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ABSTRACT.—Mordenite was studied in the vicinity of Marysvale, Utah, where 1t
occurred in three different outcrops: a pitchstone plug, the glassy margin of a
thyolite flow, and a densely welded tuff unit. Samples of mordenite and unal-
tered glass from each outcrop were analyzed by X-ray fluorescence, and in all
cases, mordenite showed more calcium and less silica than the glass. A strong
positive correlation exists between the Ca:Na:K ratios of a particular mordenice
sample and the Ca:Na:K ratios of the unaltered glass of the same outcrop.

Glass from the pitchstone plug outcrop was altered in the laboratory in a
series of experiments in which mordenite was synthesized over a wide spectrum
of OH" concentrations at a constant Na* concentration, Phillipsite, analcime,
and alkali feldspar, as well as an unidentified phase, also crystallized in the
course of the expenments, [t was observed that mordenite and analcime co-
existed in a metastable condition. However, the presence of mordenite retarded
the growth rate of analcime.

Projecting zeolite growth patterns through ume indicares that afeer 39 days,
mordenite will not persist at any pH within the limits of this experiment. This
tinding is attrbuted to che high Na™ activity of the solutions. Other experi-
ments indicate that minimum Na¥ concentrations required for mordenite syn-
thesis may vary inversely with the pH of the solution.

Geologic sketches of the three mordenite localities of this study led to mod-
¢ls of emplacement of the glass and subsequent mordeninzanon. The profound
influence of permeability resulting in the mordenite mineralization of glass was
observed on both large and small scales.

Glasses from each outcrop were altered expenmentally to determine the sus-
ceptibility of each o mordenitization. Results are nearly identical for all glasses
tested, with the exception of a brown variety of glass found in the Beaver Creek
thyohite flow, which proved to be significantly more resistant 1o the formartion
of mordenite, This difference is ateributed to a higher degree of silica
polymerization.

Secondary silica appears to have precipitated from ascending hydrathermal
solutions contemporancously with mordenitization of the glasses. Such solu-
tions were most likely high in calcium and mildly alkaline,

INTRODUCTION

Zeolites are tectosilicates with a three-dimensional frame-
work of (51,Al)O, tetrahedra that does not collapse with dehy-
dration. Zeolites are hydrated under normal armospheric condi-
tions, with water molecules occupying large interconnecred
cavities. With heat, water vapor may be driven off, and thus
they may appear to “boil.”” The word zes/ite means boiling stone.

In the past, zeolites were considered to be little more than
mineral curiosities and were valued only by museums and min-
eral collectors, However, in recent decades, zeolites have been
brought out of obscurity to find diverse uses in industry as mo-
lecular sieves, desiccants, soil conditioners, paper fillers, light-
weight aggregates, crackers of hydrocarbons, fertilizers, and so
forth (Mumpton 1978). At present most commercial zeolites
are made synthetically.

Mordenite and clinoptilolite, both identified in the Marys-
vale volcanic field, are among eight zeolite varieties currently
mined for industrial purposes (Mortier and others 1978). Ste-
ven and Cunningham (1979) mapped and evaluated the eco-
nomic potential of clinoptilolite in the Cove Fort area and re-
ported the occurrence and general distribution of clinoptilolite
in the Three Creeks Reservoir area.

Zeolites in the immediate area of Marysvale were first rec-
ognized by Kerr and others (1957) in association with argilliza-

tion in ore veins. They described mordenite alteration of rhyo-
litic glass dikes as being very similar to the mineralization of
the pitchstone plug outcrop described in the present work.
Kerr considered his study of mordenite to be somewhat cursory
and indicated a need for further investigation (Kerr and others
1957).

In this work, three distinct outcrops in the Marysvale area
containing mordenite were studied: a hydrated glass plug, the
chilled margin of a rhyolite flow, and a welded ruff unit (fig.
1). These occurrences of mordenite were compared and con-
trasted in terms of mineralogy, field relationships—and degree
of alteration. Various models for the emplacement and sub-
sequent zeolization of such outcrops are proposed in this work,
utilizing experimental data combined with field observations.

PREVIOUS WORK

Zeolite mineralization was studied somewhat incidentally as
it pertained to associated uranium and alunite deposits by Kerr
and others (1957). The specific zeolites they identified (besides
mordenite) were thomsonite, natrolite, chabazite and stilbite.
They mapped zones of argillic, alunitic, silicic, and zeolitic al-
teration with the most extensive zeolite alteration being in the
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FiGure 1 =Index map of known mordenite occurrences near Marysvale, Urah.
Study area A: Pitchstone vent area. Study area B: Beaver Creek rhyolite
flow overlain by welded cuff unir,
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Silica Hills area in the form of amygdaloidal filling and veins in
intermediate volcanic rocks.

They also identified mordenire (formerly called prilolite) in
rhyolitic glass dikes but did not give specific locacions of 1ts oc-
currence. Their zeolite zones do not include those of this
thesis. They concluded that such zones resule from alteration of
volcanic rocks by alkaline solutions with excess silica and thar
some former zeolite zones are now altered to clay.

Steven and Cunningham (1979) identified clinoptilolite in
the “zeolite tuff” of the Bullion Canyon Volcanic Complex at
Cove Fort and in the Joe Lott Tuff in the Mt. Belknap Vol-
canic series of the Three Crecks Reservoir area.

The study areas of this thesis are in the Delano Pcak
Northeast Quadrangle and the Marysvale Northwest Quad-
rangle. The most recent geologic maps of these areas are by
Cunningham and Steven {1979a,b). These maps were used as a
reference in mapping the geology of the immediate study arcas
on a much larger scale.

Part of this thesis involves the synthesis of mordenite un-
der various conditions. Barrer (1948) was first to describe the
synthesis of Na-mordenite, and he added greatly to the knowl-
edge of synthetic zeolites in succeeding papers (Barrer and
White 1952, Barrer and others 1959). Others who have con-
tributed to the understanding of zeolite synthesis are Campbell
and Fyfe (1960), Coombs and others (1959), Hay {1963, 1964,
1966), Gogishvili and others (1973), Hawkins (1981), Mariner
and Surdan (1970), Senderov (1963), Sheppard and Gude
(1973), and Wirsching (1976, 1981).

MORDENITE
History

Mordenite was first described by How (1864) as a fibrous
mineral in radial aggregates. More than twenty years later,
Cross and Eakins (1886) discovered a “new’” mineral growing
in vesicles of intermediate to subsilicic volcanic rocks, which
they named ptilolite. The word pulolite is a derivative of a
Greek word meaning doun in reference to the light, downy na-
ture of its crystal clusters. At one time, prilolite, arduinite (Bil-
lows 1912), flokite (Callisen 1917), and mordenite were
thought to be four distinct minerals belonging to the mor-
denite group. Hey and Banniscer (1934) and Davis (1958)
showed these minerals to be one and the same, and so the orig-
inal name mordenite has been retained.

To further confuse the issue, Dana's (1892) crystal-
lographic data for mordenite were based on a mineral that was
subsequently thought to be clinoprilolite (Schaller 1932) and
was finally shown by Hey and Bannister (1934) t be a si-
liceous zeolite with the heulandite structure. Widespread use of
X-ray diffraction has helped to alleviate such contusion and has
proven mordenite to be one of the more common low-temper-
ature sedimentary zeolites (Hay 1966). In fact, of the more
than 35 known species of natural zeolites (Mumpton 1978),
mordenite is one of nine varieties thar usually make up zeolitic
rocks (Sheppard 1975).

Mordentte Crystal Chenustry

Mordenite is orthorhombic and belongs te the space group
Cmem. The unit cell conrent for mordenice ts approximacely
(Na, K, Ca).AlSi Oy = 28H,0 with alkalics normally domi-
nant over Ca. Passaglia (1975) concluded that of che fifteen
samples he analyzed himself and six other analyses he found in
the literature, most contained approximately equal amounts of
Na and Ca and minor amounts of K. Unlike some zeolites,
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mordenite varies only slightly in chemical composition, and
variations mainly involve extraframework cations (Passaglia
1975).

Samples of mordenite were collected from the pitchstone
vent, the Beaver Creek rhyolite flow, and the welded tuff unir,
The locations of these outcrops are shown in figure 1.

X-ray powder patterns were run for mordenite from each of
the three locations using a General Electric XRD-5 Xeray pow-
der diffractometer, using nickel filtered Cuk, radiation, and an
internal standard of cither synchetic CaF, (a = 5.46206) or sili-
con metal (a = 5.4301). Two-theta values obtained from such
patterns and from the licerature (Kerr and others 1957) were
used as a basis for unit cell refinements, using the least squares
computer program of Evans and others {1963) (able 1).

TapLe |
UniT CELL DIMENSIONS FOR RESPECTIVE MORDENITE OUTCROPS

Locacion a b <

Prechstone plug 1816{1)*  20:47(2) 75.42(1)
Beaver Creek rhyoliee 18.04(2) 20041(2) 75.1%(1)
Welded rutt 18.06(2) 20.34(2) 75.31(1)
Rhyolitic glass dike 15.05(2) 20.40(1) 75.10(1)

(Kerr and others 1937)

*Numbers in parentheses are standard deviations in che last deamal place ated

Weight percents of major oxides were determined using a
Phillips PW 1100 X-ray fluorescence spectrometer. Samples
were pulverized and prepared, as outlined by Norrish and Hur-
ton (1965), by fusing 2.25g flux, 0.42g rock sample, and 0.03g
LiNO, to produce glass buttons. Two buttons were made for
cach sample o check the sample preparation procedure and pre-
cision. Accuracy was monitored by analyzing ar least one
known standard periodically during the analyses. X-ray fluores-
cence data were reduced to weight percent oxides on a VAX
computer using a program writcen locally. It was impossible to
avoid some contamination of mordenite samples from unal-
tered glass or quartz. Thin-section studies reveal quartz and
mordenite to be intimately associated, especially in samples
from the Beaver Creek thyolite. A heavy liquid was used to sep-
arate mordenite from unaltered glass of the pitchstone vent
area. Undoubtedly, some silica contamination in the form of
quartz or unaltered glass invalidated, to some extent, Si/ (Al +
Fe'®) ratios of all mordenite samples analyzed by X-ray
fluorescence.

Passaglia (1975) demonstrated a ncgative correlation be-
tween the b cell dimension and Si/SitAl*Fe = R. From this
relationship, he derived the following tormula:

R + .0113 = 812391 - 0.35632b.

Although vanations in chemistry are slight, mordenire
from the welded tuff shows more Ca and higher Si/Al than
that from cither the pitchstone vent or the Beaver Creek rhyo-
lite, which are almost identical.

Mordenite from all locations shows much more Ca and
slightly less Na and K than the unaltered glass. There proves
to be a direct correlation berween the specitic Na*:K *:Ca** ra-
tios of the mordenite and those of the glass from which each
was derived (fig. 2). This would indicare that the composition
of the glass controls, to some extent, the composition of the
mordenice, but the chemistry of the altering solutions certainly
atfeces the final cation ratios as well.

EXPERIMENTAL PROCEDURE

All laboratory experiments involving the synchesis of zeo-
lites and other minerals from nacural glass were carried our at
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200° C. Although mordenite has been synthesized at temper-
atures as high as 300° C, the swbility range of sodium-rich
mordenite was determined by Senderov (1963) to be
150-230°C. This is consistent with Gogishvili and others
(1973), who placed the upper limit ac 220°C.

The only elevated pressure involved in the synthesis of zco-
lites in cthese experiments was due to H,O vapor and may be
considered negligible. Gogishvili and others (1973) determined
that pressures up to 2000atm have no effect on the stability of
the zeolite varictics synthesized in these experiments.

Glass from the pitchstone vent area was used for the syn-
thesis of zeolites because unaltered samples of the glass were
readily available. The composition of this glass is shown in
table 2. Twelve bombs of the author’s design were utilized in
the experiments (fig. 3). In all bombs, the liquid:solid ratio
(ml of altering solution to gms of glass) was 4:15, or approx-
imately Y.

After being heated for a specific time period, the contents
of the bombs were analyzed for zcolite growch by the Xeray
powder diffraction method. After the bomb was quenched in
cold water, the inner capsule was opened and 2 small amount
of material was removed and smeared on a slide for Xeray dif-
fraction. For each check approximately the same amount of ma-
terial was removed from each bomb and smeared over approx-
imately the same surface arca on a slide, so that X-ray peak
heights would be somewhat comparative from one bomb to
the next.

For convenience, two characteristic peaks of a given miner-
al thar did not interfere with peaks of other phases were chosen
to gauge the growth of that particular mineral. The following
major peaks were used for identification (CuK radiation):

Mineral name 28
phillipsite 12.40 17.50
mordenite 9.70 22.10
analcime 15.77 52.70
K-feldspar 20.95 29.80
0%
L4 pe, A
Na bV \/ N AV vV -
90% 80% 70% 60% 50%

Fiaukre 2 —Distnbution of exchangeable canons in moles fractions. Sohid sym-
bols represent glass, open geometric symbols, mordenite “Triangles, pitch-
stone plug outcrop; circles, Heaver Creck rhyolite flow {circles with
crosses represent brownish orange glass or butt colored mordenmite; with:
out crosses; dark green colored gliss or pale green mordenite): and
squares, welded il unit

The heights of the representative peaks for a given mineral
were measured in arbitrary units and averaged to give a number
that could be used for semiquanticative estimates of zeohte
growth.

After the smear was analvzed, the material was scraped off
the slide and returned to the teflon chamber.

ZEOLITE GROWTH CURVES AT VARIOUS OH- ACTIVITIES

The following expenment demonstrates the nature of zeo-
lite growth over a wide spectrum of OH" activities at a fixed
Na* concentration (one molar), and under the conditions pre-

TaABLE 2
WEIGHT PERCENT OXIDES

Glass from
Pitchstone Plug

Mordenite from
Pitchstone Plug

SOy 7207 S0,

Ti0), 14 TiQ),

AL Oy 12.00 Al Oy

Fe, Oy 125 Fe, Oy

Mne .10 MnO

Mg 59 MgO

Ca) Al Cald

Ny, O 5.89 N, O ;
K, 500 K,0 2.24
P, 0Oy 0% P, 0 03
1O 4.47 LOI 8.3
Toral 100 58 Toral 98.04

Glass from Beaver Creck Mordeniee from Beaver Creek

Rhyolite Rhyaolite
Si0), 7011 Si10, 69.15
Ti0), 14 0, 16
ALO, 10,14 Al O, 11.89
Fe, (), 23 Fe, O 124
Mn() A0 MnQ) 0%
MgO 50 MO 25
Ca) 77 Ca) 244
N O 695 Na, O 351
K,0 537 K,0 192
PO s P, 03
LOI 1.90 1O 871
Total 99.00 Toral 9919

Mordenite trom Beaver Creck
Rhyolite (buff)

Glass trom Beaver Creek
Rhyolite (brownish orange)

Si0), 70.20 S0, 64,64
Tie), 14 Ti0, e
AL O, 1137 Al Oy 12.12
Fe, O, 83 Fe, O, 82
MnO 24 MnO 30
MygO 30 MypO 30
Cad 117 (a0) 574
Ny O 680 Nu, O 4 80
K,0 264 K,0 38
P03, 52 B, 0 56
11 5,14 LOIL 1o
Toral 0933 Toul 05 .88

Glass from Welded Tuft Mordenite trom Welded Tuft

S0, 71197 S10), 66.40
110, 14 TiO, 05
AL Oy 12.14 Al O 12.80
Fe Oy 58 Fe, Oy 115
MnO ¥R} MnO 0s
MgO 02 MpO 59
Gy 98 GO 526
N, O 6.04 h 361
K,0 326 1.77
PO, 02 .04
1.OI 388 1055
9808

Toral 100,33
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viously described. Altering solutions of one molar concentra-
tion were prepared from various mixtures of NaOH and NaCl
as indicated in figures 4, 5, 6.

The contents of the bombs were analyzed, as described
above, at time intervals indicated in figures 4, 5, and 6.

FiGure 3.-Design of bombs in which minerals were synthesized. Diagonal
lines = components of aluminum, and cross-hatch lines = components
of teflon. Inner chamber has capacity of approximarely 20 ml. Bomb held
together with C-clamp, which pinches teflon cap to teflon cylinder 1o seal
inner chamber. Teflon gasker helps insure tighe scal.

PHILLIPS

Every 24 hours, old solutions were filtered off and fresh so-
lutions were added in their place to simulate an “open system.”
An open-system model was chosen for this experiment to accel-
crace growth rates (Wirsching 1976) and to focus on the ef-
fects of the inital solution chemistry and not on the composi-
tion of the glass or variations {through tme) in solution
chemustry chat may occur wich aleeration. For example, pH
consistently dropped as glass dissolved,

A rather wide variety of minerals grew from the same par-
ent glass where the only variables were time and OH- acrivity.
Presumably the chloride ion has no effect on the dissolution of
glass or the formation of zeolites because it does not fit into
any zeolite structure, A discussion of the various minerals syn-
thesized and the possible reasons for their groweh follows.

ZEOLITE AND FELDSPAR GROWTH PATTERNS
Phillipsite
Phillipsite (fig. 7) has a relatively low Si/Al ratio and is
therefore unstable in silica-rich hydrothermal solutions (Haw-
kins 1981). Its formation in rhyolitic glass may be explained by
the inital “incongruent dissolution” of glass, creating an
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FIGURE 4 —~Growth patterns of phillipsite and alkali feldspar synthesized ar 200°C in 1M solutions. Hydroxide ion concentration is indicated in diagram as result of
the dissociation of NaOH. Proper amounts of NaCl were added 1o yield 1M Nat concenceations for all solutions. (Selutions were filtered off and renewed

every 24 hours). Hexagons represenr phullipsite and triangles represent alkali feldspar growth. Solid figures represent abundant growrh; open figures, moderate
growth. dashed figures, shght growth as determined by Xeray diffraction. Small dots represent times at which samples were analyzed, but no growth was de-

termined. Note: Alkali feldspar is more stable at extreme OH™ concentrations, and phillipsite per

both are unstable

ts longer at much lower hydroxide concentracions, but
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aluminum-rich, silica-poor environment favorable for the crys-
tallization of phillipsite (Holler and Wirsching 1978). Phillip-

“site appears to nucleate early and grow quickly. Its presence pri-

ot to other phases, with the exception of an unidentified clay
mineral, may be explained as a function of kinetics alone,

Phillipsite appeared and disappeared and appeared again in
several runs (fig. 4). This may best be explained in terms of
ionic activity. Because Na* is the only cation introduced by
the mineralizing solutions, K* required for phillipsite to crys-
tallize must come from the initial dissolution of glass. As glass
dissociates and phillipsite forms, the K*/8i ratio of the solu-
tion decreases, favoring the formadon of a more sodium-rich
zeolite, such as mordenite. In the process of converting phillip-
site into mordenite, K+ is released into solution as outlined by
Hawkins (1981):

1.65 Phillipsite + 5.40 H,8iO, + 0.97 Na*

= Mordenite + 0.97 K* + 9.74 H,O
log K, = 198

where Phillipsite = K‘W‘Na””Al,_,Si”O,;BHQO

and Mordenite = K, Na, ;Al;.81,,0,+6H,0
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Consequently, the K+ activity of the solution increases, which
favors the recrystallization of phillipsite.

Other experiments indicate that che stability field of phil-
lipsite is larger at lower temperatures and in more potassium-
rich solutions (Hay 1964; Wirsching 1976, 1981; Hawkins
1981},

Mordenite

Mordenite (figs. 8, 9) consistently appears as an early phase
in all runs except in nearly pure NaCl solutions, where no
growth was detected in runs of 10 days or longer, presumably
because of the inability of saline selutions with neutral pH to
dissociate glass (Gogishvili and others 1973).

Coombs and others (1959) grouped mordenite with the
highly siliceous zeolites which are stable only in solutions su-
persaturated in silica with reference to quartz. In other words,
if the dissolved silica in solution was in equilibium with
quartz, the silica activity would not be sufficiently high for
mordenite to crystallize. More recent studies indicate that mor-
denite growth requires silica supersaturation with respect to
amorphous silica (Gogishvili and others 1973). Such an ex-
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FiGure 5.-Growth patterns of mordenite synchesized at 200°C in 1M solutions. Hydroxide ion concentration 1s indicated in diagram as a result of dissoctation of
NaOH. Proper amounts of NaCl are added ro yield 1M Nat concentrations for all solutions. Black circles encompassed by larger circles represent most abun-
dant growth; black circles, abundant growth; open circles, moderate growth, dashed circles, slight growth. Small dots, times at which samples were analyzed,
but no growth was de rmined, Lower curve represents first appearance of mordenite, upper curve, last occurrence of mordenite. Above this line, mordenite
does not persist. Note: Extrapolation of these curves shows they cross after 39 days, indicaning that mordenite will not persist in any of these solutions regard-

less of pH. undoubredly because of the high Na't activity
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treme concentration of silica theorenically occurs at the bound-
ary layer of the glass and solution (Gogishvili and others 1973).
Others believe zeolites may form indirectly from a gel (Mariner
and Surdan 1970) or from solution by direct precipitation (Def-
feyes 1959). Figure 9 is a scanning electron microscope photo-
graph, which shows a glass shard encased in a crystalline net-
work of mordenite. It appears that, as the glass shard dissolved,
mordenite precipitated from the highly siliceous zone immedi-
ately surrounding the shard.

Dibble and Tiller (1981) observed that early-forming *“dis-
ordered minerals,” (nonalacimic zeolites), such as mordenite
and phillipsite, form carly in the presence of glass to reduce
the free encrgy of the system but eventually yield ro more
stable phases, with slower growth rates, such as analcime and
feldspars. In these experiments, mordenite was short lived, espe-
cially in highly alkaline runs, where glass dissolution was most
rapid, and mordenite presumably disappeared when the glass
had been torally dissolved. Because of the accelerated transfor-
mations under the conditions of the experiments, phases, such
as mordenite, analcime, and alkali feldspar, clearly coexist (fig,

PHILLIPS

10) in an cphemeral, metastable relationship chat may not oc-
cur in nature.

Senderov (1963) concluded chat mordenite 1s not stable if
the alkalinity is too high, which is consistent with the results
of this investigation. Although at high pH silica is more so-
luble, the OH" ion polymerizes the dissolved silica, thereby re-
ducing che cffective amount of free silica in solution (Hay
1964).

Analcime

Analcime is sodium nich and silica poor with tespect to
mordenite. Therefore, it is favored by increasing the sodium
concentration and by the complete dissolution of glass. Photo-
micrographs of synthetic analcime are shown in figures 10 and
11. Close correlations between Si/ Al ratios of analcime and that
of suspect zeolites, from which the analcime most likely
tormed, provide good evidence that analcime crystallizes at the
expense of pre-existing zeolites (Sheppard and Gude 1969). In
the highly concentrated solutions of these experiments, anal-
cime probably does crystallize in the presence of glass, most
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FIGURE 6.--Growth patterns of analeime synthesized ar 200°C in 1M solutions. Hydroxide ion concentration is indicated in diagram as a result of dissociation of
NaOH. Proper amounts of NaCl were added 1o yield 1M Na* concentratons for all solutions. Black squares represent abundant growth; open squares, mod-
crate growth, dashed squares, slight groweh, Small dots, tmes ar which samples were analveed, and no growrh was determined. Lower curve represents the
first appearance of analcime, Superimposed on this chart are curves represending first and last appearance of mordenite as indicated. Note: Appearance curve of
analcime curves steeply upward in lower alkaline region, where mordenite is more stable. Note also strong correlation of abundant analcime growth and dis-
appearance of mordenite. Borh examples indicate growth of analcime is slowed by presence of an intermediate, metastable-phase mordenite,
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likely from pre-existing mordenite or even alkali feldspar (fig.
11). However, once mordenite disappears, which may indicate
the complete solution of glass, the crystallization of analcime 15
suddenly accelerated (fig. 6).

In these experiments, analcime is the only existing phase,
once mordenite disappears, in solutions that are 0.4 molar
NaOH or less. The fact that analcime forms over a broad range
of pH is well demonstrated.

Alkalr Feldspar

Alkali feldspar forms only in highly alkaline solutions (fig.
4). Perhaps rapid dissociation of glass at higher pH is sufficient
to produce enough potassium activity for alkali teldspar crystal-
lization. Also, as pH increases, activity of H,O decreases (Zhda-
nov 1968), which would favor a nonhydrous phase, such as al-
kali feldspar over analcime.

In natural lacustrine systems, alkali feldspars form adjacent
to zeolites in the most alkaline portions of the lake but not in
the presence of glass (Sheppard and Gude 1973). This finding
is substantiated by scanning eleccron photographs of alkali
feldspar and analcime, which show the glass has virrually dis-
appeared in samples containing alkali feldspar (fig. 10). In nat-
ural systems, analcime may become unstable and disappear with
the nucleation and growth of the more stable feldspars. Figure
10 shows an analcime crystal parrially dissolved and pardally re-
crystallized as alkali feldspar. In these experiments, however, al-
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FiGure 7 —Long prismacic crystals of phillipsite with fibrous mordenite synthesized ac 200°C in 1M (7.5% NaOH, 92.5% NaCl) solution after 3 days—fresh solu-

non every 24 hours. Scale bar represents 10 um
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kali feldspar eventually yields to analcime, contrary to the typi-
cal sequence in natural systems (Sheppard and Gude 1973),
probably as the result of a continued influx of sodium-rich
solutions.

FiGURe 8.—Fibrous mordenite with unidentified mineral synthesized ar 200°C
in 2M (50% NaOH, 50% NaCl solution) after 7 days (no renewal of so-
lution). Bar represents 20 pm.

#
:

- o P




GROWTH CURVES

Interpretation of Mordenite Growth Patrerns

In order to predict the growth patterns of the minerals syn-
thesized over a wide spectrum of OH- concentrations, mineral
growth was recorded on graphs (figs. 4, 5, 6). The abscissa rep-
resents time, and the ordinate represents solution
concentration.

For each solution, a point on the graph was estimated for
the first appearance of a mineral and the disappearance of a pre-
viously existing mineral based on the intensity of the X-ray
pattern of the mineral at the time it was first detected or the
last time it was detected before it disappeared. Such points were
used in a best fit power curve program to obrain the following
equations for curves denoting the appearance and disappearance
of mordenite plotted against time and solution concentration:

Appearance curve: Y = 19.77% — 2.26
Disappearance curve: Y = 225.76 - 84

Where x = hours and Y = OH- molarity in tenths. These
equations were used as a basis for projecting the growth pat-
tern of mordenite through time in solutions of low OH- con-
centrations in which mordenite growth is very slow. The two
curves cross, however, after 39 days, which indicates that under
the conditions of this experiment, mordenite is metastable and
will eventually disappear, regardless of the pH. This undoubt-
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edly is due primarily to the high Na* concentration (1 molar)
of the mineralizing solutions, which favors a sodium-rich phase
such as analcime (Senderov 1963, Holler and Wirsching 1978).

Similar curves were also calculated for analcime. The ap-
pearance curve for analcime rises sharply as the OH- concentra-
tion decreases below .2 molarity (fig. 6). This sharp rise may be
explained by the sudden slowdown of the dissolution of glass
at lower pH and in terms of relative stabilities of mordenite
and analcime. Mordenite is relatively more stable ac low pH.
Therefore, the formation of analcime is delayed owing to the
persistence of a metastable phase, such as mordenite. Metastable
phases are believed to delay the formation of more stable assem-
blages tens of millions of years in natural systems (Dibble and
Tiller 1981). As soon as mordenite disappears, in the experi-
mental system, analcime growth is markedly increased.

Growrh Curves ac Various Nat Concentranons

The following experiment was designed to test the growth
of mordenite, using a series of solutions with a constant
NaOH, i.c., OH- concentration. Curves denoting the appear-
ance of mordenite were estimated for altering solutions of
1/10, 2/10, and 3/10 NaOH molarities. The Na* activities var-
ied according to the relative proportions of NaCl and H,O as
shown in figure 12

The results were somewhat predictable. Curves shifted ver-

FIGURE 9. -Mordenite (confirmed by X-ray diffraction pattern) crvstallizing in zone of silica supersaturation immediarely around a dissolving glass shard. Bar repre-
sents 20 pm.
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tically up with decreasing OH- activities. In other words, for a
given sodium concentration, reaction rates are increased at
highcr pH consistent with previous cxperimcnrs.r Each curve
also shows an increase in the rate of mordenite formarion at
higher Na* acrivities. This indicates that silica solubility rates
increase with the increasing 1onic concentration of the solurion
(Mariner 1971). This increase has been atuributed to the polym-
erization of monosilicic acid in solution induced by Na* (or
other cations in solution), thus preventing a condensed silicic
acid layer that would otherwise form on the surface of silica
grains (Mariner 1971).

Data gathered, using NaOH as a source of hydroxide ion,
show increased rates of mordenite formation at higher salinities
(Na*) and pH, also observed by Hay (1966), Mariner (1971},
and Dibble and Tiller (1981). The curves for the various OH-
activities appear to approach different asymptotes that shift o
the right (higher Na* concentrations) with increasing OH-
concentrations. Therefore, in a general sense, minimum Na*
“concentrations (salinity) required to form mordenite may de-
pend on the pH (alkalinity) of the solution. Solution chem-
istry, which may be considered the most important factor in
the zeolitization of volcanic glass (Hay 1966), will be discussed
further as it applies to the mordenite outcrops near Marysvale.

Other factors to be considered in conjunction with field
observations include permeability, extent of hydrothermal activ-
ity, susceptibility of various glasses to mordenite alteration, and
the relationship of silicificarion and mordenitization.

PITCHSTONE PLUG

Abour 3.2 km north of Marysvale along U.S. 89, are several
outcrops of massive pitchstone (A in tig. 1). The most obvious
outcrop forms a prominent clitt tace adjacent 1o the highway
and is here referred to as the “picchstone plug” (fig. 13). Adds-
tional bodies of pitchstone crop out higher in the hillside and
extend for several hundred meters along the south side of the
ridge.

The pitchstone plug was dated (K-Ar) by Bassetr and
others (1963) to be 17.8 m.y. Outcrops of rhyolite appear at
the base of the southeast side of the pitchstone plug and di-
rectly below other pitchstone ouccrops at several locations. Tt
appears that the pitchstone plug is only part of a vent much
larger than the present study area. Evidence that the pitchscone
represents the chilled caps of ascending magmas is found in
vertical flow layering in the basal rhyolite and lower pares of
the pitchstone and in the face thar the glass crops out above
and below individual stratified units at the western end of the
study area (fig. 13). The original shape and extent of the vent
are obscured by erosion. Pitchstone outcrops are terminated to
the south and west by major faults. A minor fault downdrops
the eastern half of the pitchstone outcrops 15 meters or more.

The largest exposure of the basal rhyolite 15 on the south
side of the ridge about 30 m west of the highway. The lowest
part of the exposure consists of a rhyolite breccia containing
fragments of rhyolite a few tens of centimeters across in ran-
dom orientations. Both the rhyolite matrix and the rhyolite

FrGURE 10.—Short, stubby K feldspar crystals, isometric analcime crystals, and what is likely a bladed form of mordenite synthesized ac 200°C in 1M NaOH solu-
tion after 3 days (no solution change). Note K-feldspar growing at the expense of analcime in Tower left corner. Scale bar represents 10 pm.




104 L V. PHILLIPS

clasts have been highly altered and erched by weathering along
the flow layers. Higher in the exposure, clasts disappear. The
basal rhyolite is characterized by vertical flow layering and silici-
ficd flow banding, which include cherty concretions.

Above che basal rhyolite is the pitchstone body, the me-
dium for mordenite growth. The fracturing of the pitchstone
plug undoubtedly aided mordenitization. Some of the fraccures
have been healed by veins of light reddish purple chere. Large
portions of the plug appear ro have been autobrecciated, resulc-
ing in what appears at first glance to be a conglomerate. Closer
inspection reveals the “pebbles” to be of the same glass as the
matrix. Mineralizing solutions have altered che glassy macrix to
accent the unaltered glassy fragments, which have, in rturn,
been somewhat rounded by mordenite mineralization. Solu-
tions attacked the sharp edges and rounded the clasts, just as
weathering along joint systems will produce rounded rock
bodies in the process of spheroidal weathering.

Zeolitizauon

Mordenite, which appears as a green discoloration of the
glass, is localized immediately around cherty veins and con-
cretions and on a microscopic scale is concentrated in perlitic
cracks. In general, the lower parc of the pitchstone plug is con-
siderably more mineralized and silicified than the upper por-
tion. Vertical, parallel cherty veins and associated concretions.
along flow layers (fig. 14) in the rhyolite can be traced into the

pitchstone, where they eventually disappmr. Glass berween
such veins is invariably altered to mordenite. In the upper por-
tions of the plug, cherty veins are fewer and restricted co the
fractures. A small outcrop of black, unaltered pitchstone ts situ-
ated on the west side of the plug and probably represents the
outermost portion of the plus being relatively unfractured and
unaffected by mineralizing solutions,

Madel tor Emplacement

The emplacement of the pitchstone plug and associated
glass bodies is subject to diverse interpretations. In some out-
crops, there scems to be a contact plane between basal rhyolite
and pitchstone, which would be somewhat surprising if the
pitchstone and rhyolite cooled trom the same mele.

If the rhyolite predated the pitchsrone, it is difficult o ex-
plain how the melt from which the pitchstone formed pushed
through the solidified rhyolite without including xenoliths of
rhyolite in the glass. On the other hand, if the pitchstone had
cooled first at the surface, the ascending rhyolitic magmas of a
second event most likely would have destroyed the pirchstone
during cruption. Vertical cherry flow layers of identical charac-
teristics in the rhyolite and the glass strongly suggest that
rhyolite and pitchstone cooled from the same melt. The rela-
tively sharp contact may best be explained by the following sce-
nario. A body of rhyolitic magma ascended and began to cool
at the surface to form a rhyolite plug with a glassy margin. Be-

Fiure 11 -[sometric crystals of analcime with associated bladed mordenite and grossly dissolved feldspar crysuls. Synthesized ac 200°C, 1M NaOH after 5 days

(no solution change). Scale bar represents 10 wm, Norte: In figure 10, teldspar formed as analaime dissolved. In nature, feldspar usually succeeds analcime at
high alkalinines, bur considenng the exrreme Nat concentration of this solution, analcime appears 1o be the more stable phase
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fore the body had completely solidified, however, a second
pulse of magma, associated with the same volcanic event, broke
up the partially hardened rhyolite to produce che rhyolitic
breccia and finally solidified beneath the inital pitchscone
body. The associated gases and pressure resulting from the sec-
ond event would have also shattered the pitchstone body, thus
facilitating the alterarion of glass to mordenite.

BEAVER CREEK RHYOLITE FLOW

The Beaver Creek rhyolite flow is located on the eastern
flank of the Tushar Mountain Range, 8 km west of Marysvale
in Beaver Creek Canyon (B in fig. 1). The flow has most re-
cently been mapped by Cunningham and Steven (1979b) as
part of the “lower heterogeneous member” of the Mount Bel-
knap Volcanics.

The flow is exposed in Beaver Creek Canyon on an up-
thrown fault block bounded on the east and west by major
faults. The eastern fault joins the Tushar Fault rto the south
and nearly parallels the ridge immediately west of Indian Hol-
low in the scudy area. Minor faults are also associated with
these two major faults (fig. 15).

The most obvious outcrop of zeolitized glass is located at
the western end of the flow, less than 0.8 km up the canyon
from Indian Hollow, where the road bisects a resistant unit in
the flow. The outcrop is characterized by myriads of siliceous
concretions in a contorted matrix of light green or buff colored
altered volcanics with bladed fracture and waxy luster, and it
contains mostly mordenite with some quartz. The concretions
are more numerous and consist of less chalcedony and more al-
kali feldspar than the concretions of the pitchstone vent area.
The concretions are also more complex. Many are geodes with
inner chambers lined with quartz crystals or caleite. Some have
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been highly fractured and subsequently healed by silicification.
Concretions are concentrated in zones of high-grade mordenite
mineralization, such as the outcrop previously described, and
gradually disappear along with the mordenite away from the
outcrop to the east in the flow layers of the rhyolite.

Within the outcrop, pods of relatively unaltered brownish
orange glass grade into aureoles of buff mordenite. Most of the
outcrop, however, has completely altered to pale green
mordenite.

Another glass, dark green, crops out nearly 30 meters high-
er and 15 or more meters to the east and can be traced to
sparse outcrops for several hundred meters along approximately

associated with mordenite alterations,

i - = ﬁ.«— -—
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FIGURE 13.—Structures and volcanics of the pitchstone vent area looking east across U.S. 89. Tmpp = black pitchstone, sometimes green from mordenite miner-

alization, containing zones of chalcedony concretions and veins. K-Ar age is 175 my. Tmpr = basal rhyolite believed to be from the same mele a5 the
Tmpp. Lower portions are brecciated. Flow layers are characteristically silicified wirth associated concretions. Tml = light green lapilli ash flow cuff approx-
imately 1.5 m thick containing 25 percent lithic fragments. Tmd = thyolitic dike, reddish black on weathered surface and reddish brown on fresh surface.
contains approximately 25 percent phenocrysts of plagioclase and K-teldspar. Tme = crystal-nich member—pardy to densely welded, reddish brown, alkali-
thyolite ash flow tuff conuaining 30 percent phenocrysts; quartz (3 percent), anorthoclase {24 percent), sodic plagioclase (2 percene), and bioute (1 percent)
(Cunmingham and Sreven 1979b). K-Arage is 19.0 40 1.2 muy. (Steven and others 19793 Tme Red Hills Tutt Member—crysul-poor, welded, white to
red, alkali-rhyolite ash-low ruff containing 7-8 percent phenocrvsts of anorthoclase, quartz, sodic plagioclase, and minor hiotite (Cunningham and Steven
ltl)‘.‘l;\l‘
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the same contour (fig. 16, top). As before, most of the outcrop
has altered to pale green mordenite. No buff colored mordenite
was observed in any of these outcrops. The interprerations of
such observations relevant to the various glasses will be dis-
cussed in conjunction with the model of emplacement of the
Beaver Creck rhyolite and the experiments designed to test the
susceptibility of the various glasses to mordenitization.

A model for the emplacement of the Beaver Creek rhyolite
flow is presented in figure 16, bottom. Folded flow layers result
from frictional drag berween the flow surface and the viscous
rhyolite lava flowing to the west, which would be “uphill” rel-

“ative to the present gradient of the canyon. Horizontal layers

exposed in the roadcuts in the eastern portion of the flow be-
gin to turn upward in the central portion of the flow and are
nearly vertical near the mordenitized roadcut, which represents
the glassy margin of the leading edge of the flow.

WELDED TUFF UNIT
The rhyolite flow of Beaver Creck Canyon is overlain by
the Joe Lott Tuff Member (Cunningham and Steven 1979a). In
the lower portion of the Joe Lott Tuff two continuous, densely
welded tuff units are mapped (fig. 15). The lowest unic (Tmjl)
has altered to mordenite and is characterized by black fiamme

FIGURE 15 —Structure and volcanics of Beaver Creek rhyolite flow area looking north from across the canyon. Tmg = Gray Hills Rhyolite Member—light gray
(pinkish gray in this area), spherulitically devitnified alkali-thyolite lava flow. Contorted flow layering 15 characeensnce (Cunningham and Steven 1979a).
Tmur = Upper Red Tuff Member—red, crysal-poor, densely welded, ash-flow rutf characterized by black fiamme (in this area flamme are dack reddish
brown) as much as 3 cm long (Cunningham and Steven 19792). Tmj = Joe Lot Tuff Member—crystal-poor, partly welded, light gray, alkali-chyolite ash-
flow tuff containing 1-2 percent phenocrysts of quartz, sodic plagioclase, and sanidine, and traces of biotite (Cunningham and Steven 1979¢). Tmjw = weld-
ed tuff unit near the base of the Joe Lote Tuff Member charactenzed by black fiamme as large as 10 cm long in a matrix of black welded glass. Unic concuns
mordenite and less than 5 percent chert and lithic clasis. Tmjb = heterogencous unit that includes a densely welded tft unit containing 5 o 16 percent
cherty and lithic fragments and is characterized by black fumme, as large as 10 cm 0 2 black or brownish orange matrix, that weather orange, Unit also
bleaches vellow and conwins greater than 5 percenr lithic fragments near the base, Tmh = lower heterogencous member—sequence of thyolidc lava domes,
lava tlows, subordinate ash-low tuffs, and volcanic sedimentary rocks, in part overlain by the Joe Lott Tutt Member (Cunningham and Steven 1979a)
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up to 10 cm long. Cherty clasts are ubiquitous, and the matrix
is sometimes orange, accenting the black fiamme. The upper
unit (Tmjw) is so densely welded that some sections are com-
posed entirely of black welded glass in which the fiamme can
be distinguished from the matrix only on surfaces etched by
weathering.

Mineralization

X-ray diffraction shows mordenite (characteristically or-
ange) to be concentrated in the cherty basal tuff and immedi-
ately around quartz veins or chert nodules. However, traces of
mordenite are disseminated throughout the welded tuff, with
the exception of the black fiamme, which are essentially non-
porous. It appears, once again, that porosity and permeability
are essential factors in the process of mordenite mineralization
by ascending hydrothermal solutions.

MINERALIZATION SHOWN IN THIN SECTION

Thin sections of the zeolitized portion of the pitchstone
plug reveal the detailed relationship between porosity and alter-
ation in the early stages. Even in relatively fresh samples of
black pitchstone, traces of mordenite alteration can be seen
along perlitic cracks,

Individual crystals of mordenite are much too small to see
with a conventional microscope; however, fibrous wisps of
mordenite were observed at 2300X magnification under the
scanning electron microscope (fig. 17). Mordenire in thin sec-
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FiGure 16.-Top: Actual flow layers and glass zones, as mapped trom a photo-
graph of the Beaver Creek rhyolite flow. Near honzontal line shows pres-
ent location of road. Boteom: An idealized model of emplacement of the
Beaver Creek rhyolite flow, showing low direction to the west,
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FIGURE 17.—Photomicrograph of natural mordenite from the pitchstone plug.
Mordenite appears as fibrous growths. Bar represents 10 pm.

tion appears as turbid, irregular, optically anisotropic growths
showing essentially no pleiochroism. Alteration begins along
perlitic cracks and proceeds inward toward the centers of the
spheres (fig. 18). A number of altered spheres observed in thin
sections from the pitchstone plug contained slender, low bi-
refringent, length-fast crysrals that are probably cristobalite.

Thin sections from the Beaver Creek rhyolite flow demon-
strate a more advanced stage of alteration where mordenite is
restricted to a very limited zone along the perlitic cracks, and
the remainder of whar was once glass is now fine-grained anhe-
dral quartz (fig. 19). The grains are coarsest in the center of
the spheres. The crystallization of this form of quartz is be-
lieved to be subsequent to mordenite formation and, perhaps,
aided by the excess silica from the glass after it has altered to
mordenite.

Secondary alkali feldspar is ubiquitous in the mordenite
zone of the Beaver Creck thyolite flow and appears as brown
plumose growths or radiating spheres. The feldspar formed af-
ter mordenite and may grow seemingly unrestrained by pre-
vious growths or structures, or may be controlled to some ex-
tent by perlitic cracks.

FIGURE 18.—-Thin secton from the pitchstone plug as viewed at 100 magnifica-
non under polanzed hghe Mordenite (light colored) alteration progresses
inward from perlitic cracks, Bar represents 05 mm




FIGURE 19.—Thin section of mordenite in the Beaver Creek rhyolite flow under
polarized lighe. Alreration is more advanced than in figure 18. Centers of
the spheres, defined by perlitic cracks, have crystallized to quartz. Mor-
denite is concentrated immediately around perlitic cracks, Bar represents
0.5 mm.

In the welded tuff unit mordenite forms in altered shards
and along perlitic cracks in some black fiamme. The cherey
clasts are primary, as evidenced by the shards chac conform to
the shape of the clasts. Mineralization is intensified around
most of the clasts and along veins of crystalline silica.

COMPARATIVE ALTERATION OF GLASS VARIETIES

One of the few tangible components relating to mordenite
alteration is the unaltered glass. Weight percent oxides of ma-
jor elements for each of the glasses are listed in table 2. The
susceptibility of each glass to mordenite alteration was deter-
mined by experimentation.

Unaltered glass samples from each of the three major out-
crops were powdered and subjected to identical conditions of
hot alkaline solutions (1 molar solutions, 1/5NaOH-4/5NaCl
at 200 C) using procedures previously described. The progress
of alteration was monitored by X-ray diffraction.

Green and brownish orange glasses from the pitchstone
vent area, welded tuff unit, and Beaver Creek rhyolice flow al-
tered to mordenite after 15, 18, and 39 hours respectively. Not
only did mordenite take twice as long to form in the brownish
orange Beaver Creek rhyolite glass, but once formed, it did not
yield as strong an X-ray pattern for mordenite as did the other
glasses. On the other hand, the brownish orange glass favored
more abundant growth of analcime, compared to the other
glasses. In all three glasses, analcime formed after 30 hours.

This experiment demonstrates that differences in the de-
gree of mordenite alteration at the three major outcrops cannot
be accounted for by variations in the susceptibility of glasses to
mordenitization, with the exception of the brownish orange
glass from the Beaver Creek rhyolite flow. This glass occurs in
isolated pods within the mordenite roadcut at the western end
of the flow. The glass has resisted alteration except for the rim
of buff colored mordenite encompassing the pods. (The brown-
ish orange glass altered experimentally to buff colored mor-
denite as well.) Conversely, the green glass, which originally
constituted the bulk of the outcrop, has entirely altered to
green mordenite. Green glass crops our at the top of the flow
where it was somewhat shielded from ascending hydrothermal
solutions.

The glasses are chemically similar (table 2). The greater re-
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sistance of the brownish orange glass to mordenite alteration
may be attributed to a higher degree of polymerization of sili-
cate tetrahedra, which slowed the dissolution of silica. This
would explain why the glass altered to a less siliceous zeolite,
analcime, and was a relatively poor media for the synthesis of a
highly siliceous zeolite, mordenite.

MORDENITE AND SILICIFICATION
Forms of silica other than glass were studied in relationship
to mordenite alteration. Concretions from the pitchstone vent
area and the Beaver Creek rhyolite flow, and cherty fragments
from the welded tuff unit were quantitatively analyzed for
quartz, using an X-ray diffraction technique described by Bal-
lard and others (1940), with the following results:

Pitchstone vent concretions—27% quartz
Beaver Creek rhyolite concretions—22% quartz
Welded tuff cherty fragmenes—26% quartez

The remainder of the concretions and cherty fragments consists
of essentially noncrystalline material (probably opal and poorly
crystalline clay) and minor alkali feldspars as determined by X-
ray diffraction.

TABLE 3
CHEMICAL FORMULAS FOR RESPECTIVE MORDENITE OQOUTCROPS

Pitchstone plug
Beaver Creek rhyolite
Welded cuff

(Naggs K yu4Cayss )Aiz,m2‘55 969024 nH, O
(Nagy3 K 343Ca 175 JAL 791 5110156 Oa4'nH, O
(Nageo K 576Ca 427 ) Al 5578110.33,02¢nH; O

To determine the amount of free silica, powdered samples
of the concrerions and cherty clasts were altered in 1M NaOH
solutions at 200°C. After three days, each of the samples altered
to analcime and alkali feldspar. However, all attempts to aleer
the samples to mordenite failed. A control sample of powdered
quartz was subjected to identical conditions, but showed no
signs of alteration when the experiment was terminated after
five days. This experiment demonstrates that the concretions
and cherty clasts contain forms of silica other than quartz that
are at least partially soluble. However, they were not soluble
enough to obtain the levels of silica supersaturation required to
form mordenite. This finding is further substantiated by the
fact that concretions, chalcedony veins, and cherty fragments
did not naturally alter to mordenite in the study area, although
they were clearly associated with mordenite alteration.

These forms of silica were observed to concentrate in high-
ly mordenitized zones, suggesting that concretions and chalce-
dony veins formed from the same solutions that altered the
glass to mordenite. Dissolved silica in hydrothermal solutions
would have precipitated as opal (cristobalite) before crystal-
lizing to chalcedony (Campbell and Fyfe 1960). As opal precipi-
tated, the solutions would have eventually obrained equilib-
nium with respect to amorphous silica, Mordenite, however,
requires a supersaturation of silica with respect to amorphous
silica (Gogishvili and others 1973). Such a high concentration
of silica must have been obtained in the pore spaces of the glass
surrounding the silicified veins.

Ellis (1960} grew mordenite in a natural system within a
bore hole from rhyolitic glass reacting with circulating waters
that conrained only 550 ppm SiO, Such solutions are not
highly supersaturated, even with respect to quartz. Therefore,
mordenite must have resulted from higher concentrations of
silica in the pore space of the rhyolitic glass. Pore solutions
may contain several orders of magnitude more silica than the
general circulating warters (Hay 1966).
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The fact that mordenite forms a halo around isolated con-

cretions of the pitchstone plug suggests that che tormation of

the concretions enhances mordenite growth, As silica precipi-
tates, alkalies and calcum are concentrated in residual solu-
tions, which in turn, favor zeolite growth, It such solutions, or
successive solutions, were alkaline, they would facilitare the
crystallization of opal to quartz (Campbell and Fyte 1960) and,
at the same time, dissocate sihea in the glass o help provide
the necessary supersaturation of silica required tor mordenite
formation.

Concretions of similar dimensions are associated wich cli-
noptilolite 1n an altered cuft of the John Day Formarion in cen-
tral Oregon. Such concretions are believed to have tormed from
the hydration of pumice tragments, which ace as a nucleus and
subscqucmly alter to montmorillonite, which, in rturn, raises
the pH and fonic activities of associated solutions (Hay and
Sheppard 1977). Perhaps a similar relacionship exises with the
concretions of this study area, if part of the material com-
prising the concretions thar does not yield an Xe-ray pattern is,
in fact, a poorly crystalline clay,

It has been observed thar the cation ratios of nateral and
synthetic zeolites are similar to the cation ratios of the altering
solutions (Hay 1966, Mariner 1971). The chemical environ-
ment of diagenesis may be deciphered with some caution by
contrasting the chemistry of the zeolite and the unaleered glass.
The diagenetic solutions of the Marysvale area appear to have
been relatively calaum rich (fig. 2).

The concentration of Ca®* in soluton is somewhat depen-
dent on the pH (Mariner 1971). The terms pHf and wlkalinity
have very simular meanings. Alkalinity is defined by Stumm and
Morgan (1970) as:

HCO, + 2CO# + OH - H*

If the altering solutions were highly alkaline, the Ca®* ion
would combine with the CO, ion to precipitate CaCO, Mari-
ner (1971) associated high Ca®* activities in solurions with low
alkalinity. No evidence of primary calcification was tound in
the present study area, suggesting that solutions were mildly al-
kaline. Kerr and others (1957) found evidence to suggest that
hydrothermal solutions in the Marysvale area were originally
acidic at depth but eventually became alkaline as chey ascended
and reacted with the country rock.

A mildly alkaline solution necessarily requires higher sa-
linity (higher activities or K+, Na*, of Ca** to alter fresh glass
to mordenite than more alkaline solutions, as demonstrated by
the present experiments (fig. 12). Therefore, mildly alkaline so-
lutions that altered the mordenite in the study areas most
likely contained high tonic activities with Ca?* as the principle
ion (tig. 2). If che Na* aceivity of the solutions was very high,
demonstrated in the

analcime would be expected, as
experiments.

MODEL FOR MORDENTTIZATTON

The following is @ model for the alteratnon of rhyolioe
glass within the study areas Ascending hvdrothermal solutions
rich in stlica and alkalies moved along joint systems, taule plin-
es, and How lavers. The solutions approached the sartace and
experienced sudden losses in pressure and temperacure, borh of
which resuleed in silica coming out of solution in solurions sit-
urated with silica under previous condinions. According o
Campbell and Fyte (1959), such preapimanon s especially pres-
sure sensitive, and therefore the presence of amorphous silica
could casily be explined in the shactered plug of the prech-
stone vent arcl Coombs and others (19591 state thar silica sud-
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denly becomes nsoluble as saturated solutions drop in temper-

arure below  300°C. The theoretical temperature range  of
mordenite stbility 15 estimated o be 150-230"C (Senderov
1963). Theretore, stlica could theoretically preaipitate along

flow lavers and in fractures at temperatures tavorable for mor-
denite tormation. As sithea preapuraces, the solution 1s concen-
trated in cations such as Ca®, Na*, and K with Ca?* beng
the dominant cation. Early-torming clays may have raised the
pH of the altering solutions. Incre asing the pH and 1oniw
serength of the solution would ad in the solution of glass and,
therctore,

Alkal feldspar formed within the concrenions and on the
edges of chalcedeny veins, buc high silica activiaes sutticient to
torm mordenite could be attained only in the surrounding pore
fluids within the rhyolitie glass.

mordenite crystallization.

CONCLUSION

The expenmental data of this thesis, which concentrated
on hydrothermal solution chemistry, were combined with field
obscrvations to formulate the tollowing conclusions:

I Experimental alteration of velcanic glass in highly saline
solutions of varving OH  activities at a constant Na ' concen-
tration demonstrates the incomparibility of certain zeolite spe-
aes. Phillipsite consistently disappears just before or shortly at-
ter the appearance of analcime, Mordenite and analcime coexist
in a metastable condition, but, once mordenite disappears, the
groweh rate of analcime increases dramatically. Photo-
micrographs clearly show alkali teldspar growing at the expense
of analcime; however, this order may be reversed through nme
with the continued influx of sedium-rich solutions.

2. Mordenite will not persist in solutions of one molar
Na* regardless of the pH. Analcime 1s the end product under
such conditions and cryseallizes at the expense of mordenite.
The absence of analcime may indicate that the zeolitizing solu-
tions in the study areas had a relatively low sodium activity, or
at least Nat is not the dominane cation in solution.

3. It appears that minimum concentrations of cations, spe-
cifically Na*, required to form mordenite may vary with pH.
Higher concentrations of Na* are required to form mordenite
at lower pH. Thus, the low alkaline hydrothermal solutions,
which altered the glass in the study area, would necessanly
have a high 1onic strength (p;lrriculur]y Cat).

4. Mordenice from the study arca was restricred to rhyoline
glasses and, to a lesser extent, to the flow layers of the Beaver
Creek Rhyolite flow. Glasses showing various degrees of sus-
ceptibilities to mordenite alteration were found within the Bea-
ver Creek rhyolite flow. Such differences are attribured to
dittering degrees of silica polymerization.

5. All occurrences of mordenite in the study area demon-
strate the profound influence of permeability on mordenite
mincralization.  Zeolitized outcrops are bounded by major
faules, which may have been the avenues for ascending hydro-
chermal solutions  thae disseminated  chroughout the  glass
badies along fractures and perlitic cracks.

6. Sceondary silwaification is closely associated with mor-
denite mineralization. Silica would most likely precipitate from
hot solutions with decreases in temperacure and pressure, wich-
in a temperiture range tavorable for mordenice tormation. As
silica preapieates, Nat, Kt and Cast activiries ot the residual
solutions increase, with Ca?' as the major cation, to aid in the
reohtizaton process. Mordenite formed in the pore spaces ot
the glass, where high silica conceneration of the solution was
arcaned.
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