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Abstract-The Rico paleothermal anomaly, southwestern Colorado, records the effects of a large,
ore-forming, hydrothermal system which was active at 4 Ma. A porphyry molybdenum deposit lies
1.5 km deep in the center of the system and marks the location of the system's heat source. Effects
of the hydrothermal system vary symmetrically around the heat source, including mineral alteration
patterns, paleotemperatures, and the degree of partial annealing of fission tracks. Whole-rock oxygen
isotope ratios of altered rocks also follow this pattern: 0180 values of the widespread, 65Ma hornblende
latite porphyry range from -4.0 to 9.9 per mil. The values decrease smoothly from nearly unaltered
values of about +9 in distal areas of the hydrothermal system, to values as low as -4.0 in the deeper
central part of the system. The l80-depleted values suggest that meteoric groundwater was the dominant
reservoir for the hydrothermal fluid which altered the latite. Open-system water/rock ratios are highest
(0.54to 1.10)in the central part of the system overlying the porphyry deposit, where the high ratios
mark the location of a convecting hydrothermal plume that was 3 km wide. The water/rock ratios
are lower «0.0 I to 0.41)in distal parts of the system. The water/rock ratios can be used to calculate
the mass of water which has interacted with the latite: 20 to 45mol H20 per Representative Equivalent
Volume (REV = 10 em-diameter sphere) have exchanged oxygen with the latite in the plume, whereas
<10 mol H20/REV have exchanged with the distallatite. Water flux through the latite ranged from
0.5 X 10-9 to 5.3 X 10-9 mol/cm2• sec for hydrothermal durations of 100,000to 500,000years.
Hydrothermal changes in the mass of major elements in the latite can be balanced with the mass of
fluid to determine maximum changes in fluid concentrations due to water-rock interaction. Na" is
added to the fluid by the latite throughout the hydrothermal system, whereas the latite nearly always
removes Mg "' and K+ from the fluid. Ca'" is added to the fluid unless the fugacity of carbon dioxide
is high enough to produce calcite.

INTRODUCfION tracks in zircon and apatite exhibit greater degrees
of partial annealing nearer the center of the system
(NAESERet al., 1980). These data show that tem-
peratures near the center were higher for longer pe-
riods of time than in peripheral regions. Therefore,
the Rico paleothermal anomaly (PTA) (CUN-
NINGHAMet al., 1987) is an ideal location in which
to apply oxygen isotope analyses to measure the
magnitude of water/rock interaction, and to use
these data to monitor the changes in fluid compo-
sition which result from this interaction.

OXYGENISOTOPERATIOSof hydrothermally altered
rocks are very useful measures of the mass of water
which has interacted with the rocks (e.g., TAYLOR,
1971, 1979; GREGORYand TAYLOR,1981; CRISS
and TAYLOR,1983; LARSONand TAYLOR,1986).
Mass balance of oxygen between a hydrothermal
fluid and an altered rock can be used to calculate
water/rock ratios if the temperature of interaction,
the initial 15180value of the rock, and the initial
15180value of the fluid are known (TAYLOR,1979).
These techniques have been applied to continental
hydrothermal systems, where they have revealed
that 15 180 values of altered igneous rocks are lowered,
vary regularly around thermal centers, and can be
contoured (TAYLOR, 1971; CRISSand TAYLOR,
1983; LARSONand TAYLOR,1986). The depleted
15180values of the altered rocks reflect the effects of
high-temperature interaction between the rocks and
meteoric-hydrothermal fluids integrated over the life
of the hydrothermal system,

A young, 4 Ma, ore-forming hydrothermal sys-
tem has altered rocks in a broad area in the Rico
dome, Colorado (NAESERet al., 1980; LARSON,
1987; LARSONet al., 1991b). The system's thermal
effects include partial annealing of fission tracks in
older, 65 Ma intermediate intrusive rocks: fission
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This paper presents the results of whole-rock ox-
ygen isotope measurements of the 65 Ma horn-
blende latite porphyry, an intrusive igneous rock
that occurs as dikes and thick sills throughout the
Rico dome (PRATTet al., 1969;MCKNIGHT,1974;
PRATT,1976). The results define a typical concen-
tric pattern of depleted 180/60 ratios which center
on the deep, 4 Ma Silver Creek porphyry molyb-
denum deposit. Intrusive rocks associated with this
deposit were the heat source which drove convective
meteoric-hydrothermal circulation in the PTA.
Other hydrothermal effects have been measured in
the latite, and their variations are also distributed
zonally about this heat source, including mineral
alteration assemblages, alteration mineral structures
and compositions, bulk rock density changes, and
major element exchange between the latite and the
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hydrothermal fluid (LARSON et al., 1991a,b). Here,
we use the oxygen isotope ratios in the altered latite
to calculate water/rock ratios, from which we con-
strain the minimum mass of fluid that has interacted
with each of the samples. These data are combined
with fluid/rock element exchange to calculate the
change in the fluid concentrations of major dis-
solved cations during the alteration event. Both the
fluid flux and change in fluid composition vary gra-
dationally with respect to the central heat source in
patterns that are similar to those of the other hy-
drothermal alteration effects.

GEOLOGIC SEITING

The 12by 12 km Rico dome (Fig. I) comprises a thick
sequence of Paleozoic and Mesozoic sedimentary rocks
that have been uplifted more than 1 km (PRATTet al.,
1969; MCKNIGHT, 1974; PRATT, 1976). The dome has
been eroded to a group of high peaks just off the western
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edge of the San Juan Volcanic Province, Colorado. The
Dolores River flows from north to south and dissects the
central part of the dome. This erosion provides more than
a kilometer of vertical relief and access to deep structural
levels. Deep diamond drill core from the central part of
the dome provides an additional 1.5 km of vertical ex-
posure. East-west and northwest-southeast trending fault
zones are prevalent and intersect in the east-central part
of the dome. These structures bound a central horst of
Precambrian greenstone and quartzite.

Igneous rocks have been emplaced during two episodes.
(1)Two contemporaneous and cogeneticintrusive rocks, the
hornblende latite porphyry and an augite monzonite, were
intruded about 65 Ma (MCKNIGHT,1974; NAESERet al.,
1980).The latite is found as dikes and thick sillsthroughout
thedistrict, whereas the monzonite forms a circular 2.5 km-
diameter stock in the west central part of the dome. (2) A
series of basalts, andesites, rhyolites, and lamprophyres is
found as dikes throughout the district. One small rhyolitic
stock is exposed at Calico Peak near the western end of the
dome. Radiometric dating of several of these rocks yields
agesbetween 3.4 and 4.5Ma, contemporaneous with hydro-
thermal activity in the district (NAESERet al., 1980).
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FIG. I, Map showing the distribution of the 65 Ma hornblende latite porphyry and augite monzonite
in the Rico dome, Colorado (modified from PRATTet al., 1969 and PRATT,1976). The horst of
Precambrian greenstone and quartzite is also shown. The annular distributions of thick exposures of
latite represent sills dipping outward and away from the center of the dome. The SilverCreek porphyry
molybdenum deposit lies 1.5 km below the prominent zone of intersecting faults in the east-central
part of the dome. Locations of samples used in this study are shown by heavy dots. Detailed sample
locations are given in LARSONet al. (199Ib).
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Hydrothermal mineralization occurs in a diverse array
of deposits (RANSOME,190I; MCKNIGHT,1974;BARRETT
et al., 1985; LARSON,1987).A 1.5km-deep porphyry mo-
lybdenum deposite has been recently discovered in the
central part of the dome (Fig. I), and radiometric dating
of alteration minerals has shown that intrusive activity
associated with the molybdenum deposit is contempora-
neous with alteration and mineralization throughout the
district (NAESERet al., 1980). Shallower replacement de-
posits in calcareous sedimentary rocks and vein miner-
alization were exposed at the surface and were the source
of historic metal production in the district (more than
80,000 tons each of Pb and Zn, more than 5000 tons of
Cu, 14,513,288 ounces of Ag, and 83,045 ounces of Au
from 1879 through 1968; MCKNIGHT,1974).

The latite initially contained about 35 volume percent
plagioclase phenocrysts and 5 to 10volume percent horn-
blende phenocrysts set in a fine grained matrix of ortho-
clase, quartz, and plagioclase. Apatite and zircon are ubiq-
uitous accessories. Now, all exposures of the latite exhibit
some effects of interaction with a hydrothermal fluid. Hy-
drothermal alteration in the latite comprises a distal prop-
ylitic facies and a proximal facieswhich contains a quartz-
illite-calcite assemblage and a chlorite-epidote assemblage.
Detailed descriptions of the latite and its alteration products
are given in LARSONet al. (199Ib). The propylitic assem-
blage is defined by two reactions: (I) reaction of primary
plagioclase phenocrysts (An30-4{)to illite and nearly pure
albite (And, and (2) reaction of hornblende to chlorite
and hematite with or without calcite, illite, and epidote.
The quartz-illite-calcite assemblage also exhibits the first
propylitic reaction, but the hornblende has reacted to
quartz and illite. The chlorite-epidote assemblage consists
of pervasive replacement of primary phases by chlorite,
epidote, and quartz.

METHODS
Oxygen was extracted from latite whole-rock samples

and converted to CO2 at Washington State University using
standard fluorination techniques (CLAYTONand MAYEDA,
1963;BORTHWICKand HARMON,1982).The samples used
for the extractions were aliquots of7 to 10grams of finely
powdered and chemically untreated sample. CIF3was used
as an oxidizing agent. Precision in the laboratory is better
than 0.2 per mil, and NBS-28 has a 0180 value of +9.6
on the laboratory's scale.

Major-element chemical gains and losses in the latite
samples were calculated using whole-rock X-ray fluores-
cence measurements of major-element concentrations and
assuming immobility of Ti02 and P20S during the alter-
ation process. Petrographic examination of the samples
and major-element trends from unaltered to highly altered
samples validate this assumption. Sample locations, the
methods of calculating gains and losses, and the major-
element data are presented in LARSONet al. (1991b). It is
convenient to present the chemical concentrations nor-
malized to a representative equivalent volume (REV) of
rock (NORTON, 1984), which is chosen to be a 10 em-
diameter sphere (523.60 cnr'). Bulk density measurements
of the samples used for this normalization are tabulated
in LARSONet al. (1991b).

0180 VARIAnONS IN THE RICO
PALEOTHERMAL ANOMALY

15180 variations and water/rock ratios
Whole-rock oxygen isotope ratios of the horn-

blende latite prophyry range from -4.0 to 9.9 per
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Table I. Oxygen isotope ratios, water/rock ratios, and the
mass of fluid which has exchanged oxygen per

Representative Equivalent Volume (REV) of rock

Sample 0180 (W/R)OPEN M

RI-40 -0.7 0.66 26.59
RI-41 9.9
RI-42 9.8
RI-43 -3.6 1.10 43.97
RI-45 -1.8 0.87 34.78
RI-46 2.6 0.41 16.35
RI-5l 0.8 0.54 21.80
RI-52 -0.2 0.63 25.12
RI-53 -4.0 1.09 43.64
RI-54 8.9 0.01 0.41
RI-55 -1.7 0.85 34.22
RI-56 -0.6 0.72 28.75
RI-60 8.7 0.02 0.70
RI-61 9.0 0.00 0.05
RI-62 8.9 0.01 0.27
HP-1 4.0 0.39 15.68
HP-2 9.6
HP-6 7.0 0.13 5.39
HP-7 6.1 0.20 8.07
HP-8 6.3 0.17 7.01
HP-9 6.9 0.24 9.53
HP-IO 7.6 0.13 5.34

Isotope ratios are per mil relative to S.M.O.W.
Water/rock ratios are from Eq. (I).
M is the moles of water/REV.
REV = 523.60 cubic centimeters.

mil (Table 1). The 15180 values vary gradationally
both vertically and horizontally, with lower values
deeper and closer to the system's center (Fig. 2). It
is difficult to determine the initial value for the latite
because the phenocryst assemblage typically does
not contain quartz, which could be measured to
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FIG. 2. Radial cross section of contours oflatite oxygen
isotope ratios in the Rico dome. The sample locations are
plotted as a function of elevation and distance from aver-
tical pole through the center of the porphyry molybdenum
deposit, which marks the location of the heat source for
the Rico hydrothermal system. The latite grades to lower
0180 values deeper and closer to the center of the system.
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estimate the initial 15180 value (CRISS and TAYLOR,
1983), and all of the samples exhibit some effects
of interaction with the hydrothermal fluid. The least
altered samples yield 15180 values near +9.0 and
this is probably near the igneous value. The depleted
15180 values suggest that meteoric water was the
dominant reservoir for the hydrothermal fluids
which altered the latite. Note, however, that a mag-
matic water component has been identified in the
fluid which produced the deep, central prophyry
molybdenum deposit (LARSON, 1987). This com-
ponent was not detected in the fluids from which
quartz precipitated in the shallower veins, even
though some of these veins are 1.5 km directly above
the porphyry deposit (LARSON, 1987).

Water/rock ratios also vary gradationally and
were highest in the central part of the dome (Fig.
3). Open-system material-balance water/rock ratios
(W /RoPEN) have been calculated on the basis of
molar oxygen for the latite using the equation of
TAYLOR (1979):

W/ROPEN = In [(W80w + ~ + W80R)/

(W80W - (fQ180R - ~»] (1)

where the superscripts iand f refer to the initial and
final isotope ratios, respectively, of the water (sub-
script W) and rock (subscript R), and ~ is the water-
rock oxygen isotope fractionation. W /RoPEN curves
have been calculated for the latite for temperatures
of 100, 200, 300, and 400°C using an initial rock
15180 value of +9.0 and an initial meteoric water
value of -16.0 (Fig. 4). Fluids from which quartz
precipitated in the Rico epithermal veins define a
typical t'Oishifted trajectory (LARSON, 1987) which
is characteristic of meteoric-hydrothermal fluids
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FIG. 3. Open-system water/rock ratio contours for the
latite in the Rico dome. See caption for Fig. 2 for expla-
nation of the composite cross section. The high values of
W/R above the location of the system's heat source, the
porphyry molybdenum deposit, mark the location of a
convective hydrothermal plume.
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FIG. 4. Open-system water/rock ratio curves (log scale)
for the hornblende latite porphyry. 0180 values are per mil
relative to S.M.O.W. Open-system water-rock behavior is
demonstrated by the ability of the fluid to transport a sig-
nificant mass of components into and out of the latite.
The initial water 0180 value was -16.0. The feldspar (An30r
water fractionation of O'NEIL and TAYLOR(1967) was
used to approximate the rock-water fractionation. The
positions of the latite samples are also shown. These data
are coded as distal (circles) or proximal (squares) to the
porphyry molybdenum deposit, and this designation is
based on the sample's alteration assemblage and position
within the paleothermal anomaly (see LARSONet aI.,
199Ib).

(CRAIG, 1963). The water-rock isotope fractionation
is assumed to be approximately equal to that of
plagioclase (An30)-water. This assumption is valid
because the latite contained about 40 volume per-
cent oligoclase-andesine prior to alteration (LARSON
et al., 1991b). The feldspar-water fractionation fac-
tors of O'NEIL and TAYLOR (1967) were used in
these calculations.

W/RoPEN ratios have been calculated for the in-
dividual samples (Table 1) and are plotted in Fig.
4. The ratios are calculated for the samples using
Eqn. (1), where initial rock and water 15180 values
are identical to those used to construct the theo-
retical curves, final rock 15180 values are the mea-
sured values tabulated in Table 1, and water-rock
oxygen isotope fractionation is again assumed to
be approximately that of plagioclase (An30)-water.
The temperature of interaction for each sample was
calculated using the empirical chlorite tetrahedral
Al (Al1V,CHL)geothermometer developed by CATH-

ELINEAU(1988) (chlorite compositions and struc-
tural formulae are presented in LARSON et al.,
1991b). Al1V,CHLhas been found to be a useful pa-
rameter at Rico because it varies gradationally with
respect to vertical and horizontal distance from the
PTA's heat source, and chlorite is nearly ubiquitous
in the samples (LARSON et al., 199Ib). The water/
rock data show that water-rock oxygen isotope in-

10
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teraction in the latite can be satisfactorily estimated
by open-system exchange between a meteoric-hy-
drothermal fluid and the latite at about 300°C for
proximal alteration samples and at 100 to 300°C
for the distal alteration samples. Proximal samples
also exhibit higher water/rock ratios (0.54 to 1.10)
than the distal samples «0.01 to 0.41).

Thus, the latite oxygen isotope data from Rico
exhibit characteristics that are similar to other me-
teoric-hydrothermal systems. The latite becomes
progressively depleted in 180 both vertically and
horizontally closer to the PTA's heat source (e.g.,
similar depletion patterns have been found in the
Miocene Lake City caldera, Colorado, hydrother-
mal system; LARSON and TAYLOR, 1986). Water/
rock ratios at Rico are variable and range up to
between 1 and 2. These data represent water-rock
isotope exchange integrated over the life of the hy-
drothermal system. The highest ratios are found in
the central part of the PTA, where temperatures
were also higher. Water/rock ratios of this magni-
tude appear to be typical of other meteoric-hydro-
thermal systems (TAYLOR, 1979).

Water flux

The water/rock ratios calculated from the oxygen
isotope data provide a minimum estimate of the
mass of fluid which has flowed through and inter-
acted with the rocks. It is therefore convenient to
normalize the latite samples' water/rock ratios to
the mass of water that has exchanged oxygen with
an REV of rock. Oxygen isotope water/rock ratios
(W /RoPEN) calculated using Eqn, (1) are molar ratios
of oxygen in the water to that in the rock. These
are converted to moles of water which have ex-
changed oxygen with an REV (M, in units of mole
H20/REV) by multiplying W/ROPENby the inverse
of the number of moles of water oxygen per mole
of H20 (mo,WATER),and by the moles of rock oxygen
per REV (mO,ROCK)'Thus,

M = (W/ROPEN)(mO,WATERrl(mO,ROCK) (2)

where mO,WATERis 1 and mo.ROCKis calculated by
summing the contribution of oxygen from each
major oxide in the least-altered latite samples. The
average mO,ROCKfor the six freshest latite samples
is 39.77 moles per REV, and this was used for all
the calculations of mole H20/REV (Table 1).

Water/rock ratios in units of moles of H20 which
have exchanged oxygen with an REV of rock vary
from 0 to 44.0. The highest ratio of the volume of
water to the volume of rock is 1.5, assuming that
the fluid had a density of 1 gram per cubic centi-
meter. Distal propylitized latite has interacted with
relatively low masses of fluid, usually less than 10
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moles of H20 per REV. W/RoPEN values for these
samples are also low and are generally less than 0.2.
In contrast, proximal altered latite has exchanged
oxygen with large masses of water, typically more
than 20 moles of H20 per REV, and W/ROPENval-
ues for these samples are all greater than 0.4. The
area of proximal alteration in the Rico dome lies
directly over the PTA's heat source, the porphyry
molybdenum deposit, and exhibits water/rock ratios
which are an order of magnitude greater than in
the distal areas. Thus, these data support the con-
clusion of LARSON et al. (1991 b) that the proximal
area marks the location of an upwelling convectively
driven hydrothermal plume which was 3 km wide
and whose path is now exposed for over 2 km ver-
tically.

The upward flux of water through each REV cube
(8.06 em on aside) in the proximal part of this 2
km long plume is:

fWATER= 24,814(M)(aREv)-I(tfl (3)

where M is from Eqn. (2) (in mole H20/REV), aREV
is the cross-sectional area of the REV (64.96 em"),
and t is the duration of the water/rock interaction
(seconds). The duration of the Rico PTA is not
known, but theoretical models of continental con-
vective hydrothermal systems suggest that they typ-
ically endure for several hundreds of thousands of
years (NORTON and KNIGHT, 1977; NORTON,
1982). Water fluxes through the REVs range from
2.4 X 10-9 to 5.3 X 10-9 mol/em? . secfor a duration
of 100,000 years, and 0.5 X 10-9 to 1.1 X 10-9
mol/em/ . sec for a duration of 500,000 years. Min-
imum integrated fluid fluxes within the proximal
upwelling plume range from 7,600 mol/em? to
16,700 mol/ern",

Changes influid composition

Once the mass of fluid which has interacted with
the latite has been determined, the molar changes
in the concentrations of major elements in the latite
can be used to derive the changes in fluid concen-
trations. Gains and losses in the latite must be bal-
anced by respective losses and gains in the fluid.
The change in fluid composition integrated over
the life of the hydrothermal system is then the
change in mass of a component in the latite divided
by the mass of fluid which has interacted with the
latite. It is most convenient to measure these
changes relative to a specific volume of rock, the
REV. Table 2 shows the changes in molality of the
major elements in the fluid during water/rock in-
teraction for several of the samples. The masses of
fluid used to calculate the changes in Table 2 are
from Table 1, and the changes in major element
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Table 2. Changes in the concentration of components in
the hydrothermal fluid due to water-rock interaction with

the hornblende latite porphyry

RI-52 HP-l HP-10RI-55

Si02
Fe++
Mg++
Ca++
Na+
K+

-0.30
-0.10
-0.22
-1.00
0.33

-0.27

3.35
-1.76
-0.69
-4.51
6.02
1.98

0.82
-0.05
-0.19
-0.73
2.75

-0.37

-0.58
0.22

-0.05
0.55
0.59

-0.15

All data are moles per 1000 grams of water.

concentrations for each sample are from LARSON
et al. (l99Ib). The data in Table 2 are maximum
changes in fluid composition because the water/rock
ratios derived from the isotope data are minimum
values.

Several components are consistently added to or
removed from the fluid during reaction with the
latite. Nearly all samples release Na+ to the fluid,
and nearly all remove Mg++and K+ from the fluid.
The Na" and K+ changes result from reaction of
part of the plagioclase albite component and the
reaction of some plagioclase and hornblende to il-
lite, respectively. K+ is also fixed in hydrothermal
potassium feldspar in several of the proximal sam-
ples. These data show that the reactions tend to
increase the Na+/K+ ratio in the hydrothermal fluid.
Mg"' is typically removed from the fluid because
it is concentrated in chlorite, which is a nearly
ubiquitous alteration product in the latite.

Ca++ exhibits variable changes and is added to
the fluid for some samples and removed for others.
Ca!" is a product of both the plagioclase and horn-
blende reactions in the latite and is fixed in calcite,
which is present in only about half of the samples.
It appears, therefore, that the Ca?" flux is deter-
mined by the fugacity of CO2 in the hydrothermal
fluid, which apparently varies, even though the ma-
jor calcium-bearing minerals consistently react. The
change in fluid concentration for Si02 is variable
in the proximal area, where it has been removed
from the fluid by samples which contain abundant
hydrothermal quartz. Distal samples all remove
small amounts of silica from the fluid.

Fe"" exhibits either gains or losses in the fluid
which are usually small when compared to those
for the other components. Two samples of the
proximal chlorite/epidote facies (RI-51 and RI-52,
Table 2), however, have removed large quantities
of iron from the fluid. These samples have also
added significant Al+++ to the fluid (2.5 molar
change per 1000 grams of water for RI-52) and re-
moved significant manganese (-0.4 molar change

per 1000 grams of water, RI-52). Aluminum and
manganese changes for nearly all the other samples
are small. It is interesting to note that these two
samples have produced large changes in fluid con-
centrations for iron and manganese, which can be
trivalent cations under conditions of increased ox-
ygen fugacity, and aluminum, which is also triva-
lent.

Comparison of the compositional changes in the
Rico fluid to typical geothermal fluids from active
geothermal areas (e.g., ELLIS,1979) shows that wa-
ter-rock interaction in the latite produces fluid
compositions which trend toward typical geother-
mal fluids. However, it is not possible to use these
techniques to estimate the total fluid concentrations
in the Rico system because the initial, pre-inter-
action, fluid compositions are not known.

SUMMARY AND CONCLUSIONS

The results of this investigation are summarized
here:

I) Whole-rock 15180values of the latite range from
-4.0 to +9.9. It had an initial 15180value of about
+9. The 180 depletions result from water-rock
interaction between the latite and a meteoric-
hydrothermal fluid. The values decrease grada-
tionally, both laterally and vertically, toward the
center of the Rico dome. Here, the young Silver
Creek porphyry molybdenum deposit, which
marks the location of the hydrothermal system's
heat source, lies 1.5km beneath the surface. The
gradational variation in oxygen isotope ratios is
parallel to other effects of the hydrothermal sys-
tem, including mineral alteration patterns and
paleotemperatures, which become higher toward
the center of the system.

2) Open-system water/rock ratios in the latite are
highest in the central part of the system, where
they range from 0,54 to 1.10. The ratios range
from <0.01 to 0.41 in the distal parts of the sys-
tem. LARSONet al. (199Ib) have suggested that
a rising, convective, hydrothermal plume was
emplaced above the porphyry deposit as part of
the Rico hydrothermal system. The plume is the
locus of the proximal alteration facies. The wa-
ter/rock ratios suggest that, indeed, the area of
the plume experienced elevated fluid flow rela-
tive to the distal part of the system.

3) The minimum mass of water which has ex-
changed oxygen with the latite ranges from 0 to
44.0 mol H20/REV. Distal samples have typi-
cally exchanged with low masses of water « 10
mol H20/REV), whereas proximal samples from
within the plume have exchanged with 20 to 45
mol H20/REV. Water flux through the latite
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ranges from 0.5 X 10-9 to 5.3 X 10-9 moll
crrr' . sec for durations of 100,000 to 500,000
years.

4) Maximum changes in the concentrations of
major elements in the hydrothermal fluid can
be determined using mass balance between the
fluid and the latite. Na" is released to the fluid
from the latite throughout the hydrothermal
system, whereas Mg++and K+ are nearly every-
where removed from the fluid and fixed in the
latite. Ca!" is typically removed from the latite
by the fluid unless it can be precipitated in cal-
cite, and calcium's mobility is therefore deter-
mined by the fugacity of carbon dioxide in the
fluid. Silica and Fe"" exhibit variable behavior.
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