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Abstract 

Shea, M. and Foland, K.A., 1986. The Marysvale Natural Analog Study: Preliminary oxygen isotope rela- 
tions. In: N.A. Chapman and J.A.T. Smellie (Guest-Editors), Natural Analogues to the Conditions 
around a Final Repository for High-level Radioactive Waste. Chem. Geol., 55: 281--295. 

Rocks of and around the Marysvale mining area in central Utah, U.S.A., have experienced massive, sub- 
solidus hydrothermal exchange with heated meteoric waters. Plutonic granitic rocks in the central mining 
area have 5 lIO-values ranging from +6 .7°o  to as low as +0.1%0 . Quartz monzonite samples from surface 
exposures have, on the average (E = +2.9%o), lower 5180-values than subsurface samples (E = +4.3°o) .  
Within the limitations of  present data, 180 depletions of the intrusive rocks are not obviously correlated to 
proximity of known major fractures. The 81sO data are consistent with hydrothermal modifications of 
normal igneous rocks, initially ~ +7%o, by groundwater initially of - -14%0 at temperatures on the order of 
200 ° C. Preliminary estimates of integrated water/rock ratios range from <0.1 to - 1  for plutonic rocks. The 
hydrothermal solutions responsible for the mineralization were derived from meteoric water. Samples im- 
mediately adjacent to a quartz monzonite--granite contact show symmetrical ~aO depletion which may indi- 
cate that the contact was a feature allowing greater flow and/or residence time of the hydrothermal solu- 
tion, and that the hydrothermal event apparently postdates granite emplacement. 

1. Introduction 

This paper briefly describes the Marysvale 
Natural Analog Study being conducted by the 
Office of Crystalline Repository Development 
for the U.S. Department of Energy. Prelimin- 
ary oxygen isotope results are presented. 
They serve to place important constraints on 
the Marysvale hydrothermal activity and indi- 
cate the involvement of circulating heated me- 
teoric waters. 

1.1. Marysvale Natural Analog Study 

The major focus of this study is the eluci- 
dation of the mass transport of nuclides in a 
hydrothermal system within "granitic" rock. 
The proper isolation of radioactive waste us- 
ing an underground geologic repository is de- 
pendent upon the ability to understand and 
to predict natural phenomena which will like- 
ly impinge upon the waste form. Of particular 
concern are: (1) radionuclide migration by 
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diffusion and/or fluid transport; (2) effects of 
fractures on the movement of groundwater 
and radionuclides; (3) sorption characteris- 
tics of the host rock and its constituent min- 
eral phases; (4) possible complexing of radio- 
nuclides with groundwater and rock compo- 
nents; (5) precipitation/solubility of these 
various ligands; and (6) the effect upon rock 
strength and permeability by the interaction 
of heat, groundwater and radionuclides. The 
objective is to quantify, or even qualify, these 
important factors which would be extremely 
helpful in selecting a suitable repository site 
that would avoid adverse conditions and/or 
take advantage of favorable ones. 

Some, but certainly not all, of these fea- 
tures can be studied under laboratory condi- 
tions. Albeit that laboratory experiments have 
the ability to constrain the number of vari- 
ables in an experiment, they suffer from the 
disadvantage that the experiments are only 
able to take place over very short periods of 
time and under relatively artificial and poten- 
tially misleading conditions. A geological ana- 
log study, although it may be complex, has 
the advantages of having taken place over a 
geologic period of time, and in a natural, 
more realistic setting. 

The type of geological analog that is being 
studied at Marysvale, Utah, is an inactive 
hydrothermal U--Mo ore deposit. A "fossil" 
hydrothermal system with sufficient mineral- 
ization can be considered analogous to a tad- 
waste repository in which canisters have been 
breached and the interaction between ground- 
water, rock and nuclides has taken place, ini- 
tially at elevated temperatures. A U--Mo min- 
eralized deposit is advantageous since it is 
likely to have present many of the nuclides 
expected in the radwaste. Thus, these ore de- 
posit elements may be studied for migration 

characteristics and it is likely that certain 
other elements can proxy for given radwaste 
nuclides. The estimated temperature of 
150--200"C for the hydrothermal fluids is 
comparable to the expected canister tempera- 
ture in the U.S. Crystalline Repository Pro- 
gram. 

The objectives of the analog study are 
several and include: (1) determining the 
nature of the mineralizing hydrothermal sys- 
tem in terms of thermal, spatial and temporal 
parameters as well as in terms of the composi- 
tion and source of the hydrothermal fluids; 
(2) determining the extent of the element/ 
fluid migration; and (3) identifying the geo- 
chemical and geomechanical processes con- 
trolling this movement. 

As presently conceived, the Marysvale 
Natural Analog Study is divided into three 
phases. Phase I is concerned with the feasibili- 
ty of various geochemical techniques to eluci- 
date pertinent phenomena, as well as to char- 
acterize the setting and determine whether it 
can serve as an appropriate analog. Field work 
for this phase has been completed and labora- 
tory studies have been initiated. Phase II will 
include a detailed follow-up based upon the 
initial results and observations of phase I. It 
will include revisiting the site, detailed samp- 
ling (including core), and detailed selected 
analytical work. Phase III will be devoted to 
interpretation of analytical data and field rela- 
tions, and to the development of final models, 
hypotheses and conclusions. 

The present paper represents a first step in 
addressing the operational questions con- 
cerned with the nature of the hydrothermal 
deposit at Marysvale. Additional analyses are 
required and planned, including petrographic, 
isotopic, chemical and geomechanical tech- 
niques. 

Fig. 1. A simplif ied geologic map (after  Cunningham and Steven,  1979) showing the locat ions of  all Marys- 
vale Natural  Analog Study phase-I surface samples. Preliminary 6 ~SO-values are given in °/00. Open circles are rock 
samples; closed circles are water  samples. Trod = dikes and small s tocks of  aphanit ic  rhyol i te ;  Tmg -- Gray Hill 
Rhyol i t e  member ;  Tmr  = Red Hills Tuf f  member ;  T m f  = fine-grained granite; Tmi -- porphyr i t ic  rhyol i te  stocks 
and lava domes;  Tba = aplite plugs and dikes; Tbi = in te rmedia te -composi t ion  intrusive rock, including quar tz  
monzoni te ,  monzon i t e  and granodior i te ;  Tb = he terogeneous  lava flows and breccias; J t rn  = Navajo Sandstone;  
T l t =  Lit t le  Table Volcanics. 
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1.2. Geologic setting and previous work at 
Marysvale 

This natural analog study is being con- 
ducted in the district known as the "central 
mining area" near Marysvale, Utah, which is 
260 km south of Salt Lake City (Fig. 1). The 
Marysvale area is a classic uranium locality. 
Although mining operations are now inactive, 
mining over the years has resulted in an exten- 
sive network of underground passages. Mining 
production in this area was principally from a 
network of hydrothermal U ore (uraninite-- 
pyrite--fluorite) veins. 

Previous geological studies in the region in- 
clude work by Kerr et al. (1957), E1-Mahdy 
(1966), Cunningham and Steven (1979), 
Steven et al. (1979, 1984) and Cunningham et 
al. (1982). These studies were concerned with 
the general geology of the Marysvale area and 
surrounding region, and with the mineralogy 
and formation of the ores. They provide an 
invaluable source of "ground work" informa- 
tion. 

The Marysvale area is toward the northeast 
terminus of an ENE-trending belt of Tertiary 
igneous rocks (Steven et al., 1979), ~350 km 
in length (from central Utah to southeastern 
Nevada) and up to 100 km in width. It is situ- 
ated at the intersection of the Colorado Pla- 
teau province and the Basin and Range prov- 
ince and is associated with other major vol- 
canic areas which encircle the Colorado Pla- 
teau, including the San Juan, Mt. Taylor, 
Mogollon and San Francisco Mountains vol- 
canic areas. Making up the Marysvale igenous 
complex are flows, breccias, tuffs, diatremes, 
dikes and intrusives. Included are distant ash 
flow sheets from the Great Basin comming- 
ling with the locally derived volcanics (Steven 
et al., 1979). 

A simplified geologic history of the Marys- 
vale region is shown schematically in Fig. 2. 
Before volcanism began, the region comprised 
Mesozoic sedimentary rocks, including the 
Moenkopi and Navajo Formations. Rocks of 
the Carmel Formation (Upper Jurassic)were 
exposed and being eroded (Fig. 2E). Between 

35 and 22 Myr. B.P., local volcanic activity 
around Marysvale caused the accumulation of 
intermediate composition volcanic rocks, the 
Bullion Canyon Volcanics (Cunningham et al., 
1982) (Fig. 2D). 

The Bullion Canyon volcanic activity was 
the harbinger of a quartz monzonite--monzo- 
nite intrusive (Tbi) locally known as the "cen- 
tral intrusive" (Figs. 1 and 2C). Measured iso- 
topic ages for this intrusion range between 27 
and 17 Myr. B.P., with 23 Myr. B.P. con- 
sidered to be the best approximation (Steven 
et al., 1979; Cunningham et al., 1982). Alu- 
nitic alteration occurred in isolated areas 
within the region during the last stages of the 
Bullion Canyon volcanism, but is not associ- 
ated with the U--Mo deposits of this study 
(Cunningham et al., 1984). 

Beginning around 22--21 Myr. B.P. the 
composition of the local volcanic rocks 
changed markedly from intermediate to sil- 
icic--alkalic (Cunningham et al., 1982). Two 
source areas produced a heterogeneous assem- 
blage of tuffs, flows, domes, breccias and 
local rhyolite-granite (fine-grained) intrusions 
(Fig. 2B). About 19 Myr. B.P. calderas were 
formed at the two source areas: the major 
Mount Belknap caldera and the minor Red 
Hills caldera (Steven et al., 1984) (Fig. 2A). 
The associated precaldera, intracaldera and 
intercaldera (outflow) volcanics have all been 
designated the Mount Belknap Volcanics. Vol- 
canic activity of this type ended ~14 Myr. 
B.P. (Cunningham et al., 1982). The fine- 
grained granite intrusives (Tmf) are consan- 
guineous to the Mount Belknap Volcanics 
(Figs. 1 and 2B). Since 18 Myr. B.P. the 
Marysvale area has been relatively quiescent. 
Some nearby localities show evidence of inac- 
tive, as well as active geothermal systems 
(e.g., Monroe hot springs and Roosevelt). 

Mineralization (uranium--molybdenum-- 
fluorine) occurred after the deposition of the 
Mount Belknap Volcanics, perhaps as little as 
10 Myr. B.P. (Kerr et al., 1957, p. 61), al- 
though Cunningham et al. (1982) note the 
equivocal nature of that datum and suggest an 
age of mineralization close to the time (18-- 
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Fig. 2. Schematic diagram of a simplified geologic history of the Marysvale area. See text for explanation. 

19 Myr. B.P.) of  intrusion of  glassy rhyolite 
dikes. This mineralizing event has been postu- 
lated to have arisen from the emplacement  of  
a hidden stock beneath the central mining 
area (Cunningham and Steven, 1979). The 
duration of mineralization perhaps lasted on 
the order of  104 yr. (C.G. Cunningham, pers. 
commun. ,  1982). 

Of  the rock units found in the central min- 

ing area, the quartz monzonite  (Tbi) is the 
most  affected by mineralization. Also of  sig- 
nificance is a small s tock of  the fine-grained 
granite (Tmf). Much of  the central mining 
is underlain by this granite, which also hosts 
major U mineralization. There is also some 
mineralization within the Red Hills Tuff  
(Tmr). 

The Marysvale central mining area is highly 
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faulted by both Basin and Range faults and a 
more local set of faults. Basin and Range 
faulting postdates the formation of the Mount 
Belknap Volcanics, and continues to the 
present. The local fault pattern has been 
postulated to reflect local distension imposed 
by an underlying magma chamber, and the 
mineralization was highly controlled by this 
local faulting (Cunningham and Steven, 
1979). 

The Tertiary intrusives of quartz monzo- 
nite (termed the "central intrusive") and 
granite, which generally host the hydrother- 
mal mineralization, are of principal concern 
in this study. The quartz monzonite is medi- 
um grained and consists of calcic andesine, 
orthoclase, quartz, biotite, and in many speci- 
mens augite and hornblende. The principal 
accessory minerals include magnetite, apatite, 
sphene, zircon, rutile and ilmenite. The 
granite is fine grained and porphyritic with 
phenocry, sts of orthoclase and a groundmass 
consisting of albite-oligoclase, biotite, ortho- 
clase and quartz. The granite bears accessory 
magnetite, apatite and zircon. Both the quartz 
monzonite and granite seem to exhibit miner- 
alogic homogeneity sufficient to preclude 
major whole-rock 8180 variation due to 
mineral composition alone. 

Major portions of the central intrusive 
show the effects of hydrothermal alteration, 
ranging from minor (or at least not obvious) 
to extreme. The granite is almost invariably 
highly altered. Alteration in the quartz mon- 
zonite includes sericitization of feldspars 
(andesine and orthoclase), with preferential 
alteration of orthoclase, chloritization of bio- 
tite, and replacement of augite and horn- 
blende by chlorite, biotite, quartz, magnetite 
and carbonates. Mineralogical changes in the 
granite are similar. 

The uranium veins and adjacent wailrock at 
Marysvaie have previously been examined by 
Shea (1984) as a potential natural analog for 
radwaste isolation. This previous study con- 
centrated on examining U distribution by 
fission-track mapping with supportive scan- 
ning electron microscopy and cathode lumi- 

nescence. Briefly, the results indicated that: 
apparent diffusivities for U were orders of 
magnitude lower, and distribution constants 
for U were orders of magnitude higher, than 
those found in laboratory studies; and, U 
migration apparently extended a few centi- 
meters into the wallrock. 

2. Analytical methods 

As part of phase-I fieldwork, rock samples 
were removed from outcrops both at the sur- 
face and underground in the mine workings. 
All the samples reported on here were fresh, 
trimmed and cleaned in the field and labora- 
tory as necessary. Several water samples were 
also collected in order to determine the local 
water chemical and isotopic relationships. All 
water samples were untreated and unfiltered. 

The oxygen isotope measurements were 
made using established analytical techniques 
at the Department of Earth Sciences at the 
University of California at Riverside. For the 
whole-rock samples, the techniques of Clay- 
ton and Mayeda (1963) of reaction with BrFs 
were used to extract 02 gas from the sample. 
The extractions were done in Ni vessels 
heated at ~580°C for 12--14 hr. The 02 was 
then converted to CO2 by reaction with Pt- 
catalyzed graphite rods heated by an external 
resistance furnace to a temperature of 
~580 ° C. Two,sigma analytical uncertainties 
for the whole-rock analyses are +0.3%0. 

For the water samples, the technique of 
Epstein and Mayeda (1953) of equilibrium of 
H20 and CO2 gas was used. The CO2--H20 180 
fractionation factor of a = 1.0412 as recom- 
mended by Friedman and O'Neil (1977) was 
used. The equilibrium temperature was 25°C 
(+0.25°C) and known volumes of water and 
laboratory standard CO2 gas were used. Sam- 
ple aliquots were taken at different times (4, 
5 and 6 days) to track the approach to.equili- 
brium. The 2a analytical uncertainty of these 
measurements is +0.1%0. 

The oxygen isotope results are reported in 
conventional ~ 1sO notation relative to Stan- 
dard Mean Ocean Water (specificially, V- 
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SMOW). Standards used for calibration in- 
dude  NB8-19 and NBS-28, plus various intm- 
laboratory standards. Calculated alSO-values 
for all samples are adjusted such that standard 
values conform with those of Coplen et al. 
(1983). 

T A B L E  I 

a aSO-values ( %  o vs. SMOW) for  wa te r  samples  

MV-WO1 - -12 .9  marsh  wa te r  
MV-WO2 - - 1 3 . 6  Big Rock  C a n d y  Mtn.  spr ing 
MV:WO3 - -14 .3  Sevier River  
MV-WO4 - -9 .3  mine  sweep wa te r  
MV-WO5 - -16 .7  M o n r o e  h o t  springs 

3. Results 

The a 180 analytical data are given in Tables 
I and II. The a 1SO-values for quartz monzo- 
nite and granite whole-rock samples are 
shown in histogram form in Fig. 3. Overall, 
the range of a 1sO for rock samples is from 
+0.1 to +9.1°/00.6180 is defined in the normal 
manner: 

18 0 = [ l s O / 1 6 O s a m p l e  ] a L ~  l j  x 10 3 (1) 

3.1. Water samples 

The 61SO-values for the water samples 
(Table I) range from - 9 . 3  to -16 .7%0.  The 
collection of these samples was as follows: 

T A B L E  II 

a ~80-values (%0 vs. SMOW) and  s ta t is t ics  for  whole - rock  samples  

Quar tz  m o n z o n i t e  (Tbi )  

a t  surface  subsur face  

Gran i t e  ( T m f )  
a t  surface  

Volcanics  
Red  Hill Tu f t s  (Tmr )  

M V F  - 17  +1.4 M V F  
- 26 1.5 
- 3 1  1 . 7  

- 4 6  4 . 3  

- 8 1  3 . 1  

- 8 2  2 . 6  

- 86 4.2 
-101 3.9 
-106 2.5 
-126 5.5 
-128 1.9/1 .7  
-131 3.3 

n = 1 3  
~ = 2 . 9  
an. ~ = 1.3 
max.  = 5.5 
min.  = 1.4 

- 1 + 2 . 3  

- 4 a  4 . 4  

- 4 b  3 . 6  

- 5 4 . 7  

- 6 3 . 3  

- 7 4 . 5  

- 8 5.8 
-10 5.0 
-12 4.5 
-13 5.0 
-14 4.9 
-50-3 1.9 
-50-4 3.8 
- 5 4  3 . 5  

-55 4.3 
-59 3.7 
-60 4.9 
-66 6.2 
-68 6.7 
-78 3.1 

n = 20 
~ = 4 . 3  
an. 1 = 1.2 
max.  = 6.7 
rain.  = 1.9 

M V F  -84 

Subsur face  

M V F  -33 
-38 
-50-1 
-50-2 

n = 4  
~ = 1 . 6  

a n . i  

+0.8 

+1.3 
0.1 

:1 .5  
3.6 

= 1 . 5  

M V F  -32 +9.1 

Ore mater ia l  
vein quar t z  

M V F  -40 +1.1 
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MV-WO1 was taken from some shallow 
marshes and springs ~ 2  km SW of  the Marys- 
vale central mining area; MV-WO2 was taken 
from a spring ("Lemonade  Spring") at Big 
Rock  Candy Mountain, which is a highly 
altered tuffaceous deposit  ~ 3  km W of  the 
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3. A--C. Histograms of ~lSO-values of  quartz 
monzonite (QM) from the Marysvale study area. Sur- 
face samples are slightly more depleted on the aver- 
age than subsurface samples. 
D. Histogram of 8 ESO-values for granite found in the 
Marysvale central mining area. 

central mining area; MV-WO3 is a sample 
from the Sevier River, where it flows along 
the western edge of  the s tudy area ~ 2  km W 
of  the central mining area; MV-WO4 is a sam- 
ple of  mine seep water obtained in under- 
ground workings in the central mining area by  
placing a polyethylene container such that it 
could catch drops of  water, ~ 1  drop/min.,  
over a 4-day period; and, MV-WO5 is a water 
sample from the Monroe Hot  Springs which is 

16 km NE of  the study area (this sample is 
probably highly diluted with substantial 
amounts of  recent rainwater). 

Sample MV-WO4 is more 180 enriched than 
the other  water samples. This is possibly due 
to interaction with the country  rock, and/or  
evaporation during collection. The ~D data 
useful for clarification are not  ye t  available. 

3.2. Whole-rock samples 

The whole-rock ~ 180-values (Table II) with- 
in and among rock types show substantial 
variation. The quartz monzonite  ranges from 
+1.4 to +6.7%0 with an average of  3.8°/00 for 
33 samples (Fig. 3A--C). The average of  five 
granite samples is +1.6%0 with values ranging 
from +0.1 to +3.6°/00 (Fig. 3D). With the ex- 
ception of  a few quartz monzoni te  samples 
with ~ 180 of  ~ +6%0 or higher, all these plu- 
tonic rocks are abnormally low in 51sO com- 
pared to normal granitic rocks (Taylor, 1974). 

Samples MVF-66 and MVF-68 with ~ 1sO- 
values of  +6.2 and +6.7°/00, respectively, are 
quartz monzonites from the subsurface. In 
hand sample, these rocks seem to be fresh 
with little or no hydrothermal  alteration. In 
thin section, however, these two rock samples 
do show evidence of  alteration, which is 
minor relative to others analyzed. The feld- 
spars show some clouding and the mafics are 
partially chloritized. Whether this is due to 
deuteric processes has as ye t  not  been deter- 
mined. Albeit there is some microscopic 
alteration, the oxygen isotopic composi- 
tions of  these two samples are within the 
range of  those for normal igneous rocks of  
this composi t ion which have no t  experienced 
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Fig. 4. Schematic representation of sample MVF-50, showing the relationship of the subsamples to the irregular 
granite--quartz monzonite contact, with 6 ~80-values in °/o 0. 

hydrothermal modification (Taylor, 1974). 
MVF-50 is a sample taken across the quartz 

monzonite--granite contact  as exposed under- 
ground. The 8180-values for four subsamples 
are shown in Fig. 4, which schematically illu- 
strates the sampling geometry. Four subsam- 

ples were prepared by sawing approximately 
parallel to the contact, which is somewhat 
irregular. Two granite samples give +1.5 and 
+3.6°/00, respectively, for 0.3--1.3 and 3--4 
cm from the contact;  the quartz monzonite 
samples gave ~ lSO-values of  +1.9 and +3.8%o, 
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respectively, for 0.3--1.3 and 3--4 cm from 
the contact. 

Results obtained thus far on other rock 
types and materials at Marysvale are limited. 
A sample of vein quartz (MVF-40) associated 
with an ore vein gave +1.1%0. A sample of the 
Red Hills Tuff gave +9.1°/0o. 

4. Discussion 

The effects of hydrothermally circulated 
meteoric water upon the 8~sO of igneous 
rock complexes have been described by vari- 
ous workers for many world-wide occur- 
rences, and are common to those epizonally 
emplaced. Examples of such localities in- 
clude: Isle of Skye, Scotland (Taylor and 
Forester, 1971; Dickin et al., 1980); Skaer- 
gaard, Greenland (Taylor and Forester, 
1979); Stony Mountain, Colorado (Crowley 
and Giletti, 1983); Western Cascades, Oregon 
(Taylor, 1971); and the Casto Ring Zone, 
Idaho (Criss et al., 1984). These studies 
show that, although there may have been 
varying proportions of other types of waters 
(e.g., magmatic, connate, etc.), the most 
significant apparent source of hydrothermal 
water is meteoric. Water/rock ratios and 
hydrothermal fluid temperatures, assum- 
ing equilibrium, have also been calculated for 
many such occurrences. Below the prelim- 
inary results of similar exercises for Marysvale 
are described. 

4. I. Initial water 8 laO 

The water which circulated within the 
Marysville hydrothermal system had a signif- 
icant contribution from meteoric sources. 
This water must have had a meteoric con- 
tribution because meteoric water constitutes 
essentially the only source which could facili- 
tate significant 180 depletion of the rock. 

Water analyses suggest a value of ~ - t 4 % 0  
for modem meteoric water in the Marysvale 
area. This is an expected value for meteoric 
water of this geographic location, using 8 D- 

values of recent and Tertiary clays (Sheppard 
et al., 1969; Taylor, 1974) to obtain 8 lsO- 
values (~ - -16  and ~ - -11 ,  respec.) via a 
meteoric line equation of 8D = 88 ~sO + 10 
(Craig, 1961). The initial water 8180 is as- 
sumed to be equivalent to the observed pres- 
ent<lay value. At the time of hydrothermal 
activity in the Tertiary (~18 Myr. B.P.), the 
geography of western North America was 
basically as today so that this value is prob- 
ably appropriate. The somewhat higher value 
of ~ -9%o for the mine seep water may indi- 
cate some oxygen exchange or modification 
of the meteoric water as it passes through at 
least 150 m of silicate bedrock (quartz mon- 
zonite), though there may well be a signifi- 
cant influence from evaporation, as previously 
noted. 

4.2. Initial rock 8 ~sO 

The 81SO-values of whole-rock samples 
from this study range from about normal in 
'sO for granitic rocks (~ +6 to +70/00) to ex- 
tremely depleted (~ 0%0). The samples with 
81sO above +60/00 appear to be relatively un- 
altered. In contrast, most of the other sam- 
pled plutonic rocks show significant altera- 
tion. 180<lepleted igneous rocks such as these 
are characteristic of igneous rocks which have 
interacted at elevated temperatures with 
meteoric waters. Thus, the low 81SO-values 
and the observed range of values, coupled 
with field and petrographic observations, indi- 
cate that the plutonic rocks near Marysvale 
have been hydrothermally affected by O- 
isotope exchange with heated meteoric 
waters. 

Further, these relationships indicate that 
the quartz monzonite was emplaced as a mag- 
ma with essentially normal 8 ~sO and that the 
'sO depletion observed is the result of sub- 
solidus exchange with hydrothermal waters. 
Thus, the initial rock 81sO is assumed to be 
+70/00 for the quartz monzonite, slightly high- 
er than the highest observed value. The ana- 
lyzed granites all show large ~sO depletions, 
consistent with the high degree of alteration 
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seen in feldspars and ferromagnesian minerals 
nearly ubiquitous to the granite. Due to the 
pervasive nature of this alteration, it is not 
possible to similarly assig~n an initial 6 '80 - 
value for the granite. 

In terms of the low 6 'SO-values and their 
ranges, as well as the petrographic character 
of the rocks, the Marysvale plutonic rocks 
highly resemble those from other well-known 
localities which have experienced subsolidus 
modification by meteoric waters. The geolog- 
ic setting of Marysvale by analogy fits well 
with this conclusion. The highly faulted bed- 
rock, the shallow crustal emplacement, the 
repeated episodes of igneous activity supply- 
ing heat, and the relatively permeable overly- 
ing volcanics would all tend to promote 
hydrothermal circulation which indeed ap- 
pears to have taken place at Marysvale. 

4.3. Spatial relationships of hydrothermal 
alteration 

The 5'SO-values (see Fig. 1) for surface 
samples do not show a simple spatial distribu- 
tion. Many similarly affected plutons, several 
with economic ore deposits (e.g., Taylor, 
1974), display a "bull's-eye" pattern of in- 
wardly decreasing 5180-values. Such a pattern 
is not apparent with present data. Whether 
the circulation pattern and temperature gra- 
dients were inappropriate to the development 
of such a pattern is not clear. Additionally, 
the area of sample coverage may be too re- 
stricted to bring out a larger-scale pattern even 
though surface quartz monzonites vary from 
+5.5 to +1.4%0. 

Focusing of circulation along the well- 
developed series of joints, faults and veins 
quite likely has been important in hydro- 
thermal modification, consistent with the ex- 
pectation that these features provide the prin- 
cipal circulation paths. Indeed, as noted ear- 
lier, ore mineralization in the central mining 
area was highly controlled by fault planes. As 
documented at similar localities (Dickin et al., 
1980), such control is likely at Marysvale. 
However, the oxygen isotope results do not 

unequivocally confirm this hypothesis. 5 '80 
of surface quartz monzonite is not well corre- 
lated with proximity to mapped faults. Like- 
wise, '80 depletions in subsurface samples 
are not well correlated with proximity to the 
major ore-bearing veins (Fig. 5). 

N 

Veinlet / ~ ,3 

! \;+SS 

~ . ~  ~ ="'-" ~ +4.5 

', 

To Next 
Vein 

Fig. 5. Diagrammatic sketch of the terminus of the 
VCA cross-cut, where it intercepts the Freedom No. 
2 veins, which is within quartz monzonite. Sample 
locations are noted by open circles. ~180-values 
(%0) for analyzed samples are also shown. 

The 6 'SO-values for subsurface quartz mon- 
zonite samples compared to those collected at 
the surface show substantial overlap in range 
but, on the average, the subsurface samples 
(+4.30/00) are slightly more '80 enriched than 
the surface samples (+2.9%o). The difference 
could be due to a number of factors includ- 
ing: differences in grain size, different water/ 
rock ratios, mineralogic variations, different 
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temperatures of  hydrothermal  exchange, and 
a bias in sampling. The full definition of  this 
difference awaits more detailed study,  bu t  at 
this stage it seems unlikely that  it is due to 
either sampling or mineralogy. 

It is quite possible, in view of  the number  
and time span of  igneous events in the Marys- 
vale region, that  the s tudy area was affected 
by more than one hydrothermal  event. The 
lack of  clear spatial patterns could be due to 
overlapping convective systems with differing 
geographic distributions. Much more study is 
needed to answer this question. At this pre- 
liminary stage, hydrothermal  alteration by  
meteoric waters is assumed to have taken 
place during a single episode. 

4.4. Temperature of  hydrothermal fluid 

The single analysis of  quartz (+1.1°/00) from 
an ore vein provides important ,  even if pre- 
liminary, information. There is no informa- 
tion about  whether  this quartz is isotopically 
homogeneous or zoned. Assuming isotopic 
equilibrium one can determine the tempera- 
ture of  precipitation or the ~ 180 of  the hydro- 
thermal solution, using: 

5 1 a O  m - -  ~ l a O w  ~ A(106T -2) + B  (2) 

where the subscripts m and w refer to mineral 
and water, respectively; T is absolute tempera- 
ture; and A and B are constants for the spe- 
cific mineral. For  quartz--water equilibrium, 
A = +3.38 and B = - 3 . 4 0  (Clayton et al., 
1972). Since meteoric water was involved at 
Marysvale, 6'sO may be estimated as-14°/oo. 
The +1.1°/oo value for quartz then yields a 
temperature of ~ 160 ° C. This temperature is 
similar to the 200°C estimate by Cunningham 
and Steven (1979). Note that the composition 
of the hydrothermal water is likely to have 
been somewhat higher than -14°/0o due to 
prior exchange with country rock and thus 
the temperature would be correspondingly 
higher. The quartz 6 'SO-value would indicate 
6180 for water of-10.6  and -5.80/00 at as- 
sumed temperatures of 200 ° and 300°C, re- 

spectivelv. Since a temperature on the order 
of  200°C is a reasonable estimate for ore for- 
mation, the mineralizing hydrothermal  solu- 
tions must  have been derived ultimately from 
groundwater of  meteoric origin. 

4.5. Apparent water~rock ratios 

An idea of  the amount  of  meteoric water 
involved in the hydrothermal  alteration may 
be gained by calculating water/rock ratios in 
the manner outlined by  Taylor (1979). The 
ratio of  water to rock may be calculated for 
two simplified and extreme cases: open sys- 
tem and closed system. Such calculations 
yield integrated water/rock ratios which are 
minimum values because rock--water equili- 
bration is assumed and significant volumes of 
water may pass through the rocks wi thout  
equilibrating. 

For  the closed-system case, cyclic recircula- 
tion and re-equilibration of  the fluid is as- 
sumed. In this limit (Taylor, 1979): 

f f (3)  W/R = (6 r - -  r - -  

where W/R is the atomic ratio of  oxygen in 
water relative to rock; the subscripts r and w 
refer to rock and water, respectively; the 
superscripts f and i refer to final and initial 
values, respectively; the 6-values are as de- 
fined in eq. 1; and A = 6 ~ - 5 f which repre- 

W 

sents the equilibrium isotope fractionation be- 
tween rock and water and is a function only 
of  rock composi t ion and temperature.  

For  the open-system model, water is as- 
sumed no t  to recycle but  rather passes 
through the system only a single time. In this 
extreme case (Taylor, 1979):  

W / R  = ln[( t~iw + A - 6 i r ) / { ~  i f w -  
(4) 

where the notat ion is as given above. 
These models have been used to calculate 

apparent water / rock ratios appropriate for the 
Marysvale central intrusive and the results are 
shown diagrammatically in Fig. 6. As stated 
previously, the initial rock is assumed to be 
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+7%0 in ~ 180, and the initial water is assigned 
8180 of - 1 4 % 0 .  In the absence of  detailed 
mineralogic data, the isotopic fractionation 
between rock and water is assumed to be that 
for plagioclase of An30 composition. Such 
an approximation seems reasonable since 
andesine feldspar is the dominant mineral 
phase and other phases such as quartz and 
mafic minerals have isotopic fractionations 
straddling the feldspar fractionation. A is 
determined from eq. 2 where A = +2.68 and 
B = - 0 . 3 5 3  for An30 plagioclase (O'Neil and 
Taylor, 1967) for the appropriate tempera- 
tures. 

The water/rock ratios were calculated for 

200°C, as well as for 100 ° and 300°C which 
are probable limits for the temperature of  
hydrothermal activity. For 200°C, apparent 
ratios (in terms of atom% of oxygen) for the 
quartz monzonite range from <0.1 to ~1 .  
These simplified models clearly indicate large 
amounts of circulating meteoric water where 
involved. Note that an atomic value of 1 
corresponds to a ratio by weight of 0.5. 

Noting the spatial variations in ~180, the 
apparent water/rock ratios show large varia- 
tions over short distances. This suggests non- 
uniform flow of  hydrothermal solutions prob- 
ably controlled by fractures. 
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4.6. Timing of hydrothermal alteration 

The timing of rock--meteoric water inter- 
action is no t  ye t  known but some limitations 
are suggested from the results on sample 
MVF-50 (Fig. 4). Analyses of  the granite and 
quartz monzoni te  adjacent to the contact  
show nearly symmetrical  180 depletion on 
both sides of the contact.  It is interpreted 
here that  the contact  allowed greater flow 
and/or  residence time for circulation since 
larger depletions are seen adjacent to it. As- 
suming this to be the case, it then follows that  
the granite and quartz monzoni te  behaved 
similarly in terms of oxygen exchange, and 
that  the hydrothermal  alteration of both in- 
trusive phases postdates the emplacement  of 
the granite. Since U mineralization also post- 
dates granite formation (Cunningham et al., 
1982), all the 180 depletions could be the re- 
sult of  a single event hosted by previously un- 
altered plutonic rocks and culminating in the 
formation of the uraniferous ores. 

5. Conclusions 

Based upon the preliminary results, it is 
concluded that:  (1) the rock of  and around 
the central mining area at Marysvale, Utah, 
experienced massive, subsolidus hydrothermal  
exchange with circulating meteoric waters; (2) 
the initial ~ '80 of the hydrothermal  water in 
the central mining area was ~ -14°/00, and the 
initial 6180 of the quartz monzoni te  was 

+7.0°/00; (3) surface quartz monzoni te  sam- 
ples on the average have lower 6180-values 
than subsurface quartz monzonite  samples; 
(4) model calculations indicate that  for quartz 
monzoni te  at ~200°C,  the integrated appar- 
ent  W/R ratio was between 0.1 and 1; (5) the 
quartz monzonite---granite contact  possibly al- 
lowed for enhanced passage of hydrothermal  
water, causing preferential ~ 180 depletion at 
the interface; (6) the hydrothermal  event ap- 
parently postdates granite emplacement;  and 
(7) the hydrothermal  solutions responsible for 
the mineralization were derived from meteor- 
ic water. 

The results of  this paper are preliminary 
and, therefore,  the conclusions are tentative. 
Much more work is needed to help better 
understand the processes operative at Marys- 
vale, especially in regard to their influence 
on elemental migration. 
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