (Keith et aI., 1989b). 

According to the classification scheme ofLeake (1978), 
this composition is magnesio-hastingsite - a term cho­
sen to point out the comparatively Mg-rich composi­
tion. By comparison, the biotite present in the !atite 
flows is relatively Mg- or phlogopite-rich (59-65 mole 
% phlogopite) as might be expected (Keith et aI., 
1989b). This accounts for the reciprocal occurrence of 
biotite and amphibole versus orthopyroxene (and 
sanidine) in the lavas (as also noted by Lindgren and 
Laughlin, 1919). Mg in the magma is incorporated in 
one of these three phases depending on theT, f02, £H20, 
and composition of the magma. 
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Fig. 6. Microprobe analyses of clinopyroxenes. Analyses from Table 3 are plotted on the pyroxene quadrilateral. Those 
dinopyroxenes with orthopyroxene pairs show the two pyroxene temperature for that pair along the tie-line (thermometer of 
Wells, 1977; compositions recalculated according to the methods of Lindsley and Anderson, 1983). Solid circles and best-fit line 
through them shows the compositional variations and trend present in one sample (TJ-64). 

Discussion 

Magmatic Sulfides 

Immiscible magmatic sulfide blebs in intermediate 
to silicic magmas are probably quite common prior to 
eruption, but are generally either overlooked in chilled 
vitrophyres or they are removed during degassing of 
more slowly cooled lavas, tuffs, or intrusions. Hildreth 
(1977) noted magmatic pyrrhotite 1-10 microns in 
diameter sequestered within silicate and oxide phases 
from the Bishop Tuff. Whitney and Stormer (1983) and 
Drexler (1982) found pyrrhotite blebs of about the same 
dimensions within phenocrysts of the Fish Canyon Tuff 
and volcanic rocks of the Julcani district, Peru, respec­
tively. The magmatic pyrrhotite which occurs in the 
rhyolite of Keystone Springs is similar in size and 
abundance to these pyrrhotite-bearing systems. How­
ever, the latites from the East Tintic Mountains contain 
magmatic sulfides which are both larger and more 
abundant by one to two orders of magnitude. This 
difference in size and abundance may be related to the 
fact that the East Tintic latites are more mafic than any 
of the previously mentioned calc-alkaline systems. 

Magmatic sulfides from the East Tintic Mountains 
exhibit numerous similarities in mineralogy, morphol­
ogy, and exsolution to those found in submarine basalts. 
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Mathez (1976) surveyed the magmatic sulfide content of 
submarine basalt glasses from many localites; he found 
that magmatic sulfides were present in every glass 
examined. The most sulfide rich sample contained sul­
fide globules up to 100 microns in diameter with a total 
modal sulfide abundance of about 0.01 %. Others have 
reported magmatic sulfides in basalts which range in 
volume up to 0.05% and in size up to 500 microns. The 
mineralogy of the Tintic sulfides is analogous to that of 
basalts. However, it appears that the parental MSS blebs 
from which the Tintic blebs were quenched were more 
sulfur rich than those calculated for most basalts. Tintic 
sulfides exsolved to form Ni-bearing pyrite rather than 
pentlandite. Tintic sulfides would clearly plot on the S­
rich side of the MSS field on a Ni-Fe-S ternary diagram. 
Additionally, magnetite is not exsolved within the blebs 
as is often the case with more mafic compositions. 

Tintic magmatic sulfides differ compositional from 
basaltic sulfides in two additional respects. The average 
Cu/Ni ratio for the Tintic magmatic sulfides (-15) is 
much higher than those reported for basalts (-2 .0; 
Mathez, 1976) and similar estimates for Sudbury (-0.7 
- 1.0; Naldrett, 1984). In addition, the average As 
content of the Tintic sulfides (-0.4%; Figure 4) is 
probably high inasmuch as As is generally unreported in 
analyses from other magmatic sulfides. 

The relatively Ni-poorchracter of the Tintic magmatic 



sulfides may be an indication that sulfides have been 
fractionated from the parental magmas during petro­
genesis. Sulfide blebs (similar to the Tintic blebs) are 
common in xenoliths from the lower crust and upper 
mantle (Dromgoole and Pasteris, 1987). Lherzolites, 
which probably represent residuum of partial melting in 
the upper mantle, typically have Ni-rich (12 to 27 wt. 
%) sulfide blebs. Xenoliths derived from the lower crust 
have Ni-poor « 2 wt. %) blebs (Dromgoole and Pasteris, 
1987). These data indicate that any residual sulfides left 
in the mantle during partial melting would tend to be 
Ni-rich relative to the portion of sulfide incorporated in 
the melt. In an similar fashion, the Ni-poor character 
and high CulNi ratio of the Tintic blebs might indicate 
that more Ni-rich blebs may have been fractionated at 
some point between the mantle and the upper crust. If 
such an event happened those elements which have 
extremely high partition coefficients for immiscible 
sulfide melts (i.e. platinum group elements and Au) 
might also exhibit very low abundances in the Tintic 
magmas. 

The most sulfide-rich samples of the Tintic latites 
may have been able to scavenge and concentrate any PG E 
or Au present in the melt. However, such sulfide-rich 
samples show no evidence ofPt, Pd, or Au concentrations 
above background values (5,5, 1 ppb respectively). If the 
metal ratios of the magmatic blebs are partially inher­
ited by the hydrothermal ores, then this may be one 
reason that the average Ag/ Au ratio of the Tintic Dis­
tricts is >100. 

Some may be tempted to speculate that the seemingly 
fortuitous presence of large, abundant Cu-As-rich mag­
matic sulfides in the East Tintic volcanic rocks may be the 
result of upper crustal assimilation of mineralized rock. 
There is no evidence to indicate that upper crustal as­
similation of a porphyry Cu-type deposit could account for 
the magmatic sulfides which occur as included blebs 
within every phenocrystic phase. Virtually every East 
Tintic volcanic unit for which fresh vitrophyres can be 
found contains at least a trace of magmatic sulfides. This 
thick volcanic sequence covers hundreds of square kilome­
ters. In addition, magmatic pyrrhotite has also been found 
in a contemporaneous ash flow dike (35 Ma) which vented 
30 km to the east of the East Tintic Mountains (Kim, 
1988). Clearly, the magmatic sulfides are not the result of 
local assimilation of mineralized rock; however, they may 
have been degassed, dissolved, or resorbed after pluton 
emplacement to contribute to the hydrothermal ores. If so, 
their Cu-As-rich magmatic signarure may be at least 
partially inherited by the hydrothermal ores. 

Whitney (1984a, 1984b, 1988) and Whitney and 
Stormer (1983) have reviewed the potential role of 
pyrrhotite-bearing silicic magmas in providing a sulfur­
bearing hydrothermal fluid for mineralization. The 
presence of pyrrhoti te was used to estimate the fugaci ties 
of sulfurous gases in the parent magma chamber. The 
role of magmatic sulfide blebs in sequestering metals 
(i .e. Cu) during crystallization of the magma and releasing 
the metals after emplacement of an intrusion has been 

modeled by Candela (in press), but not critically evalu-, 
ated using a pyrrhotite-bearing ore-related system. The 
Tintic magmatic sulfides provide an excellent oppor­
tunity to do so considering their unusually large size, 
abundance, and spatial and temporal relationship to 
productive plutons. 

Sulfur-Rich Magmas 

A critical question that needs further study is why 
some units in a volcanic sequence are more sulfide-rich 
than others. For example, some Tintic biotite latites are 
clearly abnormally enriched in magmatic sulfides. High 
sulfur content may in part be inherited from subduction 
and partial melting of sulfide-rich oceanic crust (Whitney 
and Stormer, 1983). Alternatively, magma mixing may 
cause perturbations in Sand ° fugacities or FeO content 
sufficient to nucleate magmatic sulfides which are then 
concentrated by crystal settling (Figure 7; as suggested 
by many authors for sulfide-rich zones in layered in­
trusions). In addition, the solubility ofS in a mafic (FeO­
rich) melt is much greater than in a more silicic melt; 
consequently, a magma mixing scheme whereby sulfide 
saturated mafic magma (such as the mafic flows described 
in this report) mixes with more differentiated magma 
may create an unusually high amount of magmatic 
sulfides. Such mixing may be accompanied by a net 
decrease in confining pressure and f0

2 
for the mafic 

constituent, which might then lower the solubility ofS 
in the melt and increase the proportion of immiscible 
sulfide (Figure 7). This possibility is supported by the 
data of Carroll and Rutherford (1985) who have shown 
that sulfur solubility decreases with decreasing pressure 
and decreasing f0

2
• 

A third possibility is the introduction of crustal 
sulfur into the magma chamber by means of assimilation 
of sulfur-rich crustal rocks. Naldrett (in press) suggests 
that this process is critical to the formation of abundant 
magmatic sulfides in virtually all Cu-Ni deposits hosted 
by mafic intrusions with up to 75 % of the sulfur being 
derived from assimilation of sulfate-rich (evaporites) 
country rocks. In terms of sulfur-rich volcanic rocks, 
Luhr et al. (1982) originally proposed a similar origin for 
the high sulfur content of the El Chichon volcanic rocks. 

Some evidence from inclusions in the East Tintic 
latites suggests that assimilation of evaporites may have 
played a role in the formation of abundant magmatic 
sulfides. Our preliminary work found that one inclusion 
(which exhibits weak relict layering ?) which is present 
in a latite flow with abundant magmatic sulfides con­
sists dominantly of hercynite and potassium feldspar 
and very minor sulfide blebs. The presence ofhercynite 
precludes a magmatic origin for the inclusion; however 
it may represent a metamorphosed fragment of the 
gypsiferous Arapien Shale which may underlie both the 
volcanic complex and subjacent thrust sheets in this area 
(and may be almost 1 km thick) and form part of the 
country rock around the parent magma chamber. [Twenty 
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kilometers to the southest, where the Arapien Shale was 
encountered during drilling for oil it exhibits numerous 
beds of salt and gypsum up to 30 m thick.} 

The isotopic signature of sulfides derived from sul­
fates would be very distinct from those formed by 
juvenile sulfur. Prior work on the S isotopic signatures 
of Tintic ores suggest values near -1.4 permil (Ames, 
1970). Consequently, assimilation of evaporites would 
not appear to be an important contributor to the mag­
matic sulfides and subsequent hydrothermal ores. 
However, even minor assimilation of gypsiferous 
wall rocks may have kept the magma chamber near 
sulfide saturation over protracted episodes of fraction­
ation and magma mixing. A sulfur isotope investigation 
ofTintic magmatic sulfides would help evaluate sources 
of sulfur and the potential buffering influence of evapor­
ites to maintain sulfide saturation. 

Sulfide Exsolution and Degassing Processes 

Sulfide blebs both in the lavas and the dikes exhibit 
various degrees of "replacement" by Fe oxide. This 
replacement is apparently related to the pressure de­
crease associated with etuption and the concurrent loss 
of sulfurous gases from the melt. In response sulfurous 
gases are also lost from the blebs leaving behind an Fe 
oxide residue. The process is important because, when 
such magma degasses at shallow levels in the crust, it 
may constitute the birth of the magmatic component of 
an ore fluid. 

Some of the mineralogy and textures exhibited by the 
blebs can simply be attributed to quenching the bleb from 
magmatic temperatures withouc any loss of S or metals. 
Textural evidence suggests that the ISS (Cu-Fe-S) portion 
of the bleb is the first component to exsolve followed by the 

more Ni-rich (0.9-0.4% Ni) pyrite (Figure 7). In a closed 
system, approximated by a host crystal without cracks to 
the surface, the final assemblage is pyrrhotite, pyrite, 
chalcopyrite, and minor cubanite. 

Magmatic sulfide blebs which are not tightly seques­
tered by phenocrysts exhibit an interesting mineralogi­
cal sequence of degassing. Examination of hundreds of 
blebs which exhibit various degrees of degassing from 
essentially none to complete suggests that some of the 
constituent sulfides are more stable than others. The first 
stage of this process appears to be pyrrhotite degassing 
to form a ferric oxide residue, As-rich pyrite, and sulfu­
rous gas (Figure 7). The intergrowth of ferric oxide and 
the As-rich pyrite is controlled mainly by fractures in 
lava-hosted sulfides; dike-hosted magmatic sulfides 
exhibit a clear planar intergrowth of Fe oxide and As­
rich pyrite (Figur~3) which is interpreted to be degas­
sing along the basal cleavage of hexagonal pyrrhotite. 

Whitney (l9'84b, 1988) demonstrates that the ini­
tial sulfurous gas evolved from strongly oxidized calc­
alkaline magmas would be dominated by S02. He points 
out that the loss of this oxidized component would lower 
the f02 of the system to more reducing values; subse­
quently, H

2
S may exhibit the higher fugacity in the 

sulfurous gas. Whether or not the initial sulfurous gas 
emitted from the Tintic sulfides was dominated by H 2S 
or S02 is unclear (Figure 7). The composition of 
titanomagnetites in the latites combined with two­
pyroxene geothermometry (Figure 6) suggests that the 
conditions present in the parent magma chamber were 
near the fS0

2 
= fH2S boundary. The lower solubility of 

S02 in the melt would indicate that initial gas lost after 
emplacement would be S02-dominated.1t is important 
to note that the chalcopyrite portion of the bleb shows 
no evidence of degassing at this stage. 

Fig. 7. Possible correlations between: A) magmatic proceses, B) magmatic sulfide bleb evolution, and C) Lindgren's (1949) 
sequential alteration stages. I. After formation of a caldera during eruption of the Copperopolis Tuff, subsequent volcanism within 
the caldera was dominantly intermediate (58-62 wt. % Si02) in composition with lesser amounts of more silicic and more mafic 
magma. Reductions in T, fOz, P, and FeO content of mafic magma during magma mixing may have contributed to sulfide 
saturation and development of unusually large sulfide blebs. The high Cu content of the blebs may have allowed them to remain 
liquid at magmatic temperatures. II. Temporary waning of the influx of new magma may have allowed crystallization and crystal 
settling to develop a sulfide-rich magma at the base of the magma chamber. Large sulfide blebs were incorporated with 
glomeroporphyritic clots at the base or margins of the chamber. The ISS portion of the blebs began exsolving after the blebs had 
solidified, but exsolution was not complete until well after eruption or crystallization of the magma. III. A new cycle of eruption 
and intrusion created some flows which were poor in sulfides and others whicQ were sulfide-rich. Sulfide blebs which were 
quenched in flows and shallow dikes, but were prevented from degassing consist dominantly of pyrrhotite (PYRR) with lesser 
Ni-Co-bearing pyrite (PY) and chalcopyrite (CHAL) .± cubanite (CUB). IV. The high f0

2 
of the Tintic intermediate magmas 

combined with the low solubility of the S02 component of the magmatic sulfurous gases dictates that the initial magmatic 
volatiles lost from shallow intrusions will be S02 -rich. Such emanations were likely responsible for creating the mid-barren stage 
of alteration. Magmatic sulfide blebs may have contributed some S at this stage (SOz if sufficient 02 were present), but there is 
no indication that the blebs were resorbed or degassed quickly enough to supply metals to the exiting magmatic volatiles. V. After 
the loss of the SOz-dominated sulfurous gases, the entire magmatic system as well as the sulfurous gases might be more reduced. 
The barren pyritic alteration of the late barren stage is an indication that the subsequent magmatic emanations were HzS­
dominated as would be anticipated. Magmatic sulfide blebs which were present in shallow dikes show strong evidence that the 
sulfurous gas exiting the blebs was reduced (H2S) and created As-rich pyrite mantles on adjacent Fe silicate phenocrysts. The 
chalcopyrite remained undegassed at this stage. VI. Shallow dikes which exhibit a holocrystalline matrix, contain sulfide blebs 
which have completely degassed and have also partially or completely dissolved. This process was clearly capable of delivering 
Cu, Ag, Fe, As, and S to a hydrothermal fluid. In less quickly cooled magma, the sulfide blebs may have resorbed in response to 
the loss of sulfurous gases which were being exsolved from the melt and leaving the system. This final stage of bleb degassing, 
resorption, and solution could have provided some of the metals and help set metal ratios for the episode of mineralization. 
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The next mineral which is removed from the bleb is 
As-poor pyrite in favor of As-rich pyrite. Commonly the 
As-rich pyrite replaces adjacent biotite or clinopyroxene 
(Figure 3E and 3F) or reequilibrates within the bleb. 
This type of "sulfidation" is clearly due to removal of 
reduced S species from the bleb and reaction with 
reduced Fe in the silicates (Figure 7). For example, as the 
S escapes from blebs sequestered within biotite, it will 
sulfidize the cleavage trace it passes along and the S will 
be spent before the margin of the biotite crystal is 
reached. Arsenic appears to be a key factor in temporarily 
stabilizing pyrite during bleb degassing. The result is 
prong of As-rich pyri te extending outward from the bleb 
(Figure 3E). The replaced margins of pyroxene remain 
perfectly euhedral (Figure 3F). This process is a strong 
indication that H2S is the dominant sulfur species in the 
system as might be indicated by the data of Whitney 
(1988). H2S (and As?) would also be important con­
stituents in any magmatic vapor leaving the system. 
Whether or not this stage of bleb degassing is mediated 
by magmatic water vapor or hydrothermal fluid is 
unclear. The matrix of such samples varies from perlitic 
to microcrystalline. However, any reaction that can be 
written that produces ferric iron within the bleb and H 2S 
as the degassed component, would consume substantial 
water. One possibility would include: H2 + 4H20 + 2FeS2 
= 4H2S + Fe20 3 

+ H
2
0. Such a reaction might account 

for the persistence of ferric iron within the bleb adjacent 
to unaffected As-rich pyrite and magnetite. However, 
even at this stage of degassing, the chalcopyrite portion 
of the bleb remains dominantly intact (Figure 7). 

The final stage of bleb degassing is characterized by 
complete removal of sulfides from the bleb as well as part 
or all of the residual Fe (Figure 7). The matrix of such 
samples is completely crystalline. The process likely 
involves solution of the bleb more than degassing. 
Residual Fe in the blebs still contains substantial Ni and 
Co (Figure 4). The residual Fe in the bleb is preferentially 
dissolved by the hydrothermal fluid while adjacent 
magnetite is unaffected. Cu, As, Fe, (Ag?), and S are 
clearly mobilized by the hydrothermal fluid and pre­
sumably could be transported out of the intrusion. 

If these elements are being completely removed from 
the dikes and lavas in response to these degassing 
processes, then whole-rock analyses may illustrate the 
loss. In this regard, Cu and As abundances do show some 
correlation (Figure 5). Petrograhic examination of the 
samples illustrated in Figure 5 reveals that the most As­
rich samples contain abundant magmatic sulfides. The 
most As-poor samples are represented by latite 
vitrophyres which contain abundant magmatic sulfides 
which have completely degassed to Fe-oxide or they 
represent sulfide-absent monzoni te porphyry. The points 
joined by a tie-line represent a sulfide-rich latite 
vitrophyre (on the left) and a panned heavy mineral 
concentrate of the same sample. The sharp increase in Ag 
and Cu which occurs with an increase in As-bearing 
sulfides is permissive evidence that the Cu and Ag are both 
hosted largely by the sulfides. This is petrographically 
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obvious for the Cu, but is inferred for the Ag. Alterna­
tively, the Ag could be dominantly present in the 
clinopyroxene and titanomagnetite in the concentrate, 
but this seems less likely. It is interesting to note that the 
Au content of both the sample and the concentrate are at 
the detection limit of 1 ppb. 

The stages of bleb degassing outlined here are de­
rived from examination of fresh, quickly chilled, high 
level dikes and lava vi trophyres. These processes may not 
be an accurate guide to the fate of magmatic sulfide blebs 
throughout the dominant volumes of the intrusions. If 
the magma is not as quickly chilled, the sulfide blebs 
may simply be resorbed as the melt-hosted sulfurous 
gases exit the magma or intrusion. Sulfide blebs hosted 
entirely by glass or perlite do often show evidence of the 
initiation resorption prior to quenching (Figure 3D). In 
any case, the melt-hosted sulfurous gases may leave the 
magma first; the metals, S, and As sequestered by the 
blebs ,would lag behind whether they are removed by 
degassing, resorption, or solution. 

Examination of the sequential hydrothermal alter­
ation stages (Lovering, 1949) in the Tintic mining 
districts suggests that such a decoupling ofS and metals 
may have occurred. The U.S. Geological Survey spent 
many years examining the hydrothermal alteration 
patterns of the Tintic mining districts; the studies 
surmized that the alteration zones present in the dis­
tricts were the result of "different solutions which followed 
the same paths at different times" (Lovering, 1949). The 
first alteration stages were notably barren of any trace of 
mineralization. The enormous volume of intensely al­
tered (pyrite-bearing) volcanic rocks in the East Tintic 
Mountains which is totally barren of mineraliz~tion to a 
large degree sets these districts apart from many other 
mining districts in the Great Basin. 

The first alteration stage which is spatially related to 

the monzonite intrusions is the "mid-barren" stage 
which could generally be descibed as argillic. The hy­
drothermal solutions were interpreted to be sulfate­
dominated and produced alunite spatially zoned around 
the parental intrusion at shallow depths (Figure 7). This 
stage of alteration could have easily been produced from 
the initial rapid loss of SO 2 from the magma which might 
accompany injection of the magma into vents or shallow 
intrusions. Considering the proportion of sulfide blebs 
trapped by phenocrysts and glomeroporphyritic clots, 
the metals hosted by the blebs may have been seques­
tered from this initial sulfate degassing episode. 

The subsequent alteration stage is also notably barren 
and is called the "late-barren" stage. The spatial rela­
tionship of this stage to monzonite intrusions is not as 
close as the previous stage (Figure 7). Lovering (1949) 
describes the causitive hydrothermal fluid as "gas-phase 
hydrogen sulfide" which converts Fe silicates and 
magnetite in the lavas to pyrite. After loss of the weakly 
soluble S02 during the mid-barren stage, the remaining 
magma and sulfurous gases could easily have been driven 
into the T-f02 region where H )S is the dominant sul­
furous gas (Whi tney, 1984b, 1988). Continued degas-



sing of the melt-hosted sulfurous gases in the magma 
could have produced the barren pyritic portion of this 
alteration stage (Figure 7). Initial degassing of the blebs 
may have contributed some H

2
S as well. 

The Tintic districts also commonly exhibit abundant 
As anomalies which show no close relationship to min­
eralization in time or space. The pyrite-rich alteration 
present in the Tertiary lacustrine sedimentary rocks 
exhibits As anomalies of at least a few hundred ppm. The 
sample of a small vein from Government Canyon de­
scribed previously contains 4800 ppm As, but no 
anomalous metals. Clearly, the initial sulfurous gases 
released from the Tintic monzonitic magmas may have 
been accompanied by As, but not metals. The bleb 
degassing sequence noted in the latites (Figure 7) strongly 
indicates that H

2
S and As removal may largely precede 

removal of magmatic chalcopyrite (and any chalcopyrite­
hosted precious metals). 

A one-to-one correspondence of magmatic sulfide 
composition and metal ratios in the Tintic hydrother­
mal ores is not proposed. However, these data certainly 
indicate that magmatic sulfides are capable of seques­
tering and then giving a delayed release to important 
chalcophile constituents of hydrothermal ores. Other 
ore-related systems which are not sulfide saturated or 
have fewer and smaller magmatic sulfides may not show 
a" decoupling" of barren alteration and mineralization as 
in the Tintic districts. 

The salinity and composition of the hydrothermal 
fluid are undoubtedly important in determining the 
metal ratios of a deposit. For example, important con­
stituents of the Tintic ores (Pb, Zn, Ba) might be leached 
from the silicate and oxide minerals of the monzonite 
depending on the temperature and composition of the 
fluid. However, the availability of metals, whether those 
metals are present in melt, oxide, silicate, or sulfide 
phases would help determine the metal ratios of the de­
posit (i.e. Ag/Au) and the grade. Whether the parental 
magma of an ore deposit is merely sulfide-saturated or 
has become enriched in magmatic sulfides by one to two 
orders of magnitude would certainly have an effect on 
the grade of the resultant deposit. Layered mafic and 
ultramafic intrusions clearly show that crystal fraction­
ation (often preceded by magma mixing) is capable of 
creating substantial enrichments of magmatic sulfides 
and contained Cu, Ni, and PGE. The wide variations in 
the magmatic sulfide content of the latites from the East 
Tintic Mountains suggests that sulfide-rich magmas 
ultimately may be partly responsible for creating the 
large volume of high-grade ore in these districts. 

The coincidence in age between the sulfide-rich latite 
(34.5 Ma) and the adjacent porphyry Cu-Mo prospect 
(34.4 Ma; Hannah and Macbeth, 1990) suggests that the 
parental magma of the porphyry Cu-Mo deposit was 
almost certainly comagmatic with the sulfide-rich latitic 
magma. Resorption of magmatic sulfide blebs may have 
provided an important flux of Cu-rich volatiles to the 
porphyry Cu-Mo stock. 

Some of the volcanic and intrusive units from the East 

Tintic Mountains are the same age and/or composition 
as the main intrusive units of the Bingham porphyry Cu 
deposit (65 km to the north). Lindgren and Loughlin 
(1919) were impressed with similarities between the 
mineralization and ore-related porphyries of these two 
systems to the point that they proposed that they were 
fed from the same parental magma chamber. It is very 
unlikely that the two are comagmatic. However, the 
discovery of Cu-bearing magmatic sulfides in volcanic 
units from the East Tintic Mountains may have important 
implications concerning the genesis of the porphyry Cu 
deposits, such as Bingham, as well. It was Lindgren and 
Loughlin (1919) who first confidently proposed that the 
monzonite dikes and intrusions are the ultimate source 
of the base- and precious-metals which form the deposits 
in these districts. However, the discovery of unusually 
large and abundan.r Cu-As-(Ag-)bearing magmatic 
sulfides in ore-related dikes may be important evidence 
for their model. The degassing and resorption of these 
magmatic sulfides, which occurs after depressurization 
of the magma, may represent the birth of an important 
component of the ore fluid. 

Conclusions and Summary 

This report documents several new findings concern­
ing the geology and mineralogy of volcanic units in the 
central East Tintic Mountains, Utah. For example, 
fission-track ages and 40 ArP9 Ar ages which we report 
suggest that some of the volcanism in this area which is 
contemporaneous or stratigraphically beneath the 
lacustrine horizons is as old as ca. 37.4 to 35.3 Ma 
(Figure 2). Age determinations for units above the 
lacustrine horizons (or for intrusions which cut them) 
range from 34.5 to 33.6 Ma. This implies that a large 
caldera related to the eruption of the younger Packard 
Quartz Lati te and Fernow Quartz Latite is not present in 
this area. However, our data suggests that a smaller 
caldera related to the eruption of the tuff member of the 
Copperopolis Latite may be present. We note that many 
monzonite dikes and intrusions in this area are horn­
blende bearing and are correlative in modal and chemi­
cal composition with the productive Silver City Stock 
rather than the barren Sunrise Peak Stock. The large 
areas of hydrothermal alteration which surround these 
intrusions exhibit many similarities to the well~studied 
alteration halos in the East Tintic District. The age, 
com posi tion, and field relationships of the post -lacustrine 
volcanic rocks suggest that they may represent, in part, 
the extrusive equivalents of the monzonite dikes and 
Silver City Stock. Our work suggests that the Silver City 
Stock and related intrusions may be part of one of the 
youngest (33.6.±. 0.2 Ma) igneous events in the central 
East Tintic Mountains, but not as young as previously 
suggested (ca. 31.5 Ma). 

In addition, our recent work has documented the 
existence of unusually large (and abundant) magmatic 
sulfides in lava vitcophyres and vent-facies biotite iatite 
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dikes, which are the surface expressions of the Silver City 
Quartz Monzonite intrusions in this area. The abundance 
and diameters of sulfide blebs between various units 
varies widely. The most sulfide-rich biotite latite glass 
from the East Tintic Mountains which has been found so 
far contains globules up to 450 microns in diameter wi th 
a modal abundance of 0.02% (Figure 3). Careful modal 
analysis of the sulfide distribution in one sample re­
vealed a total of 465 sulfide blebs over 1 micron in size 
in one thin section. Titanomagnetite contained 36% of 
the blebs, clinopyroxene contained 27 %, the matrix 
22%, biotite 10%, and plagioclase contained only 4%. 

By comparison, several vitrophyres are relatively 
sulfide-poor. Standard petrographic thin sections of 
such vitrophyres commonly contain fewer than 10 sul­
fide blebs with diameters in the range of 1-10 microns. 

Some of the mineralogy and textures exhibited by the 
blebs can simply be attributed to quenching the bleb 
from magmatic temperatures without any loss of S or 
metals. Textural evidence suggests that the ISS (Cu-Fe­
S) portion of the bleb is the first component to exsolve 
followed by the more Ni-rich (0.9-0.4% Ni) pyrite 
(Figure 7). In a closed system, approximated by a host 
crystal without cracks to the surface, the final assemblage 
is pyrrhotite, pyrite, chalcopyrite, and minor cubanite. 
In addition, preliminary analytical data suggest that the 
sulfides host most (-75%) of the Ag present in the 
latites. 

The East Tintic Mountains are potentially the first 
locality, worldwide, where some of the metal in 
mesothermal veins can be demonstrated to be derived 
from degassed magmatic sulfides. In addition, the 
decoupling of barren alteration and mineralization in 
the East Tintic Mountains may be related to the ob­
served sequence of sulfide bleb degassing, resorption and 
solution. For example, the high f02 of the Tintic inter­
mediate magmas combined with the low solubility of 
the S02 component of the magmatic sulfurous gases 
dictates that the initial magmatic volatiles lost from 
shallow intrusions will be S02 -rich. Such emanations were 
likely responsible for creating the sulfate-dominated 
mid-barren stage of alteration. Magmatic sulfide blebs 
may have contributed some S at this stage, but there is 
no indication that the blebs were resorbed or degassed 
quickly enough to supply metals to the exiting mag­
matic volatiles. 

After the loss of the S02-dominated sulfurous gases, 
the entire magmatic system as well as the sulfurous gases 
might be more reduced. The barren pyritic alteration of 
the late barren stage is an indication that the subsequent 
magmatic emanations were H

2
S-dominated as would be 

anticipated. Magmatic sulfide blebs which were present 
in shallow dikes show strong evidence that the sulfurous 
gas exiting the blebs was reduced (H2S) and created As­
rich pyrite mantles on adjacent Fe silicate phenocrysts. 
The chalcopyrite remained undegassed at this stage. 
Shallow dikes which exhibit a holocrystalline matrix, 
contain sulfide blebs which have completely degassed 
and have also partially or completely dissolved (Figure · 
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7). This process was clearly capable of delivering Cu, Ag, 
Fe, As, and S to a hydrothermal fluid. In less quickly 
cooled magma, the sulfide blebs may have resorbed in 
response to the loss of sulfurous gases which were being 
exsolved from the melt and leaving the system. This 
final stage of bleb degassing, resorption, and solution 
could have provided some of the metals and help set 
metal ratios for the episode of mineralization. 

A one-to-one correspondence of magmatic sulfide 
composition and metal ratios in the Tintic hydrother­
mal ores is not proposed. However, these data certainly 
indicate that magmatic sulfides are capable of seques­
tering and then giving a delayed release to important 
chalcophile constituents of hydrothermal ores. Other 
ore-related systems which are not sulfide saturated or 
have fewer and smaller magmatic sulfides may not show 
a decoupling of barren.alteration and mineralization as 
in the Tintic districts. 
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