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Abstract. The Rico paleothermal anomaly, southwestern 
Colorado, records the effects of a large hydrothermal 
system that was active at 4 Ma. This hydrothermal sys- 
tem produced the deep Silver Creek stockwork Mo de- 
posit, which formed above the anomaly's heat source, 
and shallower base and precious-metal vein and replace- 
ment deposits. A 65 Ma hornblende latite porphyry is 
present as widespread sills throughout the area and pro- 
vided a homogeneous material that recorded the effects 
of the hydrothermal system up to 8 km from the center. 
Hydrothermal alteration in the latite can be divided into 
a proximal facies which consists of two assemblages, 
quartz-illite-calcite and chlorite-epidote, and a distal fa- 
cies which consists of a distinct propylitic assemblage. 
Temperatures were gradational vertically and laterally 
in the anomaly, and decreased away from the central 
heat source. A convective hydrothermal plume, 3 km 
wide and at least 2 km high, was present above the stock- 
work molybdenum deposit and consisted of upwelling, 
high-temperature fluids that produced the proximal al- 
teration facies. Distal facies alteration was produced by 
shallower cooler flttids. The most important shallow 
base and precious-metal vein deposits in the Rico district 
are at or close to the boundary of the thermal plume. 
Latite within the plume had a large loss of Na20, large 
addition of CaO, and variable SiOz exchange. Distal 
propylitized latite samples lost small amounts of Na20 
and CaO and exchanged minor variable amounts of 
SiOa. The edge of the plume is marked by steep Na20 
exchange gradients. Na20 exchange throughout the pa- 
leothermal anomaly was controlled by the reaction of 
the albite components in primary plagioclase and alkali 
feldspars. Initial feldspar alteration in the distal facies 
was dominated by reaction of the plagioclase, and the 
initial molar ratio of reactants (alkali feldspar albite 
component to plagioclase albite component) was 0.35. 
This ratio of the moles of plagioclase to alkali feldspar 
albite components that reacted evolved to 0.92 as the 
reaction progressed. Much of the alkali feldspar albite 
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component in the proximal facies reacted while the pri- 
mary plagioclase was still unreacted, but the ratio for 
these assemblages increased to 1.51 when the plagioclase 
entered the reaction paragenesis. Plagioclase reaction 
during distal propylitic alteration resulted in pseudo- 
morphic albite mixed with illite and a loss of NazO. 
CaO is lost in the distal facies as hornblende reacts to 
chlorite, although some calcium may be fixed in calcite. 
CaO is added to the proximal facies as the quantity 
of chlorite replacing hornblende increases and epidote 
and calcite are produced. 

Introduction 

in 1980, Naeser et al. reported that partial annealing 
of fission tracks in apatite and zircon in 65 Ma horn- 
blende latite porphyry sills (Fig. 1) increases systemati- 
cally towards the center of the Rico dome, just east of 
the old mining town of Rico, Colorado. Naeser et al. 
0980) and Cunningham et al. (1987) interpreted this 
pattern to reflect the presence of a young heat source 
near this center. At about the same time, geochemical 
exploration and drilling by the Anaconda Company led 
to the discovery of the deep, large, 4-Ma Silver Creek 
stockwork molybdenum deposit (Barrett etal. 1985; 
Larson 1987). Isotopic dating of intrusive rocks and vein 
minerals (Naeser et al. 1980) indicate that the hydrother- 
real system related to this heat source produced all of 
the known ore deposits in the Rico district, and also 
produced alteration patterns in the latite which extend 
up to 8 km from the stockwork Mo deposit. These ther- 
mal and hydrothermal effects have been designated the 
Rico paleothermal anomaly (PTA) by Cunningham 
et al. (1987). 

The young age of the hydrothermal system and the 
ore deposits relative to the host rocks (Precambrian 
through Cretaceous), the deep drilling, and the presence 
of a single large hydrothermal system make the Rico 
PTA ideal for study of the processes of water-rock inter- 
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action in a continental hydrothermal environment. One 
km of  topographic relief and 1.5 km of  diamond drill 
core provide a vertical interval of  more than 2.5 km 
(more than 8000 ft) from which altered rocks can be 
sampled. The investigation of  the effects o f  water-rock 
interaction in the PTA has concentrated on the altered 
hornblende latite porphyry because: (1) it is widespread 
throughout  the dome and, therefore, records the effects 
of  the PTA from the central heat source to near its 
known spatial limits, (2) the latite initially had a relative- 
ly uniform mineralogy and composition and, thus, the 
effects of chemical variations in this reactant are normal- 
ized, and (3) apatites and zircons from the latite were 
used by Naeser et al. (1980) to define the PTA. Latite 
has been collected from throughout the area (Fig. 1), 
including the localities where Naeser et al. initially col- 
lected their fission track samples. The effects of  water- 
rock interaction in forming the ore deposits and the sur- 
rounding PTA can, therefore, be interpreted using the 
time-temperature history of  the PTA as measured by 
the partial to total annealing of  the apatite and zircon 
ages. 

Water-rock interaction has produced a variety of  min- 
eral assemblages in the latite and has both added and 
removed major-element components in most samples. 
The mineral assemblages and their distribution in the 
alteration facies are described here along with the latite 
whole-rock major-element compositions and the distri- 
bution and compositions of  the product and reactant 
phases. These data are used to define reaction progress 
and time-integrated mass exchange for some of  the ma- 
jor elements that were transported by the hydrothermal 
fluid. An upright cylindrical volume of  altered rock is 
present directly above the stockwork Mo ,deposit; we 
interpret this to mark the location of  a hydrothermal 

plume above the PTA's  heat source (Larson and Zim- 
merman 1991). 

Geology of  the Rico dome 

The Rico dome (Fig. 1) is located in southwestern Colorado near 
the western margin of the San Juan volcanic field (Stevcn and 
Lipman 1976). Excellent descriptions and maps of the gology of 
the dome are by Cross and Spencer (1900), Ransome (1901), Cross 
and Ransome (1905), Bush and Bromfield (1966), Pratt et al. 
(1969), McKnight (1974), and Pratt (1976). Recent summaries of 
the geology and ore deposits of the dome are in McKnight (1974), 
Naeser et al. (1980), Larson (1987), and Barrett et al. (1985). 

The 12 km diameter dome consists of more than 3 km of Paleo- 
zoic and Mesozoic sedimentary rocks that have been uplifted more 
than 1 kin. West and northwest trending fault zones intersect in 
the east-central part of the dome (Fig. 1) and bound a horst of 
Precambrian greenstone and quartzite at the center of the dome. 

There have been two episodes of magmatic activity. The earliest 
includes two contemporaneous and cogenetic intrusive rocks, horn- 
blende latite porphyry and augite monzonite, which were emplaced 
about 65 Ma (McKnight 1974; Naeser et al. 1980). The latite oc- 
curs as sills and dikes throughout the district, and the monzonite 
forms a 2.5-kin elongate east-west trending stock in the west-central 
part of the dome (Fig. 1). It appears that no mineralization or 
alteration were associated with these Laramide-age intrusions. The 
monzonite is unaltered except along its northern exposure where 
it is bounded by the east-west fault zone. The younger episode 
of magmatic activity is characterized chiefly by basaltic, andesitic, 
rhyolitic, and lamprophyric dikes. One small rhyolitic stock is ex- 
posed at Calico Peak (the Calico Peak Prophyry) near the western 
end of the dome (Larson and Taylor 1987). Isotopic dating of 
these rocks yields ages between 3.4 and 4.5 Ma, contemporaneous 
with hydrothermal activity in the district (Naeser et al. 1980). 

Data  acquisition 

Forty-two samples of the hornblende latite porphyry were collected 
from throughout the dome (Table 1, Fig. 1). The augite monzonite 
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Fig. 1. Geologic map of the Rico dome, 
Colorado, showing the distribution of the 
hornblende latite porphyry, augite monzon- 
ite, the central horst of Precambrian rocks, 
and major faults (modified from Pratt et al. 
1969; McKnight 1974, and Pratt 1976). 
Sample locations are also shown. The dark 
heavy cross shows the surface projection of 
the center of the Silver Creek molybdenum 
deposit. A vertical pole here is the center 
for the composite radial cross sections 
(Figs. 3, 4, and 8) 



Table 1. Locations and alterations facies 
classifications for the hornblende latite 
porphyry samples. The locations are rela- 
tive to the center of the hydrothermal sys- 
tem, the Silver Creek molybdenum deposit 
(Fig. 1) (108o0.29 ' N, 37~ ' W). Azi- 
muths are relative to a vertical pole at the 
central point  and 0 ~ at true North.  "Dis-  
tance to Center"  is horizontal distance 
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Sample Distance Azimuth Elevation Alteration 
number  to center to center (m) facies ~ 

(kin) (~ 

RI-40 3.29 244 2749 PROP 
RI-41 7.90 214 2585 PROP 
R1-42 6.02 210 2630 PROP* 
RI-43 1.65 260 2780 QIC 
RI-45 3.01 277 2865 CHL/EPI  tr 
R1-46 4.31 331 2767 QIC 
RI-51 1.51 254 2743 CHL/EPI 
RI-52 1.51 254 2743 CHL/EPI 
R1-53 2.12 250 2710 CHL/EPI tr 
RI-54 7.02 202 2621 PROP 
RI-55 1.71 27] 2914 QIC 
RI-56 1.61 267 2914 QIC 
RI-59 Stream float PROP* 
RI-60 5.99 197 2688 PROP 
RI-61 5.99 197 2688 PROP 
RI-62 5.99 197 2688 PROP 
RI-63 5.69 265 3657 PROP $ 
RI-64 0./8 257 2963 CHL/EPI  
RI-65 0.45 250 2950 QIC 
RI-66 0.45 250 2950 CHL/EPI  
RI-67 0.45 250 2950 CHL/EPI  tr 
RI-68 6.04 308 3658 PROP* 
RI-70 6.92 293 3597 PROP* 
RI-72 7.82 297 3539 PROP 
RI-73 7.41 273 3551 PROP* 
RI-75 6.27 279 3136 PROP 
RI-76 1.84 178 3688 PROP 
R1-77 2.37 236 2771 PROP 
HP-1 2.29 56 3170 PROP 
HP-2 2.27 54 3170 QIC 
HP-6 2.94 80 3365 PROP 
HP-7 2.98 81 3334 PROP 
HP-8 2.39 69 3104 PROP* 
HP-9 7.80 80 3529 PROP* 
HP-10 7.20 77 3578 PROP* 

Alteration facies (see text for descriptions): PROP, propylitic; PROP $, propylitic with 
tremolite; PROP*, propylitic-with-relict-hornblende; CHL/EPI,  chlorite and epitode flood- 
ing; CHL/EPI  tr, transitional between PROP and CHL/EPI;  QIC, quartz-illite-calcite 

Table 2. Concentrations of major  elements in representative whole-rock samples of the hornblende latite porphyry and the augite monzonite. 
Total iron was analyzed as FeO* 

Latite Monzonite 

RI-41 RI-42 RI-43 RI-51 RI-52 RI-53 RI-55 HP-6 HP-8 RI-38 RI-39 

SIO2 67.65 67.57 67.48 63.05 56.83 67.41 64.58 66.71 62.04 59.69 56.05 
A1203 16.20 16.61 16.61 13.27 14.50 17.26 16.69 16.94 16.62 17.74 ]8.13 
TIO2 0.424 0.400 0.327 0.700 0.654 0.386 0.399 0.508 0.776 0.876 1.041 
FeO* 3.43 3.13 2.53 9.12 8.98 3.06 3.80 4.38 6.27 3.23 7.45 
MnO 0.116 0.099 0.]78 0.943 0.975 0.221 0.390 0.106 0.158 0.152 0.196 
CaO 2.79 2.22 3.92 7.57 11.08 2.26 4.33 0.98 3.65 9.09 8.30 
MgO 0.87 0.74 0.71 2.78 2.69 1.01 1.15 1.45 2.12 2.15 2.22 
K20  3.27 3.11 2.99 0.27 0.21 3.55 3.74 3.21 2.74 3.78 2.83 
Na20  5.94 6.92 4.21 0.14 0.25 4.94 2.90 6.19 5.85 4.63 4.68 
P205 0.171 0.181 0.126 0.306 0.293 0.159 0.]66 0.225 0.289 0.451 0.567 
Total 100.86 100.98 99.08 98.15 96.46 100.26 98.15 100.70 100.51 101.79 101.46 

All data are weight percent 
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Table 3. Average electron microprobe analyses and structural formulae for representative feldspar from the hornblende latite porphyry. 
All formulae are balanced on 8 oxygens. The number  of point analyses for each sample is n 

Alkali feldspar Plagioclase 

RI-52 RI-63 RI-41 RI-42 RI-43 RI-53 RI-55 RI-59"" RI-59 HP-6 HP-8 HP-9*" HP-9 
3 1 4 5 4 10 4 2 8 3 7 6 3 

K20  45.23 15.50 0.20 0.19 0.13 0.13 0.09 0.48 0.04 0.04 0.23 0.41 0.06 
Na20  0.47 0.92 10.88 11.49 11.08 11.24 11.45 7.45 11.15 11.45 10.87 7.59 11.37 
CaO 0.06 0.04 0.50 0.08 0.37 0.42 0.15 6.66 0.68 0.12 0.75 6.49 0.42 
FeO 0.16 0.45 0.01 0.04 0.03 0.01 0.06 0.18 0.02 0.00 0.05 0.26 0.10 
BaO 1.10 0.27 0.01 0.02 0.03 0.02 0.03 0.07 0.02 0.04 0.02 0.06 0.01 
A1203 19.27 18.40 20.05 19.86 19.73 19.83 19.66 24.86 20.14 19.72 20.24 24.88 19.93 
SiO2 63.79 64.77 67.13 68.29 67.85 68.02 68.03 60.35 67.76 68.62 67.52 60.30 67.77 
Total 100.08 100.36 99.77 99.97 99.22 99.65 99.45 100.05 99.81 100.00 99.67 99.98 99.67 

K 0.902 0.912 0.011 0.010 0.007 0.007 0.005 0.027 0.002 ' 0.002 0.013 0.023 0.003 
Na 0.042 0.082 0.933 0.973 0.945 0.955 0.975 0.644 0.947 0.968 0.925 0.657 0.967 
Ca 0.003 0.002 0.024 0.004 0.017 0.020 0.007 0.318 0.032 0.006 0.035 0.310 0.020 
Fe 0.006 0.174 0.000 0.001 0.001 0.000 0.002 0.007 0.001 0.000 0.002 0.010 0.004 
Ba 0.020 0.005 0.000 0.000 0.001 0.000 0.001 0.001 0.000 0.001 0.000 0.001 0.000 
A1 1.054 1.001 1.045 1.023 1.023 1.024 1.018 1.306 1.039 1.014 1.047 1.308 1.030 
Si 2.959 2.989 2.968 2.984 2.985 2.981 2.987 2.690 2.967 2.994 2.962 2.689 2.973 
O 8 8 8 8 8 8 8 8 8 8 8 8 8 

Or 0.95 0.92 0.01 0.01 0.01 0.01 0.01 0.03 0.00 0.00 0.01 0.02 0.00 
Ab 0.04 0.08 0.96 0.99 0.98 0.97 0.99 0.65 0.97 0.99 0.95 0.66 0.98 
An 0.00 0.00 0.02 0.00 0.02 0.02 0.01 0.32 0.03 0.01 0.04 0.31 0.02 

All analyses are weight percent 
RI-59" and HP-9* are data  for unaltered phenocryst cores: all other data are for hydrothermal feldspars 

Table 4. Average electron microprobe analyses and structural for- 
mulae for representative amphibole and sphcne from the horn- 
blende latite porphyry. Amphibole formulae were balanced on 22 
oxygens and 1 hydroxyl. Sphene was balanced on 4 oxygens and 
1 hydroxyl and all a luminum was assumed to be octahedrally coor- 
dinated. The number  of  point analyses for each sample is n 

Amphibole 

RI-42 RI-45 RI-59 HP-8 HP-9 
4 3 5 5 5 

Sphene 
RI-42 
5 

CaO 11.22 10.75 11.19 11.60 11.32 27.95 
Na20  2.38 2.68 2.08 2.27 2.09 _a 
K20  1.29 1.60 1.02 0.99 1.16 
MgO 8.55 8.88 9.73 9.48 9.22 - 
MnO 0.72 0.51 0.51 0.53 0.60 0.20 
l e O  19.49 18.41 18.17 18.18 18.82 1.42 
TiO2 1.70 1.72 1.72 2.14 1.75 35.83 
A1203 12.04 12.64 12.15 12.18 11.94 1.65 
SiOz 40.65 40.75 41.76 41.12 41.33 30.11 
Total 98.04 97.93 98.33 98.49 98.51 97.22 

Ca 1.84 1.76 1.81 1.88 1.84 0.91 
Na 0.71 0.79 0.66 0.67 0.79 
K 0.25 0.31 0.22 0.19 0.31 - 

Fe 2.50 2.35 1.92 2.30 2.34 0.04 
Mg 1.96 2.02 2.58 2.14 2.01 - 
Mn 0.09 0.07 0.07 0.07 0.07 0.01 
Ti 0.20 0.20 0.25 0.24 0.20 0.82 
A1 ~'~) 0.41 0.50 0.40 0.39 0.46 0.06 

A1 <~ 1.76 1.78 1.85 i .78 1.80 0.00 
Si 6.24 6.22 6.15 6.22 6.20 0.91 

O 22 22 22 22 22 4 
OH 2 2 2 2 2 1 

All analyses are weight percent 
for sphene indicates not  analyzed 

was sampled at five localities. Table 2 lists X-ray fluorescence mea- 
surements of major-element concentrations for selected latite and 
monzonite samples. These data were obtained at Washington State 
University using standard lithium metaborate fusion techniques. 
Compositions of minerals in the latite have been measured at Wash- 
ington State University using standard electron microprobe tech- 
niques. Representative data for feldspars, hornblende and sphene, 
illite, chlorite, calcite, epidote, and magnetite are listed in Tables 3 
through 9. 

Table 10 shows bulk and powder density measurements for the 
latite samples. Powder density measurements were made with a 
pycnometer using splits of  powder from the X-ray fluorescence 
bead preparation. Powder density measurements were conducted 
for each sample until three successive measurements with a stan- 
dard deviation less than 0.03 gan/cm 3 were achieved. For most sam- 
ples this required only 3 or 4 measurements. Bulk densities were 
determined by measuring the volume of water that  a known mass 
of rock displaced. The rock was first coated with paraffin to seal 
porc openings. The mass of paraffin was accounted for when the 
displaced mass of water was measured. 

Complete sets of whole-rock and mineral data are available 
upon request from the first authors. 

The hornblende latite porphyry 

All of the samples of hornblende latite porphyry exhibit the effects 
of interaction with hydrothermal fluids. The alteration of the latite 
porphyry took place during a single hydrothermal event, and mea- 
surable gradational spatial variations of  the hydrothermal parame- 
ters (e_ g., temperature and fluid chemistry) are recorded by spatial 
variations in the physical and chemical properties of the altered 
rocks. Here, we describe the primary minerals and the reaction 
product mineral species in the latite, define alteration assemblages, 
and discuss the distribution of these assemblages around the ther- 
mal center of the PTA. 



Table 5. Average electron microprobe 
analyses and structural formulae for re- 
presentative illite from the hornblende la- 
tite porphyry. Illite formulae were bal- 
anced on 10 oxygens and 2 hydroxyls. 
The number  of point analyses for each 
sample is n 

203 

RI-43 RI-46 RI-53 RI-55 RI-56 R1-62 HP-2 
5 2 5 5 5 3 2 

K 20  10.42 9.28 10.66 10.77 10.62 10.18 9.41 
Na20  0.21 0.12 0.16 0.18 0.15 0.08 0.16 
FeO" 0.13 0.25 0.53 0.57 0.57 0,28 0.31 
Fe203 a 0.95 1.80 3.77 4.08 4.05 1,97 2.23 
MgO 2.28 0.85 1.90 1.78 1.89 1.77 1.24 
AI203 31.36 33.20 30.12 29.49 29.30 29.74 31.25 
SiO2 49.04 50.65 47.06 47.38 47.70 49,70 50.36 
Total 94.38 96,13 94.21 94.25 94.28 93,72 94.95 

K 0.89 0.77 0.92 0.93 0.92 0,87 0.79 
Na 0.03 0.02 0.02 0.02 0.02 0,01 0.02 

Fe 2 + 0.01 0.01 0.03 0.03 0.03 0.02 0.02 
Fe 3 + 0.05 0.09 0.19 0.21 0.21 0,10 0,11 
Mg 0.23 0.08 0./9 0.18 0.19 0,18 0.12 
A1 (vl) 1.74 1.83 1.61 1.59 1.58 1,70 1.75 

A1 (iv) 0.73 0.71 0.80 0.78 0.76 0,66 0.68 
Si 3.27 3.29 3.20 3.22 3.24 3.34 3.32 

O 10 10 10 10 10 10 10 
OI1 2 2 2 2 2 2 2 

All analyses are weight percent 
Total iron was analyzed as FeO and 86.5% was calculated as Fe203 (Weaver and Pollard 

1973) 

Table 6. Average electron microprobe 
analyses and structural formulae for re- 
presentative chlorite from the hornblende 
latite porphyry. Chlorite formulae were 
balanced on 10 oxygens and 8 hydroxyls. 
The number  of point analyses for each 
sample is n 

RI-41 RI-42 RI-51 RI-52 RI-53 RI-55 tIP-6 HP-8 
4 4 5 5 5 5 5 4 

MgO 15.10 14.30 14,11 14.60 16.89 16.15 17.17 16.86 
FeO 25.32 25.01 23,01 22.94 21.97 21.39 21.44 22.68 
MnO 1.09 1.55 3,31 2.76 1.19 2.73 0.67 1.02 
CaO 0.12 0.15 0.03 0.10 0.02 0.05 0.19 0.17 
TiO2 0.05 0.03 0.05 0.08 0.06 0.06 0,03 0.06 
A1203 16.99 18.42 20.81 21.06 20.74 19.82 18.05 17.75 
SiO2 28.76 28.37 26,32 26.22 26.75 27.55 29.92 29.11 
Total 87.44 87.82 87,64 87.76 87.62 87.76 87.46 87.64 

Mg 2.38 2.24 2,22 2.29 2.61 2.50 2.63 2.61 
Fe 2.24 2.20 2.03 2.02 1.91 1.86 1.84 1.97 
Mn 0.10 0.14 0.30 0.25 0.10 0.24 0.06 0.09 
Ca 0.01 0.02 0.00 0.01 0.00 0,01 0.02 0.02 
Ti 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
A1 (vi) 1.16 1.27 1.37 1.37 1.32 1.30 1.27 1.20 
A1 (iv) 0.96 1.01 1.24 1.24 1.22 1.13 0.92 0.98 
Si 3.04 2.99 2.76 2.76 2.78 2.87 3.08 3.02 
0 10 10 10 10 10 10 10 10 
OII 8 8 8 8 8 8 8 8 

All analyses arc weight percent 

Table 7. Average cation compositions of representative carbonate 
minerals in the hornblende latite porphyry, calculated from elec- 
t ron microprobe analyses. Total cation charge per formula unit 
was assumed to be 3. The number  of  point analyses for each sample 
is n 

RI-41 RI-42 RI-46 RI-46 RI-51 RI-52 RI-55 
n 8 7 4 4 6 8 7 

Ca 0.973 0,958 0.901 0.499 0.954 0.966 0.964 
Mg 0.004 0,009 0.050 0.362 0.002 0.003 0.007 
Mn 0.019 0,021 0.019 0.007 0.037 0.028 0.023 
Fe 0.004 0.012 0.027 0.131 0.004 0_002 0.005 
Sr 0.000 0.000 0.003 0.000 0.003 0.002 0.001 
C03 1 1 1 1 1 1 1 

Primary latite mineralogy." reactants 

The primary mineralogy of the hornblende latite porphyry appears 
to have been nearly uniform throughout  the Rico dome, al though 
hydrothermal alteration has now widely destroyed the primary 
minerals. Every sample of latitc that  was collccted during this study 
exhibits some effects of hydrothermal alteration. Primary pheno- 
crysts are, in order of abundance, plagioclase, hornblende, magne- 
tite, quartz, sphene, zircon, and apatite. These lie in a fine-grained 
groundmass of  alkali feldspar, plagioclase, and quartz. The pheno- 
crysts make up 35 to 40 vol.% of thc rock. Plagioclase is most 
abundant  and usually constitutes about  30 vol. % of the rock. Unal- 
tered plagioclase (sodic andesine, Table 3) phenocrysts are euhedral 
and tabular, up to 5 mm long, and exhibit oscillatory-normal zon- 
ing. Locally, the plagioclase occurs as glomeroporphyritic clots. 
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Table 8. Average electron microprobe analyses and structural for- 
mulae for representative epidote from the hornblende latite por- 
phyry. Epidote formulae were balanced on 12 oxygens and 1 hy- 
droxyl. All iron and manganese are assumexl to bc trivalent. The 
number  of point  analyses for each sample is n 

R1-42 RI-51 RI-52 RI-53 RI-55 RI-63 
n 5 4 5 5 5 5 

CaO 23.02 22.62 23.16 22.95 22.26 23.37 
Fe203 12.92 10.58 10.74 13.75 14.62 14.92 
Mn203 0.38 1.3] 0.95 0.54 1.20 0.08 
A1203 23.27 25.55 25.14 22.98 22.16 22.24 
SiO2 37.83 38.13 38.29 37.94 37.73 37.73 
Total 97.42 98.19 98.29 98.15 97.97 98.35 

Ca 1.97 1.90 1.95 1.95 1.91 2.00 
Fe 0.78 0.63 0.64 0.82 0.88 0.90 
Mn 0.02 0.08 0.06 0.03 0.07 0.00 
AI 2.19 2.37 2.33 2.15 2.09 2.09 
Si 3.02 3.00 3.01 3.02 3.02 3.01 
O 12 12 12 12 12 12 
OH 1 1 1 1 1 1 

All analyses are weight percent 

Fresh plagioclase is preserved only as unaltered phenocryst cores 
in several samples. Hornblende phcnocrysts typically account for 
about 10 vol .% of the rock, and unaltered hornblende (Table 4) 
is present as euhedral phenocrysts up to 5 mm in length in the 
least altered rocks. 

Quartz, where present, is not  more than 2 vol.%, and magne- 
tite, sphene, and apatite are not  more than 1 vol.% each. Quartz 
phenocrysts are not  present in all samples, but where present are 
usually euhedral. Sphene (Table 4) occurs as euhedral phenocrysts 
up to 3 mm across. Magnetite (Table 9) is widespread, and forms 
anhedral to euhedral phenocrysts up to 2 mm in diameter. Apatite 
phenocrysts are sparse but  ubiquitous, and have been found in 
all samples of the latite regardless of the degree of alteration. They 

Table 9. Average electron microprobe analyses and structural for- 
mulae for representative magnetite from the hornblende latite por- 
phyry. Magnetite formulae were balanced on 4 oxygens. FeO* is 
the total weight percent of iron measured as bbO. The number  
of point analyses for each sample is n 

RI-41 RI-42 HP-6 ItP-8 
n 4 5 2 7 

MgO 0.24 0.17 0.11 0.11 
A1203 1.03 0.86 0.89 0.79 
Cr203 0.04 0.02 0.02 0.09 
FeO* 85.83 87.67 82.73 88.53 
TiO2 3.53 1.88 7.85 2.71 
MnO 0.84 0.87 0.01 0.02 
SiO2 0.27 0.47 0.37 0.23 
Total 91.76 91.94 91.96 92.46 

Fe z + 1.07 1.04 1.24 1.08 
Mg 0.01 0.01 0.01 0.01 
Mn 0.03 0.03 0.00 0.00 

Fe 3 ~ 1.72 1.81 1.47 1.79 
A1 0.05 0.04 0.04 0.04 
Cr 0.00 0.00 0.00 0.00 
Ti 0.10 0.06 0.23 0.08 
Si 0.01 0.02 0.01 0.01 

O 4 4 4 4 

All analyses are weight percent 

typically occur as stubby euhedral crystals up to 1 mm long (rarely 
to 5 ram). Small needles of apatite occur in both  fresh and altered 
hornblende and in magnetite and quartz. Zircon occurs as fine 
grains in hornblende and magnetite. Rare, coarse allanite has also 
been observed. 

The groundmass of the latitc prophyry consists chiefly of an- 
hedral grains of potassimn feldspar molded against one another 
and mixed with equigranutar laths of plagioclase and clots of opti- 
cally continuous quartz. Small grains of magnetite and other acces- 

Table 10. Densities and porosities of the 
hornblende latite porphyry samples. The 
number  (n) and standard deviation (or) of 
fiaeasurements per sample are tabulated. 
Prosity (0) is calculaIed as: q~ = 1 -  
(PnuL~:/ PeowDE~) 

Powder 
gm/cm**3 

RI-40 2.667 
RI-41 2.667 
RI-42 2.609 
RI-43 2.650 
RI-45 2.623 
RI-46 2.675 
RI-51 2.887 
RI-52 2.971 
RI-53 2.603 
RI-54 2.599 
RI-55 2.701 
RI-56 2.713 
RI-59 2.656 
RI-60 2.606 
RI-61 2.637 
RI-62 2.646 
RI-63 2.680 
HP-1 2.649 
HP-2 2.681 
HP-6 2.628 
HP-7 2.659 
HP-8 2.772 
HP-9 2.642 
HP-10 2.660 

n cr Bulk n a Porosity 
gm/cm**3 

3 0.004 2.533 6 0.012 0.0502 
3 0.011 2.575 6 0.013 0.0345 
4 0.011 2.549 6 0.013 0.0230 
3 0.007 2.632 4 0.010 0.0068 
4 0.020 2.501 8 0.008 0.0465 
3 0.009 2.665 5 0.004 0.0037 
3 0.019 2.877 5 0.006 0.0035 
3 0.020 2.897 5 0.007 0.0249 
3 0.024 2.597 6 0.004 0.0023 
3 0.015 2.463 5 0.004 0.0523 
3 0.012 2.694 5 0.006 0.0026 
3 0.010 2.690 5 0.007 0.0085 
3 0.021 2.598 4 0.006 0.0218 
3 0.020 2.486 6 0.009 0.0460 
3 0.025 2.445 6 0.004 0.0728 
3 0.011 2.458 6 0.007 0.0711 
3 0.014 2.547 5 0.005 0.0496 
3 0.011 2.524 5 0.008 0.0472 
3 0.007 2.665 5 0.005 0.0060 
3 0.012 2.470 5 0.001 0.0601 
3 0.013 2.596 5 0.006 0.0237 
3 0.011 2.672 5 0.009 0.0361 
3 0.009 2.640 5 0.004 0.0008 
3 0.010 2.569 5 0.007 0.0342 



sory minerals are usually present. Miarolitic cavities lined with 
euhedral quartz crystals and, very rarely, coarse potassium feldspar 
crystals are present in several samples. 

Hydrothermal  reactions 

Plagioclase products. Plagiodase is altercd to some extent in all 
of the samples, but even where the alteration products replace 
the entire primary plagioclase phenocrysts the shapes of the pheno- 
crysts are preserved as perfect pseudomorphs. Two distinct plagio- 
clase reactions have been observed. They can be written in general 
form as: 

PLAGIOCLASE~ A LBITE + ILLITE + calcite 

+ epido te + chlorite (1) 

PLAGIOCLASE ~ EPIDOTE § CALCITE + KSPAR (2) 

where capital letters denote phases that are present in all examples 
of the reaction, and lowercase letters denote phases that are only 
locally present in minor quantities. Reaction (1) caused replacement 
of the plagioclase phenocrysts by relatively-pure albite (anorthite 
component less than 2 wt % ; Table 3, Fig. 2) and illite (Table 5). 
Calcite (Table 7) is also a common product of this reaction, but 
it is usually not abundant. Epidote (Table 8) is sometimes present 
and is less abundant than calcite, and chlorite (Table 6) is rarer 
than epidote. The calcite, chlorite, and epidote are usually present, 
together with the illite, as scattered grains enveloped by the second- 
ary albite. Locally, the epidote occurs as large grains within the 
albite. Typically the albite pscudomorphically replaces the primary 
plagioclasc as a single, optically continuous crystal with the same 
crystallographic orientation as the original crystal. As a conse- 
quence, albite twinning in both reactant and product is parallel 
to the long dimension of the crystals. 

The alteration of the feldspars by reaction (1) is incomplete 
in several samples, all of which comc from areas more than 3 km 
from the center of the PTA. The partial replacement tcxtures shown 
by these samples aid in understanding the reaction processes and 
the variations in the degree of alteration within the PTA. In these 
samples, albite and illite replace the original plagioclasc along grain 
boundaries, along cracks that penetrate the grains, and along more 
An-rich zones within the grains. The relict, unaltered patches of 
plagioclase (sodic andesine) occur as islands within the alteration 
products, and exhibit typical igcnous osdllatory zoning. 

Several samples show evidence of the second plagioclase reac- 
tion, which completely altered the plagioclase feldspar to coarse, 
euhedral epidote tablets, calcite, and potassium feldspar. These 
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Fig. 2. Avcragc plagioclase compositions from the hornblende latite 
porphyry (Table 3) plotted on the feldspar ternary diagram. The 
inset (lower right) shows the position of the expanded illustration. 
Filled circles are unaltered cores of phenocrysts in the least altered 
samples. Compositions of altered rims for these seven samples all 
lie in the cluster in the AB corner of the diagram. All other points 
represent average values for the samples 
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minerals replace both the plagioclase and marginal fine-grained 
matrix, so it is usually difficult to locate the original plagioelase 
boundaries. 

Hornblende products. Hornblende alteration products are diverse, 
and include chlorite, calcite, illite, TiO2, epidote, quartz, and hema- 
tite. The TiO2 polymorph has not been positively identified, al- 
though spot checks with the electron nticroprobe have defined the 
chemical nature of the phase. The proportions of these products 
vary greatly from sample to sample, and, indeed, within hornblende 
sites in single samples. Regardless, two distinct hornblende reac- 
tions can be recognized: 

Hornblendc-+ chlorite + TiO 2 + calcite + hematite 

+ epidote + quartz + epidote (3) 

Hornblende--+illite (4) 

Reaction (3) is associated with plaNoclase reaction (1). Chlorite 
and TiO2 are characteristic alteration products in this reaction, 
as also are widespread calcite and flakes of specular hematite; 
epidote, quartz, and illite are sporadic. Reaction (4) caused nearly 
complete replacement of the hornblende by illite. 

The textures in samples which exhibit only partial replacement 
of the hornblende provide useful information about the reaction 
process, and these data can be used to define a general reaction 
paragenesis for the samples that exhibit reaction (3). Initial reaction 
of the hornblende produces a rim of chlorite and TiO2, with or 
without hematite, around grain margins and, locally, along pene- 
trating fractures. Alteration proceeds inward from the rims and 
fractm-cs, and calcite starts to form along with the chlorite as the 
hornblende is progressively altered. Calcite is found only within 
the interiors of the altered hornblende phenocrysts, even in samples 
where the hornblende has been completely altered. Illite may be 
present in the alteration assemblage, where it probably is later 
than the calcite, but in most cases the textural relations arc obscure. 
In one sample (RI-61), the illite does seem to be clearly later than 
the calcite. In this sample, illite penetrates the calcite along frac- 
tures, and scattered calcite grains within this illite show optical 
continuity. Epidote is too sporadic to permit unambiguously as- 
signing it a position in the paragenesis of this reaction scheme, 
but it appears to be contemporaneous with the calcite. 

Thus, for both the primary plagioclase and the hornblende, 
alteration begins along surfaces where the mineral was in contact 
with the hydrothermal fluid: phcnocryst boundaries and penetrat- 
ing fractures. Reaction proceeded inward from these surfaces. In 
reaction (3), the mineralogy of the products evolves as the primary 
mineral reacts: initially chlorite, hematite, and TiO2 are produced, 
and these are followed successively by calcite and illite. The plagio- 
clase reactions and reaction (4) show no sequential paragenesis. 

Other reactions. Both sphene and magnetite have been altered in 
some of the samples. Sphene is either completely altered with for- 
mation of TiO2, or completely unaltered. Calcite almost always 
accompanies the TiO2, and illite, quartz, and epidote have been 
observed. Altered sphene is characteristic of rocks with intensely 
altcrcd hornblende. Five of the six samples containing some un- 
reacted hornblende contain fresh sphene (HP-8 is the exception), 
whereas unaltered sphene was found in only two samples showing 
complete alteration of thc hornblende. Magnetite is partially to 
totally altered to pyrite in several samples in which pyrite occurs 
as disseminated grains, reminiscent of the primary magnetite. 

Alteration relationships in the groundmass are difficult to ob- 
serve because of the very small grain size. Under the microscope, 
alkali feldspar appears clouded with unidentifiable products in 
most samples. Plagioclase needles have reacted to products similar 
to thosc in the phenocrysts. 

Apatite was nearly nonreactive during the hydrothermal event, 
and persists as distinct phcnocrysts in all samples. Small, needle- 
like crystals of apatite, which occur as inclusions in primary horn- 
blende phenocrysts, remain after complete alteration of the horn- 
blende in the most intensely altered latite porphyry. 
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Alteration assemblages 

On the basis of alteration minerals and textures, we recognize the 
following alteration assemblages: propylitic, propylitic-with-relict- 
hornblende, quartz-illite-calcite (QIC), and chlorite-epidote (CHL/ 
EPI). The CHL/EPI assemblage is a propylitic assemblage that 
exhibits textural features that distinguish it from the propylitic 
and propylitic-with-relict-hornblende assemblages. These assem- 
blages show a zonal distribution with relation to the heat source 
for the PTA (Fig. 3). Sample RI-63 exhibits a unique assemblage 
comprising tremolite, epidote, albite, and illite. Tremolite is not 
found in any othcr sample. This assemblage may be important 
in some areas of the dome, but it is included in the propylitic 
assemblage until we have more information about its distribution 
and relationship to the other assemblages. 

Propylitic. All samples of the latitc that are not altered to the 
QIC or CHL/EPI assemblages in the center of the system, to the 
limit of the latite's exposure 8 km from the center, exhibit propylitic 
alteration textures (Meyer and Hemley 1967) that change systemat- 
ically with distance from the center. This suggests a hydrothermal 
environment, in which similar rocks reacted, through common pro- 
cesses, with a chemically nearly uniform fluid that existed within 
a large volume of rock outside the core of the PTA. 

Three reactions between primary minerals and the hydrother- 
real fluid define this assemblage: (a) plagioclase reaction (t), the 
pseudomorphic replacement of primary sodic andesine phenocrysts 
to illite and nearly-pure albite, with or without minor calcite, epi- 
dote, and chlorite, (b) hornblende reaction (3), alteration of horn- 
blende to form chlorite, TIC2, and usually calcite and hematite, 
with or without illite and epidote, and with slight overgrowth at 
crystal margins, and (c) alteration of sphene to form TiC2 and 
calcite, with calcite replacing gronndmass minerals adjacent to the 
sphene. 

Propylitic-with-relict-hornblende. This alteration assemblage is a 
subgroup of the propylitic assemblage that occurs within the area 
of the propylitic assemblage (Fig. 3). It is characterized by relict 
hornblende as patches within the boundaries of the original crys- 
tals. The hornblende and plagioclase reactions are identical to those 
of the propylitic assemblage. Sphene is usually fresh. 
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Fig. 3. The distribution of hornblende latite porphyry alteration 
facies plotted on a composite radial cross section. Sample positions 
are measured relative to a vertical pole through the center of the 
Silver Creek molybdenum deposit (Fig. 1, Table 1), the thermal 
center of the Rico hydrothermal system (this construction is also 
used Ibr Figs. 4 and 8). See text for descriptions of the alteration 
assemblages, which have been grouped into distal and proximal 
lhcies based on their position relative to the porphyry deposit 

Chlorite-epidote (CHL/EPI). The chlorite-epidote alteration as- 
semblage is present in the latite in the central part of the PTA. 
No primary minerals are present. Hornblende reaction (3) pro- 
duced mostly chlorite, with lesser TiOz, epidote, and quartz. Pla- 
gioclase exhibits the effects of reaction (2). The alteration products 
for both reactions pervade the groundmass adjacent to the original 
crystals. The groundmass consists of coarsely-recrystatlized quartz 
and epidote. Magnetite is either pyfitized or absent and former 
sphene crystals are now irregular clots of TiO2. Epidote vcinlets 
with minor quartz are common. 

Latite at several localities near the center of the PTA contains 
an alteration assemblage that is transitional between propylitic and 
CHL/EPI. The assemblage is most similar to propylitic, but con- 
tains large crystals of epidote replacing up to 50 vol.% of the pla- 
gioclase phenocrysts. In contrast, epidote in propylitized plagio- 
clase is usually fine-grained and volumetrically minor. The transi- 
tional alteration assemblage is included in the CHL/EPI assem- 
blage in the following discussions. 

Quartz-illite-calcite (QIC). The QIC assemblage is present both 
in the central part of the system with the CHL/EPI assemblage 
and, less commonly, in peripheral propylitized latite (Fig. 3). In 
both cases, the QIC assemblagc is localized along fractures, and 
its distribution was strongly controlled by permeability. Plagioclase 
is altered by reaction (1) to albite, calcite, and illite; the illite is 
coarser than in the propylitized plagioclase. Hornblende reaction 
(4) resulted in minor chlorite in hornblende sites, but only in the 
peripheral QIC assemblage. Magnetite is generally pyritized and 
sphene is altered to TiC2 minerals and calcite. The groundmass 
is a coarscly-recrystallized aggregate of quartz, itlite, and calcite. 

Mineral product compositions 

The chemical compositions and structures of chlorite, epidote, cal- 
cite, and illite vary as a function of alteration assemblage and 
location within the PTA. 

Illite. Electron microprobe analyses (Table 5) of the white phyllosi- 
licate occurring as an alteration product of the plagioclasc and 
hornblende and pervasive within the groundmass in the Q1C assem- 
blage suggest that it is illite. The structural formulae for the illite, 
calculated according to Hower and Mowatt (1966), show it to be 
of intermediate composition in the ternary solid solution series 
having muscovite, celadonite, and pyrophyllite as pure end 
members. Total iron was measured as FeO and 86.5% of Fetot~l 
was assumed to bc Fe a + in the structural formulae (Weaver and 
Pollard 1973). 

Illites near the center of the PTA generally have a greater mus- 
covite component than illites away from the center, regardless of 
alteration assemblage. This relationship is consistent with a temper- 
ature gradient from high nearest the heat source to cool away 
from the source. Such variations in illite composition have been 
observed in active geothermal systems such as the Salton Sea geoth- 
ermal field, California (McDowell and Elders 1980, 1983), the Coso 
Hot Springs geothermal system, California (Bishop and Bird 1987), 
and the Loz Azufres system, Mexico (Cathelineau and Izquierdo 
1988). In each of these systems the muscovite component of the 
illite exhibits a positive correlation with measured temperatures. 
Cathelineau (1988) used empirical correlations between measured 
geothermal temperatures and illite compositions to show that the 
K content and total interlayer occupancy of geothermal illites in- 
crease with temperature. Similar variations exist in the Rico illites. 

Chlorite. Chlorite (Table 6) is an ubiquitous alteration product in 
the PTA. Its structure and composition vary systematically as a 
function of its position in the PTA relative to the heat source. 
Two parameters that vary systematically are : tetrahedral aluminum 
(AI iv) and the concentration of manganese. The ratio of iron to 
magnesium does not exhibit any systematic spatial variation. 
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Fig. 4. Tetrahedral aluminum in hydrothermal chlorite from the 
hornblende latite porphyry (Table 6) contoured on the composite 
radial cross section (see Fig. 3). Average values for each sample 
are plotted. Tetrahedral aluminum varies as a function of the tem- 
perature of formation of the chlorite. The systematic variations 
show that a thermal gradient was associated with the PTA, with 
hotter temperatures closer to the porphyry heat source 
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Cathelineau (1988) has shown that A1 iv substitution in chlorites 
from active geothermal fields (Salton Sea, Coso Hot Springs, and 
Los Azufres) varies linearly as a function of measured tempera- 
tures, and that lower A P  occupancy corresponds to lower tempera- 
tures. This linear correlation can be used as a reliable geothermom- 
eter in active systems. This application was tested for the fossil 
geothermal system of the Rico PTA. Figure 4 shows the A1 iv substi- 
tution in chlorites of  the ladte porphyry. The data are shown on 
a vertical section with the left-hand abscissa being a vertical pole 
directly over the Mo orebody and the ordinate being distance from 
the pole in any direction. The A1 jv substitution values define domal 
contours over the PTA heat source. A1 i~ is low (less than 0.8) 
for samples farthest from the heat source, and high (greater than 
1.2) lbr samples closest to the heat source. These variations are 
consistent with a thermal gradient with lower temperatures further 
from the system's center. 

Although the chlorite A1 ~v substitution varies in a predictable 
manner, these data yield temperatures, using Cathelineau's (1988) 
conversion, that appear to be systematically too high. For example, 
the temperature calculated for the chlorite in RI-41 (Ally=0.96, 
T = 247 ~ C) would appear to be high for a sarnple collected 7.9 km 
from the center of the system. Additionally, a temperature this 
high, for any geologically reasonable amount of time, would have 
annealed all of the fission tracks in apatite at this location, yet 
these apatites show only partial fission track annealing (Naeser 
ct al. 1980). Chlorite temperatures calculated for the central part 
of the system (greater than 300 ~ C) are significantly higher than 
fluid inclusion homogenization temperatures for veins (approxi- 
mately 200 to 300 ~ C) from corresponding positions (Larson 1987) 
and the difference cannot be reasonably ascribed to pressure correc- 
tions. The chlorite A1 j~ appears to vary in a systematic manner 
with respect to temperature, but Cathelineau's correlation between 
these variables does not apply directly to this system and yields 
temperatures that are too high, perhaps by more than 50 ~ C. 

The ratio Fe :(Fe + Mg) in the chlorites does not vary systemati- 
cally within the Rico system. Values range from 0.37 to 0.63, but 
most of the ratios lie within the interval 0.4 to 0.5. Values for 
the proximal CHL/EPI assemblage are 0.42 to 0.48 which is within 
the broader range of 0.37 to 0.52 exhibited by the propylitic and 
propylitic-with-relict-hornblende assemblages. Two QIC chlorites 
have ratios greater than 0.56, but elsewhere in this assemblage 
chlorites have ratios lower than 0.5. The var ia t ionof  the chlorite 
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Fig. 5. The mole fraction of the epidote piemontite component 
(Table 8) plotted versus the formula positions of Mn in coexisting 
chlorite (Table 6) for the hornblende latite porphyry samples. These 
data define a linear array: Epidote P m =  (0.227 x Chlorite Mn for- 
mula positions) + 0.00688, with r 2 = 0.830 

Fe :(Fe + Mg) ratio is best interpreted to suggest that the activities 
of Fe 2 + and Mg 2 + in the PTA hydrothermal fluid were variable, 
but not systematic with respect to location. Note that the Fe :(Fe + 
Mg) ratios for primary hornblendes (Table 4) appear to have been 
nearly uniform and thus did not control the ratio in the secondary 
chlorite that replaces it. 

Mn formula positions in the chlorite increase towards the center 
of the system. Distal chlorites have less than 0.1 Mn formula posi- 
tions, and proximal chlorites have 0.3 or greater Mn formula posi- 
tions. This relationship suggests that the hydrothermal fluid had 
a higher Mn 2 + activity in the central part of the system. Note 
that Mn minerals (rhodochrosite, rhodonite, and alabandite, 
McKnight 1974) are locally common in ore deposits in the central 
part of the Rico dome. 

Epidote. Epidote in the altered latite (Table 8) is part of the epidote- 
clinozoisite-piemontite (Ep-Cz-Pm) solid solution series. The CHL/ 
EPI assemblage yields the highest Cz components (0.32 to 0.34) 
in any of the samples. All of the other samples contain epidotes 
with Cz components in the range 0.08 to 0.19. Like chlorite, epidote 
samples near the center of the system contain higher Mn concentra- 
tions than samples from distal parts of the system. The formula 
positions of Mn in chlorites correlate with the Pm component in 
coexisting epidotes (Fig. 5), indicating both minerals were probably 
produced in equilibrium with the same fluid. 

The distribution of epidote is an irregular dome-shaped config- 
uration at the central part of the system. Although a few locations 
near the center contain no epidote, it is present only rarely in 
the periphery. Bird et al. (1984) have noted that epidote occurs 
in active geothermal systems only where temperatures exceed about 
200 ~ C. Thus, the limit of the epidote at Rico appears to represent 
a paleoisothermal surface. 

Calcite. Carbonate mineral compositions (Table 7) are generally 
similar. All carbonates have calcite components greater than 0.945, 
and magnesite, rhodochrosite, and siderite components less than 
0.04, except RI-46. The concentration of the rhodochrosite compo- 
nent does not vary with the concentrations of Cz or pennantite 
components in coexisting epidotc and chlorite. 

Major-element exchange in the latite 

T h e  h y d r o t h e r m a l  sy s t em c h a n g e d  the  c o n c e n t r a t i o n s  
o f  m o s t  m a j o r  e l e m e n t s  in t he  lat i te .  He re ,  the  c h a n g e s  
in SiO2, N a 2 0 ,  a n d  C a O  are  m e a s u r e d  re l a t ive  to  T iO2 
and  P 2 0 5 ,  w h o s e  i m m o b i l i t y  a re  d e m o n s t r a t e d  so t h a t  
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they can be used as a basis for calculating changes in 
the other components. The concentrations of TiO2 and 
P205 in the latite appear to have been nearly unaffected 
by the hydrothermal system. Textural evidence supports 
this conclusion. Apatite persists as phenocrysts and 
small needles in virtually all of the samples regardless 
of alteration assemblage or intensity. The petrographic 
argument for TiO2 is less clear. TiO 2 minerals are abun- 
dant in all sphene and hornblende sites where these min- 
erals are altered, suggesting that although the primary 
mineral was altered, the TiO2 did not migrate far from 
its original position. 

The most significant evidence for immobility of these 
two components is shown in Fig. 6, a plot of TiOz verses 
PzOs concentrations for all samples of the latite and 
the augite monozonite, two cogenetic igneous rocks. All 
five of the monzonite samples are mineralogically and 
isotopically fresh and thus, the TiO2 and P2Os concen- 
trations have not been affected by alteration processes. 
The data on Fig. 6 for both rock types define a smooth 
linear trend, suggesting that the quantities of TiO2 and 
P2Os in the latite have also not changed during hydro- 
thermal alteration. Converting these data to units of 
mass per unit volume using measured densities for the 
samples does not change the relationships shown in 
Fig. 6. TiO2 has been chosen as the reference immobile 
element, although P205 could have been used instead 
as indicated by their linear relationship in Fig. 6. 

The combination of linear trend in Fig. 6 and concor- 
dant age determinations (Naeser et al. 1980) suggest that 
the latite and monzonite are cogenetic, and most of the 
major element concentrations probably varied linearly 
between these two units prior to the hydrothermal event. 
We use this assumption of linearity as a constraint on 
the initial major element concentrations in the latite. 
Figure 7 plots the concentration of SiOz in the latite 
and monzonite as a function of TiO2 concentration. The 
alteration assemblages of the latite samples are coded 
on Fig. 7. Note that the monzonite and propylitic-wJth- 
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Fig. 6. Whole rock PzO5 plotted against whole rock TiO2 for all 
the hornblende latite porphyry (filled triangles) and augite monzon- 
ire (open circles'). Data are wt.%. These data support the comag- 
marie character of these two contemporaneous intrusive units 
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Fig. 7. Whole rock SiO2 plotted against whole rock TiO2 for all 
the hornblende latite porphyry (squares) and augite monzonitc 
(filled triangles). Data are wt.%. Filled squares, latite samples in 
the propylitic-with-relict-hornblende assemblage; open squares, all 
other latite samples. The line is a linear least squares fit to the 
monzonite and propylitic-with-relict-hornblende latite samples: 
SiO2 = ( -  15.28 x TiOz) + 72.82; r z = 0.945 

"Fable 11. Mass exchange per REV for SiO~, CaO, and Na20 in 
the latite samples. These are calculated using Eq. 1. Equations for 
the best fit lines used to calculate flux are also tabulated. See text 
for discussion 

Mass exchange a 

SiO2 CaO Na20 

m b -15.28 7.977 --3.152 
b b 72.82 1.160 7.881 
r z ~ 0.945 0.720 0.798 

R[-40 0.48 0.424 - 0.136 
RI-41 0.28 -- 0.035 -- 0.131 
RI-42 0.19 0.079 0.065 
RI-43 --0.08 -0 .405 --0.587 
RI-45 0.18 0.228 0.183 
RI-46 --0.63 -0.658 --0.005 
R[-51 0.23 -- 1.035 -- 1.345 
RI-52 - 1.51 --2.040 -- 1.363 
RI-53 0.1 ] 0.058 --0.378 
RI-54 0.00 0.170 0.056 
RI-55 -- 0.50 --0.448 --0.847 
RT-56 --0.86 --0.557 --1A37 
RI-59 0.13 --0.001 --0.048 
RI-60 --0.36 --0.257 --3.000 
RI-61 0,08 0.093 -0.080 
RI-62 0.16 0.154 --0.083 
RI-63 --0.15 0.016 --0.101 
HP-1 0.35 0.610 0.146 
ttP-2 -0 .18  --0.537 --0.886 
HP-6 0.35 0.459 --0.0] 9 
HP-7 0.22 0.239 --0.159 
HP-8 0.25 0.090 0.094 
HP-9 --0.26 0.050 --0.120 
HP-10 -0 .30  --0.080 --0.090 

~ All data are mol/REV (REV - 523.5988 can 3) 
m and b are the slope and intercept of a line fit to the oxide 

(y) vs TiOz (x) plot for the monzonite and propylitic-with-relict- 
hornblende samples 

r ~ is the correlation coefficient for this fit 



209 

relict-hornblende latite samples define a linear trend. 
This linear relationship is believed to represent the ini- 
tial, pre-alteration variation of  SiOz with respect to TiO2 
in both the latite and monzonite. Petrographic data show 
that the propylitic-with-relict-hornblende latite has been 
altered and certainly some components have been added 
or lost, if only on a minor scale; however, these effects 
are minimal compared to the rest of  the latite. Thus, 
SiO2 variations in the other latite samples relative to 
the line in Fig. 7 are probably the result of the exchange 
of silica between the fluid and the rock during water- 
rock interaction. 

SiO2 concentration changed in a systematic manner 
as a function of  alteration assemblage in the latite. Silica 
has been added to the most intensely propylitized sam- 
ples, where hornblende has been completely replaced, 
relative to the propylitized-with-relict-hornblende sam- 
ples. SiO2 has been removed from nearly all of  the QIC 
assemblage. The CHL/EPI  assemblage generally exhibits 
an increase of  SiO2, but one anomalous sample (RI-52) 
has the lowest SiO2 concentration of  any sample yet 
measured (56.83 wt.%, Table 2). 

Plots similar to Fig. 7 can be constructed for all of  
the major oxides and can be used to calculate the mass 
of an oxide component  gained or lost (MoO for each 
sample. For comparison to mineralogical changes, Mo,, 
is calculated on a molar basis for a specific Representa- 
tive Equivalent Volume (REV, Norton 1984) of  rock. 
The REV is chosen to be a sphere with a radius of  
10 cm (523.6 cm3). This corresponds approximately to 
the size of hand specimens collected in the field, and 

is several orders of  magnitude larger than typical pheno- 
crysts in the latite. Therefore, this volume should be 
large enough to homogenize small-scale variations in 
composition and mineralogy, and yet be small enough 
to be accurately represented by the field samples. The 
Mo~ is deterlrfined by calculating the difference (Cox), in 
weight percent, between the measured oxide concentra- 
tion and that predicted using a least squares linear fit 
to the data for the monzonite and least altered latite 
samples. This difference is converted to Mox (moles/ 
REV) by 

Mox = (~o~* PBULK* VREV)/(100* GFW) (5) 

where PBVLK is the bulk density (gms/cm 3) from Ta- 
ble 10, VREV is the volume of  the REV (cm3), and G F W  
is the gram formula weight of  the oxide. Table 11 com- 
piles Mo~ for SiO2, Na20,  and CaO, and lists the equa- 
tions that were used to calculate ~ox for each of  them. 

Mineral  mass  abundances 

Mass abundances of  the minerals now present in the 
latite samples have been determined (Table 12). The 
mass abundances were measured using a combination 
of point-counting and mass balance calculations of  ma- 
jor oxides between mineral and whole rock composi- 
tions. A mass balance equation for each oxide can be 
written (Villas and Norton 1977): 

C1 lml + Ct2m2 + . . .  + Clnm, = X1, (6) 

Table 12. Mass abundance" of mineral phases in hornblende latite samples 

Qtz Plag Ksp Hbd Chl Epi Mag Ill Sphn Lcx Apt Calc Py 

RI-40 1.3972 0.6771 0.7258 0.0582 0.0028 b 0.0798 0.0035 0.0307 0.0056 0.0188 b 
RI-41 1.4265 0.6752 0.5901 0.0412 0.0482 0.0813 0.0212 0.0037 0.2872 b 
R1-42 1.0887 0.8009 0.6281 0.0125 0.0342 0.0050 b 0.0408 0.0516 0.0216 0.0040 0.0706 u 
RI-43 2.3840 0.7400 0.3867 0.0212 0.0031 0.2035 b 0.0868 b 
RI-45 0.5876 0.7850 0.6675 0.0121 0.0623 0.0596 0.0409 0.0080 0.0421 0.0056 
RI-46 1.0342 0.7458 0.2527 0.1164 0.0329 0.0319 0.0072 0.8689 b 0.1471 b 
RI-51 3.7341 0.0340 0.1616 0.3760 0.0443 0.0068 0.0319 b 
RI-52 3.1161 0.0269 0.1560 0.4601 0.0422 0.0063 0.0643 b 
RI-53 1.4607 0.8296 0.3662 0.0469 0.1442 0.0310 0~0248 0.0044 0.0118 ~ 
RI-54 1.1112 0.8502 0.6117 0.0305 0.0631 0.0712 0.0242 0.0041 0.0298 b 
RI-55 2.5064 0.4934 0.0279 0.0490 0.4656 0.0264 0.0037 0.1313 b 0.0406 b 

RI-56 2.8057 0.2821 0.0097 0.0305 h 0.6259 0.0271 0.0035 0.1130 b 
RI-59 1.2222 0.8848 0.4542 0.0627 0.0465 0.0563 0.0156 0.0041 
RI-60 1.3662 0.4919 0.6883 0.0400 0.0379 0.1613 0.0248 0.0040 0.2202 b 0.0253 b 
RI-61 1.4707 0.8269 0.4101 0.0239 0.0506 0.1660 0.0225 0.0041 0.1104 b 
R1-62 1.3938 0.7793 0.5204 0.0453 0.0420 0.1187 0.0240 0.0040 0.0591 b 
RI-63 0.2681 0.5163 0.8728 0.0756 0.1222 0.0047 0.0324 0.0048 
HP-1 0.9820 0.8502 0.4459 0.1082 0.0702 0.0810 0.0308 0.0059 0.0026 b 
HP-2 2.8714 0.4599 0.0913 0.0093 0.3956 0.0282 0.0041 0.1109 b 
HP-6 1.2294 0.7601 0.5207 0.0617 0.0693 0.1320 0.0161 0.0050 
HP-7 1.4203 0.7073 0.5313 0.0759 0.0586 0.0897 0.0268 0.0048 0.0905 b 
HP-8 0.9245 0.7336 0.4~98 0.0266 0.1009 0 . 0 0 1 3  b 0.0678 0.0964 0.0267 0.0063 0 . 1 5 3 3  b 
HP-9 0.9512 0.6475 0.6386 0.0347 0.1026 0.0211 0.0380 0.0070 0.0884 h 0.0201 b 
HP-10 0.9461 0.7634 0.6798 0.0356 0.0633 0.0011 0.0348 0.0068 0.0241 b 0.0039 b 

" All data arc mol/REV (REV = 523.5988 c m  3) 
b Data determined from point comating, all other data calculated 
using mass balance between whole rock and mineral compositions 
(see text). Blank spaces indicate mineral absence from a sample. 

Mineral abbreviations are: qtz, quartz; plag, plagioclase; ksp, alka- 
li feldspar; hbd, hornblende; chl, chlorite; epi, epidotc; mag, mag- 
netite; ill, illite; sphn, sphene; lcx, TiO2; apt, apatite; calc, calcite; 
py, pyrite 
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Table  13. Comparison between point  counting and mass balance 
calculated volumes for chlorite and hornblende in several of the 
latite samples 

Chlorite Hornblende 

Calculated" counted ~ Calculated ~ counted" 

RI-41 4.28 5.25 
RI-42 3.60 4.15 1.73 1.85 
RI-52 18.34 17.50 
RI-59 0.00 0.18 8.81 8.18 
HP-I 11.20 11.70 
HP-7 7.99 7.30 
HP-9 I 1.18 10.30 4.97 4.85 
HP-10 6.58 8.35 4,87 5.70 

" vol.% 
/, 

where Cau is the concentration of oxide a in phase b, 
mb is the concentration of mineral b in the rock, and 
Xa is the concentration of oxide a in the rock, all in 
weight fractions. These define a series of n simultaneous 
linear equations for each sample. This series of equations 
can be solved for the weight fraction of minerals in the 
rock if the number of oxide components is equal to the 
number of phases; that is, if the oxide concentrations 
in the minerals define a square matrix. These equations 
have been solved algebraically for all of the samples 
for which complete whole-rock (Table 2) and electron 
microprobe analyses for the constituent minerals (Ta- 
bles 3 through 9) have been completed. The solutions 
were obtained using the Gauss reduction method (see, 
for example, Hildebrand 1974) by programming a 
spreadsheet on a desk-top computer. 

The volumes of calcite and pyrite in each sample were 
determined by standard point counting techniques (gen- 
erally 2000 points per sample). Epidote quantity was 
also determined using point counting where it was pres- 
ent in small mounts (less than about 1%). The volumes 
of chlorite and hornblende were also measured in some 
samples during point counting to check the accuracy 
of the mass abundance calculations. The comparisons 
between the results of the point counting and mass abun- 
dance calculations (Table 13) appear to be very good. 

Nearly every latite sample contains a unique set and 
number of phases, and Eq. 6 was therefore solved on 
a sample by sample basis. Determination of the weight 
fraction of minerals in propylitic, propylitic-with-relict- 
hornblende, and CHL/EPI samples usually required an 
8 by 8, 7 by 7, or 6 by 6 matrix; however, samples 
with QIC alteration products could usually be solved 
with a 3 by 3 or 4 by 4 matrix using only selected oxides. 
For example, SiO> AlzO3, K20, and Na/O were used 
for plagioclase, quartz, illite, and chlorite in RI-56. The 
oxide concentrations in the whole rock were adjusted 
prior to the calculations to account for CaO in calcite, 
Fe (converted to Fee*) in pyrite, CaO in apatite (assum- 
ing all PzO5 is in pure hydroxyapatite), and Fe203, 
Mn203 (both converted to divalent oxide concentra- 
tions), CaO, AlzO3, and SiOz in epidote if it was present. 

The results obtained from Eq. 6 were combined with 
the point counting results to produce a complete inven- 

tory of the weight fractions of all solid phases in the 
samples. These data were then converted to moles/REV, 
accounting for porosity (Table 10) by first converting 
the weight fractions of the minerals to moles/gram (min- 
eral densities from Helgeson et al. 1978, and Robie et al. 
1978), and then normalizing these results to the volume 
of the REV using the bulk density data from Table 10. 
The results of these calculations are shown in Table 12. 

D i s c u s s i o n  

The two most abundant primary phenocryst phases in 
the latite, plagioclase and hornblende, exhibit reactions 
which have been used to define the alteration assem- 
blages. The mass exchange of the major oxides varies 
systematically with the assemblage, and spatial patterns 
of net gain or loss of a component are related to the 
paleohydrology of the system. Comparisons between the 
mass of alteration minerals and the mass exchange of 
major components among the samples permits us: (1) 
to compare mass exchange to the mineralogic changes 
in the rocks, (2) to determine the masses of primary 
minerals that have been destroyed as a function of alter- 
ation assemblage, and (3) to evaluate the paths of reac- 
tions. 

Mass exchange and the thermal plume 

Nearly all of the original sodium has been leached from 
the latite in a Cylindrical volume directly above the stock- 
work molybdenum deposit (Fig. 8). The near-vertical, 
closely-spaced contours of sodium mass exchange are 
interpreted to mark the edge of the cylinder, within 
which the upwelling hydrothermal fluids formed a plume 
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Fig. 8, Sodium contents of the latite samples contoured on the 
composite radial cross section (see Fig. 3). Contoured units of mass 
exchange are moles of oxide per REV. A vertical cylinder character- 
ized by intense sodium depletion and having steep lateral gradients 
is above the PTA's porphyry heat source. This zone coincides with 
the distribution of the proximal alteration facies (Fig. 3) and is 
interpreted to represent the location of a thermal plume associated 
with the PTA 
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above the Mo deposit and its related intrusion. This 
interpretation is consistent with theoretical models of 
convective fluid flow around cooling plutons (Norton 
1982; Norton and Knight 1977), which show that less 
dense heated waters rise above a heat source and pene- 
trate lower temperature denser waters. The plume was 
about 3 km in diameter and can be traced vertically from 
the stockwork Mo deposit upwards more than 2 km. 

Other data support the plume interpretation. Alter- 
ation in the central part of the system occurred at higher 
temperatures than in the periphery, as indicated by the 
variation in the concentration of aluminum in the chlo- 
rite tetrahedral site (Fig. 4) and by the total annealing 
of fission tracks in the center of the PTA (Naeser et al. 
1980). The outer edge of the volume of sodium loss also 
coincides with the inner limit of the distribution of the 
distal propylitic alteration assemblages (Fig. 3). This 
suggests that two thermally and chemically distinct 
fluids were present in the PTA: a hot fluid upwelling 
from a deep source that produced the proximal facies, 
and a heated but cooler, upwelling shallow fluid in the 
periphery that produced the distal facies. The location 
of the plume also coincides with the zone in which many 
of the maj or high angle faults in the Rico dome intersect; 
these would have provided channels for directing hydro- 
thermal fluid flow. It is also important to note that much 
of the base and precious metal production from veins 
in the Rico District was from areas on or very close 
to the outer boundary of the plume (for example, the 
Newman Hill and CHC Hill areas; McKnight 1974; Lar- 
son 1987). 

Mass exchange of silicon and calcium is also greatest 
in the area of the plume. CaO has been added to most 
of the proximal samples. SiO2 exhibits antithetic behav- 
ior between the two proximal assemblages: it is enriched 
in the QIC and depleted in the CHL/EPI assemblages. 
The absolute values of the exchange for these two com- 
ponents (and most of the other major elements) are grea- 
test in the plume area regardless of alteration assem- 
blage. 

Sodium exchange and changes in the albite component 

Sodium occurs mostly in the albite components in pla- 
gioclase and alkali feldspar, both of which are primary 
minerals in the latite. The mass exchange of Na20 can, 
therefore, be related to changes in the masses and com- 
positions of these two minerals as a function of the alter- 
ation progress. The extent of reaction in an open hydro- 
thermal flow system can be measured with the reaction 
progress variable, ~ (De Donder and Rysselberghe 1936). 
The change in moles of a mineral i, dn~, in a chemical 
system is related to the reaction progress variable by 
Brimhall (1979) 

dni = vi,q~d~ (7)  

where vi,, is the stoichiometric reaction coefficient for 
mineral i and a particular net reaction #, and ~ is an 
overall reaction progress variable (Brimhall 1979). It is 
most convenient, for reasons given below, to use the 

albite component in the plagioclase as the index reactant 
mineral. Reaction of the albite component can be written 

NaA1Si 30 s + 4H + = Na + + A13 + + 3 S i t  2,AQUEOUS 

+2H20. (8) 

This form of the albite reaction is convenient because 
the albite component does not exhibit a solid-phase 
product in the distal facies, where it decreases in mass 
as a function of other chemical exchange in the samples. 
Then, following Brimhall (1979), Eq. 7 can be integrated 
to yield 

~AB = (0.75-nAB)/0.75 (9) 

where nAB is the number of moles of albite plagioclase 
component that remain in an altered sample. 0.75 is 
the estimated typical molar mass of albite reactant in 
the initial, unaltered latite. ~AB is calculated from Eq. 9 
and data from Table 12. Figure 9 shows ~-AB plotted 
against the sodium mass exchange. An Mr%o of 0.0 on 
the y axis for ~AB of 0 marks the position of initial plagio- 
clasc albite component in the latite (35 to 45 vol.% pla- 
gioclase, An35), although some of the latite samples must 
have exhibited some minor variations from its initial 
position. 

If the sodium produced by reaction (8) is removed 
totally from the rock, then each mole of albite in an 
REV that reacts will result in the loss of 0.5 moles of 
Na20 from that REV. Thus, reaction of the albite com- 
ponent of plagioclase with total sodium loss would pro- 
duce a downward trajectory with a slope of -0.425 on 

0.4 I I I I 

0 

-0.4 

v 
�9 
~' -0.8 

N 

-].2 - 

- I  ,6 i t i I 
0 1.0 

~AB 

Fig. 9. lAB versus the sodium mass exchange (mol/REV) for the 
l atite samples. Data  points are coded as per alteration assemblage: 
filled squares, propylitic-with-relict-hornblendc; open squares, pro- 
pylitic; open circles, CHL/EPI;  filled diamonds', QIC. Two lighter 
lines with slopes of --0.425 bracket the distal field and are theoreti- 
cal limits for a process in which the albite component  of the plagio- 
clase reacts and the product sodium is removed fi'om the sample, 
and in which the initial albite component  of the alkali feldspar 
does not react. Samples of the proximal alteration facies define 
two trajectories, one horizontal and one with a positivc slope. Dis- 
tal facies samples lie in two distinct fields. See text and Fig. 10 
for discussion 
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Fig. 9, away from the initial rock position. Note here 
that the ~AB axis in Fig. 9 records only the reaction of  
the plagioclase albite component  and does not  include 
reaction of  the albite component  of  the primary alkali 
feldspar. Therefore, reaction of  the albite component  
in the alkali feldspar with no reaction of  the component  
in the plagioclase would produce a vertical downward 
trajectory in Fig. 9. 

The proximal and distal facies define two distinct 
fields on Fig. 9. The proximal (QIC and CHL/EPI)  fa- 
cies field initially shifts down from the primary rock, 
and then projects to the right through a well-defined 
linear array of  data with a slope of  - 0 . 9 0 5  defined by 
a least squares fit of  the data. The distal facies lie in 
two subparallel fields that are completely bracketed by 
the theoretical limits of sodium loss due to plagioclase 
albite component  removal. The slope of  the propylitic 
data array is - 0 . 6 9 2  (least squares fit). 

The field of  propylitic-with-relict-hornblende has a 
slope on Fig. 9 (m = -0 .486 ,  least squares fit), although 
these samples were used with the monzonite data to de- 
fine MN,~o and these data might be expected to scatter 
closely about  the origin of  the abscissa. It is possible 
that the line used to calculate MNa.O does not really 
fit an assumed initial linear array of  data for fresh latite 
samples. The slope of  the propylitic-with-relict-horn- 
blende data (and, indeed, of  the data for the other assem- 
blages as well) could, therefore, be a function of  the 
skewness of  these two lines. This possibility can be tested 
because it would produce a systematic relation between 
MNa2O and TIC2, that is, MNa20 would vary as a function 
of  distance along the TiC2 axis from the point of  inter- 
section of  the two lines (MN,2o would increase as the 
separation between the two lines increased). Such a plot 
reveals no such variation and we can, therefore, proceed 
with some confidence that the trends shown in Fig. 9 
are real. 

The distinct proximal and distal trends in Fig. 9 show 
that feldspar alteration in these two facies proceeded 
along different trajectories with different, but internally 
consistent, molar  ratios of  plagioclase to alkali feldspar 
reactants. The slopes for the four distinct trajectories 
in Fig. 9 can be used to calculate the ratio, r, of  the 
moles of  the alkali feldspar albite component  (AK) to 
moles of  the plagioclase albite component  (Ae) that have 
reacted to produce each trajectory, where 

r = AK/Ap. (10) 

Each trajectory can be represented by a reaction vector 
(Fig. 10a), where their origins have been normalized to 
the initial latite. The four reaction vectors are each the 
sum of  two scaled component  vectors, K and P, which 
are defined on Fig. 10b by the reaction of  one hypotheti- 
cal mole of  the albite component  in the alkali feldspar 
and plagioclase, respectively, with complete loss of  sodi- 
um from the REV. The two scalar quantities are AK 
and Ap for K and P, respectively. The magnitude of  
the scalar quantities for each reaction vector will vary 
as a function of  the length of  the reaction vector. How- 
ever, the ratio of  the two scalar quantities, r, for each 
of  the four reaction vectors will be constant for any 
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Fig. 10a, b. Vector analyses of the reaction paths shown in Fig. 9 
plotted on these same axes. a The two vectors K (ABKsPAR) and 
P (ABpLAO), drawn to scale, represent independent reaction of one 
mole of the albite components of alkali feldspar and plagioclase, 
respectively. The vector P has a slope of two and was used to 
construct the plagioclase reaction brackets in Fig. 9. b Four vectors, 
not scaled, are theoretical fits of K and P to the four distinct 
reaction trajectories in Fig. 9. These models correlate with trajec- 
tory slopes (m, linear least squares fits) and the reaction ratios 
of the moles of plagioclase to alkali feldspar's albite components 
(r) for the four trends. See text for methods of calculation and 
discussion 

point along the length of  each reaction vector. The two 
scaled component  vectors can be written 

A~K = aK(0.0i-- 0.5j) (11) 

ap=Ap (1.1765i-0.5j).  (12) 

An arbitrary reaction vector, L, can be written as the 
sum of  the two scaled component  vectors (11) and (12) 

L = (1.1765Ap)i-  0.5(At + A~)j. (13) 

The slope of  L, m, is then 

m =  -0 .5 (Ap +AK)/1.1765Ap. (14) 

Combining EQs. 10 and 14 then yields 

r=m/(2-m) .  (15) 

Equation 15 has been applied to the four reaction trajec- 
tories in Fig. 9, and the results are shown in Fig. 10a. 

The molar ratio, r, of  the albite components in the 
alkali feldspar and plagioclase that react during propylit- 
ic-with-relict-hornblende alteration is 0.35. For propylit- 
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Fig. 11. Schematic reaction trajectories for the distal and proximal 
trends shown in Figs. 9 and 10. See text for discussion 

ic alteration r is greater, 0.92. The propylitic-with-relict- 
hornblende alteration appears both texturally and spa- 
tially to be an early stage of the propylitic assemblage. 
Thus, feldspar alteration in the distal facies is dominated 
during early stages of the reaction by plagioclase, but 
alkali feldspar dominates the feldspar reactions as the 
reaction progresses (Fig. ] 1). The spread and overlap 
of data for these two facies in Figure 9 suggest that the 
transition from plagioclase to alkali feldspar domination 
is gradational, 

The feldspar reaction path in the proximal facies is 
distinct from that in the distal facies (Fig. 11). The proxi- 
mal feldspars appear to react in a two-stage paragenesis, 
each with a nearly constant ratio, r. The first stage is 
dominated by mobility of the alkali component in alkali 
feldspar and includes little, if any, in the plagioclase. 
The second stage involves both feldspars and has a well- 
defined ratio, r, of 1.51 (r z for this data set is 0.982). 
This is greater than the ratio for the propylitic assem- 
blage, 0.92 (Fig. 10a). All of the primary alkali feldspar 
occurs in the groundmass of the latite samples, and in 
both proximal assemblages, CHL/EP[  and QIC, has 
been coarsely recrystallized and replaced by minerals 
that do not include a feldspar or a Na-rich phase. In 
contrast, the groundmass in the distal facies appears 
nearly fresh in most samples. Figures 9 and 10 suggest, 
therefore, that much of this groundmass alteration may 
have occurred prior to eventual alteration of the plagio- 
clase phenocrysts. 

Chlorite production and hornblende reaction 

Chlorite is the most widespread and abundant alteration 
product from hornblende: it occurs in all assemblages 
in former hornblende sites and, in the propylitic-with- 
relict-hornblende assemblage, in intimate reaction rela- 
tionships with its parent. Unfortunately, chlorite is not 
the only hornblende product and it occurs in variable 
proportions with a number of other alteration minerals. 

Therefore, it is difficult to use the mass of chlorite in 
a sample as a comparative monitor of reaction progress 
without considering the mass of hornblende that has 
been reacted and the mass of other products of the reac- 
tion. 

One method is to compare the mass of chlorite to 
the mass of a component that is produced during alter- 
ation of hornblende but that is not concentrated in the 
chlorite. CaO is such a component. Figure 12 compares 
the CaO to the mass of chlorite in the REV. Note that 
each assemblage has a distinct field on Fig. 12. The field 
for propylitic-with-relict-hornblende shows no CaO ex- 
change related to chlorite production, but this assem- 
blage is defined as "unal tered"  for the mass exchange 
calculation. Although Ca-bearing phases in these sam- 
ples do show reaction relationships (hornblende is par- 
tially altered in nearly all of these samples), the positions 
of the fields for other assemblages would not shift rela- 
tive to this field even if a different line was used to 
calculate the Mc,o values. Note also that primary plagio- 
clase is also a primary Ca reservoir in the rock. However, 
in most samples the plagioclase has been altered to near- 
ly pure albite (Fig. 2), and this reaction's effect on the 
calcium mass exchange is somewhat normalized. 

With these limitations in mind, Fig. 12 provides use- 
ful information about the hornblende reaction and the 
CaO mass exchange. The field for the propylitic assem- 
blage has a negative slope leading up and away from 
the propylitic-with-relict-hornblende samples. Figure 12 
also shows contours of the mass of calcite (mol/REV) 
for the propylitic samples. These contours lie nearly nor- 
mal to the Mca o axis and exhibit a correlation between 
lower calcite concentrations and greater CaO loss from 
the REV. This relationship suggests that some of the 
calcium liberated by hornblende (and plagioclase) reac- 
tion can be fixed in the rock if the activity of CO2 in 
the hydrothermal fluid is high enough to stabilize calcite. 
Figure 12 also suggests that more chlorite will be pro- 
duced by hornblende reaction if less calcium is fixed 
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Fig. 12. The mass of chlorite now present in the latite samples 
versus their calcium mass exchange, both in units of mol/REV 
(moles oxide for the calcium). Symbols as for Fig. 9. The moles 
of calcite in an REV are contoured for just the propylitic (open 
squares) samples. See text for discussion 
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in calcite. This is an interesting relationship, because 
these two alteration minerals share no common major 
oxide components.  

The proximal facies contains increased CaO in con- 
trast to the distal facies. The QIC samples in Fig. 12 
define a narrow vertical field displaced about  0.5 mol/ 
REV to the right of  and parallel to the propylitized-with- 
relict-hornblende field. The only significant Ca-bearing 
phase in the QIC samples is calcite, which has a uniform 
composition among all the QIC samples (Table 7). The 
linearity of  the QIC field shows that a uniform quantity 
of  Ca is added to, and fixed within, the rock during 
QIC alteration. The CHL/EPI  samples have both gained 
large masses of  CaO, with Ca fixed in the epidote, and 
high concentrations of  chlorite. 

Summary and conclusions 

Some important  conclusions of  this study are summa- 
rized here. 

(1) The hydrothermal system that produced the Rico 
paleothermal anomaly affected a large volume of  rock 
surrounding the Mo deposit. Thelnnal and hydrothennal  
effects of  the PTA in the older hornblende latite por- 
phyry are gradational and center both vertically and hor- 
izontally on the Silver Creek stockwork molybdenum 
deposit, which is located 1200 m below the present 
groundsurface in the central part of  the district. Intrusive 
activity associated with the deposit was the heat source 
for the PTA. Paleotemperatures increase towards the 
deposit as indicated by increasing tetrahedral A1 in chlo- 
rite, higher degrees of  fission track annealing (Naeser 
et al. 1980), and fluid inclusion geothermometry (Larson 
1987). 

(2) Alteration assemblages in the latite are also zonal- 
ly distributed about  the Mo deposit. The proximal facies 
includes the QIC and CHL/EPI  assemblages, which are 
present in the central part  of  the system directly over 
and around the heat source. The distal facies includes 
a propylitic assemblage which locally contains unreacted 
hornblende (propylitic-with-relict-hornblende assem- 
blage). 

(3) A convective hydrothermal plume existed above 
the heat source during formation of  the PTA. The plume 
was 3 km wide and more than 2 km high within its pres- 
ent level of  exposure. The plume contained hotter  up- 
welling fluid that produced the proximal facies alter- 
ation. The part  of  the fossil hydrothermal convection 
cell now exposed outside the plume was formed by cool- 
er upwelling fluids that produced the distal alteration 
fades in the latite. The vertical contact between the two 
fluids was sharp and is marked by chemical and mineral- 
ogical changes. 

(4) Feldspar reactions in the distal and proximal fa- 
cies followed two different reaction paths, both of  which 
included the loss of  sodium from the latite. Initial reac- 
tion in the proximal facies involved only alkali feldspar, 
but evolved to include plagioclase. The feldspar reac- 
tions in the distal facies began with plagioclase predomi- 
nating over alkali feldspar (0.35 molar ratio of  reacted 

alkali feldspar to reacted plagioclase albite components) 
but progressed to greater alkali feldspar participation 
(0.92 molar  ratio of  reacted alkali feldspar to reacted 
plagioclase components). The plagioclase in the distal 
facies is pseudomorphically replaced by albite, illite and 
other, minor, products, but  this albitization actually oc- 
curs with a net loss of  sodium and does not represent 
sodium metasomatism. 

(5) Hornblende reactions in the latite can be evaluated 
by comparing CaO mass exchange to the development 
of  hydrothermal chlorite. Propylitized samples contain 
chlorite replacing hornblende with a related loss of  calci- 
um, but calcite may be produced at the expense of  the 
chlorite. Samples of  the proximal facies typically show 
CaO enrichment that is related to the production of cal- 
cite and epidote. 
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