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ABSTRACT

The MNonroe known Geothermal Resource arez is one of
several active hot spring areas in south-central Utah.
Associzted witih it is extensive hydrothermal azlteration of
Tertiary volcanic rocks. The major episode of alteration
is of Pleistocene age and 1s assocociated with the northeast
trending range front faults. An older episcde is associzied
with north trending fractures and faulits.

The spring water is derived from the mixing of hot,
acid sulfate solutlons with local groundwaters. The
chemistry of these gprings is congistent with the alteration
zssemblages in the area. The temperature of mixing for the
spring waters and altering fluids has never much exceeded
150°C.  The minimum temperature estimate for the present day
hot source soluticns is 100°C. Due to the thick carbonate
sedimentary rock which immediately underiies the spring area,
the system 1s profoundly affected by carbonate eguilibria.

The theoretical hezt flow anomalies asscciated with the
preposed spring model have beun estimated. Thermal gradientis

which are rcughly twice and three times the average normal

[

gradient for thle region are anticipated over the platezu
landzs east of the springs and over the range front,

recspectively.
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INTRODUCTION

Purpose and Scope

The Monroe Hot Springs known Geothermal Resource Area
(KGRA) was chosen for a detailed alteration study on the
basis of accessible thermal waters, high Na-K-Ca wall
rock equilibration temperatures and extensive hydrothermal
alteration which is exposed in nearly 1,000 feet of
relief. The petrology and geochemistry of the surficial
alteration were examined in order that boundary conditions
might be established for the temperature and composition of
the altering fluids. The characteristic pattern of
alteration associated with this area was also studied so
that it might-be compared with the alteration prevalent in

other proven and prospective geothermal resources.

Geologiczl Setting

The Monroe KGRA occupiles the eastern flank of the
Central Sevier River Valléy, immediately to the east of
the town of Monroe, Utah (fig. 1). Warm springs and seeps

outcrop for approximately a mile, both north and south of

Monroe.

The Central Sevier River Valley is bounded to the
east by the steep, deeply dissected monocline of the

Sevier Plateau and to the west by the Pavant Range. The
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Antelope Range, a seriss of low hills, crosses the valley
about ten miles south of Monroe.

The Bullion Canyon volcanics of Miocene age comprise
the oldest volcanic rock in the area. They are composed
of pyroclastics in the lower part, which are overlain by
thick porphyritic latite flows. The total thickness 1is
estimated at 4,000 feet (Callaghan & Parker, 1961).

Latite, basaltic andesite and rhyolite of the Dry Hollow,
Joe Lottt and Mount Belknap formations, all of Pliocene age,
overlie the Bullion Canyon vclcanics.

Quartz monzonlite intrudes the Bullion Canyon volcanics
at Monrovian Park, three miles southezst of Monroe. This
stvock, about one mile in diemeter, is typical of other
Miocene intrusives that have invaded the Bullion Canyon
volcanlcs in the Marysvale district.

Tertiary volcanies are underlain by sedimentary rocks.
The Jurassic formation, an equivalent of the Arapien shale,
locally underlles the Bullion Canyon volcanics ané 1is
composed of stratified salts, lenticular gypsum beds and
thin bedded limestones and shales. This formation attzins

a2 maximum thickness of 2,500 feet in the Central Sevier

River Valley between Gunnison and Richfield before it
disappears under the Tertlary volcanic cover (Hardy, 1952).

This region is typified by high zngle normal faulting.
The Sevier fault, from which the warm springs issue,

terminztes the west dipping monoecline of the Sevier Plateau.

The trace of this fault is mostly buried hencath zlluvium.
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Other major range front faults in this leocality are the
Elsinor fault and the Dry Hollow fault, which is szssociated
with the Joseph Hot Springs arez. The Antelope Range is
the expression of an anticlinal cross-structure which
extends eastward from the Tushar Mountains and terminates
against the Sevier fault,

Several major landslides have formed zlong the
shoulder of the Sevier Plateau., The largest of these isg
the Thompson Creek Slide which involves the Dry Hollow

formation immediately adjacent to the Monroe KGRA.

Relationship to Other Utah KGRA's

FPigure 2 shows the position of the Monroe KGRA
relative to the Sulphurdsle and Roosevelt Hot Springs
KGRA's. The linezr arrangement of these three areas may
reflect a major deepseated cross-structure which is
associzted with mineralization and hydrothermal activity
in central Utazh. The youngest silicic volcanic rocks
outcrop in the vicinity of the Roosevelt Hot Springs KGRA:
however lzte Tertiary rhyclitic activiiy is typical of
the entire region. The Mount Belknap rhyolite is the most

extensive of these acld volcanices.

Previous Work

Callaghan and Parker (1961) mapped the geology of the
Monroe guadrangle which includes 211 of the area wlthin
the Monroe KGRA, They recognized three mappable units

within the Bullion Canyon volcanic formation., They did not,
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The locations of the Monroe, Sulphurdsale and
Roosevelt KGRA's relative to important Tertiary
volcanic formations. The major faults

influencing these areas appear as dark lines.
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however, differentiate the lower pyroclasiic sequence. lhe

siratigraphy and mineralization of the Marysvale volcanic

sequence has been described in two papers (Callaghan, 1938

and 1939).




GEOLOGY OF THE MONROL KGRA

Mcthods
An arca of threc sguare miles adjacent to the Ncnrece

and Red ¥ill Springs was mapped during = six week period
in the late summer of 1975. Mapping was done on aeriel
photo base on a scale of 1:4800. General geology, hydro-
thermal zlteration, and sample locations were included in
the mzv., This informaftlon was later trensferred to &
topegravhic base (U.S.56.5, topographic quadrangle). The

ures 3 and -,

reologlic and alieration maps appear in f1

0

regspectively

Stratigraphy

The pyreoclzstic member of the Builiion Canyon formaiicon
which ouicrops over most of the KGRA hzs peen divided into
Tour -cppaL1o lithologic uniis. The numbered locations
of imporizn: cutecrops in the following deseriptions are
refTerenced 1o figure 4,

Unit A is comprisced of volcanic conglomerate,
zgglomerate, breccls, tuif and 2 few thin flows.

glomeraie contains angular ic sub-angular heterogeneous i

pebbles and cobbles up to 15 centimeters in diameter. ;
: b
T - : o !l
Fresh cutcrops of & dark checcelate brown conglomerate aro ;
]

separailed from lecached light gray expoesures by an Irregular

e et = e R e D i, e 3 T T YR T . g I LA A e by R, AT
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Figure 3. Geologic map of the Monroe KGRA.
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Figure 4.

Alteration map of

the Monroe KCRA.
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contact resembling a solution boundary. This contact is
clearly visible in Order Canyon (location 302). Clasts
are frequently a bright green as a result of propylitic
alteration. The conglomerate fractures across clast
boundaries. It weathers into gentle slopes. The clastic
texture may not be distinct on weathered surfaces. A thin
bedded, arenaceous gray tuff, which intervenes in the
conglomerate has been designated as unit "A" in figure 3.

Agglomerate lies above the conglomerate. It forms
gray cliff faces and weathers Iinto massive blocks. In
Order Canyon 1t contains chocolate brown sitringers and
veinlets {locztlion 118). 1In altered outcrops it may be
indiétinguishable from conglomerate. Agglomerate grades
upward into coarsely brecciated flows. This breccia nmay
be gray to rust colored and outcrops irregularly in narrow
ledges. |

Thin, dark reddish-brown porphyritic flows, from
several centimeters up to one meter in thickness, intervene
sporadically between the conglomerate and agglomerate
(location 232).

A rust colored crystal tuff is irregularly exposed.

11 weathers into low hills and gentle slopes, but occassion-

2lly forms small ledges. It is considered to represent
the uppermost horizon of unit A. Brecclated outcrops of
this tuff are common (location 197).

.Unit B is composed of interbedded tuff and volcanic

conglomerate. The conglomerate 1s distinguished from that

S
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of unit & by well rounded cobbles and boulders and by its
distinct bedding which 1s frequently graded. It fractures
along clast boundaries and the rounded cobbles tend to
weather out of the matrix. The conglomerate 18 invariably
gray in appearance and forms steep c¢cliffs and ledges.
Alternzting with the conglomerate is z thin, bedded,
arenaceous gray ituff which 1s indistinguishable from the
gray tuff.in unit A, Channel fill sitruciures are common
among these tuffs and conglomerates., Due to 114s pronounced
bedding, this unit afforded the only reliable measurements
of atiltudes in the area. The best exposures are avail-
able on 'SS' Mountein east of the Monroce spring.

Unit C is a dark purplish gray porphyritic latite
flow, believed to be 1dentical to Callachen's Monrovian
Latite member (Callaghan & Parker, 1961). It forms
prominent shelves and tables in the southern part of the
KGRA. Tt attains a maximum thickness of approximately 50
meters in Sand Canyon (location 51). Broad scree slopes
generally lead up to well jointed outcreps. Weathered
surfaces may loock brown as a result of oxidation. The
flows grede coniinuously inte aphanitic dikes.

Unit D 1s & massive, pink to light purple crystal tuff.
It is distinguished from the crystal tuff of unit A4 by
containing accidental fragments of dark brown flows and
peculiar white patches, presumably the relic ocutiines of
lapilli, ZIarge bilotite phenocrysts may glve the rock a

salt and pepper appearance. This tuff forms steep hills




i1 ; i gapag _},_1 E‘;E' = ‘ P e

and rounded cliffs and weathers into large massive blocks.

Doloritic and aphanitic dikes outcrop in all four
pyroclastic units. All dikes appear to be cogenetic with
the porphyritic iatite of unit C. The most conspicuous
deloritic dikes have been sampled at locations 1, 13, 39,
20, 22 and 6. All weather to a light tan and many,
particularly the aphanitic dikes, are markedly foliated,
"Picture rock” type staining ls common in intensely
altered zones and the townspeople frequently use dike rock,
so altered, for decoration. Aphanitic latite observed at
Jocations 39, 22 and 20 apparently represents the chilled
margins of the doloritic dike with which it occurs. As a
rule, aphanitic dikes are no more than a meter in width
while doloritic dikes are 5 meters wide or beitter. All
dikes trend north to northwest and dip at angles cf 30 to
35° to0 the east and northeast. It is, perhaps, more than
a coincidence thét a dike intersects each one of the active
spring -sites. Possibly, the dikes occupy fractures which
continue to be important fluld pathways.

A rust colored porphyritic latite flow, Callazghan's
Calcic Latite member (Callsghan & Parker, 1961), which
outcrops to the ezst of the pyroclastic member of the
Bullion Canyon volcanics has been designated unit E. In
this locality the Calcic Latite can be distinguished from
the Monrovian Tetite by its deep rust color and by its more
coarsely porphyritic texture. It forms broad ridges with

gentle slopes which are generally littered with fine skree,
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The only other formation which ouitcrops in the area

is the Dry Hollow formation. In this locality it is com-
prised of dark brown porphyritic andesite flows. It can
be distinguished from the Calcic Latite only with diffi-
culty. The Dry Hollow formation forms a steep cliff at
the northern edge of the area.

The pyroclastic units vary dramatically in thickness
across the KGRA and often rest disconformably upon one
another. The implication is thet most, if not all, the
pyroclastic units were deposited on &n irregular terrain.
In particular, the porphyritic latite of unit C appears to
have flowed along old drainages. & striking disconformity
between units &4 and D located east of 'S8’ Mountain
testifies to the degree to which the terrain was dissected
at the time of the deposition of the massive crystel tuff.
In addition, the peculiar conglomerztes and tuffs of unit
B, whose clasts have the appezrance of alluvially worked
sedinments, projects a youthful terrain,

A small outcrop of unsorted and poorly consolidated
conglomerate ocuterops at location 1¢2Z. It contains ex-
tremely angular clasts of volcanic rock, some of which
approach 30 centimeters in dizmeter. From zll appearcnces
this is.a very young conglomerate and probably belongs to

the Sevier River formation.

Spring Deposits

With the exception of Intermittiant warm spring seeps,

Fi



the warm springs in the vicinity of Monroe are confined to
two large tufa mounds. Red Hill Spring issues from a
fissure in the northern-most and smaller of these mounds,
I+ possesses the highest temperature and flow rate of any
spring in the area. The flow, which is strong and constant,
has been estimated at 200 gallons per minute (Mundorf,
1970). The Monrce mound is over 500 meters in length and
contains myriad transient springs and seeps. The total
flow from the mound, however, is comparable wiih the Red
Hill Spring. The owner of the property has trenched the
mound to increase and direct the flow. The temperatures
of these springs varies vetween 48° and 69°C, compared +to
??OC at Red Hill Spring. Intermittant seeps outcrop a2t
all the tufa deposits along the range front. The ground
in these zreas is often warm, even when there is no
visible flow. Ground temperztures as high as 3500 were

measured at the mouth of Sand Canyon.

Structure

411 hydrothermal zlteration is confined to the pyro-
clastic member of the Bullion Canyon volcanic formation.
The major faults which bring these rocks into contact with
the Calcic Latite member and the Dry Hollow formation
terminate the thermza) area on the east and north, re-
spectively. Together these two faults define a block,
containing the pyroclastics, which is displaced upward

8 charac-

relative to the adjacent lerrain. This block i

i
|
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terized by intense fracturing and c¢lesely spacedé en echelon
normal faults, In many cases it was impossible to elucidate :

these detailed structures. Wherever displacements are

apparent, faults have been mapped. These traces, while
not in and of themselves sufficlent to reconcile all the
geology, are adequate to characterize the pattern of
faulting in the KGRA,
Three sets of faulis and fraciures can be generalized; f
one trending northwest, a second northeast and a third
north. The first two sets are responsible for the signi-
ficant displacements in the area. The patterns of
hydrothermsl alteration, however, are conirolled by the
latter two sets. In the vicinity of the Red Hill Spring
and throughout the central part of the arez, travertine
veins and fractures have a remarkably uniform north trend
and dips of between 30 and 40°. At Red Hill Spring the
most intense zlteration occurs at the intersection of west
dipping.f“actures and the mzjor northeast trending faults.
En echelon faulte at location 175, near the spring, dip 300
1o the east. The distribvution of hydrothermally altered
outcrops btetween locations 187 and 82 highlights a well
deve_.oped set of north trending fractures. The aphanitic
dikes in this area also reflect thils local fracture pattern.
In the southern half of the areaz the north trending
fractures dwindle to insignificance and northeasi trending
fractures dominate. The most extenszsive alteration found

in the XGRA occurs in this region. Here the dikes, many

71 1L Al [




of which ore deleritic, do not Tolleow the local fraciures

but dip to the northeast. In Berthelson Canyon, south of
the mapped arca and separated from it by a major fault, ;
noritnwest trending fraciures become important in con-
troiling hydrothermal zliteraiion. Despite tThe changing
ende in structure, the Bullion Canycn velcanics appear
to maintain a reasonably uniform southwestern dip between
Order and Nonrovian Canyons.

The regions mapped as Quaternary landslide (Qls) on

the range front are disrupted outcrops of units & and 2.

This reock is apparently draped cver hidden range-front
faults Sivmping of large volumes of this rock has
produced chzotic attitudes and contacts in these arcas.
Traevertine velns zre denscly distributed In thig confused

terreain, An arcusie {trace represents the inferred range

fault({s) asscciated with this structure.

s

Fad

Large slump Dlocks of unit B occur on the slepe south

o1 loczlior 202. The clusters of tilted junipers which

nave grown from thesc blocks tesiify ihat this icg a con-

Tonporaneous Teature.,

ide, which occuples the Dry

u'J
',3
’_t
vl
"~
L
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The massive Thompso

Hollow formation, cutcrops a7 1lhe exirems northeasiern
corner of the XKGRA. 1% hazs 2ittle bearing upon the

structure or geclogy of the area.
The Miccere intrusive eplsocde that resulied In the
emplacemert ¢f the guart? monzonite siock at Monrovian

Park may have generated ihe north and northwest trending



fractures and faults. These structures are arranged

radially with respect to the Monrovian Park stock and many
of them sre occupled by latite dikes. In addition, the
north trending fractureg and faults do not conform to the
present day topography. The structural complexity of the
central part of the area may be the result of the in-
trusion of a stock at depth beneath the KGRA.

According to Callaghan & Parker (1961) the onset of
range front faulting is contemporanecus with the de-
positibn of the Sevier River formation which is late
Pliocene or Pleistocene in age. The most intense
elterztion is confined to these northeast trending fazults
and frazctures. Therefore, the beginning of the major
hydrothermzl episode is presumed %o have been within the
lagt severzl million years, The thermzl sysiem may not
have changed significantly and the present day spring
geochemistry might reasonably be expected to reflect the

geochemistry of the recent past.

Alteration

The most striking aspect of the zlteration within the
KGRA is yellow, earthy patches that stznd out against the
light purple to light gray volcanic hest rock. The nearly
totzal involvementi of the rock in the southwest corner of
the area is clearly visible from the town of Monroe. These
patehes are generally distributed in distinct linear

paticrns and for the most part trend northeast, following



the majer range front faults. The patches are cheracterized

by white, and yellow mettling and invariably contain
derdritic veins of gypsum. Large euhedral selenite
crystals can commonly be collected from the weathered

a2
selils. Czlcite velns are less common hut are, nonethceless,
a Irequent feature c¢f these arcasg. Primzary textures may
be paertizlly or completely obscured by kaolinite and cal
cite replacement. The rock is usually banded by hematite
The enclosing gray *to purple rock shows little

A+ M
sStain

o
pel

-

variaticrn, except in color from the patches., It
usuaily punky and folisted, like the patches, and fre-

quently hzs undergone extensive cerbonaie or kzollinite

[
ny
:

-
=t

replacement. Aphznitic dikes are gencrzlly more regls

T €3

then doleritic €ikes when invelved by this alteration.
Where iarge patches do not cccur yellow bands, several

centimeters to ore meter in width may surroundéd frzctures.

(‘C‘::

Yellow pailches and bands may be the expresgion of

cither argillic or advanced argillic zliecration, for these

twe are indistinguishable in cutcrep. There is 2z tendency
flor argillic outcrops e be more weasther resistant and to
contain mcre vein caleite. These criterion are nct to e

Ltrucied, however,

Lees commor but wore dramatic are zrgillically

aliered oulcrops whlch are digti

rod, black znd white coleration. These outcrops are con-
ined 1o the norihern halfl ol the zrea and are nest common

aiong the fault cormmecting locstiong 128 and 153G, Rock =o




altered is an aggregate of guartz, kaolinite and iron
oxlde, If 1s unresistant fto weathering and is found in
deeply dissected exposures., & good example of this E
alteraztion is availeble at location 187. The Red Hill f
tufa mound, which tazkes its name from the bright red
imparted by contained hematite, appears 4o be genetically
related to these outcrops.

Propylitically altered rock can, 1in some cases, be
recognized by the bright green specks or patches it
contains. The green is not vroduced by chlorite but by
montmorillionite, presumadbly the variety nontrenite.
Cccessionally, propylitic cutcrops may be indistinguichable
from those of argillilic zones. Also, many of the freshesd
outcrops in this area contain propylitic mineral asuem-
blages. In any case, propylitic alteration is not well
developed in this area.

A.general pattern of alteration can be discermned in
which iron argillic assemblages are zssociated with north-
south structures while sulfate dominated argillic assem-
blages are ascoclated with northeast-southweest structures,
Implied in this pattern is the posgipility that the iron
rich hydrothermal solutlions may have anteceded the sulfate
soluticons.

The hydrothermzal alteration at Red Hill Spring is
‘characterized by wesi dipping travertine veins, succeeded

to the east by zones of kaolinite and caiclitie replacement.

e




The kaclinite replaced rock is tan to yellow and fre-

of pure white kaclinite. The

e

4]

quently contains masse

calcite replaced rock is gray and may contain specks of

gr
green montmorillonite. This rock usually has a salt and

pepper appearance due to kaelinized andesine phenccrysts.

Both zones are very earthy. Where this zonaiion is ob-
scured by weathering, yellow so0il containing abtundant smzll

selenltie crystals cutcrop instead. The flanks of the low

hilig adjecent to the spring arc mentled by gray mont-

noriilonitic "popcorn” alluvium. A similsy but less

distinct pattern of alteration cccurs in the vicinity of

¥onroe Spring.



PETROGRAPHY

Methods
Hydrothermzlily altered zreas as well 2¢ adjaceni host
rock were sampled and the sample locations recorded on the
base map (figure 4). The specimens were then examined
der & bincecular microscope, Based on this examinztion

tative specimens was assembled.
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A 50 gram portion from each of these was pulverized in a

Spex shatier box for four minutes, X-ray diffrection

IT]

patterns were then made for powder puck mounts of each
L Phillips Hlectronics diffraciometer with a
copper source and a graphlie monochromazor was used. Two-

micrometer clay fractjon mounts were sisce made by pepiizing

with celzer, scparaiing the two micrometer fraciion with =z
centroiuge, and snmearing & centrofuged slurry on frosted

#lass glides., Thirty such preparaiions were made and

¥-ray patierns recorded for slides which were alr dried,
clycolated, dehydrztec &1 BOUO , and hezted to 700

The cemposition of each of the 95 epecimens was
reported in Terms of poercent folal patiern intensily
wtiributable Lo the melior peak o

: gstoroed on & faztrznd dztz f1le for

b

14

gquartitative data wer

] ¢ deta anelysis.  The data are reporied

use in mual btivariate



in appendices one through four.

diffraction data, a represen-
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Relying on
talive group of 51 specimens was chosen to be made into
A

thin sections. 11 sections were stained for potassium

[}

eldspar. If dolomite was present in the x-ray patiern
of & specimen, dolomite was alsc stalned. The sections

were examined with a2 conventlonal petregraphlc microscope.

Phases which had previcusly gone undetected by X-ray

diffraction, but were recognized in thin sectlon, were
added to the data file nominally a2t cne percent totzal ;

pz.ttern intensity.

Major Minerals Occurring in the Monroc KGERA

Andegine., Andesince is the mest frecuently encountered

labraderite

plagiccluse feldspar, wiih oligoclase cr labrad
bocurring n iesg than ten percent of the outcreps
sampled. 11 appears both as large Zabular phenocrysits
in crystal tuf?, agglomerzte and porphyritic latite, and
zg small lz2ths in the groundmasses of zgglomerate, and

sorphyritic and aphanitic latites. Both Aibite and Carls-

tbzd twin laws are crharzcieristic of ire
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Fherncerysts vwoned toward alkall lepar

nost extreme examplesz belng andesines rimmed by poiasium

feidspar,
Andesine typically aliers to csleite, kaoliniie or
moviimorillonlte,.  Occezsionally cericiic is alse found
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replacing andesine. As & rule the lathlike crystals zlicr

T [y

mueh more readily. The larger phenccrysts alter from = _;
their interlore outward and frequently aikall feldspar rims | |
will be preserved unaltered in otherwise kaolinized
samples.

Apatite. Apatite occurs as euhedral hexagonal
crystalis and is found primarily in crystal tuf{ or por-
hyritic iatite. It is commonly found as inclusicns In
fresh and sltered biotite phenocrysts and appears to be
closely associated with the occurrence of that mineral.

It is unzitered in sll specimens with the exception of

e

- (=9

1311 where 1t alters to gypsum. Both uniaxial and bil-

=zxlal varietlcs werc observed.

Biotlte. DLarge tabular phenocrysts with perfect SRR
hexagonel crogs-sectlons are abundant in crystel tulif. In |
agglomerate, however, blotite may appear as small clastic
“Tragments end narrow laths., It is altogether absent from
both porphyritic and aphanitic latites. In most specimens
the biloilte cleavages are warped or broken,

Hematite and carbonate frequently rim biotite pheno-
crysts even in the {freshest outcrops. Biotite ig most
commonly replaced by montmorilionite, gericitie or hemzatite.

However, potassium feldspar also has been observed

in close ascscciation

]
th

¢placing biotiie. Chlorite forn

with tiotite, but docs net replace 1t in those gpecimens

eXamined., -
Hornblende. Two varicties of hornblonde have hoen

Lariiadag bt il




observed. One is green, moderately pleochrolc and hag an

s o . . .
gxtincilon angle of 12°. This mlneral occurs in sample
specimens 302 and 14. The first occurrence is in a
volcanic conglomerate and the second in aphanitic latite.

In both specimens andesine is unaltered although the horn-

PR

blende 1s being replzced by carbonate. The othef variety
is vprown, displays sirong pleochroism and has an extinction
angle of 150. It occurs only in the crystel tuff of unit

D where it also is partiaslly replaced by carbonate
{specimen 216),

Elsewhere relic phenocrysts of hornvlende, recognized
by remanent cleavages, are abundant. Nonimorillonite or
¥aolinite rimmed by hematifte in a distinct zonal pattern
typically follow hornblende in 2 volume for volume re-
placement., Potassium feldspar, gypsum, calcite and
Quértz, 210 rimmed'by hematite have 21so been observed as
a replacement ci hornblende. Examples of these types of
alteration can be fcund in samples 8217, 145, 128 and 1971
respectively. In intensely argillically altered rock,
hornblende phenoecryst outlines are preserved by hematlite

ghosts. ,

Potassiun Feldspar. Clear sanidine phenocrysis,

Lthough rare, have been observed in several crystal tuff

=)
[

specimens {specimens 202, 216 and 2821). In addition, a

Tew small perthites have been recognized (specimen 128).

y

El sewhore potassiuvm feldspar, revealed by thin section

[}

cslaining and x-ray diffraction, occurs cnly in the micro- : |
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specimens,

A group of —ens, 29,

display andesines

Although ir general thi

=
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feldspar

148, 6711,
which are mottled or rimmed

potassium

131, 159 anad 188
Dy poiassium

feldsper

appea te be primary, In some instaznces it may be the
result of exchange rezctions wlith a hydrcthermal fluid
Poiassium feldspar is ex cly resistant to alteration and
poersists even in intensely argillized regions.

Quartz. Quartz cccurs both as monocrystailine clasts
and po]wawvctﬁ““jne eggregates in pyroclasiic rocks.
Quartz with rounded, blebby outlines is typical of crysial
tuff. FPolverystalline quartz 1s common in agglomerate or
conglomerate, as are grenaceous paiches of quartz sand,
Primary quartz is unaffeccted by hydrothermal alteration.
Secondary DHLges

Arazonite A-agoh te 18 the only phase precipliating
from the Red Hill ana It forms knobby

growshe which line the spring channel.

Secondary Bilotiitce. These deep red,

bletby Tictites

zre commor: 1n meny propylitically altered rocks. They
form in patches cof hematite (specimen 31971) or inside
pariialiy altercd primary biotite phenocrysts (specimen
158Y, Trn owll cases the primary blotiics, although altered,
are not completely obliterated.

Bicsite wé}h Sapiriiic Rutlile. Trese are primary
i étite:—; which kRave been partially altered 5,




¥aolinite, and rutile. They are characterized by a cross

hatching of rutile intergrowths. The cccurrence of
saginitic blotite appears to be limited to argillically
altered rocks in the northwestern quadrant of the KGRA
where 11 is closely assocliated with north trending
fractures (figure 5). These specimens also exhibit con-

siderable carbonate replacement,

Calecite and Dolomite., Calcite and dolomite are

ublguitous as replacement minerals. The two carbonates
are frequently found together, but more generally one
occurs to the exclusion of the other. There is, however,
ne special significance attached to the occurrence of
dolomite versus calcite.

Plégioclase and hornblende are most readlily replaced
by carbonate, z2lthough biotite and alkell feldspar may
also be attacked. In many specimens carbonate occurs as
patches or veinlets cross-cutting rock fabrics, Hemzatite
often rims such patches.

Carponate 1s an abundant vhase in both propylitic
and argillically altered rock. However, 1ts occcurrence in
advanced srgillic zones, or zones containing sulfate
minerzls, 1is highly restricicd. HNonetheless, outcrops

vhich have sustained extensive carbonate replacement will

Trequently adjoin advanced argillic zenes {locations 6, 160

and 197) . Minor amounts of microcrystalline calcite may
occasslonally be found in rocks which contain jarcsite and

agypsum,  In this asscclation 1t ig unusually thickly




mantled by hematite.

Throughout the area old fault planes are coated with
calcite and fractured outcrops are filled with carbonate.
The highest concentration of these carbonate veins is
along the range front and adjacent to landslide areas.
Calcite which is brightly banded with iron oxides can be
found immediately south of the Red KHill tufa mound at the

bottom of a large wash.
Chlorite. Chlorite is of rare occurrence, being of

minor importance in all but a few specimens, 51, 131 and

300. In 131 it occurs as & fracture filling in biotite

phenocrysts. This chlorite, which is charzcterized by

radiating fibres, is probably not a direct replacemeny of
bilotite. Magnesium chlorite is assumed to predominate
based upon the intensity of the 14 angsirom x-ray peak
following heating of clay slides to 700°C,

Goethite., Goethite occurs in the tufa mound at Red
Hill together with hematite and frothy calcite. The l1ron

minerals form dense black velns through the calcite and

staln the tufa a bright red. The occurrence of goethite
requires that either the tufa was deposlted =t temperatures
below 40°C (Berner, 1969) or that cool, lron rich solutions
permeated the porous tufa at some time after its depe-
sition causing primary hematite to be replaced by goethite.
Gypsum. Gypsum occurs in veins and as fracture
Tillings in 211 argillically allered zreas. 1t is not

urwsual to find gypsum and caleite together as at location

F




where large euhedral calcite

140

are intergrown. The cccurrence of

mineral, however, i1s limited to advan

invari

with keolinite zndé jarosite, whi
most freguenily appears as irreguls

rock febrics. However,

Cross-

replacing

ced

r pa e
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and selenite crystzls

gypsum a8 a replacement

argillic zones,

ch 1% replaces.

1 ,&‘(-‘
is algo

ably observed in association

Gypsum

or veinlets

Tound

rhencerystes of plagioclase or hornblende

{gpecimens 195 and 611). Patches of gypsun are typlcally
rimmed Dy hematite.

Hematite. Opaque minerals in altered specimens were
zocumned tc be hematite. Hematite in ihe form of
disseminzted blebs iz common in most specimens in
addition, hematite accompanied by calcite, gypsum,
kaolinite, monimerillonite or scericite replaces pheno-
cfysLF of biotite and hornblende in all but the freshest
rock Chlorite, jarcsite and hematiie sre ithe only 1ron
vesring zlteration minerals.

The metrix of zgglomerate southeast of Red Hili Sprirnyg
is subsianilally replaced by hematite a&s is alsc the

matrix of some of the conglomerate

le are cormorn

rmatl

m
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with saginitlc

boearing =olutions which

with the

are agssoc:ated

Jeresite. Jarcsite, the

solid solution serices, 1ls diasnoustilic
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argillic alteration regime (figure 5). Identified on the
paslis of x;ray diffraction analysis, jarosite ig never
visibly crystalline. In most specimens, gypsum contains
a feathery, highly birefringent substance which is pre-
sumed to be Jarosite. Jarosite and gypsum may have
formed contemporanecusly, however, gypsum is belleved to
be a replacement of jarosite in most cases. The possi-
pility that Jarosite 1s itself a replacement of potassium
alunite is impossible to evaluzte. The meitastable
assoclation of Jjarosite with minor guantities of calcite
is occasionally observed.

Kaolinite. Kaolinite is the hallmark of argillic
alteration, and i1s without guestion the most common
alteration mineral in the XGRA. Massive replacement
kzolinite outcrops along Ifraeciures lmmedliately to the ezst
of Red Hill Spring. These depesits may be white or
staeined red and grey by iron oxides. The textures of
these rocks have been nearly obliterated, with only
hematite ghosts remzining. Intensely kaolinized rocks
frequently contain sulfate minerals. Kaolinite occurs as
a replacement of all primary phases.

)
1

Potassivm bice. Sericite, while never occurring i:

significant quantities, is an ubiguitous phase in propy-

litie, argillic and advanced argillic zones. 1% occurs as
a replacement mineral after all primary phases. Coarsely
crystalline potassium mica, precumed muscovite, is less

common: but has been ocbserved replacing blotite (specimen



18711). In specimen 11IT, 2 white mice with an unusually

), pessivly parzgonite, occurs as patches inside

calcite and 1g an apparent replacement of alkali feldspar.

Muocovite alfter feldspar was also observed in specimen 129.

L= N

when glyvcolated, resulting in a broad reflection between
. : L an0 iy
11 and 17 angstroms. Upcen heating tc 300°C boin clays

collavse %o z 9.8 zngstrom basel apacing. On the basi

oi these data, the mixed leysr clays arc presumed To

v

contaln interlayered potassium mica and montmerillonite,
Becausoe these clzys cannol be distinguished in thin
seciion 1t 1s Ilikely that much of the microcryetelling
clay identified =2s sericifte ig in reality wixed Zeyer clay.

L

Mzngarese Hydroxide. Dense,
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=% locations 197 znd 143 zre comnrisced in pari of

i,

iliing:
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mengarcse hyaroxides. A1 location 143, adioining the

-

HMoenroe tufa meund, the fracture fillings are predominately
calelte, At 167, however, the Tracture fillings are
near.y purc Mn (CHYS wlith subordinate hzlite. These m.onerzls

ere not replacement phases and apparently bear no relation-

ship 1o the alteration of the host rock which 1s argilli-
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cally aliered in the first case and propylllically

ral wprings with hish mengeanese
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in the second.
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Valley. One, the Jeseph Hot Spring, is closely related
chemically to the Monroe znd Red Hill Springs (Young &
Carpenter, 1965). The source of ihe manganese is open to
speculation., Mangancse minerals have also been reported

at the Abrahzm Spring KGRA by Callaghan & Thomag {1G938).

Montmorillenite. Meontmorillonite 1s not present 1n
rreat abundance., Nevertheless, 1ie occeurrence serves as

g
an important diagnostilc feature for the propylitic
alteraticn zone. Its presence, although éifficult to
verify in thin scciion is confirmed by xX-ray diffraction.
tiecs with (001) baszl spacings of approximately
12.5 and 13.4 angstroms when alr-dried were recosgnired.
Thege varietles are congidercd te be sodium mont-

merillonite and calcium montmorillionite respeciively. The

pright green appearance of many propylitically zltered

£

at the varlety nonirornite predominates.

cutcroeps suggests that ih

)

Sodium ﬁcntmorilldnite has a very limited occurrence being
confined to the vicinity cf the Monroe and Red HIll
springs {specimens 142, 148, 14L znd 384}, It is un-
doubtedly the result of post formational calion exchange
with calcium deficient sodium chloride soluiions, Sodium
montmerillonite, however, 1s not stable with respect to
the present spring soluiions.

Montmorillionlte occurs, for the most part, in
relatively {resh rocks or rock that has undergone czlclte
replacoment and is cowmon ac a replacement mineral after

1+

Pilebtite and horndblende. T1 is frequently accompanied by




hematlite

Massive replacement montmorillonite occurs only 1n
the vicinity of location 138 where Dry Hollow porphyritic
andeslte has been replaced by calclum montmoriilenite.

Quartz. Altered rocks of this area have been
subjected te 1litile if any =ilicification, Several large
boulders of microcrystzlline, milky white aquartz ocutcrop
2t location 124. These beulders are enclosed vy slightly

e

doilomitlzed volcanic breccla and coniaelin inclusions of

mottled, dark red, hematifte bearing guartz. No remnant

ot

eldspar has been detecied by x-ray diffraction. It is,

he)
b
[
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therefore, uniikely that this cutere

volcanic rock. 4 narrow fracture filiing of this same

[

milky guartz occurs at the intercection of twe faulls near

-

-1

3

Yocation 211). jeroerystielline quart

cceeurs as amnyegdules in porphyritic latite but is not

COTmOoT:.

There 1g = higher incldence of pelycerysialiine guartz
i alicred rock suggesting that sone of this may be
secondary in crigirn. Secondary polyc ystalline quartz is
obscrved cceoupying a relic hornblende phenccryst in sampie
1871, I{ therefore secms Iikely thet guartz could be &
product of the alterztion of aluminosilicates by silica
saturated sclutions.

Native Sulfur. Tiny crystals belwcen 10 and 50 micro- {
meters in length of naiive suliur are freguently Iound

i

Gi irated In the matrices of argillically altered roch ;




ony of sulfate minerals, mont-

Figure 5. Distribusi
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morillonite and biotite containing sa

rutile.
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A4 sample location 1 euhedral acute bipyrimidal sulfur
crystals appear as inclusions in patches of calcite which
are rimmed by hematite., Rounded, oblong crystals are
clustered in calcite which has replaced hornblende in
specimen 128. Hematlte penetrates the calclte along relic

amphibole cleavages.

Commornt Primary Textures

The rocks outcropping in the KGRA can be divided into

two textural groups: volcanic flows and pyrocliastic

et e

deposits. The flow rockes include porphyritic latite
flows, doloritic latite dikes, and zphanitic latite dikes.
The pyroclastic rocks include crystzl tufls, Dbedded tuifs
and aggiomerates, A third group of rocks, conglomerztes
and breccias, contain clasts from both groups. A re-

- markable degree of varieiy 1is displayed wilithin each

classlification meking correlation of ouicrops very
difficuls. The problem is further comrlicated by the

widespread hydrothermal glteration in this area.

Porphyritic latite

The most extensive outcrops of porphyritic latite
flows occur in units C and E. These units can be differen-
tiated on the basis of size of andesine phenocrysis and
on the basis of magnetite content. Unit E is more
coarsely porphyritic, and 1s charzcteristically & deep
rugt red.

. ~

The porphyritic latite of unit € containe large

et
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andesine and hornblende phenocrysts. The largest of these

are iour and two millimeters In length respectively. Horn-
blende phenocrysts, however, are Iin general ecmaller than
this, being 500 micrometers in length or smaller. The
groundmass is a mosailc of tiny plagicclase laths,

measuring approximaiely 50 micrometers in length. A few
corroded bictites, less than one millimeter across, are
sparsely disiributed. Al1l specimens display distinct flow
structures. The appearance of perphyritic letiie in thin
scctlon 25 more akin te the aphenitic than ithe deloritic

i}

latite found in the dikes.

Aphanitic dikes zre characterized by andcsine and

nornblende phenocrysts in a microcrysialline groundmass

contalning potassium feldspar. The andesine occurs asg

fine latns, zpproximeitely 120 micromelers in length.

L owiLla gy
Hornblerde phenocrysts are gcatiered throusgh the matriz,

e}

Trhesge phnerocrysts atizin lengihs of one or twe millimeters,

beliling structures are usuzally marked.  Veslcular cut-

)

crops ave a2tso commor.,  This rock grades smoothiy into The
porphyritiic latite of unit C

Deloritic dikes contaln phenoerysts of andesine and

Ircqguently blotite. The andesine cccurs as taebular

phencscerysts, approximately one millimeter zceross, Plaglo-
cilame lazthe In the groundmase with maximum Zengths of 500

tkati feldapae. Setiling

e e ey e = e e [ T T S
mIcrone bevs 2ve prohahly s



structures are frequentiy observed in these groundmass

feldspars. Blotite phenocrysts, when present, are
intermediate in size, averaging about 700 micrometers.
Biotite occurs as both tabular crystals and in shafts.
F¥onocrystalline qguartz clasts occur sporadically and
rarely exceed 200 micrometers. They may have been
introduced via incorporation of country rock. In altered
outerops this rock may be indistinguishable from pyro-
clastic rock.

Crystel Tuflf

Two distinet crystal tuffs occur. The first, in
unit 4, is characterized by andesine phenocrysts which
are approximztely two millimeters across, and narrow
blotite shafts ranging in length from several micrometers
to one millimeter. Hernblende phenccrysts average 500
micrometers in Jlength. GQuartz clasts are about the same
size.

The second tulf, from unit D, has larger andesines
whilch commonly exceed three millimeters in length.
Tzbuler biotites, approximately two millimeters across
and frequently with warped or broken cleavages, are
aburdant. Smaller biotite laths also occur. Deep red
hornblende phenocrysis, also two millimeters in length,
are thickly distributed. large rounded clasts of maono-
'stelline quarts, one or lwo millimeters in dlameter,
21850 occur. Unlike the tuff of unit A, this rock contains

many acceldenial reck fragments.  The crystallinity of the



matrlx resulting in a

viewed in outcrop. These patches

from the incorperztion of

Both tuffs have a distinctly ¢
many of the phenocrysis brecken or

matrices are composed of fine fragm

crystalline groundmass.
feddoed Tuif

Bedded tuff occurs as thin

B oand A, It is characierized by &
made up of remarkzbly well scried T

bilotlte, guariz and magne . | s
result ¢ air fzll or, perhaps, alleviel zction. The
Tragments are angular and uniformly 200 o 400 micrometers
in dilameter. The matrix Is microcrystaliline potassium
.féldspiﬁ. I outerep this tuff has a distinct zrenzccoous
appesrance.
Agglomerate

Lggloperate 13 lexturally similar to deloritic lazite

in that it an aphanitic ma

plagicclase laths, 100 micromeiers

patchy

gre

fractur

interbed

whaorn

appearance

presumed to have

lapllli.

clastic fTexture, with

Thelr
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il a mlcro-

s in beth units

A

turea

tex
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fine clastic

of plagioclase,

maly

r be The

trix comprised of

in lenzth or lcess

low s iructures, prescerved 1. these lzsihs, are often
obeerved. The aggleomeratic texlure 1s distinctly non-
unilorm compared to the texturez cof the Java fiows, howover.
Andesine, bictite, quarts znd horrblicnde can vary
draretically in sine, kabit and disiribution. Phencoryuls
do not exceed one millimeler In mesl outorcnsd, howoever,




irregular

breccia,
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a strong resenmblance to alteration zssemblzges in the
cxidized wnones of many hydrothermally aiiered areas. A4
zonal pattern of slteration can be generalized for these
areas which contains, in Succession outward; 1) an
glunite-quarts zone 2 an argillie zone, which may be

subdivided
poiasgsium

pylitic 70

crops of

4

montmoritl
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urs both as
¢ aggregates. Agglomeraies often contaln
peboles of volcanic Tlows and may grade into

Fed

Alteration Asgembla

zlteration asscmblages cbserved in

into potassium mica-kaolinlie
mica-monimoriilionite subrzones

ne subdivide

which may be

vermiculite and chlorite subzones (Hemley, et.zl., 1969).

The alunite-quariz zone is generzlly highly siliceous and

mey contain dickite, pyrite or dlaspore. In the Monrce

KGRS oniy the zrgilliic zone is well develeped. However,

jeresite, an lron alum lsomorphous with aluniie, does

occur in asscclztion with kasolinite and sericite and is 2z

common feature in the mest intensely aitered arezs. Out- f

rock whlch have been substanila
e s L L ~ ¢

entte and chilcerite are rare (1
commenly montmorillonite occu

the extremitiecs of hydro

seccintion with kacolinite and wixed layer clays

monocrystalline clacts and poly-

3 In

thoerm

the KGRA bear

znd mixed layer

2

and 3)

"nro-

to montmorlililonite-

attered teo

11y

ocations 138 and

TS &% 4 minor
ally altered areas
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rgillically altered reglions. Using the zonal model of

"L

Hemley as a guldeline, the following 2zones are proposed

for Monroe,

Advanced Argillic: contalins kaolinite and jarosite

Argillic: contoins kaolinite and mixed layer clay
but does not contain montmorlillonite

Propylitic: contains montmorillonite and mixed layer
clay

Advanced Propylitic: contains montmorillonite cr
chlorite to the exclusion of
kaolinite and mixzed layer clay
(rare)

1C,

1l

4

T

o)

I3

Carbonate 1s frequently associated with

ses. The

m

propylitic and advanced propylitic assembl
peculiar hemztite-kacolinite alteration assoclated with ihe
nerth trending structures of the central part of the KGRA
constitute a specizl case of arglllic alteration.

An example of a low fTemperature hydrothermzl zrezm
! I

with important pafallels to the Monroe KCRA is the Nevada
Goldfield district. The Godlfield district is important
Tor 1ts quariz-gold veln mineralizetion. In the peripherz
oxidized zone of this area, kaollnite, frequently masszlve,
ceours with qguarts, alunite and pyrite. HNative sulfur

and diaspore are minor accessory minerals. Potassium mica

(sericite) occurs sparsely. Gypsum is widely distributed
in velns and patches both zbove and below the water table,
C te iz zbundanit in the propylitically altered areas.

Of pariicular interest 1s the association of coarsely

cryvotalline alunite with microcryatalline caleilte,

1




5
¥aolinite and sericite in some altered rhyolites
(Ransome, et.al., 1909).
The alteration relationships in the Monroce KGRA,
therefore, are consistent with the peripheral oxidized

zone of a low temperature, sulfide dominated hydrothermal

system.




WMULTIVARTATE ANALYSIS OF ROCK ALTERATION

Because of the nearly universal superposition of
alteration assemblages, the subtle differences between
these assemblages from outcrop to outcrop, and the feeble
apparent correlaticns between the occurrence of most
rhases, muliivarliate analytlcal techniqgues were adopied
to determine more objectively the basic siructure of the
data. Three basic approaches were utilized: principle
componenst analysis (PCA), cluster analysis of the raw

2ta, and cluster analiysis of the data after 11 had Dbeen

[a

transiormed inte facter sceres on the principle axes
selected by PCA.  Clustering was conducted in both the Q
mode, that 1s clustering of samples, and in the R mode,
that ie clustering of components.

The data consisted of the compositions of each of 95
samples which were reported 1n percent total patiern
intensity attributable to 15 recurrent phases: quariz,

lase, calcite, dolomite, hematite,

[

f)

'_Jo

coclase, orth

el

lag
jarosite, gypsum, apzilie, blotite, kaolinite, mont-
morillenite, chlorite, and two mixed laver clays. Thiriy

ich clay fraction »-ray diffraciion

b

of the samples {or w
data were azvalilable were analyzed separztely as well as

wiith ihe remazinder of the data. Becauce the data were
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ation, thait ig insuring that each rizble

has a mean of zero and a siandard deviation of

0t considered to be a meaningful operation. The

due to this phenomenon 1s not vellieved to have

sffected the analysis.

of associstion

ering wag based cn the degree
cemuonents or samples as defined by correlaticn

coefficients. Jn one trial, however, The data was sczled
10 a presence-zbgerce Tormat and a simple taxonoml
dictances coefficicnt wes used. In ali, iwelve clustier
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correlations hetween the abundances of minerals
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- ot b I
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terms of fifteen variadbles or minerals. These variables

will, in general, display a complex set of variance-
covariance relationships. PCA selects a set of factors
which are linear combinations of the initial variables.
These factors are *the elgenvectors of the variance-
covariance matrix for the data set. The factors, unlike
the initiel varlables, are orthogonal or contain no
covariance. Therefore, each of the factors represents an
independent and fundamental parameter influencing
alteratlon. Py siudying the linear combilnations of
variables contributing to each factor, the relationships
among the phases may be determined.

The variance for the 30 x 15 array was 15. Ten
mutually orthogonal factors were selected which together
accounted for 94.2 percent of the total variance. The
principle factor loadings (eigenveciors) for the trans-
Tormations are reported in table 1. Reference to that
table shows that the first factor, accounting for 25.7
percent of the total wvariance, hezvily welghts the
contribution of plagioclase, qguariz, kaolinite, mont-

patite and biotite. Quartsz,

%]

morillonite, rosite,

it }
m

nite enter with negative coniributions.

j

jarosite and kaol

This is a forceful stztement of the close association of
the latter minerals and their sirong negative correlation
with the primary phases plagiocclase, biotite, and apatite,
ag wcll as montmorillonite, This is the anticipated

result if a central argillized sone pascce outward to a



Table 1. Principle axis factor loadirgs for the 30 x 15 data array.
PRINCIPLE FACTORS

VERIABLE FL FII  FIII FIV Py VI  FYII FVIIT FIX FX
QUARTZ -.869 -.119  .1795 340 .16 L1770 -.105 -.103 .187 -.020
PLACIOCLASE 8873 .ohz .Cl0 -.1hk5 -.048 .315 .052. -.003 -.031 -.028
ORTHOCIASE .28 .733 -, 047 -.268 -.200 -.368 -.141 -.226 -.205 ~.019
CALCITE L0966 -.551  -.190 -.347 -.459 -.1hb L3442 L3420 ~,005 L1481
DOLOMITE -.050 -.467 ~.344 -, O4b el -.279 .311 -.132 -.002 -.224
HEVATITE 119 -.197 -.268  .718  -.274  .099 -.241 223 -.295 -.248
JAROSITE _.603  .40Lh 492 006 -.178 -.001  .278 .16 -.069 -.178
GYPSUM -.389  .509  .156  .140  .091 .20k  .509  .436 -.105  .023
APATITE .590  .018 543,039 .285 -.228 .01l  .226  .206 -.168
BIOTITE .557  -.059  .493  .2hk&  .007 -.468 -.126  .219 -.019  .OCh
YAQOLIN(TE ~-.746 .06k L0468 .02k .123  -.280 -.303 .196 -, 004 . 375
MONTHORILLONITE 633 125 .0L6 L62 ~.155 .165 17k -.188 . 348 . 268
CHLORITE .237  -.255 63 -.343 .332 409 -, 234 .075 -.252 .0G2
MIXED LAYER CLAY I -, 025 Jshg - L6 -, 266 .112 133 ~.298 .385 .329  -.179

MIXED LAYER CLAY 11

.393  -.435 .360 -.266 ~.500 L0544 -.135 -.035 .229 -.259

&7

Percent Varilance 25,7 1k.1  10.7 9.33 8.49 7.08 .23  5.24  3.79 3.4k
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weakly propylitized zone. Factor one may be visualived
as an index of pH or reaction pregress. The groups
ocbtained by cluster analysis are, fer the most part,
predicted on this factor.

Factor iwo 1s characterized by positive conitributions
from orthoclase, mixed layer clay I and gypsum, and by =a
negative contribution from calecite. It contains 14,1
percent of the total variance. 1t 1s apparent that the 3

cccurrence cof calcite and gypsum 1s not linked to the

degree of coverzll reaction progress, but is influenced by

some independen® property, presumably the P002 or PHZS
of the system. In addition, orthoclase aznd mixed layer
clay I, both potassium phases, appear to be highly
correlated and to be unfaveored in the COE regime.

The third facter, accounting for 16.7 percent of
the variance, appears to be & measure of the alteration of
bioﬁite and apatite, beth highly resistant minerals. The
apparent degeneracy of this fzctor with respect teo factor
cne is noi understood.

Fzctor four, with 9.3 percent of the variance 1is
dominated by hematiie. This fector, apparenitly an index
of total iron molelity or Eh, serves to distinguish the
iron rich argiilic alteration, zssociated with the north
trending fraciures, from the sulfate argillic aliteration
ascocliated with neortheast trendingzg fractures and faultis,

i

ctor five heavily welighte the corntribution o

—1

dolomite,mixed layer ciay I1 and calcite, This factor



~eted ag an indicator of the conceontrations
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d be inter
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of Ca and Mg It accounts for 8.5 perceni of the

tetal variance,

Facter six contains 7.1 percent of ihe variance. 1%
reflects the rezction relationship of chlorite and biotite.
This is the last factor from which informaiion can readily
be gleazned. The remaining fectors together account for

-

¢35 than 19 percent of the variance,

in summary, PCA of the 30 x 15 matrix reveals that a
particular sample can be virtuaily defined by 10 ortho-
gonal vectors 28 opposed te the 15 variables in the
original data set. Therefore, the original sel of vari-

substantizl degree of covariance,

t
o
Al

ableg must con
This is useful since 11 meang that reacticn relationships
amorng the phzses nave not bteen totally obscured, Furiher-

mere, positive correlsiions are inferred for the following

jerosite-kaolinite, guertz-kaclinite,

q

focclase, montmorillonite-biotite,

?1

montmoriZlonte-plag:

apeitite-~biotite, gypsum-mixed layer clay I, gypsum-

ortheoglase, delormite-caleite, and nixed layer clay II-

caicite. HNegaitive correlations are Inferred for the

fellowing mineral pailrs: chlorifte-tiotite, calcite-

crihoclizee, calciie-gynsum, ¥kaclinite-plagioclase,
Yzcolinile-montmorilleonlte, and kaclinise-blotite.

~

6 of phases ce

nl
i
[

Tining alieration regimes

tazlcoeizse, biotite, apatite and monimorillonlite,

=
La—
el

-1
]
L
'
o
o8

: . . e W
1) keclinite, Jarocite and gquorie, 1i1l; ortheclase
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layer clay I and gypsum and iv)} calcite, dolomite, and
mixed layer clay II. Negative correlations between these
groups suggest that group 11 1s an alteration product of
group i and that group iv is an alteration product of
group 1ii.

The variance of the 95 x 15 array was also 15. Ten
factors were selected which cumulatively accounted for
88.3 percent of the total variance. The first factor
contains 19.6 percent of the total. The principle factor
loadings are reported in table 2. The similarity of the
two data sets lends confidence to the interpretation
based on the PCA of the more detailed 30 x 15 arrzy.
However, several Iimportznt associations were emphasized
in this snalysis which were nct apparent in the previcus
run. In particular, a positive correlaticn between
montﬁorillonite and celcite is inferred from the loadings
for factor five.

The clarity of the PCA for ithese and similar data
sets would be greatly improved i a fector rotation
routine such as the Kalser verimax scheme were adopted.
This procedure opiimizes the factor loadings to values
approaching one or zero by fixed rotation of the principle
vectors, However, due to limited time, funds and
expertise this was not attempted., As 1t has been utilized
in this study, PCA festers an intuitive feel for the

structure of the data and provides uscful guidelines for



Table 2. Principle axls faclor loadings for the 95 x 15 daza PTTAY
FRINCIPLE FACTORS
VARIANLE LRI Rz EV PV RV FVID RVITI FIX FX
GUARTZ 727 - hsh 080 L0311 -.325% 029 015 ~.105 090 -,086
BiACIOCLARSE ~-. 7813 175 -.024 -.223 ~.120 .398  -,146 -.155 -, 016 128
CRTHOLLASE -.13% 713 -.01% -.099  .076  .080 . 5k7 029 030 ~.155
CALLCITE -.096 -.340 ~.130 -.073 552 141 L1776 645 —.2L6 - 082
LoLOMITE Co7 - 164 —.cy7 800 il 79 -.075 -.166 -.Lh09 137
HEMATITE ~.192 - 549 -.196 -.319 ~.336 .138  -.188 227 .263 0k 5
JAROSITE .687 -355 016 -.1365 009 069 -.165 -.061 -.253 .083
GYPSU: 524 %08 -.125 -.182 ~.184 065 -, 452 283 -.261 027
LAPATITE -.170 R T L7658 071 -.060 034 -.1173 260 -.071 .278
3.0TITE R T R, Th B8 —L075  -.357 520 253 143~ 248 103
KAOLINITE 815 030 116 g 070 077 L1ks o41 106 -.193
MORTMORILLONITE -.130 210 L0111 .06 518 670 - kD1l - 098 .194% 022

CHRLORLITE

P T

MiXED IAYER CLAY

10U

HET -

[N
[o)

HIXED TAYER CLAY II — R8O

Fercent Variance 0.85 8.77
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R Mode Cluster Analysls

F mode cluster analysis is a fechnique in which the
t+ig] data metrix is transposed and correlation co-
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~cfigients are calculated between the phases. Palrs of
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R mode cluster analysis was employed in crder ihat
E reiztl %t be
Dey Fashlon

lysls of raew data for both arrasys was carried
it Irnozddition, cluster anzlysis waes conducted or the
20 % 15 array after the data had been transformed into
fulter sceores following PCA.  Factors were welsghied

T0 their percernt variance. The resulfts of ail

iree trigls were similar (figure 6).
Flghly correlated minersl pairs zrc plaglocliase-

1ra:arj110hite{_orthociasa—mjxed fayer clay I, quartzn-

aroeite-gyopsum, and mixed layer ¢

-Ciie. flore dictantly cluslerced groups of phases are
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Figure 6. R mode cluster of raw 30 x 15 array.
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plagioclase-montmorillonite-chlorite, and mixed layer clay

IT-calcite-jarosite-gypsum-guartz-kaolinite. These
relationships compare very favorably wlth the deductions
which were based on PCA. Unfortunately, cluster analysis
1s very amblguous with respect to negatively correlated
phases. In presenting an overall understanding of the
dynamlcs of alteration reactions PCA may be more effective.

For one +trial the 85 x 15 array was scaled to a
presence-absence format and clustered using & simple
taxonomic distance function. Thilis run did not result in
meaninzgful clustering.

As an z2id to interpreting the results of PCA and
cluster analysis z graphic approach was adopted. The
percent patitern intensities of montmorillonite, chiorite,
mixed layer clay I, mixed layer cley 1I and jarosite were
plotted agaihst the 1ndex phases plzgioclase, kaolinite
anc carvonate for the 30 x 15 arrey. The plots are
presented in figures 7 and 8. Dotted lines have Dbeen
added in order to emphasize the limiting correlztive
relationships. They have no statistical significance.

Mixed layer clay I does not occur with sufficient
freguency to draw any conclusions. Montmorillonite is
stable at high percentages of plaglocliase and when present
is roughly preoportionzl to plagicclase. It 1s inversely
proporticnal to kaolinlite, never being observed 1n

specimens containing more than 12 percent kaolinite.
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Figure 7.

4vundances, reporied in percent pattern

intensity, of four zlieration minerals versus

plagioclase snd kaolinite.
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specimens, cluster analysis was again employed. Cluster

analysis permits the extension of alteration zone
definitions to specimens which do not contain the diag-

nostic minerals montmorillonite and jarosite and to
specimens which contain metastable mineral asscciations.
Q@ mode cluster analysis is similar to R mode cluster

enalysis except that correlation coefficients are czlcu-

lated among the specimens. Specimens contalned in the

same cluster are petrelogically similar and may be

regarded as belonging to the same alteration zone. Three

approaches were taken: 1) Raw arrays were clustered.

2) Arrays were clustered after the datz had been trans-

formed intoe factor scores and the factors weighted

according to their percent variance. 3) Arrays were
clustered after the data had been transformed into Tactor

scores and the first factor deleted,

By deleting the factor contzining the highest

T

percentage of the total, 1t was intended to compensate for

the bias introduced by normalizing the dzta. Because

most of the wvariance 1s attribuitable to the most zbundant

phases, removing a high variance factor should enhance

the contribution of the minor minerals in the cluster

anzlysis.
Deletion of the first factor resulted in poorly

clustered or nonclustered trials. Other trials produced

a variety of related clustering patterns which were, for

the most pari, predicted on variaticns in kaolinlie,
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plagioclase and carbonate. Those trlals for which the data

had been transformed into factor scores were most

sensitive to the presence of carbonate. When evaluated

on the basis of PCA z2nd R mode cluster analysis, Q@ mode

cluster analysis of raw unscaled data produced the most

rational groupings of speclmens. The results are presented

in figure 9. A histogram showing the distributlon of
phases among the clusters is presented in figure 10.
Four clusters were obtained. Cluster I contains
specimens which share in common & low percentage of
plagioclase, a high percentage of kaolinite and are more

apt to contain jJjarcosite, gypsum or mixed layer clays.

Cluster III specimens have the highest percentages of

plagioclase and low percentzges of kaolinite. This group

is more apt to contaln montmorillonite. Cluster II
specimens are intermedizte in their characteristics

between clusters I and I1II1 and are more apt to contain

high percentazges of carbonate. Cluster IV conialns

specimens with hlgh percentzges of plagilocliase but

otherwise 1s poorly defined. This cluster was discarded.

In general cluster I can be identified with acid

sulfate alteration, cluster .1 with carbonate argililic

alteration, and cluster III with a weakly propylitic

alteration. When plotied on the base map in figure 11

ter I and TI are observed to follow

the specimens of clus

the majer northeast trending siructures. The specimens

of cluster [, however, occupy the most intensely altered
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Histograms showing the distributicn of phases

among the three clusters chosen from cluster

anzlysis of raw 95 x 15 array., Vaiues of
"volume percent' are percent patiern

4

intensities.



363
e

'
i
|
_

L

U
OF 1AL

[
I

e e
AR
0

UsTek

=

-
| ol

- <

Mk ST

eI

- -
s o
- i

B T R L oy I

Ca e ame e feae e gkt dde e




[

Arezl distribution of three clugsters chosen

: Pigure 11,

T
o
11
‘S
&
O
W
>
'_l
RWAY
w
i
H
i
=

from cluster analys:




70

! _.\ T
i ! i
i | |
i L |
i s
: |
; | ;
i
|
| L —

L“

S

Tt

3 M T

kgl %__ﬂ.«_.#!_ e 3_.5._1..."%, gai@}{.\.ﬁ:f‘s}‘ﬂ»}‘: e AR g oot g .
. Al > B " s L e T YT vk e e

SN ML e WL s - e N
. FEOER T e e N b T U ML LR W e g L G ¢ eers Al b e e e e



areas. A boundary appears to exist near location 124

[
&)

(figure ), north of which ciuster I does neot penctrate.,
Cluster IT specimens are heavily concentrated zlong the
north trending stiruciures as well. This suggests that

some of the specimens in cluster 11 may represent a

separate genetic group. Cliuster II1 is more diffusely

distributed. These specimens freguently occupy locatlons
peripheral to the most intensely altered rock. Cluster
IIT specimens are also iyplcezl of leached outerops. A
distinct zonal arrangement, therefore, is apparent which

passes outward “rom an acid argllllic zone to a carbonate

argillic zone and thern o 2 weak propyiitic zone,



SPRING GEQCHEMISTRY

.

Fethods

N T2

The water from the Red Eill znd |

-l

b

'y

following ions were deiermined.

A2 + R

=
~u
T

]

AT

-

hrough =

I

302 atomic absorpticn specircemeter.

Nz . A one liier sample of sprin
through & .1 micrometer Iililer under com
Tne lom concentrations were determined
speciromeliry. The resul<s were checked

; sctivities of modium messured direcily

select fon prehe and pH meler.

Cl : A one liter sample of Spring water

through 2 .1 micrometer filter under couiproosed

The i1or coNncenitration wags determined vi

e O

The recults were checked against the activitics

messured by select ion probe,

- e . A . - o) - :
50, ;A one llter zample of gpring witer

sampled and analyzed following the procedures
resser and Barnes {(197%). The corncentrations of
orte liter yle of
cromeier
: coppresced nitregen and then acidilied

The ilon concenirazticns were determined using a Peoyy:

cutllined

the

iring

nunder

Ivogen.

LLtorptlion

INSRal

“hloride

fillered

aHation.
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through & .1 micrometer filter under compressed nitrogen and

treated with chloroferm. The lon concentrations were

determined using an indirect atomic absorpeiicn fechnigque.

-2 - ot s .
S 7Ty A 300 milliliter sample of spring water was

collected and the sulfide fixed by addition of zinc acetate

znd sodium hydrcxide. Specimens were titrated the same day

kKtitration icchnique. Re-

[
0
!

using an ilodine-thilosulfzie
sults of the titration were chocked against the sulfide

activities obizined by select lon probe,

HCO, : An untrezted semplce was titrated wiih siendard

3

HCI to a methyl orange endpoint
HMSiOM: A one milliiiter sample was diluted 1:30 and

stered in & plaestic conieiner. Silica concentrations were

mezsured the next day by atomic absorptiorn.

&t

pH:  Hydrogern lon activity was mezsured using a glass

elecirode and pH meter standardized 1o the temperature of

MEINING specles are repoerted in tabie 3,
The compositleon cf soring gases was alsc determined.
h e R
For thie determination a gas cample wzg obtained by d4di

placement of spring water from z two liter glass bot

. - X +
e SES Tr

The sceled beiile was then conrecied te & gas tral

contained- pageys forced through a serieg of soiution traps

B - 4o - P ayaes g 1 - A L - s oA -
Ly compressea nitrogen,  Oxygen was determined using a
mod ! Mied Wirkier tidiretion and hvdrosen sul P de uoins Lhe
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Tahle 3.

Thee o

Temp(°C)

2 - analysis by U.S.G.S. {(Young and Carpenter, 1565)

MONROE
. 0074

L 026
L0014
. 0015
. 019

.0076

010

00032

6.1
59

RED HILL

. 0069
. 025
L0013
.0015
. 020

. 0070

L] Oll

00021

6.6
77

Warm spring waters in the Monroe area.

JOSEPH®
. 0070
L063
L0017
L0015
el%e

. 0070
013

. 00089
6.6
65
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same method employed for the dissolved sulfide determination,

Carbon dioxide was trapped in standerd barium hydroxide
solution, which was then back titrated with standard HCL.

Only carbvon diloxide was detected in each sample,

Calculaetion of Ion Activities

High temperziure dissocliation constants and equili-
brium constants were taken from Helgeson {1969}, tablies 4,

) ) . 2 L r‘o Sl
11 and 12. Dissociation constants et 25° ceniigrzde for

[

cerizin zqueous complexes were taken Irom CGarrels & Christ

W)
L

-

T

(1965). Activity coefficients were czlculated using

ed

o+
oy
o

t

1

o

Debye Huckel relaztlon and deviaticn functlon as ta

in Helgeson (196%9), iable 2. The assumption was made in

=e e

'._J

.5 (Nraigu, 1972

¢4
e
o
m
T-d
n
]_l

these calculailons that Ba

ns in the

]
o]

jor

o

o d 3 4 o~ -+ -+
civities of the m

(5
Ny
[ ]

In czliculating the
Red ¥111l Spring water, the following complexes were con-
14 tem O AL O mnimn — ma o e T
sidered; CQHOQ N uaCOj ) e uOQ ) BQHCOB ’ and Nabou . i
-
q s + . -
molelilty of Mg and K were low enough such that complexes

ining these ions need not ve considered. Since high

m

cont

iy

temperature thermodynsmic data on CaHCO3 , NaHCOSG and
T

con-

]
-
!

= c

Na30;,  was nct available, the values of dissoc

of ion

[#)]

~ O . - ' - .

stants at 25 centigrade were used in calculation

ctivities below ?J centigrade. 41 higher temperziures
c e _ + . .

the zctlivities of Ca}iCO3 and Na;{CO3 were not conslderead

and *the disscciation constant of KSOM_ wz s agsumed tTo be

sulificiently simllar to Nasoq_ te be used in its place. The
rotivity of meuwiral comblexos wes zssumed bo be unilby.  In
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addition the activity of Na+ was lreated as a constant, as
was also pH.

Given these assumptions the activities of the major
ions were calculated for a temperature of ?50 centigrade,
a pH of 6.6 and a molality of Na© of
these calculations are in table 4.

It is apparent that any errors introduced by assump-
tions made zbout the complexes CaHCOB+ and NaHCOBO will
be small. The spring water is saturated with respect to

quartz at the temperature of the flowing spring

The

gypsum and
and slightly oversaturated wlth respect to calclite.
calculated fCO, is consistent with saturation with

respect to coz(g) at a depth of approximately 25 feet,

assuming & hydrostatic pressure gradient of .028 atmosphere

per foot. Therefore a slight oversaturation in calcite is
apt to preveil at the surface as 002 gas separaies Irom
the sclution in the last few feet of ascent.

The zactivities of the major ions in the Joseph Hot
Spring water

zr to that of the Red Hill Hot Spring and, like

—

31ml

wm

o

very

[}
ILJ

o F

that spring, saturated with respect to calcite znd gypsum

at the spring temperature.

Origin of the Monroe Spring Water

In considering the chemistiry of the Monroe Spring

b

system, the chemical composition of the Red H11l Spring

the exclusion of the Monrece Spring. This

i .0255. 7The results of

reported in table 5 shows that 1t igs chemiczlly
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Table 4. Activitics of aqueous specles in the Red Hill
Spring.

Temperature ?500

PH 6.6
Species Activity
+
ca™? 0019
-2
50y, +0035
Nzt 021
61 021
HCO. ™ L0030
3
o -2 B.4 x lO_?
3
K+ 001
Mg+2 0006
caso,° L0026
4
Naso,,” . 06039
CakC0,” +00010
NaHCOBO . 000035
. O
, 0002
510, 00021
£CO, = .12
I = .03
+2 ~2y -t
log{ag, “ 50, ) = 5.2 log Kooy T 7503
. . +0 . “2y - _q g o .
Yoglap, © ¥ agy 7)) = -B.8  log K 4 54, = -9:0

3



Table 5. Activities of agucous species in the Joseph Hot
Springs.

0
Temperature &5

: pH 6.6

4 Speciles Activity

'
[
]
N
Co
b
pe
]._l
O
1
.

.+..
K L 001k

; g "¢ L 00066

; 1, 8500 00088

s Jli+ R i.‘L [

? f002 ==, 10

E I = .05

| +2 -2

i v = = - ios = L =
% 1Dg(aca X 50, ) 5.2 log Kgypsum 5.2

lo!"l”("‘ '&'2 v “2) _ _‘_8 8 ] K paid ..q8 8
Elae - o 108 Bgieite )

. L
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1g beeause the chemisiry of the two springe wsre similar
anc beeause Red Hi1ll Spring has the higher temperature and
greztor flow rate of the two.

The water conteined in the hot springs of this area
has egullibrated with calelwm carbonate before cutcropping
al the surface. The most llkely site Tor this equili-
bration is the limy beds of the Carmel formaticen which

. dld i
e ik

directly underlies the Bulilon Canyon volcanics,

=

It is considered uniikely that the spring waters

‘T

represent flulds which have equilibreted at high temperatures
with sedlmentary carbonate rock and then risen without

further alteraition save adiabatic ccoling and scpzrailon
of carben diexide gzms., The hypotheziczl compositions of
fluids zaturaied with respect to gypsum and calclie &t
elcvated temperzltures were czlcul
ionic sirengths similer to those at Red K1l without

iﬂcrﬁhgiwn the molality of NeCl, lcower pH's and higher

carbon dloxide fugecliies ere required. Duc to the e

Tugacities of carbon dioxide in these Tluids, seperaticn cf

carbon dieride would begin at congiderztle depths, neerly

S h il : [TV & . . R P P P
1400 Teet st 150°C 3T a hydrosisiic pressurc gradlent is
asgured.  This would cause ihe solutions to be signlflcantly

underucturated wizth respecl Te czlcite at the suriace,

A Tigh temueralure reservolr, therefcre, can be the

to source of the spring weter only il co

immeclato < ete re-

1ibvration with calceite &t a lower temperaturce and ph
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Mixing of high and low temperature solutions 1s con-

sidered 2 plausible origin c¢f the spring waters, Un-

c

fortunately, the warm spring mixing formulae proposed by
Fournier and Trucsdall (1974) zre not applicable to this
system beecause the fleowing spring is szturated with

respect To quartz. Previded there s mixing of sclutions
in the systemn, 1t is apparent that the mixtures have re-
cquilibrated with silica at the temperature of mixing. The

i

ed Hill Spring, ?5 centigrade, probably

1%
=y

Temperature of ih

represents the temperature of mixing Tor that pariticular
If mixing does prevall, mixing temperztures, tazken as

to the degree te which a hot source solution has been
diluted by cold water, Bazed upon this reascning, gquariz

saituration temperaturces were ploticd versus the concen-

tration of chlioride for availabie groundwsaler anzglveis in
the Central Sevier River Valiey. Chlioride concerntration

was chosen as en index of dilution because 1t is independent

of most mineral eccuilibriz and is nct subleci 1o complexing

temperatures and lonic setrengthe. The analyses

Sl T

=1t mederatic

roported by Young & Carpenter (1G435) for {lawing springs

and wells 1in the zrea cortaln values Tor disgelived sllica

fer Red 1111 and [lonree Springs wnoch zre o0 percent higher
than those meanured by ocur anzlyclis,  On this evidoernce

thene annlyses were precused to ceontain crronecusiy hizgh
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digsolved silica values, However, 11 was assumed that
these analyses were Internally conslstent and could, there--
fore, be meaningfully compared reletive to one another.
Silica versus chloride plots of these data are presented
in figure 12. The low chloride sclutions are greatly
dispersed, but a tight cluster, represented by open
circies, can readlly be distinguished., This group has an
average quarsz saturation temperature of 85° centigrade
and average pH of 7.5, Joseph Hot Springs, with the
nighest chloride concentration in the populaiion, has a
quartz saturation “emperature of 128°C and pH of 6.5,

o

Three high chlioride analyses, includirng Red Hill Soring

piet lirearly between these two points., These peirts are
represented by closed trisngliles. The Red Hill znd Josepl
Hot Springs would appear o be the result of mixing of
high and low temperaiure flulds. Fifty percent dilution
of Joseph Hot Springs water 1s reguirecd tc produce the Red
Hill Szring cnloride concerniraticn and guarte saturation
Temparatiure,

Desplte the strong suggestiion that the Red Hill Spring

water repracsents a meore dilute source fluid than the

Low I

4

Jogeph Spring weter, it is obvious that boih have complefely

re-equilibrated with respect to calcite at thelr precsent
spring tempverztures and pH's. The fact that the Red Hill

Spring ls saturated with respect te quariz while the

it}

Joseph Hot Sypring is appearently supersaturated, suggests

that the Torme:r contsinz water that has risen much more
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rap:zdly from the szte ¢f mixing, such thet 13 hes not

cooled significantly. This is a reszscnable agsunptic

-~

since the Red Hi1ll Spring has a much greater rate of flow

wn
L
—.
=
5

pring.

then ihe Joseph Hot

—

The guariz saturation tempcratu calculated Iro

the aralyses reporied by Young, heve been piotied cn a

bl Tes LT

0
o]

map of the Central Sevier River Vellicy (figure 13). Alsc
indilcated are diffcerent groundwater populations as
identified by the mixing plet ({figure 13). The map clearly

shows & ridge of high silice temperztures which Tellows

the edge oi the Sevier Piatezu snd ithen bends westward

cllowing the snoulider of the Antelope

seturaetion

cnloride waters wlith snomaloug iy

aayrn e

temperztures (closed cireles), Tow chloride welers with
0

3 . a2 g S 2 ] Ly e

quarty soturation Lemperatures ayuprox! 8570 cuteroy
- e mrn PR I ey o e IR T . - [ R
along the valley Tloor (cpern circlez ;. ILow chloride waiters

- . _ : " . 0 -
with gquarivz zaturation ftemperaiures belew 707°C have no

(o

clear cpatlizal distributicn 2nd sre cconsidarcecd to be derive:

hezve no impersznce to the nropoesed

from agus

mixing wmedel., These solullior: are represented by crossecs
or: Tigure 12,
of this evidence *two cources of the
sronched. A high ste
{1uid ig hypothecized whi zalinliy ond
fewe ol <ommy Looderzved Ivom lrey dhermal resoryolrn



B I

5t e

i
4
i
%
f

e e s

CI S S TR

L

L b e e

RSP

1~

uration

T
[

-

L o7

vier River

3

W E-.l : ey,




i periies M

- et e, b

i
i
:
i
i
¥
1
-

J

B bk A e,

: [ o \ t/ 1;.

LWL BTOTHERMOMETER

AF‘F}'LJED 10 SE .:'D GR’OUND ‘.-"‘."QT'_;—RS \ \\_\>, 5e®
. B . b ‘.\

) A AGH TERPERATURE, HiGH
i
! & HHGH TEWPEFITURE, L0OW

i ThOLTW TEMPERATURE, Loy

Py
“\ - o .'..
N

S, ¥

\ . ——
T Tergrary © o hropror e Gugternay

- Teriiory

Sedimanig T 3hele TN Loadeide



wrre b s S

glthough *hic cannot be determined. The Red Hill and

doseph Het Springs represent fluid derived frem this source
which has mixed with groundwaters of the 1ype which out-
crops along the valley floor, namely low saliniiy warm
water with neutral pE's. Certzin of the high silica, low
chloride weters which outcrop near the hot springs may
represent solutions derived from this came aguifer butl
which have been heated in the znomalously high gceothermal
gradient accompanying the range front. It is proposed that
mixing mey occur in the vicinity of the Carmel shales which
serve a5 an impermeable boundary between hot and cold
aguifers uniil they enccunier fractures zssccizted with the

range frent fzult system (figure 14).

dees account for the present spring weater, the Na-Ca-K

geothermoneter may provide &n erroneous estimete of reservoir

%)
(]
m
|

e
s
9]
B

o]
(]
i
o
¢t
o
13
g
rm

temperatures, Curicusly, however, N
estimates do reproduce tThe thermel ancmaly coserved when
guartz saturziion estimetes were mapped (figure 13). High

)
T

lHe-Ca-K temperatures for the warm springs may result 1f K

ig concentrated in the high temperature brine. Under ihese
conditlons Na-Ca-K temperatures should be negatively corre-
lated with the dllution of the nhigh temperature brine.

A Tew boundury conditions cer be placed upcn a2 hypo-

thetical high femperature scurce fluid. T+ is not likely

T O A 1 T ... LT A, 2 . . —~ o 4 a2 W ob e T
chet thoe Jos cpn Tring reprecents an undiluted high
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Figure 14, Propceed model for ihe onrce Kot Sori
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Rather, 1t probably represenwts a polint

temperature fluid.

mw

on the dilution curve along with the Red Hill Spring.
Therefore, the temperature of the fluid must excced the
quartz seturation temperazture of the Joseph Hot Spring.
Unfortunately, this value i1s not accurately known at the
time of this writing. Based upon the apparent 40 percent
overestimation of the silica activity in the analyses
reported by Young and Carpenter, it 1s probebly greater
than 90°C.

When water 1s hypothetically eguilibrated with calcite
znd gypsum et = pH of 6.6, et temperature of 70°C and
e NaCl molality of .025, zn activity of sulfate lower thzan

thet observed in the hot springs is obtalned. It wes

2]

ings

s
=

sition of the hoti spi

[

therefore assumed that the compo

mn
r.-f
tu
[y
ot
Fe
(i)

must be controlled by sulfste introduced {rom out

Caleculatiocns revezled theaet an initizl

m

Carmel schaleg,

sctivity of that ion egual to

sulfate zctivity

equilibration with calcite and gypsun, in =z
of 0035, eguivalent to that of Red Hill Svring. This
value represents a nminimum for the mixed solution before

equilibrium with carbonate rccks. Therefore, it seems
1ikely thzt the hot source fluid contains elevated sulfzate

oxidation cof

™
L
i
jap
m
i)
[
<
M
)
4
—
o
]
k]
P
©

and that this sulfat

dissolved sulfilide.

o
]
ot
ey

A model has been propocsed for the Monroe Spring system



in which deep, convecting high temperature brines are

confined beneath the Impermeable Carmel shale. Low
temperature groundwzters are presumed to recharge in the
uplands of the Sevier Plateau and to flow through the
Tertizry volcanic formaticns following the dip of the
Sevier monoecline, The two solutions mix in the vicinlty

ngs where the impermeable shale is

Loa

¢f the Monroe Spr

interrupted by the Sevier range~front fault systex (figure

15},

It is assumed that heat transfer in the Monroe thermzal
system is due to convecition below the Carmel s?
conducticon above. Convective heat trznsfer zttending
1t

t epring weters in the Sevier faul

nsidered tec be 1lnsignificant. The convecting

o

system isg ¢
cell 1s scsumed te be large encugh such that the heat flow

can be estimated by e cne-dimensicnal model.

The minimum esiimated temperature for the upper pari
o] 4 PP e . o — ar A e
of the convectlive syetem fg 1007C based upon the mixXing

model. The maximum thickness of the Bullion Canyon velcanice

The Total

-t
M
[
]
—
M2
r‘x"
=

Tormation which overiies the shel

zse 0f the Cearmel shale is estimated at 1.2

pl

&}
1
C

o
ot
9]
T }
"3
an
OJ

. . N TP
km. Therefore, & minimum thermal gradient of 47 G/Km %S

expected over the cornvectiing thermal soluzions in t

Sevier ®lateau uplands. This is roughly twice the normal

‘Yon measuyed by the Unlversily of

. . AeD
thermal gradlient cof 27 C/&n

iant miles mouthwnot

Utah irn the Bullion Canyon volcanics eight miles



of Monrae (226583 Scct.3).

Along the range front the depth Lo the base of the
Cermel chale ig estimated at 1 k., This recsulits in a
thermal gradient of 85OC/km or roughly three times the
normal gracdient. Topographlc corrections were net irncluded
in the caleulations, noer were the effects of groundwater
circuiaticn in the Terilery velcenics considered., The

effect of the istter would be Lo decresase the thermsl

assoclaved with the proposced convective cell in the

e

nomaly

po

uplands and to increasce the heat Tlow in the valley,
Groundwaiters which have thelr area of recherge in the
plateau uplzands might be expected to circulate to the
eptn ¢f the Cermel shale horizori. If & thermzel gradient
P & - -~ faw . . . .
of 477C/km is assumed for %nis Terrsin, the minimum

temneratures that can be expecicsd {for the Sevier Valley

temperstures esiimzted

£
73
-
(9]
R
=
[
5]
=
5
=
©
o
=
p
N
R
[t
om
H
o
[l
il
0
oL
8
|
I
ol
—
@]
3

for <he Cenitral Cevier River Valley grourdwaters haszed

vpon the analysis reporited by Young and Carpenier |
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T whe free energy of joarcsite repcried by EBrown

970) is used. These values zve probzbly atltzined

dissolution of ferromagnetism

aluminosilicztes. The thecretical Iree energy for the

probably represent an upper bound. FRaymahashay (1968)
aemonsirated 2 lower free energy for this rezction in

natural hot springs Furihermcre, under cornditions of
_JI,,-'\

low temperature and intermediate acldity where

vetlon rate of silicates te non-silicetes zgre

O
!
ea
[#2]
i
I-
—
it}

very leow, "11 ig conceivable tha+t zlunite may be produced
well outside of iis setsbility field in the breazkdown of
feldspathic rock by sulfate golutions” {(Brown, 1969),
Therefore, the size of the zlunite field presented in the
diagrens should te considered z practical minimum,
Ca-mcnimerillonite was inciuded insiead of K-mont-

S

morilionite gince that mineral Zdces not form In the

]

+3

zglteration assemblages and since the size of the mont-

morililenite field would be underestiinmgted otherwlse. Since

- et
llic assemblage

gvpeum 19 & common mineral in advanced argill

.~

i L. . N : n . .
Cu zetlvlitles were choser Lo he the saturation value wlhh
-2

B activizy and

respect to gypsum for any given 0

Tomperature,

Cwing to the difficulties inbarvent in eatimating the

L Lip
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ectivities of aluminum species, all rezctlons were written

o conserve aluminug.

Twe types of dlagrams were calculated.

a threc-dimensionsl presentation of the
ships among the preses as a function of lcg

uli Theoe

‘ate and hydrogen lon azctivitlies.

[
[

includ

Yoo
el

paridicularly attraciive boecause They

the eifects of fH,S Saturation with reszec
gypeum and guartz 1s zssumed.

st giriking feature of

the kezolinite velume to temp

sensltiv

gtabi

these diagr

.

The first

ia
Lity relation-

noLassium,

2y

zmg 1s tlne
ereturce. Above

15000 he kzolinite volume is elmost entireily displaced by
that of menitmorillenite (figure 15). Since one of ithe
inportant charzscieristics of the argillic arnd advance
vone 185 abundant and coften masaive Kacollinite,

nis ie takén as evidence that the sliiering lutiong must
nct have excesded lSOCC.

Aricther Iumportant observetion 15 that slunite is
stevie with respect o the other phases at wmoderate pH'e
and ion zetivities. In figure 16 horizonzal planes through

the dizgram zt pH Tive and six show the rang

potlassilwg concerdtreations In equillibrium

ra of s

Ter lhie given pE values., AT g pH oof Tive Lhe alurite flold
intersects the composition of the Ked HiXl Spring water., 1T

ig iherelore crpAarent that the procence ol Jarosile In the
dvenced argtllic zone cdees not nocessarily indicate Lhat
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: Figure 15, Stability relations 2mong the phases alunite,

: kaolinite, Ca-mentmorillonite and microcline

: o N
g at 150°C for soiul
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cns saturated wlith resuent
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Flgure 16 Stebility relations emeng the phases zlunite,
kaolinite, Ca-monitmorilliorite znd microcline
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&t 607°C for sclutions saturated with respect

to gypsum and gquarsz.
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the altering sclutions were highly ccidic.

At a f002 of four, approximately equivalent to
saturation at a depth of 150 feet if z hydrostatic pressure
gradient is assumed, calcite first intersects the alunite
volume for a temperature of 60°C. However, greater
pressures, corresponding to depths exceeding 500 feet are
required fo precipitate calcite with zlunite at reasonable
ion activities.

A seriees of isothermal diasgrams were zlso calculated
using the activities of silica and pH as the independent
variables {figure 17). These diagrams correspond 1o
vertical lines through the three dimenslional diagrams at
the potassium and sulfate concentrations of the Red Hill
Spring, considered to represent = minimum estimate for
the hydrothermal solutions.

It is assumed thet the sllica concentrations of the
solutions will never fall below the guartz saturation values,
provided quartz is z participating phase. This azssumptlon
ig supported by the observation that secondary poly-
crystaliine quartz occassionally forms a5 a pseudomorph
after ferromegnesium aluminosilicetes. 0On the other hand,
supercaturation wilith respect te guartz is likely, provided
the solutions have coocled following last wall rock egulli-
bration. The diagrams may be visualized as depiciing the
reazction of variocus source solutions possessing quartez

saturation temperatures ranging between the saturation value

o I
e O
2757C.

for a particular diagram and a practical maximun, ;
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Stabilitly relastions among the phases alunite,
kaolinite, givbslie, Cz-montmerillionite,

4

muscovite and micreelire zg = function of

temperature, »H and silice concentration.

M

Saturatiorn with gypeun 13 assumed. The

calcite seturation
of four atlmosryheres., The sgcluticr path 1s

shown Tor the rescilion of the prowesed initis

q

solutior with potaszium Teldspar,
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the lack of edtensive sericite replacement in the KGRA,
The stabllity field of mixed layer potzscium micas has not
been estimated, However, 1t weuld certainly encroach
significantly on both the kaolinite and montmorillonite
Tields, making it an easily attainable phase.

The seguence of hydrothermzl alteration observed at
Menree could have been generated by hydrothermal solution
not unlike the present spring weters. An initial solution
composition approximating that of the present springs with
a temperature of 60°C and a pH of Tive 1s proposed.
Particularly if the source solution is more concentrzted
in sulfate and poitassium than the present springs an
initiel pH of five 1s more than sufficlent t¢ account for
the, occurrence cof jarosite in the innermost advanced
a2rglllic zone.

The theoretical solution path for the reaction of
the proposéd initizl solution with potassium feldspar has
been ploitted in figure 17. The path was calculated using
the mzes trensfer =lgorithm described by Helgeson et 2l.,
(1969), The following partial equilibria were included 1in
the calculation:

+

Husio@ = HBSiOL + H

-t -
HSOM = H . SOQ

ce - .t + -2
h304 =K SOM

Y54 = a3+ on
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AL(OH),” = 4172 = hom~

H.0 = H + OH~

Quartz was not included as a product mineral in the reacilon
matrix.

The solution path moves first into kaolinite field

and then fto the montmorillonite-kaclinite field boundary,

3]

semblages

T

generating argillic and propylitic alteration a

respectively. Calcite coexists with kaolinlte as a pH

of approximetely six is reached. The concentraticns of k"

and SOIV2 are not significantly affected by the reactiion.
Muscovite or sericite may precipitate as late phases,

produced by spent hydrothermal fluids with low temperziures
I N

and hydrogen ion sctivities. Superimposition of different
alteration assemblages occurs as the hydrothermal system

cools and contrzcts. Gypsum as a replscement of jaroslte
-could have formed as the advanced zrglllic regime wes
superceded by an argliliic rezime in which Jarosite was not

teble,

o}

The peculiar associzatlon of alunite and jarcsite with
minor calcite at Goldfield, Nevada and Monroe respectively
is probably = metzstable relationship. The volume of
calcite iz small in voth cases. TPurthermore, owing to the
fact that only very small variztions in pH, lees than one
log unit, are sufflcient to move from the stabllity {leld
of zlunite or jarosite into that of kaoclinite and calclte,

it 1s surprising that these associations are not mere commor.

SR



107

The Tormation of chlorite apvears {to repre

special caee., Chlorite zlways Torms in close association

with blotite but never as a replzcement product,

fore, chiorite must form from sclutions that are in partiazl

equilibrium with biotite,

The 1nitial sclutions appezr to have high pocitassium
activities, For this reascn calclum phases are censumed
preferentially ancd potassium feldspar and sericlite may
persist metastabliiity (Fournier and Truesdall, 1573).

T TZ i L 5 k! — <+t
However, z=z Ca zctiviiy risgee in response so the con-

these phases are zlso consumed.

sumption of sulfate,




CONCLUGION

The Monroe KGRA represents ihe peripheral oxidized
rone of an active sulfide containing system. The neer
surface environment represented by the exposed zlteration
is consistent with sulfate solutions with temperatures
between 500 and 15000. Moderate pH'e of five or greater
are sufficlient to account for the advanced argilliic
alteration regime. The overall abundance of calcite
suggests that high partial pressures of carbton dloxide,
generated by reaction of hydrothermzl solutions with
sedimentary carbonates, has been an lmporitant aspect of
the system over its entire history.

The spring water is consistent with the alteration
found in the KGRA. Its relaticnship to the other springs
and wells in the viclinity suggest that it is a high
Temperature brine which hzs been diluted by cool nonealine
groundwaiers. The source brines must exceed 100°C and

have high concenirations of sodium chloride, sulfate and

potassium.

A model 1s proposed for the system whereby hot tThermal

brines are heazted at depth and circulate bernezth the
lppermeable Carmel shales. Weteoric water entering the

groundwater -

e
E‘I'\

stem on the Sevier Plaisau decends the Sevier



Rl o T

109

monocline through permeable velcanle rock and is slightly
heated by the thermal gradient. The two solutions mix at
the site of the springs where major faults interrupt the
inpermeable cap rock. The temperature of mixing has never
exceeded 15000 but much higher temperztures are possible
for the vndiluted brines,

The mixed solutions eguilibrate with carbonate rock
before ascending to the surface. The aiterztion which hes
been produced by these fluids exhibits an irmer jarcsite-
kaolinite zene which passes outward to kzolinite-mixed

layer clay and montvmerillonite-mixed layer clay zones.




APPENDIX

DATA TROM BULX ROCK AND CLAY FRACTION X-RAY DIFFRACTION AND THIN SECTION EXAMINATION
PERCENT FATTERN INTENSITY

SPECTHMEN
o

ND . QTZ FLAG ORTH CAL DOL ¥EM JAR TYP AP BIOT KAQL MONT CHL MIXI MIXXI
1L Iif w 37.0 37.0 6.0 12.0 1.0 1.0 2.2 0.7 2.2

& 11 68.0 9.0 1.0 7.0 2.0 1.0 15.0

13 47,0 33.0 2.0 1.0 6.0 1.0 1.0 3.7 Y 2.6 1.7

13 II 58.0 23.0 1.0 7.0 2.01.0 8.4 0.9
39 71.0 1.0 4.0 6.0 16.7 2.3

100 IT  67.0 7.0 14.0 1.0 11.0

123 46,0 20.0 1.0 10.0 10.0 6.0 1.0 8.4 0.6

142 67.0 18.0 3.0 1.0 10.8 0.3

jad TT 56,0 23.0 11.0 7.0 0.2 1.1 1.7

148 33.0 435.0 16.0 1.0 1.0 1.0 4.0 0.8 bl

149 75.0 6.0 15.6 3.4
15! 4.0 15.0 2.0 12.0 6.0 6.0 1.8 12.9 1.5
1732 G 76.0 2.0 8.0 1.0 2.1 5.8 0.2 1.8
173 W 81.0 2.0 L.C 3.0 1.6 11.0 0.1 1.3

OTT



T AT

SKEB%MLR QTZ PLAG ORTH CAL, DOL HEM JAR TYP AP BIOT KAQL MONT CHL MNIXI MIXXI
18L 50.0 22.0 1.0 3.8 20.2 3.0

187 I 65.0 - 9.0 1.0 26.0

188 43.0 32 0 10.0 8.0 4.0 1.3 1.3 3.5

302 57.0 37.0 4.0 1.0 0.4 9.0




DATA FROM BULX ROCK AND CLAY FRACTION X-EAY DIFFRACTION

PERCINT

PATTERN INTENSITY
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LaTa TROM FULK XOCK X-RAY DITFFRACTION AND THIN SEHCTION EXAMINATION
PERCENT PATTERN INTENSITY

e
0
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[
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A%

N

W

QTZ  PLAG ORTH (AL DOL HEw JAR CGYP AP BIQT XACL MONT CHI, MIXI WIXIZ
L7.00 33.0 .00 7.0 8.0 .0

Lo 39.00 1.0 120 1.0

h5.0 20.0 1.¢ 30.0 1.0 2.0 H.¢

£e.0 25.0 1.0 1.0 6.0

55.0 4%.c 0 1.C L0 1.0
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AT7Z  PLAG  CRTZ  CAL DOL  EEM JAR GYP AP 3BIOT XAOL MONT CHL MIXI NIXIZ
TE2 £3.0 13.0 2.0 8.0 9.0 1.0 1.0 k.0

L £5.0 L0 1.0 7.0 1.0 1R.0 oo
128 Le.C 40,0 .00 2.0 8.0 5.0

175 1 50.06 B.0 3.0 2B.0C 7.0 2.0 2.0

G0 III k2. L2.0 l2.0 1.0 3.0

162 1 56.¢ 11.0 X1.0 1.0 12.0 1.0 2.0 1.0

12 1T 68.0 18.0 9,0 1.0 1.0 3.0 2.0

197 T 1.0 35.0 7.0 b0

207 5.0 37.0 1.0 3.0 3.0 1.0 2.0
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SPECTMEN

DATA FROM BULK ROCK‘XWRAY DIFFRACTION
PERCENT PATTERN INTENSITY

NO. nTZ PLAG ORTH
61 53.0 9.0 1.0
5 ITI 5H.0 0 27.0 9.0
20 I1 £7.0 37.0
23 35.0 60.0
21 70.0 19.0 5.0
25 2.0 ho.o 1.0
70 T 50.0 46.0
&5 38.0 53.0
02 II 54.0 23.0 2.0
92 111 62.0 35.0
93 11 52.0 36.0 1.0
102 Lp.0 0 23,0
118 52.0 29.0 2.0
113 60.0 16.0 16.0

CAL DOL
4.0 24.0
5.0
1. 4.0
1.0
2.
10.
1.0
23.0
1.0

b,

1l

L0

JAR

GYP

AP

BIOT KAOL MONT CHL MIXI MIXIT
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1.0 1.0

3.0 3.0
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1.0 4.0
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1.0 2.0
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SPECTMEN
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JAR  GYP AP BIOT

QT7 PLAG ORTH CAL DCL HEM
194 1T e 0 29.0 8.0 15.0
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