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ABSTRACT

Deposits of alunite in the Marysvale region, Utah, are nearly all
confined to the Bullion Canyon Volcanics of Tertiary age. The deposite
consist of two types, 2lunite veins and imegular alunite replacement
bodies, The vein deposits are restricted to the vicinity of Alunite
Ridge southwest of Marysvale in the Tushar Mountains, and the replare-
ment bodies are distributed circumferentially about a quartz monzonite
gtock in the Antelope Range northeast of the village,.

The wall rock alteration that borders the alunite veins has been
divicded into three phases. In order of their zonal distribution toward
the vein, the phases are the feeble phase, the moderate phase, and the
intense phasc, Feeble phase alteration is characterized by illite-mont-
morillonite mixed lattice clay, kaolinite and minor quartz which were
formed at the expense of carbcnate, seritlzed plagioclase and some of
the chlorite of the rerionallj altered Bullion Canyon volcanice,
Alteration of the moderate phase is represented by the assemblage,
alunite, kaolinite and quartz which were produced in part from the mixed
lattice clay and chlorite of the feeble phase. Strongly alunitized and
silicified rock adjacent to the vein represents the intense phase of
alteration.

Alteration in the replacement deposits is represented by the feeble
and moderate phases., The alunite bodies represent the molderate phase of
alteration, and those bodies that are sharply defined are surrounded by
an envelope of feeble phase alteration. The mineralogy of the correspond-

ing alteration phases of the vein and replacement deposits is the sams,
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Laboratorv data on the environmental conditions of formation of the
minerals, symmetrical zoning of the minerals and chemical analyses of
the veins and altered rocks of the alunite deposits lead to the follow-
ines conclusions:

l. Alteration and alunite deposition resulted from the same

solutions and were contemperaneous processes,

2. Solutibns transported Ko0, Al303, SO3, HpS and probably SiOp

to the vein deposits,

3« Solutions transported at least S03 to the replacenrment deposits,

e The alunite depositing sclutions were acid at the level of

deposition,

Se The solutions became progressively less acid with increasing

distance from the channelway, a fact which largely accounts for the

zonal dis’ ibution of wall rock alteration,

6e The temperaturc of the solution at the time and level of alunite

derocition was below 350° C.

Sharply defined veins with Landed and comb structure suggest that the
vein depoegits are fissure fillings and are due to ascending hydrothermal
sclution: which were confined largely to nearly vertical fracture zones,
The replacement bodies are also believed to be due to ascending hydro=-
thermal solutions. The bodies are distributed around a quartz monzonite
intrusive, and some deposits are aligned along what is considered to have
been a vertical channelway. The irregular and diffuse nature of the
replacement deposits is explained by the lateral spreading or directed lateral
flow of the hydrothermal solutions which entered porouc horizons in the

volcanicse



Isomorphous substitution of sodium for potassium has been studied
in both natural and synthetic alunite samples. Unit cell dimensions
distinguish two naturally occurring mineral types of the composition
(K,Na)AlB(Soh)z(OH)é, a high potassium alunite termed alunite, and a
high sodium alunite termed natroalunite, The ¢ lattice constant for
alunite ranges from 17,28 to 17,31 &; whereas the constant for natro-
alunite is 16,71-16,72 £. The relation between the ¢ lattice constant
and the sodium=-potassium composition suggests that isomorphism exists
over a restricted range for alunite, though insufficient samples were
obtainable to determine the nature of isomorphism for natroalunite,

In the range of composition between alunite and natroalunite only samples
which are mixtures of alunite and natroalunite have been found, and the
possibility is suggested that natural homogen&us 2lunite does not occur
in this range of composition.

Synthetic alunite samples with a range of sodiume-potassium contents
were synthesized at atmospheric pressure in boiling solutions of sodium,
potassium and alwninum sulfates. Most synthetic alunite samples had a
higher K:Na ratio than the solutions from which they were produced,
Although the synthekic alunites crystallized with the alunite structure,
their uait cell dimensions differ slightly from natural alunites of
corresponding composition. Also chemical analyses reveal that the
synthetics deviate from the theoretical alunite composition, the greatest
deviation being the excess of water, The partial substitution of oxonium
ions (H30*) for sodium and potassium ions is proposed as the explanation
for these anomalies, Complete isomorphiem from the sodium to the
potassium end of the synthetic alunite series is evidenced by the linear
snrinkage relationc of the unit cell dimensions, This relation is in

strong contrast to that shown by natural alunite samples,



The thermal behavior of alunite and the practicability of semi~
quantitative differential thermal analysis of alunite ores has been
studied from artificial mixtures of alunite, quartz and kaoliiite and
from chemically=-analyzed alunite ores. The chemistry of thermal reactions
of alunite are summarized in the following equ~iionss

6 KAl3(80),)5(0H)g Sk 6Kal(s0),), + 6 Aln03 + 18HZ0

6A1203 (Amorphous) ?g > Alp04 ( ¥ alumina)

6Kal(s0y)o 2% 2k4a1(50))q + 241203 + 6503

2K4A1(50),)5 w079 3KpS0),+ Alp0y + 3504

Differential thermal curves of alunite samples of coarse grain size
are characterized by a double endothermic peak in the temperature range
570 <640° C, Fine-grained alunite samples, however, produce a single
endothermic peak at 590° C. The doublet condition of this thermal peak
is due to two stares of z2lunite decomposition in the coarse-grained samples,

Caref1l control and standardization of variable procedures and
factors inherent in the differential thermal analysis technique and
apparatus has permitted accurate semi-quantitative analysis of alunite
mixtures., Craphs which relate the alunite percentage in mineral

geregate to the arca and amplitude of the 590° C. endothermic peak of
alunite have been cstabliched for both artificial mixturesand analyzed
alunite orece, Differences betwecen the graphes for the drtif icial mlxtures
and the corresponding graphs for the alunite ores are contrlbuter to the
variation of grain size jin the alunite ores. The area enclosed by the
thermal pealis is the most rzliable measure of the composition of sarples
in which the grain size is variable. If the grain size is consistent

among the samples, the peak amplitude can also be used,



INTRODUCTION

Deposits of alunite, (K,Na)AlB(SOL)z(OH)é were discovered in 1910
in the vicinity of Marysvale, Utah, in the southwest-central part of the
state (see Fig. 1). Large quantities of alunite exist in the region,
tnt only during the two world wars was mining on a large scale attempted.
it the present time cheaper sources of potash and alumina render exploita-
tion not economically feasible; nevertheless, the alunite deposits remain
a potential resource of these nmaterials.,

In the Marysvale rezion the large deposits of alunite and their
associated alteration haloes are free from metallic-ore minerals
(pyrite excepted) and therefore afford an opportunity to study alunitiza-
tion without the complicating effects of other types of mineralization.
with the aid of x-ray, differential tiermal analysis, staining and optical
techniques, the nature of the alunitic alteration has been accurately
determined. Interpretation of the origin and chemistry of formation of
the deposits, based on the minerals in the alteration zones, represents
a major part of this study. The availability of alunite nre samples,
which have been analyzed chemically, has made it possible also to stuay
the nature of the isomorphic substitution of sodium for potassium in alurnite
as well as to test the thermal behavior of known alunite mixtures.

This study has been made under the auspices of the United States
Geolorical Survey as @ part of a comprehensive geologic report on the

Marysvale region,
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Columbia University and the New Mexico Bureau of Mines and Mineral Resources
generously furnished the writer with research facilities,



GENERAL GEOLOGY

The geology of the Marysvale, Utah region has been described by Butler
and Gale (1912), Eugene Callaghan (1938, 1939), Callaghan and Willard, and
Callaghan and Parker (U.S.C.S. Map Series reports in press). Callaghan
(1939) distinguished the major stratigraphic and structural elements of the
region and described in detail the petrologic and petrographic character of
the Tartiary volcanicse.

Pre-Volcanic Sedimentary Rocks

Paleozoic, Mesozoic and early Tertiary sedimentary strata are exposed
along the Tushar fault scarp ard in the canyons west and southwest of
Marysvale. (See Fig. 2). The aggregate thickness of these rocks is in
excess of 6,000 feet. The ocldest exposed rocks are gray and tan quartszites,
limestones and shales of the Permiam Kaibab formation. The overlying
Triassic Moenkopl formation, Shinarump conglomerate, and Chinle formation
comprise a conspicuous group of tan sandstones, red, green, and purple shales
and thin gray limestons beds, Above the Triassie strata the Jurassic Navajo
sanastone anl Carmel formation consist of yellowish gray cross-bedded
quartzitic sandstone and light colored limestones and shales respectively,

Overlying the pm-e-ft,artiary formations but separated from them by an
angular unconformity is about a 50-foot thickness of conglomerate and sande
stonec. The fragments in the conglomerate are composed of limestone and
quartzite boulders. In most exposures the overlying Tertiary volcanies
conform to the bedding of these strata, but in soms places the conglomerates

are entirely absent and the volecanics rest on the older rocks,



Tertiary Igneous Rocks

On the basis of a marked unconformity Callaghan (1939) has separated
the igneous rocks in the region into the earlier and later Tertiary groups,
Paleontologlcal evidence in the underlying and overlying sedimentary rocks
suggests that both the earlier and later Tertiary groups are most likely
Miocene and possibly in part Pliocene in age. The youngest formation over-
lain by the Bullion Canyon volcanics is the Wasatch formation. Fresh wmter
fossils from the formation have been determined by Mr. T. C. Yen of the
United States Geological Survey as late Eocene or early Oligocens in age,
The age of the Sevier River formation which overlies the volcanic section
is regarded by Mr. K, E. Lolman of the United States Geological Survey as
late Pliocene or early Pleistocene (Callaghan, 1938),

Earlier Tertiary igneous rocks

The oldest and most widespread volecanic rocks in the region are the
Bullion Canyon volecamics. All gramular intrusives as well as nearly all of
the mineral deposits are confined to them. These voleanics are corposed of
both pyroclastics and flows, In g:eneral the pyroclastics form great thick-
nesgses in the lower part of the sequence whereas the upper part consists
principally of flews. However, the proportien of flows to pyroclastics
varies greatly from place to places In the gensral vieinity of the ahnite
deposits in the Tushar Mountains nearly 2500 feet of latitic and andesitic
tuffs and treccias occur with only a minor mumber of flows, In the Antelope
Range, the site of most of the replacement alunite deposits, latitic flows,
tuffs and breccias are abundant. Details of litholegy in parts of these
voloanics associated with the alunite deposits are discussed in later
appropriate sections of the texte
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Bodies of quartz monzonite have intrucded the Bullion Canyon volcanics

in several places in the region, The largest of these intrusiyes is expos-
ed over an area of about four square miles in the Antelope Rangs. The erod-
ed surface of this inmtrusion is overlain by rocks of the Later Tertiary
volcanic sequence, clearly ~stablishing the relationship between the two
major volcanic series, Tiie monzonite is nearly equigramilar in texturs.

The grain size is mostly from 1 to L mm. for the major minerals, The rock
consists of calcic oligoclase, orthoclase, quartz, augite, amd biotite with
accessory mglﬁ‘.;tite apatite sphene. Deuteric (?) tourmaline epidote chlorite
aml sericite are developed, Orthoclase replaces plagioclase to a certain
extent amd is also intergrown with quartz. In places the proportion of
orthoclase is sufficient to give the rock the aspect of granite. Although
the content of quartz is less than 10 percent the rock is closer to the
composition of quarts monzonite than monzonite.

Sills of latite intrude the conglomerate at the base of the Tertiary
section soutinrest of the mouth of Cottormood Canyon. The intrusive latite
is dark gray and porphyritic and contains small cavities filled with quarts
ani carbonate. The phenocrysts are augite and hornblende 0¢3 to 1 mma. in
length and the ground mass is oligoclase and quartz averaging O,1 mm.
(Callaghan, 1939).
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Later Tertiary igneous rocks

The Later Tertiary volcanic rocks consist of the Dry Hollow volcanics,
the Moumt Belkmap rhyolite, and the Joe Lott tuff in order of decreasing age.

The Dry Hollow volcanies are composed of tuff, latite and basali members.
The tuff is pink to light brownish gray and contains abundont crystal frag-
ments of oligoclase, quartz and biotite. The latite ranges from pink to
gray and is strongly porphyritic. Some varieties have sm:dim crystals
as much as 10 mn. across. Quartz is more abundant in some varieties than
others, Chemical amalyses (Callaghan, 1939) show that both the latite and
tuff are simlar in composition. The basalt member is dark gray and
locally is extremely vesicular. Some flows are strongly porphyritic whereas
others are fine grained or glassy. Labradorite, augite, pigeonite,
hypersthene and olivine may all appear as phenocryts. The groundmass is
glass with tiny embedded plagioclase laths. Only the Dry Hollow latite is
exposed in the region of the alunite mineralization,

The Mt. Belkrap rhyolite is present as three distinct members in the
Antelope Range. The mermbers are the red, gray and porphyritic facies and
although they are all rhyolitic in composition, their lithologie aspects
arc quite different. The red facies is reddish to salmon colored and is
aphanitice Both the tuffaceous matrix material and the enclosed rhyolite
fragmenmts are devitrification agpregates, and the emtire mass may be regard-
ed as a welded tuff. Phenecrysts of arthoclase up to 0.8 mm. and rare
cquartz crystals are set in a matrix of mimute feldspar crystals, The gray
facles is characterized by prominemt light gray and darker gray laminae
which are complexly contorted, The difference in color is due to the
degree of devitrification of the bands, the darker gray layers being only
slightly devitrifiesd whereas the lighter bands are more completely
crystalliine, Thin lomses parallel to the ba.ding cemtain tiny orthoclase
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and quarts crystals. The porphyritic facies, exposed in a group of eroded

domes at the foof, of the Ssvier Platsau escarpmemi, is light gray and strong-
1y porphyritic. Large phenocrysts of quarts and orthoclase (?) ars con-
tained in a devitrified base. ’ ‘

The youngest of the later Tertiary volcanics, the Joe Lott tuff, is a
welded tuff, Its color ranges from white to pale btrownish gray. Fragments
of latite, probably derived from the Bullion Canyon volcanics, and gray
banded rhyolite of the Mt, Belknap gray facies, are enclosed in an ashy
matrix that is rhyolitic in composition,

Late Tertiary or Early Quatermary Rocks

Partly consolidated fanglomerate, conglomerate, sand and silt, which
for the most p'rt have been derived from the highlands in the vieinity ef
these deposits are called the Sevier River formation (Callaghen 1939). The
composition varies from place to place depending vpon the mture of the
source mterials, The fact that the Sevier River formation is tilted amd
faulted serves to distinguish it from similar deposits younger in age. In
some places thin basalt flows are interbedded with the formation,

Quatemary Deposits

Glacial debris in the Tushar Mountains, terrace gravels, land slides
and alluvium are youngest deposits found in the reglon.
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Structure

The gross structural features of the region are troad monoelinal
flexures at the fronts of the ranges and great range front faull systems.
These were recognized by Dutton (1880) curing his recommaissance of the
High Plateuus of Utahe

Two major fault systems outline the Sevier Vallay, the Sevier fault
on the east and the Tushar fault on the west. Along the strike, the
displacement on these systems ranges between zero and a few thousands of
feet, In places where the displacement is at g minimum along the fault
trend, anticlinal cross structures occur with thelr axes ruming normal to
the trend of the valley (Callaghan and Willard, mamseript in press). The
Antelope Range is such a cross structure. Others are found along the oourse
of the Sevier Valley outside of the area under ¢onsideration,

The alunite veins in the Tushar Mountains outline a system of northwest
and northeast trending fracture or fissure sones. Many normal faults are
parallel to the trend of tlie great Tushar fault, Other normal faults strike
northeast and east-west,

Detailed mapping in and about the alunite deposits in the Antelope
Range has also shown a2 complex pattern of closely spaced normal faults,

At the Yellow Jacket deposit the faults strike northeast and northwest
and offset gouge zones and mineralised sones which trend approximately
east-west. The normal faults at the White Hills deposit have north-
northwest and west-northwest trends,

Tectonic folding is not characteristic in the volcanic rooks of the
Marysvale region. Flowage folds related to the extrusion of the lava were
observed in some of the latite flows. A broad, shallow, north plunging
anticline in the tuff at the Mary's Lamb deposit, however, may be of tectonic
origin, possibly related to the anticlimal warping that produced the Antclope

Range,



AL'™ITE MINERALIZATION

Two types of alunite deposits deseribed in the Marysvale region hy
Callaghan (1938) arc the vein and the replacement deposits, Compositionmal
and structural differences are generally sufficient to distinguish the two
types. As the name implies, the vein deposits are formed by one or more
distinct £illings of open fractures and are of high purity. The replace-
ment deposits on the other hand are irregularly shaped bodies of altered
voleanic rocik in which alunite, quarts and clay minerals are the domimant
constituembs. The alunitized and silicified wall rock of the vein deposits
nas many aspects in common with the altered voleanic rock of the replace-
rent bodies.

The vein type and the replacemernt type alunite deposits are matually
axclusive in their distributione All of the vein deposits are located in
the Tushar Mountains on Alunite Ridpe in the upper reaches of Cottonwood
Creek, The replacement deposits are more widespread, Most of them are
found in the Antelope Range in the Bullion Canyon wvolcanies surrounding the
quartz monzonite intiusive, Alunitized rock is also found atop Marysvale
Peak on the Sevier Plateau and on the western slope of the Tushar Mountains
north of Beavaer.

The most extensively explored vein deposits are the Mineral Products,
Bradburn, Sunshine and L.and N. The J and 1, White Horse, White Hills, Al
Kee Mee, Marys Lamb, Yellow Jacket, Hindenburg, Krotki, Big Star and Winkle-
man deposits are the rost important replacement bodies. Figure 2 shows the
distribution of the deposits os well ac their geologic setting. Analyses of
the ore and descriptions of the deposits are given by Callaghan (1938),



Yein Deposits

Structure

The vein system along Alunite Ridge has two distinct trends. The main
vein system strikes N. 35° W, and is nearly vertical with dips recorded to
the northeast and southwest in different places. The Vest vein system
strikes N. 60-80° E, and dips 30-85° northwest, branching almost perpendicu-
larly from the main vein. The vein system is complex and is composed of
veins that pinch, swell, curve, branch and fork in a complicated manner,
Lenses and horses of silicified rock occur in the veins and in places
appreciably lower the grade of the ore. At the portal of the Mineral
Products upper tunnel, the lens of alumite is 65 feet in width but pinches
out 180 feet to the northwest. The main productive lens at the Mineral
Products deposit is over 1,000 feet in length and extends downward from the
surface below the lower level which in places is over LOO feet from the sur-

face. (See Fige 3).
Mineral relations in the veins

The veins are composed of both coarsely crystalline and finely
crystalline alunites The coarsely crystalline variety is commonly banded
and the tabular alunite crystals, which are aggregated to form parallel or
slightly diverging crystal groups, are normal to the banding. Under the
microscope what appear to be single crystals are seen to be groups of smaller
alunite crystals which are arranged in plumose aggregates. The alunite
crystals are anhedral except in vugs or open spaces between bands or in
the cavities lined with coarsely crystalline alunite in finely crystalline
alunite masses. (See Plate 1). Here rhombohedral faces are the terminations
on the elongate crystals surrounding the openings. In many of the cavities
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the crystal faces have been etched %y solution and are coated by iron oxides.

curved surfuces formed at the ends of compourd crysval groups resencie Curve
ed dolomite crystals. These forms are the result of the combination of
mumerous rhombohedral faces terminating the crystals of the plumose
aggregates

The bands, which separate the coarsely erystalline parts of the veins,
consist of finely crystalline, diversely oriented alunite cyrstals, These
bands range in width from a fraction of an inch to one inch and are commonly
pigmented with iron oxides (See Flate 2). Some banding is due merely to coler
changes without a change in crystal character and probably is a result of
slight variations in the iron oxide content of the depositing solutions
(Loughlin, 1915). Across some bands the optical contimuity of alunite
arystals and crystal groups is maintained suggesting that the bands are
fillings of fractures that broke across the crystals, Another imterpretation
suggested by Butler and Cale (1912) is that a slight change in conditions
interrupted deposilion or altered the rate of deposition and caused the
formation of diversely oricnted fine-grained alunite instead of the large
crystalse A return to the original condition permitted the lergest crystals
to contimue their growth, while crystallization in part began at new centers,

The coarsely crystalline alunite is pink and translucent, although in
places shades of red and yellow result from iron oxide staining, It is
nearly pure except for some yellowish isotropic material, provably limonite,
that fills fractures and openings between grains, and except for minor
microscopic inclusions in the grains, Although Loughlin (1915) reported
pyrite as a constituemt of the vein alunite, none was seen in":&(irf sampless |/ féi.
Table 1 gives the chemical analysis of a selected sample of the vein type
alunite together with the theoretical composition of the mineral,



A massive, pink-to-whits, fine-grained variety of alunite occurs in
the veins closely associated with the coarsely crystalline type. The
crystals are mostly less than 0,1 mme in length and are diversely oriented.
This fine-grained variety is cut by intersecting veins of coarsely
crystalline alunite, and wvugs and cavities in the fine-grained alunite
are lined with coarse alunite crystals, Large alunite crystals enclose
fine-grained alunite within their borders and ar-ear to have grown at the
expense of the smaller crystals, suggesting that the coarsely crystalline
alunite has resulted from recrystallization of the finely crystalline
variety (See Plate 3).

Veinlets of bluish white clay, which are massive and nearly isotropie
in thin section, cut the alunite veins as well as the enclosing \fall rock
and are therefore later than the vein alunite, This clayhasb‘e;r;‘ reported
by Ce. Se Ross (Callaghan, 1938) as dickite. Xeray diffraction pattm of
blue clay samples from the Land N deposit, collected during this study,
iniicate that the mineral is kaolinite.

vall rock alteration

The latite breccia in the vieinity of the alunite veins is altered to
agrregates of secondary minerals that are not present in the country rock
remote from the veins, The texture of the original unaltered rock is,
however, preserved in some of the most intensely altered phases.
Syrmetrically bordering the alunite veins, three phases of wall rock
alteration have been recognized. In order of their zonal disposition
outward from the vein, they are the intense, moderate and feeble phases,
Rocks of the intense phase are strongly silicified and extend from a few
feet to tens of feet normal to the vein forming a siliceous selvage at
its borders., The moderate and feecble phases represent the zone of argillic



alteration which separates the silicified rock from the country rock,

Most of the mumcrous exploratory trenches and workings do not
contimie far enough normal to the trend of the veins to expose the
argillic zone or show its actual contact with the country rock, However,
at places in the Mineral Products mine where the alunite veins are thin
and sparse, the argillic altered rock is exposed in the walls of the
tunnels At the L and N deposit a bulldozer cut crosses the vein and ex-
poses the entire argillic zone and its comtact with the country rock,

Here the spa;ial relation in the zone of alteration about the alunite veins
is clearly shown,

Detailed petrographic and mineralogic studies on the samples from these
deposits show that the zones are mitually gradational and the phases of
alteration are defined on the basis of the predominance, presence or
absence of certain characteristic minerals, Detailed descriptions of the

altcration phases are given in the following paragraphs,

Oountxjy Rock

The host rock for the alunite veins is a latite brececia which occupies
a position in the lower part of the Bullion Canyon volcanics (Callaghan 1938,
1939). The rock, which is sufficiently remote from the alunite veins to
have escaped mineralization and alteration related to the deposition of the
alunite, shows the effect of an earlier and very widespread alteration,
This earlier alteration, characterized by the formation of chlorite,
sericite, carbomate epidote and guartz, is believed to be a regional
alteration becausc of its wide areal extemt, A sample of the latite breccia
taken near the Mineral Products line is typical of the hosé¢ rock free from
the effects of alteration clearly related to the alunite veins, The rock

is dark purplish gray with porphyritic texture in both fragments and matrix,

iR
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The plagioclase nhenocryshs are as large as 2 rm, and are oligoclases
Sm:11 plagioclase laths in the groundmass average 0.03 rm. Former mafic
minerals, showing amphibole and possibly a few pyroxene cross sections, are
now an aggregate of carbomate, chlorite, magnetite and hematite. Quartz is
abundant and forms nests in the groundmass and phenocryts. Sericite is
found as fibrous grains in the pla-oclase as well as in radiating clusters
in the groundmass. The country rock at the L and N deposit is similar in
these respects although a few grains of epidote (?) are present. {See Plate

5, A and B)c

Feeble Phase

The feeble phase of alteration associated with the alunite veins is
characterized by the presence of nixed lattice illitec-montmorillonite type
clay, minor kaolinite and quartz, and the absence of alunite, This phase
grades into the moderate phase toward the alunite vein and into the country
rock in the opposite direction.

The feeble phase is well illustrated at the 1 and N deposit and in places
in the Mineral Products mine (See Plate 7, A, B and D). The texture of the
latite breccia is well preserved although the minerals have been changede
The groundmass is a highly birefringent fibrous aggregate of mixed lattice
i1lite-montmorillonite clay (See Appendix II). Clay pseudomorps after
plagioclase feldspars are composed of mixed lattice montnorillonite-illite
clay and a c].ayof ‘low birefringence, probably kaolinite, The nixed lattice
clay fringes the outlines of the original feldspar as well as occurring as
single fibres and radiating groups of fibres dispersed in the kaolinite.
Secondary quartg is not abundant but mmerous relict quartz phenocrysts are
found in the rocke The original brown biotite has been bleached and tiny

grains of sphene (or rutile) which have separated from it are aligned in the
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direction of the cleavage. In some samples the biotite is mainly chlorite

fringed with mixed lattice clay. Sericite laths and pyrite are sparsely
distributed in sonmec thin sectionse

Modaerate Phase

The moderate phase of alteration is characterized by the presence of
kaolinite, alunite, secondary quartz and pyrite, The secondary quartz is not
so abundant as in the intense phase of alteration. The moderate phase is
gradational into the intense phase and is spearated on the basis of the
presence of kaolinitees It grades into the intense phase on the sido_tolard
the alunite vein and into the feeble phase in the opposite direction,

Samples from the L and N deposit well illustrate the features of the
moderate phase of alteration (See Piate 8§, D)e The original rock texture
is strikdngly mreserved. The groumdmass, composed largely of Tinely
erystalline quartz, outlines tha shapes of the original plagioclase crystals
which are now composed of kaolinite, quartz and mimute fibrous skeletal
alunite aryvstalse A few fibrous alunitc erystals are secattered also in the
siliceous groundmass. Relict quartz phenocrysts and apatite crystals are
sparsely distributed and show no effect of the alteration. In some seccondary
quartz grains, clusters of a high” birefringent {ibrous mineral, presumably
mixed lattice illitc-montmorillonite clar, are present as inclusionse The
clay nineral clusters were probably isolated by the envelopiig quartz and
are believed to represent relicts of tha feeble phase of alteratione Small
irregular grains of sphene or rutile (?) commonly occur in the feldspar
pseudonorpuse A jolden brown material, abundantly dispersed in the roeck,
is a mixbture of supergene limonite anc ja.rosite(’:") produced by the oxidation

of pyrite once sparsaely discseminated in the rock,
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In the Mineral Products upper tunnel on the west wall 1,220 feet from
the portal, the wall rock is strongly argillized, purplish gray to pale
green, coarse volcanic breccia which is so friable and soft that thin sections
could not be madee Xe-ray and DTA (differertial thermal analysis) results
indicate that it is composed of kaolinite, montmorillonite-illite m:b:ll
lattice clay and quartz. Kaolinite is the most abundant constituent, so
this material probably represcnts the transition between the moderate 2:d
the feeble phasese At this place the alunite vein is only about one foot
in width and sheathed in a thin sileified envelope. T!.@ appearance of the
moderate, feeble phase rock within ten feet of the vein indicates that the
width of the zone of alteration is related incidentally to the thickness of
the vein,

Intense Phase

Adjacent to the alunite veins and as horses within the veins, the
voleanic rock is strongly sileified, alunitized and pyritized. Mosiac
nests of quartz make up most aof the groundmass, Quartz and alunite in the
original phenocrysts preserve the once porphyritic texture. In the most
intensely silecified rock the texture is destroyed or barely preserved by
the difference in grain size af the quartz in the groundmass and in the
ghost phenocrysts (Plate 9). Alunite is commonly presemt as radiating
groups of plumose c.ystals or as ,j reticulated network of long alunite laths,
Some large quartz grains are rounded and ambayed by the groundmass material
in boﬁh the umaltered and silicified latite breccia and are therefore most
likely relicts of the original rocke Tiny residual grains of apatite and zir-
con have also escaped alteration, Pyrite, mostly cubie in habit, forms as
mich as five percent of the rocks In some thin sections tiny, irregular
grains of sphene or rutile (?) are abundant, Abundant silica, together with

the absence of replacement clay minerals, characterize this phase,
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Larger scale features seen in the wall rock are quarts and alunite

veinlcts, The quartz veinlets cut the silicified rock and are in turn cut
by the alunite veinlets (Plate L).

Veinlets and blebs of kaolinite, previously described, cut across the
alunite veinlets and are therefore latar,

Replacement Alunite Deposits

Many features are common among the replacement alunite deposits. The
deposits are extremely irregular in size, shape and grade, but their
mineralogy is similar. They are all (with the possible exception of the _
Shecp Rock depos*.t)%'/fourd in the upper part of the Bullior Canyon volcanics,
In certain respects they differ. Some deposits are characterized by the
doninant presence of the sodic variety of alunite, natrealunite. Some
deposits are replacements of volcanic flows, whereas others are replace-
ments of pyroclasticse

1/ It is believed by Callaghan (personal commnication) that the Sheep Rock °
alunite deposit is a result of the replacement of the Mt. Belkmap rhyolite,
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Localization in volcanies

At the White Horse alunite deposit, described in detail by Willard anmd
Proctor (1946), the alunite bodies are located in biotite quartz latite in
the cores of flow=folds. According to these authors the alunitized cores
represent infolds of the porous vesicrvlar part of the flow, which furnished
troughs of high porosity for the circulation of the mineralizing solutions,
resulting in more complete alunite replacement in these places.

The White Hills deposit, which lies 1-3/h miles to the northeast and
is up=dip from the Vhite Horse deposit, appears to be the result of alunite
replacement of the same biotite latite as well as the overlying tuffs. The
presence of flow folds as a localizing influence is not clearly indicated,
The Outcrop pattern of the more strongly altered rock in the deposit suggests
either irregular alunite replacement or some haphazard contortion of the
layers that were replacede Numerous post-mineral faults have offset the
alunite bodiese

The alunite deposits on the northern flank of the Anteclope Range are
located both in a series of tuff beds and in underlying calcic latite flows.
The tuff series is eit;her weakly alunitized or altered to a suite of minerals
related to the a.luni‘t;"lzation over most of the area of the outcrop. The caleic
latite,on the other hand, is fresh in mosi 5 the e posures remote from the
alunite deposits, but is alunitized and characteristically alternd near
many of the alunite deposits,

The Al Kee Mee alunite deposit is restricted to the calcic latite.

An irregular vein or lens that is roughly flat-lying grades into the alunitiz-
ed and kaolinized latite. The ratio of nmatroalunite to kaolinite is wariable
from place to place in the "vein", The flat-lying character of the "vein"
suggests that it may be a result of the alunitization of a more porous layer
in the latite such as a vesicular zone,



The Mary's Lamb, Yellow Jacket, Hindenburg and Krotki deposits are
located primarily in the tuff series although the latite is also mineralis-
od or alterede The alunitization is evidently localized at the Marys Lamb
deposit in the tuff along the crest of a broad north plunging anticline,
The latite beneath the tuff is strongly altered to mixed lattice illite-
montmorillonite clay and chlorite.

The Krotki, Hindenburg and Yellow Jacket deposits are roughly aligned
in an east-west direction, Along this trend gypsiferous alteration, which
is later than the alunite, occurs sporadically. At both the Yellow Jacket
and Hindenburg deposits the tuff and underlying caleic latite are more
strongly alunitized near this zone suggesting that the deposits are aligned

along fissure zones or solution channels,
Alteration

Alteration zones about the replacement alunite bodios are less clearly
defined than the zones about the alunite veins, The irregular nature of
the replacement zones caused by the apparently preferential replacement in
certain porous horizons and in different lithologies, requires that the
alteration of the different rock types at the replacement deposits be
studied individually. Although the susceptibility to alteration differs
among these rock types, similar mineralogic changes are found between
alunitized amd unalunitized equivalents,

Two phases of alteration are apparent in the alunitized rocks. They
are the moderate phase, which is characterized by the formation of abundant
alunite, kaolinite and quartz, and the feeble phase,which is characterized
by the formation of illite-montmorillonite mixed lattice clay,
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Country Rock

The Bullion Canyon volecanics, that are sufficiently remote from the
replacement alunite bodies to have escaped mineralization by the alunite-
bearing solutions, are characterized by the same type of regional
alteration that is found in the country rock of the vein alunite depositse
As stated previously, this alteration is believed to be earlier and unre-
lated to the alunitiec mineralization, The development of carbonate,
chlorite, sericite and quartz are characteristic,

The blotite quartsz latite at the White Horse deposit has been d escrib-
ed by Willard and Proctor (1946). The latite is strongly porphritic with
closely spaced phenocrysts of andesine and biotite ranging from 1 to 5 mm.
longe The groundmass is largely crystalline but individual crystals are
too small fo be accurately identified in thin sectione Probably the
proundmass is composed mostly of orthoclasc and quartz, Grains of ilmenite,
magnetite and apatite are also presents The effects of the regional
alteration are noticed in the formation of sericite in the plagioclase,
chlorite in the biotite, and the formation of carbonate in irregular-
shaped grains and lath-like pseudomorphs in the groundmass (See Plate 5, D).
The chemical analysis is given in Table 2,

Owing to the widespread alunitization and related alteration in the
tuff series along the northern flank of the Antelope Range, unaltered
samples were not obtained. The eact altered samples of these rocks
reveal that the tuff is thinly bedded to messive. The grain size is very
fine, though some crystal fragments are as much as 3 mm, in width, suggest-
ing that the original material was ash,



The uraltered calcic latite which lies below the tuff series along the
northern flank of the Antelope Range is orphrytic with phenocryts of
andesine, and enhedral to subhedral augite (Sec Plate 5, C). The andesine
crystals are as much as | mm, and the largest augite are 2 mm. in length.
Magnetite and a few grains of apatite are dispersed in the groundmass.
Most of the microcrystalline groundmass has a low index of refraction and
is doubtless rich in orthoclases A few cun;lEorm-shaped grains of quarts
are intergrown with the groundmass material., The only expression of the
regional alteration is the incipient sericitization of the plagioclase
and the formation of highly birefringent fibrous material along cracks in
the augites In some places the calcic latite is notably vesicular, and
radially arranged fibrous growths of low index of refraction, presumbly

zeolite, are in scme of the vesicles,

Fecble Phase

Grading outward from the alunite bodies into the country rock at the
White Horse and White Hills deposits is a less intense zone of alteration
characterized Ly the presence of mixed lattice illite-mntmrilli;e clay
and the absence of alunites The mired lattice clay is present in place
of the original plagioclase phenocrysts as well as in the groundmasse.
Kaolinite and quartz also are found in the feldspar pseudomorphs in various
proportions, depending upon the intensity of alteration. Secondary quarts
also occurs in nests and mosaic=like aggregates in the groundmass,

Biotite may be iresh or may be represented only by concentrations of
leucoxene and rutile, which in some grains are arrangec along crystallo-
graphic directions of the biotite forming a sagenitic structure. ‘
Intermediate stages of biotite alteration are bleaching and hydration,
In the less intensely altered rock of this phase, the magnetite and
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ilmenite are rimmed by hematite, but with increasing intensity and closer
proximity to the alurmite bodies only hematite and leucoxene are found.

In the zone of gradation between rocks of the moderate and the feeble
phases of alieration alunite is incipiently developed in the feldspar
pseudomorphs which are mainly kaolinite with variable amounts of quartg
(See Plate 7, C).

Feeble phase of alteration of the calcic latite at the Yellow Jackst
deposits is similar in most respects to the feehle phase at the White Horse
and White Hills deposits., Specimens were taken in sequence across the east
quarry face from the unaltered calcic latite to its highly alunitized
equivalent, The least ~ltered rock of the feeble phase still contains in
the replaced phenocrysts minor amounts of the original plagioclase., Most
of the plagioclase has altered to the fibrous, highly birefringent, mixed
lattice illite-montmorillonite clay., Some large fibres may be sericites
Low birefringent kaolinite (?) is also found in minor amounts in the
phenocrysts. The mafic minerals have been changed to a highly birefringent
fibrous mass that is light brown in plane light, probably montronite or an
iron rich mixed lattice clay. Nests of quartz and clusters of mixed lattice
clay are scattered in the groundmass most of which is relatively unmaltered,

A sample, thought to represent the feeble phase alteration in the tuff
series, was taken near the Marys Lamb deposit. The rock is light purplish
gray due to disseminated hematite dust, Original laminmations are still
preserved. The rock is microcrystalline but the crystals are too small
to idenmtify accurately (presumably they are quartz and feldspar), Tiny
acicular crystals of a mica-like or fihrous clay mineral are arranged in a
reticulated network in the groundmass. Some larger grains ranging up to
3 mm. in diameter, probably originally feldspar, are now kaolinite, No
trangitions between this type of rock and either the alunitized or
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unaltered equivalents have been established because of the widespread

alteration,

Moderate Phase

Regardless of the type of rock replaced, either latite flows or tuffs,
the most inmtense alunitic alteration produces an aggregate of alunite
kaolinite and quartz with minor hematite and leucoxene. In some deposits
halloysite occurs with the kaolinite. Variations in the proportion eof
these constituents exists from deposit to deposit as well as from place
to place in the same alunite body, The sodium and potassium contents of the
alunite are also variable, the sodium predomimating in some places giving
natroalunite, )

In the more highly alunitized parts of the alunite bodies, the texture
of the replaced country rock is destroyede This strongly alunitized rock
is seen under the microscope to be an aggregate of acicular, bladed or
flat plates of alunite, equant grains of quartz, and interstitial and
irregular masses of kaolinite. !Minor constituents are irregularly dispers-
ed. The grain size is bamly discerzéble with the highest power microscope
objective, Some residual quarts grains and zircon crystals are the only
recognizable remmants of the original rock,

In the less strongly alunitized parts of the alunite bodies in which
kaolinite becomes more abundant, the original rock texture is strikingly
preserveds The geometrical outlines of the original phenocrysts are
visdble from textural or color contrasts between the groundmass minerals
and the minerals occupying the position of the phenocrysts. At the edge
of some phenocryst outlines alunite crystals can be seen projecting into
the kaolinite which is pseudomorphous after the original feldspar. Other
shapes are preserved by contrasts in grain size between the groundmass



apggregate and the mineral or minerals occupying the site of the origimal
phenocrysts (Sec Plate 8, A, B and C). In other specimens the opaque
minerals, leucoxene and hematite are found only in the groundmass and

set off the feldspar outlines which are free from these constituents.
Concentrations of leucoxene and hematite in places outline original biotite

crystalse

Other Mineral Bodies Associated with ilunite Deposits

A conspicuous feature at the Yellow Jacket deposit is a zone characteris-
ed by gypsum which cuts the alunitized tuff and latite. The gypsum crops out
discontinuously along an east-west direction in the saddle in which the alunite
deposit is located.s In the bulldozer cuts at the eastern extremity of the
saddle massive pod-like masses of gypsum occur surrounded by porous, friable,
ccllulor quartz. The siliceous zone fans outward and upward in the highest
exposure of the gypsum zonees In depth the gypsum pods pinch out, but the
porous siliceous zone continues dowrmard as can be seen in the tummel that has
been driven bencath this part of the alunite deposit,

Thin sections from the cellular quartz zsone reveal that the cell walls
are formed by large patchy quartz grains with interstitial, finely gramilar
quartze The large grains have the appearance of growing at the expense of
the smaller onese One section shows tiny alunite laths dispersed in the
finely gramlar quartz and many of the larger quartz patches containing
within their borders small areas composed of alumite needles and finely
gramilar quartze Alunite needles alone are contained in some of the larger
grains, presurebly the result of the associated finer-grained gnarts having
been incorporated into the larger. Another section shows high concentrations

of ver; finely gramlar alunite in the pores of the siliceous rock, although

the rock is still porouss peds and veinlets of porcellansous, extremely
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fine granular alunite are common at the borders of the siliceous sinter

zone and perhaps represent regions of alunite solution and reprecipitation.
At thegjl.g éﬂiﬁg’aepoait, a short distance west of the Yellow Jacket,

gyvpsum mineralization also occurs and is believed {0 be part of the zone

@ F““r":

represented at the Yellow Jacket. Here the gypsum/occurs as anastomosing
veinlets and as a replacement of the alunite in the alunitiszsed tuff,

Strongly silicified tuff and breccia form resistant cappings for the
lmobs and hills surrounding the Yellow Jacket deposit. Iron Peak to the
west and Chalcedony Peak to the east are two of the most prominent
occurrences. The texture of the original rock is commonly preserved by
the finely granular quartz. Porosity is low and the rock is hard and
resistant to weathering,

On the slopes below Iron Peak are the Hindenburg alunite deposit on
the east and the Krotki mines on the west. Both of these deposits, as well
as the Yellow Jacket, show the common features of the occurrence of iron
oxide between the alunitized tuff and the silicified capping. Iron oxide
is so concentrated beneath the capping at Iron Peck that it has been mined
as iron are in the past. This iron axide body has been explored by under-
ground workings, but those bodies present beneath other silicified cappings
are indicated by the color of the soil.



Chemistry of Alteration

Mineralogic changes

The concentric arrangement of the alteration zonss ahoul the
principal channelways of the mineralizing solutions can be explained
in either of two ways: (1) the alteration zoncs represent separate
periods of mineralization with the alteration of each later peried/being)
superimposed on tha more widesprez: alteration of the next earlier; or
(2) the alteration zones represent one contimious period of mineralizae
tion durirns which all ithe zones were formed comtemporaneously as a result
of the rradual change in the naturs of the solution outward from the
sourcee The first method is unduly complicated and depends on a series
of events that fortuitously mroduces the regularity of the zonal pattern
and alteration chemistrr. On the other hand, the second process is
simpler and morc reasonable than the first and seems to be the best
erplanation for the alteration at Marvsvale. Only a single event is
necessary, and the resulting zonal configuration of the wall rock
alteration is that expected o@.jphy:sical and chemiczl basp/s.

This concentrie zonal pattern of alteration, produced by a comtims-
ously flowine hydrotherm:l selution, has been deseribed recently in great
detail by Sales and Meyer (1950). According to their concept, at a
specific point of rcference loczted in the wall rock near the vein,
successive waves or fronts corresponding to the alteration phases are _
developed and recorded with the passare of time during the mineralization,
The differant phases of alterationare thus contemporaneous, and the
frontal attacks of each alteration zone on its next outermost neighbor are
being made at the same time though at successively reater distances from
the chamel, So long as active upward circulation takes place within the



channel and the composition of the solutions at their source does not
greatly change, each zone migrates away from the fissure by growing at
the outer edge ard simultaneously receding at the innermost edge because
of encroachment by the next innermost zone.

Thus to trace the mineral changes fron the umaltered rock through the
increasingly intensec phases of alteration about the alunite bodies and veins
is in effect to determine the paragensis of the minerals, Assuming that
the veins and the inbensely alunitized replacement bodies were channelways
from which the altering solutions spread laterally, the wall rock at any
fixed position near the original chamnelway has previously gone through
the mineralogic changes characteristic of alteration phases of less
imtensity, A study of the mineral changes across the zone of alteration
should therefore furnish valuable information on its history and chemistry
of formation,

In the origimal regionally altered latitie wall rock, upon which
alteration of the feeble phase has been imposed, the carbonate, epidote
and some o the chlorite have been destroyeds The plagioclase (somewhat
seritized) has been replaced by illite-montmorilleoniie mixed layer lattice
cley ard kaolinites The biotite has become bleached and has lost its
pleochroism, probably a progression toward illite.

In the zonc of moderate phasc alteration the rocks of the feeble phase
have been changed to an aggregate of kaolinite, alunite and quarts. The
mixed-layer lattice illite-montmorillonite clay in the original feldspars
phenocrysts has becn replaced by kaolinite, alunite and quartaz. Only
streaks of leucoxenc and rutile mark the site of the once present biotite,
Chlorite has been destroyed.

The more intense alteration produces a highly silicified and alunitized
rock at the expense of the kaolinite,
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Gains and losses of constituents

Unfortunately at the time of this writing complete analytical data
and bulk and powder densities are not available for precise quantitative
treatment of the gains and losses of constituents in the alteration zones,
However, with the few analyses on hand and with a knowledge of the
mineralogy of the altered rock, a qualitative interpretation can be made.
Table 1 gives the amalyses of the vein alunite, the silicified and alunitized
rock next to the vein (intense phase), and the country rock sufficiently remote
from the vein to be free from the effects of the alteration associated with
the alunitee.

Similarly, Table 2 shows the analyses of alunitized and argilliszed
latite and latite country rock at the White Horse replacement alunite
deposit,

Differences in porosity among analyzed rocks reduce the preciseness
with which the oxide percentages can be compared, The following general-
izations are made with this reservation in mind, A comparision of the
510, and A1.203 in Table 1 shows that these percentages have not appreciably
changed between intensely altered and the original regionally altered latite
breccia at the vein depesitse Mg0, Ca0, Rap0, CO, have been nearly completely
eliminated from the intensely altered rock, and K,0, Hy0 and S03 have been
added, Some Fe is fixed as FeS, though certainly a large decrease in iron
is showne DBecause of the small percentage of the other oxides, comparisons
cannot be safely mades

Although no analyses are available for the feeble and intermediate
phases of altered rock for the vein type deposits, the minerals provide an
indication of the chemical composition.

In the feeble phase the large amount of illite-momtmorillonite mixed
lattice clay suggests an increase in Kp0 and 320. Small amoumts of MgO,



TABIE I
Vein Alunite and Wall Rock Analyses

(a) (b) (¢)

Hosé¢ Intense Vein Theoretical

Rock Phase Alunite Alunite
Si02 5783 60.15 022 -
Al703 13,34 12,82 37.18 36.92
Fe203 7e21 07 trace
figoo 1.% : oli3

0 o race

Nag 2% 5 33
Na20 ol 50 .
K20 1,08 3475 10.45 11,37
Hzo- 02)-‘ .m 009
Ho0+ 95 Le93 12,90 13.05
TiOo 96 62
2502 01 trace
Co2 Le73 trace
S8 - 12°75 38°§ﬁ 38,66
. 3 O @ e .
Cr203 mngé none
MnO . none
BaO «10 <03
FeSg .19

EB.!§ * o Ealm mom

(a) latite (?) breccia on trail 1,200 feet west of Mineral Productas
mine, H. E. Stevens,Analyst.

(b) Silicified, alunitized and pyritized latite breccia from
Mineral Products main tunnel., R. E. Stevens, Analyst,

(c) Vein alunite from Mineral Products property. W. T. Shaller,
Analyst.
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Ca0, FeO-Fep0y and Nap0 undoubtedly are contained in the mixed lattice clay,

chlorite and bleached biotite, but the quantity of the oxides should be
greatly reduced from that of the origimal latite. S5i0O, released in the
replacement of the feldspar by the mixed lattice clay and kaolinite is
thought to be represcented by some of the secondary quartz in the groundmass
and replaced phenocrysts, and may maintain a silica-content close to that
in unreplaced rock. The clays have a greater A1203 content than has the
plagioclase, so this percentage is expected tc remain at a high level,
Sulfur has been added to form pyrite.

The necarly complete loss of Ca0 and Mg0 is to be expected in the
moderate phase rockse Iron is fixed as hematite and pyrite, and a little
Nao0 may be present in the alunite. The A1203 content may remain at about
the same level as in the feeble phasej that released by the destruction of
the mixed lattice clay being taken up by kaolinite and alunite. The presence
of the alunite necessarily indicates an increase in 803. Some 510, releas-
ed in the destruction of the mixed lattice clay may be expressed by the
increase in groundmass quartz,

The alunite veins, because of their banded and vuggy nature, their
purity, their coarse crystallinity and their clearly defined walls are
considered to be fissure fillings. The solutions that ascended along
these fissures necessarily were rich in SO3 ’ A1203 and K50, the constituents
of alunite, The solutions which migrated laterally from the fissures were
capable of adding these constituents to the wall rock, and deficiencies in
K50 and A]?(}l ;-and possibly 8102 in the alteration zones could have been
made up from the solutions, VWhether or not oxides, that are common among
the alteration minerals, were added, subtracted or recombined can only be

determined by precise sampling and calculating of analytical data,
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At the White Horse replacement deposit (Table 2) A1203 and K,0 remain
roughly constamt in the umaltered biotite latite and feeble and moderate
phase altered latite. Sio2 is reduced in th. moderate phase because it
is displaced by the large quantity of alunite, MgO and Ca0 have been
subtracted from the altered rock and Nay0 and iron oxide markedly reduc-
eds Only 303 and H20 have been added to the altered rock in appreciable

quantitiese

Nature of Solutions

Perhaps knowledge of the mature of the mineralizing solutions that
formed the Marysvale alunite deposits and the associated rock alteration
can be gained from the examination of synthesis and experimental data on
minerals which occur in the alteration zonese Minerals of particular
interest in this regard arc illite, montmorillonite, kaolinite, alunite,
chlorite and carbonate,

The work of Noll (Grim, 1953) has shown that kaolinite can form in
both acid and alkaline solutions. At temperatures below 300°C. in
alkaline solutions in which all of the constituents of montmorillonite
ware present but in which the proportions of the alkalies and alkaline
earths were less than the stoichiometric values, both momtmorillonite
and kaolinite were formed, In acid solutions at 300°C. only kaolinite
was formed regardless of moderate variations in the proportions of K20,
A1203 and 3502.

Cruner (1929, 19LL) has shown that muscovite (sericite) can form in
acid solutions from feldspars above 350°¢c. provided that K and Al are in
sufficient concentration. Below 350°C. kaolinite forms if Si:Al is about 1l:l.
Pyrophyllite is the stable form in acid solutions above 350°C. if the K ien

concentration is low. In the presence of excess K ions kaolinite is



TABLE 2
(a)
Analyses from the White Horse Replacement Alunite Deposit
(b) (¢) (d)

Unaltered Feeble Moderate

latite Phase Phase
Si0o 6047 64,72 47.88
Al203 19429 17.59 20,33
F6203 1.27 1,70 97
FeO 393
Mg0 1.54
Ca0 2 028
Nao0 3.2L 343 «10
K20 Sell 589 LeS9
920- .llh o9h .10
HZO’ 061 h 067 6 . 82
Ti0p «56 1.3L 62
hod 5

2 0

80(3)5 none 037 19 060
MnO 030

§§.53 150,85 01,01

(a) Wwillard and Proctor (1946).

(b) Fresh latite on "old road" at south end of White
Horse deposit, Cyrus Feldman, Analyst.

(e) Altered latite between alunite lenses on east side
of north ore body. Cyrus Feldman, Analyst.

(d) Alunitized latite near south end of north ore body,
Cyrus Feldman, Analyst,
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converted to muscovite in acid solutions above 350°C. Muscovite can also

form in slightly basic solutions at lower temperaturese

Laboratory experiments on the synthesis of alunite (Leonard 1927)
show that alunite can be produced in acid solutions. In the writer's
experinents with synthetic alunite the pH of the alunite forming solution
ranged from 3¢5 to 1le5 during the course of alunite precipitation.

Carbonates and chlorites are decomposed by acids, although resistance
to slightly acid solutions is conceivable. The reaction, CaC03 + 2HC1 —p
CaCl, + H2003 can proceed to the left if the pressure of COs is sufficiemt-
1y high (CGruner 19Lk). Chlerite resists decomposition in cold, weak acids
but readily decomposes in warm, strong acids.

The environmental conditions favoring the formation of illite and
illite-momtmorillonite nixed lgyer clays are little known at the present
time. BParshad (1950) has shown thet an illite=like mineral is formed
from montmorillonite by the substitution of K ions for all exchangeable
cationse The sanme author suggests that expandirng lattice clay reported
to be ascociated with the "hydrous mica™ is not necessarily montmorillonite
as such, but is probably the result of alteration of mica by replacement
of XK with Ca, ¥g and H ions. Tnmasmch as the basie erystal structure is
similar for micas, hydrous micas and montmorillonoids, the availability
of exchangealtle cationz and the little known chemical nature of the cation
containing solution appear to be the sensitive factors that determine
which mice-like mineral is formed,

A recasomble conception of the nature of the hydrothermal solutions
can be gained by the application of the above experimental data to the
alteration minerals associated with the alunite deposits, In the feeble
phase of alteration the formation of kaolinite together with the
destruction of the carbomate of the original wall rock suggest that the
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responsible solutions were acid and that the resultant minerals fora-
ed below 350°C. The survival of some of the chlorite supgpests that
the solutions were not strongly acid.

The nrescnce of illite and illite-montmorillonite mixed layer
clays provide little conclusive information on the nmature of the
enviromental comditions. It is even possible that the layers of
montmorillonite randomly stratified with i1lite have been produced by
the leaching of illite layers and the exchange of cations through the
agency of later rround water circulation,

The solutions formin- the moderate and intense phase minerals are
interpreted to have been nore strongly acid than those responsible for
the feeble phase alteration. The formgtion of alunite and the increased
proportion of kaclinite ati the expense of the illiteemonimorillonite
mixed lattica clay and chlorite are the basas for this deduction.

The ninerals o) the alteration phases indicatc the progressive
increase in acidity ol the solutions towards the chamelway, Tho same
conclusion is reached if the reaction between the volcanic rock and aecid
solutions is considerede Imsmch as feldspathic rocks are alkaline in
reaction, acid solutions should be neutralized at some distance from the
channelway of the solutions. Conceivably, a pil gredient wovld then be
established from the fringe of solution penetration to the channelway,
the pli decreasing in this directione Of course the mature of the solutions
flowing in the channelway is assumed to have remained consistently acid,

Sdles and Meyer (1950) report a suite of minerals of alkaline affine
ities in the fringe zone of alteration, and they supggest that the advance
ing front of the altaering solution was alkaline, The assemblage of
chlorite, epidote, sericite and carbonate develcped in the Bullion Cmyon
volcanics is similar to the alkaline suites of these authors, so that if
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a later alkaline suite of minerals were present they could not be

distinguished.s In the alunitized and silicified wall rock of the veins
(intense phase) shattered quartz veinlets are cross=-cut by alunite
veinlets and are clearly the oldest structures in the altered rock (See
Plate 4)e The possibility exists that these quartz veinlets represent
relicts of an carlier alkalinec phase of alteration although all traces
of minerals which may have been associated with the quartz have been
obliterated by the cuperimposed alunitic imineralizatione

In sumwmry, the foreroing data on the synthesis and stability
relations of the alteration minerals suggest that the solution in the
region of the feeble phase alteration was weakly acid, and its acidity
increascd proszressively through the moderate and intense phases.s In
tiue fissure in which the vein alunite was deposited the solution is con=
sidered to have been the most acid, and in addition to silica, the
solution wac rich in all of tlic constituents of alunite. The termperature

was probahly helow 350°C.



Origin of Alunite

Vein deposits

The vein deposits are pictured as having been formed from hydro-
thermal solutions that ascended along fissure zones, The sharply-
defined walls, the banded and comb structure and vuggy nature of the
alunite indicate that the wveins are fissure fillings,.

A possibility exists that the ground was prepared for later alunite
deposition by the earliest solutions that ascended along fractures at
the site of the present alunite veins, These solutions deposited quartz
and doubtless silicified the volecanic country rock to some degree. All
evidence of this earlier mineralization is obliterated by the later
alunitic alteration, except for dismembered cherty quartz veinlets
vhich are displaced by alunite veinlets in the silicified and alunitiz-
ed wall rock. The early silicification may have rendered the tuff
sufficiently brittle along the fracture zones to promote the formation
of open fissurese Periodic opening and fracturing of the rock in the
fissure zone is evidenced by the complex cross=cutting nature of the
2lunite veinlets and the stockwork-like structure of the vein system.

The symmetrical zoning of alteration minerals is interpreted as
representing one contimous period of mineralization during which all
zones were formed contemporaneously as a result of the gradual change
in the chemical and physical nature of the solution outward from the
channelway. As long as the solution contimed to flow in the channel-
way, the fringe of solution penetration continued to advance outward,
and consequently so did each reacting front of the alteration phases.

Stability relations and envirommental conditions of formation of

the alteration minerals afford information on the mature of the
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mineralizing solution. At the outer edge of the alteration hale (feeble
phase) tha solution was only slightly acid, a fact evidenced by the
destruction of carbonate and by the preservation of some of the chlorite,
The increased abundance of kaolinite and alunitec and thed estruction of
chlorite and mixed lattice clay indicate that toward the vein the
solution was progressively more strongly acide The temperature of for-
mﬂiovn" waslbeio:~3§0°&. because kaolinite instead of muscovite or
pyrophyllite was formed in the acid solution,

The nineralizing solution was rich in K50, 41503 and 503, and
probably contained H2S and Si0p. Other constituents in the solution
are not clearly recorded. 503 and Kp0 of the altered wall rock are in
excess of the proportions originally presemt in the unaltered rock and
therefores were derived in part from the solution., The amount of vein
alunite requires that large cuantities of Aly03, SO3 and K0 were intro-
duced by the colution at the level of deposition. The presence of HoS
is suggested by the formation of minor amounts of pyrite presumably
produced by the reaction between iron oxide released from mafic
silicates and HpS. Whether or not the constituents in the solution were
derived in part Irom the underlying shale of pre-Tertiary formations is
not known,

Af%er the deposition of alunite minor fracturing occurred in the
veins and wall rock. These fractures were filled with kaolinite, the

final phase of the acid mineralizations
Replacement deposits

The replacement alunite deposits are also believed to have been formed
by hydrothermal solutions. The circumferential distribution of the deposits

about the quartz monzonite intrusion sugrests a genetic relation with the
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intrusive. However, the size, shape and grade of the deposits, the general
restriction of the deposits to originally porous horizons and the structures
that control the sites of replacement suggest that the details of origin are
different from those of the vein deposits.

The hydrothermal solutions are believed to have either ascended along
fractures from the magmatic source to the tuffs or to vesicular zones,
where they spread laterally and caused the widespread alunitization, or
migrated directly intc the porous horizons st their contact with the
intrusion. Evidence that fissure zones intersected the tuff and furnished
channelways for solutions is found in the calcic latite flow at the Yellow
Jacket deposit, This flow is characteristically altered along an east-west
zone in which gypsum and siliceous sinter also are found., The overlying
tuff is most strongly alunitized near the zone which suggests that the
solutions entered the tuff at this place,

The lateral flow of solutions in the porous horizons may have been
effectively directed by such structures as flowage folds or zones of high
permeability. More intense mineralization was caused in these places,

The feeble and moderate phases of alteration of the replacement
deposits are similar in most respects to the corresponding phases of
alteration in the vein deposits, and consequently the chemistry of the
solutions is also similar., Chemical analyses indicate, however, that 503
and Hp0 are the only constituents that were necessarily added to the
unaltered rock to form the deposits,

The mineralization of the replacement deposits is believed to have
taken place closer to the surface than the mineralization of the alunite
veins., The much finer grained nature of the alunite in the replacement
deposits suggests lower temperature and pressure during formation, a

condition attainable nearer the surface,



Discussion of previous hypotheses

A review of the hypotheses for the origin of alunite as well as
alunite occurrences are given by Ransome (1909), Butler and Gale (1912)
and Knizek and Fetter (1950). Ransome, who has discussed the origin in
greatest detail, considers three possible modes of formation: (1) the
direct volcanic hypotheses, (2) the hypotheses of formation resulting
from oxidation of pyrite and (3) the hypotheses of simultaneous
solfatarism and oxidation. These hypothese. are mainly concerned with
the origin of the sulfate in the solution, and are so broad in their
coverage of origin that their application is apt to be misleading. It
therefore seems advisable to define these hypotheses and discuss their
application to the Marysvale deposits in light of the data that has been
produced in this study.

The direct volcanic hypothesis admits the formation of alunite from
solutions of volcanic origin which are charged with sulfuric¢ acid and
are directly evolved from the magma chamber. This hypothesis of origin
is applied to the alunite veins at Marysvale, Utah, by Butler and Gale
(1912) who meke the reservation that the Al,03 and K0 may have been in
part derived fron the walls of the fissure at greater depth. A later
report by Loughlin (1915) is in agreement with these conclusions,
Callaghan (1938) suggests that the constituents of alunite were entirely
derived from a magmatic source,

The oxidation of pyrite or the supergene hypothesis for ithe formaiion
of alunite is maintained for the origin at the type locality, lount Tolfa,
Italy, by Delaunay (in Ransome 1909) and for the deposits of alunite in
the oxidized zone at Cripple Creek, Colorado (Ransome, 1909). The
oxidation of pyrite produces sulfuric acid solutions which percolate downe

ward and react with the feldspathic rock constituents to form alunite,
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Many workers do not believe that acid sulfate solutions directly evolve
from the magma source; therefore, mechanisms have been conceived for the
production of such solutions at the site of alunite deposition. The
hypotheses of simultaneous solfatarism and oxidation was proposed to
explain the origin of the alunite and associated metallic ores at Golde-
field, Nevada. Conserning this hypotheses, Ransome postulates,

", ..othat the ore constituents were brought up in hot solutions
charged with hydrogen sulfide, a little carbon dioxide, and
probably some alkali sulfides; that the hydrogen sulfide was
oxidized at or near the surface to sulfuric acid, which perco-
lated down through the warm rocks to mingle with uprising
currents carrying sulphydric acid; and that the precipitation
of the richest ores took place in the zone where two kinds of
solutions mingled and as a consequence of such mingling,"

A means of producing sulfuric acid in the absence of atmospheric
oxygen from alkaline solutions bearing sulfur or sulfur coqpounds was
proposed by Butler (1919). The process requires the attaqﬁiof sulfur on
ferric compounds oxidizing the sulfur to form sulfuric acid with water
of the solution and reducing the iron to the ferrous state,

Graton (1936) proposed another process whereby the originally
alkaline hydrothermal solutions can be converted later to a sulfuric acid
solution, This hypothesis is based on the reaction

LHx0 + LS = 3HpS + H,S0)
which proceeds to the right under suitable pressurse-temperature relation-
ships. The ox,gen for such a reaction is furnished by the hydrothermal
water, presumably oxidizing the sulfur to SO3 which forms sulfuric acid.
According to Graton this reaction would operate effectively to produce a
HpS bearing sulfuric acid solution if the normal pressure-temperature
relationships in the hydrothermal system were altered by the reduction
of pressure or the increase in temperature, iHe maintains that these
conditions were obtained in the veins at Cerro de Pasco by the pre-

heating of the countiry rock and by the abrupt reopening of fissures,



The hypothesis of origin from oxidation of pyrite in both vein and
replacement deposits can be eliminated from consideration, As previously
pointed out by Butler and Gale (1912) and confirmed in the present study,
no evidence is found to indicate the former presence of pyrite in
suffickent quantities to account for the great volumes of alunite and
alunitized wall rock. Furthermore, fresh pyrite is found in the
alunitized rock,

The simultareous solfatarism and oxidation Kypothesis is not applicable
to the vein deposits. Diffusion of the sulfate solutions in the ground-
water and precipitation of alunite in the zone of mixing between oxyg .~+ed
groundwater and rising HoS bearing solutions cannot be pictured as forming
the features characteristic of the alunite veins, The veins are sharply
defined with banded and comb structure and crop out over a vertical range
of 2,000 feet,

The replacement bodies, however, are irregular in shape and are
confined to originally porous horizons in the wvolcanics. If the now
alunitized horizons were at the level of active meteoric sater circulation
at the time of mineralization, oxidation of sulfur compounds introduced at
this level would likely result in an acid sulfate solution, On the other
hand, if the ascending solutions were in an acid sulfate condition prior
to their arrival at the groundwater level, their miming with oxygenated
water would probably produce an acid solution little different from the
one derived from oxidation,

In a recent report, Steiner (1953) shows that tuffaceous and
arenaceous rocks at Wairakei, New Zealand, are characterized by four
alteration zones which decrease in alteration intensity from the surface
downward., The uppermost zone contains alunite, kaolinite and opal which

are believed to have been formed by sulfuric acid generated by the
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oxidation of rising HpS vapors Ly the descending oxygenated meteoric
waters, HZS is presently escaping from the ground and sulfur is being
deposited at the surface. This present day occurrence indicates that
oxidation of HpS bearing solutions by groundwater is a valid process in
alunite formation. Although the method is feasible for the formation
of the Marysvale replacement deposits, no proof exists that it was the
responsible processe

vWhether the solutions which formed the vein deposits were acid or
alkaline at their iaception cannot directly be proved. The information
at hand suggests that the solutions were acid at least at the level of
observation cduring the course of wall rock alteration and alunite
depositione

If the theory that the solutions were originally alkaline is
entertained, a mechanism, such as that proposed by Butler or Graton,
must have been cffective to produce sulfuric acid sclutions in the
hydrothermal system of the veins at the level of alunite deposition.
Yinerals containing ferrous iron have not been observed in sufficient
quantities to‘ﬁroducclthe required amount of sulfuric acid by the
putler method. However, inasmuch as the reaction proposed by Graton
derives 211 of its constituents from within the hydrothermal fluid,
it could have conceivably heen effective in produeing the acid solutions,

If the solntions which ascended snlong the alunite=bearing part of
the fissures had been originally alkaline and then later changed to acid,
a record of this change should be precorded in the wall rock alteration
bordering the veins, It is possible that the dismembered quartz veinlets
in the alunitized and silicified wall rock of the alunite veins is a
relict of an earlier alkaline phase of alteration, The superimposed

alunitic alteration, however, masks any evidence of the co-existence of

other minerals with the quartz, so that no proof of alkaline alteration exists,
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In conclusion, it may be stated that data gathered in this study
indicateg that acid sulfate~-bearing solutions were effective in produc-
ing both the vein and rcplacement alunite deposits, The data do not
justify conclusions as to the nature of the solutions beyond the level
of observation and zlunite deposition, However, for the sake of
simplicity and in the absence of amy proof to indicate otherwise,
sulfate=bearing mineralizing solutions are considered in this study

to have ascendea from a magmatic source in an aecid condition,



Plate 1, == VEIN ALUNITE

Block from open cut on ridge above Mineral Products
mine. Mottled pinkish very fine-grained alunite with
vuggy veinlets of coarsely crystalline alunite (dark)e.
Natural size,
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Plate 2, == VEIN ALUNITE

Typical band of crystalline alunite from vein on
main working level of Mineral Products minc. The banding
is parallel to the walls of the vein, but the plumose
crystals are normal tc the banding, Small spots of very
fine-grained pinkish alunite appecar at the margins of the
band, A single vein may be composed of one or a great
many of such bands, HNatural size,
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Plate 3, == VEIN ALUNITE

Block from vein in Mineral Products mine showing
mottled very fine-grained alunite veined by coarse
crystalline alunite. HNatural sise,
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Flate le — SILICIFIED AND ALUNITIZED
VOLCGANIC ROCK VEINED BY QUARTZ AMD ALUNITE

Block from upper tumnel of Mineral Products mine.
Silicified and alunitized voleanic rock (dark) with
quartz veins (slightly lighter) are shattered and in-
vaded by crystalline alunite (light). Alunite veins
(banded) have been further f{ractured and healed by
still later alunite which tends to be more wuggye.

Natural sizee
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Plate 5, =-- HOST ROCKS OF THE ALUNITE DEPOSITS

A. latite breccia at the L and N deposit.
Oligoclase crystal in the upper left-hand corner contains
abundant sericite (white). Aggregate in center consists
of chlorite (gray) and carbomate %\a:hito) which border
altered biotite lath. Crossed nicols, X 80,

Be Latite breccis from near the Mineral Products
mine. Sericitized oligoclase crystal in center is
bordered and replaced in part by carbomate (light gray
mottled). Note quartz mosaic left of center. Crossed
nicols, X 80

Ce Fresh calcic latite from the Yellow Jacket
deposite Crystals of high reliefl are augite, and
large white erystals are andesince Chlorite (?)
bordars large augite grain in center of photograph,
Plane polarized light, X 70.

De Leact altered porphyritic latite from the Vhite
orse deposite Large phenocrysts are sericitized
oligoclasee In center of photograph magnetite grain
is surrounded by carbomate (light). Some rather large
areas of groundmass quartz arc in optical conmtimity.
Crossed nicols, X 15.



53

PIATE 5



Plate 6, -- HOST ROCKS OF THE ALUNITE DEPOSITS

Aes Fresh porphyritic latite from near the White
Hills deposit, Pleochroic brown biotite is surround-
ed by weakly sericitized plagioclase. Aggregate in
centar of photograph is carbonate encircled by laths
of epidote., GCroundmass is microcrystalline aggregate
of g\'mrts and orthoclase. Flane polarized light,

X 256

Be Same as A with crossed nicols, Note the
large areas of groundmass quartz in optical contimity,






Plate 7+ == FEEBLE PHASE ALTERATION

A. Altered latite breccia from the L amd K
deposit, Light areas are original plagioclase crystals
now replaced by kaolinite (light) and illite-montmorilionite
mixed lattice clay (slightly darker). Lath-shaped crystal
in upper center is altered biotite, and opaque areas are
lecucoxene, Plane polarized light, X 70.

Be Same as A with crossed nicols., Filrous highly
birefringent material (white) is illite-montmorillonite
mixed lattice clay °

Ce Altered phenocryst in porphyritic latite from
the 'hite Horse deposit, Left~hand quarter of crystal
(light gray) is illite-montmorillonite mixed lattice
clay. Kaolinite (irrepular patches of darker gray) and
quartz (white and gray) comprise the remainder, Crossed
nicols, X 30,

De Altered latite breccia from Mineral Products
mine, Relict phenocryst in centar of photograph is
composed of quartz (light gray) and veinlets and
patches of illite-montmorillonite mixed lattice clay
(white mottling). The groundmass consists of kaolinite
(dark gray) and illite-montmorillonite mixed lattioce
clay (white mottling) with diseminated quarts. Crossed
nicols, { 70
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Plate 8, == MODERATE PHASE ALTERATION

A. Alunitized and kaolinised calcic latite from
the Yellow Jacket deposite Original plagioclase (?)
phenocrysts now replaced by kmolinite (gray) and
alumitc (white). Plane polarized light, X 80,

Be Same as A with crossed niecols. Note the
distribution of the alunite (vhite) within and border-

ing the relict crystals,

Ce Alterad latite from the White Horse deposit,
Crains of high relief are alunite, Groundmass is
composed of microcrystalline kaolinite and quarts.
Plane polarised light, X 80,

D. Alunitized, kaolinized ami silicifiod latite
breccia fiom the L and N deposit. Altered phemocryst
or breccia fragment in center of photograph is compos-
ed of kaolinite (dark) with scatteroed irregular and
acicular crystals of alunite (white). Note that many
of the alunite s have hollow centers (now £ill-
ed with kaolinite), Large white grains at bottom are
quartz. The groundmass (mottled) is mostly fine-grained
quartz with a 1little kaolinite. Crossed niocols, X 80.
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Plate 9¢ == INTENSE PHASE ALTERATION

Ae Silicified and alunitized latite breceia from
the minersl products mine, Light polygoml areas were

ariginally plagioclase crystals

1y replaced by alunite, Grounimass (darker) is fine-
grained quartsz.  Black crystal at left is pyrite. Flame
polarized light, X 80,

Be Same as A with crossed nicols, MNote plagio-
clase erystal farms preserved by aggregates of bladed
alunite crystals,
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NATURE OF ALUNITE

Pmical Pmr‘ties and Cg'gta]. Stggctm‘c

. The physieal properties of alunite, (x.n-)n,(soh).‘,(on)s, summarised
from Palache et. al. (1951) are given in Table 3,
The crystal structure of alunite has been determined by Hendricks

(1937) who assigned the mineral to the space growp Cqvo-idm. Pabet
(1947) however says that alunite may be considered to be in the space
groupD3d5-a§nbecanseacentorofq~tryis evidenced by the
centrosymmetrical disposition of the atoms in the structure about the

potassium,
Concarning the distribution of the ioms and atoms, Hendricks (1937,

p. 780) 'u“'

".escloctrostatic requiremsnts are well satisfied. Am Al¥3 iom
is at the maximum possible distance, permitted by the crystal symmetry,
n%mmaramuuqtmmmmumm-
S*° that still permits an A1'> to exygen of 50j; distance of ea. 2.0 £,
Alumimm has the expected coordination mumber, six, being swrounded
at the cormers of an approximately regular octahedrom by fewr OH
groups and two exygen atoms of SO) == ions. The coordinstion mumber
of potassiunm is twelve there being six oxygen atoms at 2,80 R ani six
hydraxyl groups at 2.85 £.

Sulfate wgcn atons on trigonal ares are surrounded by thr
OH- groups at 2,52 £, the error being possibly as great as 0,15 X.
It would seem that ths hydrogen atoms must be so plasec as to give
hydromyébindingtothuewgennmdmemmm.m
than S them closely. Rydmlg;wpsmnw: 2 A
at 20&1 . lat2.58 ’1 ?at2.52 ,2men at 2.65,,
two othar hydroxyl groups at 2.5 and two other hydroxl groups
at 2,68 R, These distances are near the expected values,®

Figure L is a perspective drawing of the atoms immediately surrounde
ing the potassium iom,



TABIE 3

Physical Properties of Alunite and Natroalunite

Cleavage ccceo (0001) distinet, (01!2) in traces
Fractures ..... ¢rystal -- gonshoidal, dense masses ~- splintery

Hardness cecee 3‘ -

M Grl'iﬁ’ XXX Y 206 - 209

lastre sceee Vitreous, somewhat pearly on (m)

Color esees White, grayish, yellowish, reddish and reddish brown;
transperent to semi-translucent

Streak esecee White

Other seeee Strongly pyroelectric

Op‘ucll Prop!'ﬂ.ﬂ! esese COlorless in transmitted hght, unaxial
positive; n.= 1,592, n= 1.572,
n, -n,= 0,02 (alunite); n -n,= 0,01, n = 1,585
(natroalunite) (Larson and Berman)j
Bladed and acicular cyrstals are length fast,

TABIE )

Data on the Synthesis of Alunite

Calculsted (a)

Sample K250,  NapsO, A1p(S0y)3* B0 Time K #e
— 18 H0

S=1 ,000g 0O, Le 10ml 2 100% o
5o chiE BT %
S=3 «600 M50 L4000 150 2 S0 S0
S=l «500 «700 4,000 150 2 37 63
Se5 «200 1,000  4.000 150 2 3/ 1N 86
86 JA50 1,500 6,000 200 L 7 93
Sa7 0,000 1,500 6,000 200 L o 100

(a) Computed relative atomic percentages of potassium and

sodiva in solution,



(0

Fhe ~arronndings of potassium (lieee black circles), aluminam (small hlack
vircles)s e onyson a2 Patassiume s oat the indicated distances from siv onygen
atomis of SOy wroups (marhed ) and siv hydrosy ] groups (marched 5).

N

Figure Le.=--Perspective drawing of alunite crystal structure from
Hendricks (1937, p. 762)



Isomorphous Substitution

Many iomic substitutions are theoretically possible in the alunite
serioo.q The substitution of sodium for potassium is commonly recog-
nised and it is likely that phosphorous substitutes for sulfur. As
much as 0,58 percent POy is found in the purest alunite from the
Marysvale region (Callaghan 1938, p. 120), but neither its presence
as a phosphate mineral impurity ner its presence as a constituent
in the alunite structure has been definitely established, According
to Hendricks (1937) it mey be possible for silicon to replace some
of the aluminum atoms if at the same time the electrostatic balance
is maintained by the substitution of calcium for potassium. Another
possible substitution is suggested by the similarity in iemic radius
and charge between trivalent iron and aluminum which would form a
transition between the alunite and Jarosite series. Such a mincral
intermediate in composition between alunite and jarosite is described
by Palache et. al. (1951, p. 561).

Here the prineipal interest is focused upon the alunits-natroalunite
relationship because of the significant quantities of both in the Marys-
vale region. The relation between the crystal structurse and the chemiecal
composition and the completeness of ionic substitution of sodium for
potassium are problems which have been investigated by the x-ray study of
both mineral and synthetic alunites,

I7 The alunite sories Includes alunite in which Uhe content of potassium

exceeds sodium, and natroalunite in which the quantity of sodium is
__greater than potassium (Palache et. al. 1951). /
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Synthetic alunite series

Synthetic alunite and natroalunite were prepared in the laboratery
to permit a wide range in composition in samples for study and to allow
the chemical reactions involved in their precipitation to be applied to
the interpretation of the formation of the naturally eccurring minerals,

The technique of alunite synthesis used in this study was patterned
with certain modifications after that of Leonard (1927). Reagent grade
K2S0), and Nazsoh were combined so that the ratio of K to Na was the same
as that desired in the alunite product. The potassium and sodium sule
fates were added to three times as much as A15(S0))4418 Hy0 with an
additional 20-30% excess of A1(S0))3.18H0 added to promote complete
reaction of the sodium and potassium ions. The salts were then dissolved
in 150 to 200 ml, of distilled water and allowed to boil 2 to L days at
atmospheric pressure. A reflux condemser was comnectzd to the flask in
order to maintain the boiling solution at a constant level., Data on the
particular samples synthesized in the study are given in Table L. The
precipitate was washed, and separated by decanting and cemtrifuging.

The sulfates which were dissolved in 200 ml, of distilled water
registered a pH of 3.0«3.5, but after the precipitation of alunite the
pl of the solutim was lowered to 1,5=2.0,

Chemical analyses of the synthetic alunite samples are givem in

Table 5 A comparison of the rclative potassium-sodium atomic percentages,

calculated from the stoichiometric proportions of the ingredients in the
original) solution (Table L), and these percentages, computed from the
chemical analyses of the alunite precipitates (Table 5), shows that the
final alunite product does not have the same composition as the solutiom
from which it crystallized. All of the samples intermediate in
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TABIE S

Chemical Analyses of the Synthetic Alunite Samples

~Sa1 S=2 S-3 s S5 53 3T

K20 979 9e31 9400 8478 7633 5.70 A1

Na0 12 7 58 o75 1.64 2.74 6.03

A1203 32,1 32,8 32,6 33.7 34.0 3.7 3646
392 38,9 38.6 38,6 383 3942 40.0

S03 E

M(a) mm.oo lg;g.m? %o% 13518.30 mleog %1 066& &1 ow%
K (b) 98 93 91 83 75 58 1
Na(b) 2 7 9 1 25 42 99

(a) Rem, includes Hp0-, Ho0® and impurities, computed by difference,

(b) Relative percentages of alkali in the alunite formula computed
from chemical analyses, the total alkalies having been sumed
to 100 percent.

Samples are the same as in Table ).

TABLE 6

Theoretical Composition of Alunite,
Natroalunite, and (330)n3(soh)2(0a)6

Thunits VatroaTanite — (H0)AL3(S0.)2(0H)Z
K20 ]-1035 - -
&20 - 79 -
303 38065 ho «20 h°o61

HoD 13,00 13.56 20,56




oomposition between the potassic and sodic end members crystalliszed
richer in potassium, and beth potassic and sodic end members crystall-
ized with minor amounts of sodium and potassium, respectively. Pre-
sumably the source of the sodium and potassium contaminants in the end
members was the glass vessel, because only one alkali was introduced
into the solution in either synthesis.

The chemical ‘analyses also show that the synthetic samples deviate
somewhat from the theeretical compositiom of alunite. The total alkalies
and alumina are deficient and suli r trioxide and water are in excess of
the theoretical valuess Bucause the analyses were made on extremely
small samples, slight arrors in oxide percentages are to be expected,

The excees water, hovever, is believed to be too great to be /contrd 7 )
to analytical errors and minor compositional irregularities, Part of

the excess is probably due to the fact that combined water, ablsorbed

water and impurities are totaled together in computing this constituent

by difference from the chemical analyses. Some of the excess water is
probably also present as oxonium iomns (H30") which may occupy some of

the potassium positions in the crystal lattice. Isomorphous substitue
tion of H30* for K and NH)" in jarosite and ammoniojarosite (iron-bearing
analogues of alunite) has been demonstrated by Shishkin (1950, 1951).

The effective ionie radius of H30" is given in the same reports as
1.32-1.35 £, a value nearly identical with radius of K*, Inasmch as

very few studies have been made on the axoniun ion in erystalline
compounds, its ioniec radius may not be precise, The theoretical
compositions of alunite, natroalunite and the 30" bearing analogus of
alunite are given in Table 6 for comparison with the analysed compositioms,
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The x-ray patterns of the synthetic samples, discussed in a later
section of this report, are so similar to those of natural alunite that
little dubt exists that the synthetic specimens have the alunite

structure,
Natural alunite samples

Chemically analyzed alunite and natroalunite ore samples were
selected on the basis of their relative potassium-sodium atomic
percentages to represent the range of composition of potassium and
sodium bearing alunites (Table 7). The samples commonly contain
admixtures of other minerals which have been identified by optical,
x-ray and differential thermal analysis methods. Kaolinite (and
halloysite), quarts (and opal), and alunite (or natroalunite) are the
principal constituents with minor amounts of hematite, leucoxene (and
rutile) and gibbsite. The chemical analyses were recorputed in terms
of these minerals, and the relative atomic percentages of potassium
and sodium in the alunite and natrealunite are used as a basis for
comparing the lattice constants, Table 7 also gives the recomputed
percentages of the constituents in the samples. Small deficiencies
and excesses of certain oxides occur in the recomputation of some of
the analyses. These irregularities may be due in part to the presence
of small amounts of amorphous material such as allophane or other
undetected substances or they may be due to slight errors in guantitative

analysise
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TABLE 7

Chemical Analyses and Computed
Constituents of same Marysvale Alunite Ores

L Y —a T —

u203o ®eceesecnccccece 25.1‘& 37.13 38.50 23.98 28.70
r°203.oo-oo (EEEEERE R Y L) 057 tr. h.32
uaZO-ooooooo-oocoooooc Onl 033 026 025 038
KZOooooaooocoo.oQooooo 7015 M 7.90 6090 6075
Tiozoooooooo sesscccece 0% - - 678 -
P2°5.oooooooooo0oo.ooo 058 - - -
8030000100000000000000 2)-‘.62 380314 29.30 23.67 23.“1
gzgooo-o-oooooooooooo 9.3{])- 12.90 13033 90%;- 9.§g
PUmesenccsscnccncocoe ] :g% =! EF: - m
(K,Hs)20.341503

e Haoocoo-ooo 6307 10042 75011 6102 6705
A120302510202H20. coeee o9 - 26e3 3ok 645
siozoooooooo.ooo.ooooo 3000 .2 - 2805 2&.1
Impurities (a)oooooooo *20h7 ¢ 06 - 1056 .6017 + 063
K (b)oaooooo [ERNF NN NN 97.5 96.0 9600 95.0 9200
Na (b)o.ooooonoooooooo 205 h.O L.O 5.0 8.0
Excess (K,Na) (c),.,.. 205 - - - 309 -
Deficiency(K,iia) (C)ee = 3k 37 - ka9

(a) The impurities consist of hematite, leucaxene, gibbsite.
Negative values indicate quantitative deficiencies in some oxides in the
caleulation of the indicated minerals,

(b) Represents the relative percentages K and Na indicated in the
alunite formula, Na+K= 100%.

(c) The percentage of total K and Na (summed to 100%) that is
greater or less than the amount required to combine with the SO03.



TABLE 7 contimued

e No. e 1 10 p Y
000000 000000000 m hosr —hm i}%l‘ 15:03'8 Bo's
300..--.0..000.0 21‘.1‘0 37.70 22.67 23.32 31.32 2‘5.80

w3.oooooooooooooo 0211 7.32 036 081
hﬂ.aoo.oooooooocoo 067 1012 1018 1030 3.77 3011

90000000000 ce 6.1L9 8.25 5.26 2.Sh h.h6 ’ La‘
g ®eecevccccevscoe 035 - 069 1060 010 062
sﬁooooooooooooo..o 230‘41 Bh.OO 20.50 15.&0 3&.95 16.“
H. eececcssccccccce 8.28 Bom 7.30 8076 13.77 8.61

Bgoresrresseccsene oall el ol ol oaBl ol
(K.Ha)203.n.,03.

nzoooo oo 5002 88.1 Szoh 39.1 88.3 h307
A1203.28102.2H20. eos Lok 13,0 8.0 2. 9.8 21,9
3102................ haoh - ”.8 28.2 - 33.6

ties (a)...... +1,80 2,28 +1,2 +10,6 +1,57 + .17

‘ b)ooocooooooooooo %Qo 83.0 7h06 5602 M.o m.
Na (b).oooc-.oo-oooo 11;.0 li’ 0 25.11 h3.8 56.0 82.
Excess (K,Na) (¢)eee 8ok - U7 0 0 13,1
mficienq(x’d‘) (C) o - .6 - o 0 -

1, Sarmple from Yellow-Jacket deposit at northeast cormer of lower exca-
vation in quarry. J. G. Fairchild, Analyst.

2, Sample of purest alunite irom Mineral Products mine beliewved to be
representative of the material analyszed by W. T. Schaller.

3. Semple from L and N deposit taken across 4.3 feet on face of west
drift in tunnel on south slope. R. K, Bailey, Analyst.

L. OSample from Yellow Jacket deposit taken across L,0 feet as same
location as #1. J. C, Fairchild, Analyst.

5. Sample from L and N deposit taken across 9. feet crystal vein in
Teshaped cut above big tunnel cut. R. K, Bailey, Analyst.

6. Sample from White Horse deposit taken as channel sample horisontally
across 11,5 feet in upper cut of main quarry. R. E, Stevens, Analyst.

7. Sample from Sunshine deposit taken at south side of rise from
tunnel at northwest ¢nd of glory hole. R. K, Bailey, Analyst.

8, Sample from Aluminum Bar deposit in pit at elevation 9,860 feet.
Jo Jo Pahey, Aralyst.

9. JSample from Al Kee Mee deposit taken across 6,5 feet on south wall
of short tunnel, 33 feet from portal. J. G. Fairchild, Analyst.

10, Sample from Al Kee Mee deposit taken vertically across 1,1 feet of
alunite vein at portal of tumel, J. G, Fairchild, Analyst.

11, Sample from Big Star deposit taken throngh 9.2 feet on south side
of main quarry. R. E. Stevens, Analyst,
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X-ray study of synthetic and natural alunite

In order to obtain a more satisfactory resolution of lattice spacings,
the samples were examined with the Norelco x-vay diffractometer set to
traverse at the rate of one-fourth degree (20) per minuta. A chart speed
of 15 inches per hour and copper radiation were used exclusively.

The instrument was standardized using silcen powder furnished by
the manufacturer, and the observed interplanar spacings agreed within
0,01° (28) of the standard values. This value is the same ar the errar
of measurement and the deviation from standard vdl ues may be due mostly
to the measuring error,

The reproducibility of peak measurements was determined {0 be
+0,0015 R (+0,015° 20) for 0006 in natural alunite and synthetic
samples. In natroalunite the reprodueibility was +0,003 £ (+.,03° 20)
for this reflection because of poorer definition of the peak. The
error in computing the ¢ lattice constant, ¢,, is therefore 6 times as
greaty or + 0,0009 £ for natural and synthetic alunite and +0,013 & for
natroalunite. The reproducibility of 2240 in all of the samples was +
0.00045 £ (+0,015° 20), an error of + 0,0018 £ in deternining ag, the a
lattice constant. The Bragg angle for CU06 is about 15,5°, and that for
2240 about 26,2°, It is realized thai greater accuracy in the determin=-
ation of lattice constants could be obtained from reflections of higher
Bragg angle, however the reflections in the high angle region for many
of the alunite samples examined were weak and poorly resolved, and thus
were unsuitable for lattice computations, The value of the ¢ and the a
lattice constants respectively for alunite are given by Hendricks as
17.385 £ (17,35 KX) and 6,97k R (6.96 KX) in contrast to 17,310 £ and
64977 R determined in the present study,
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The previous study of Pabst (1947) gives indices for the reflec-

tions in the alunite pattern so that it is possible to correlate many
of the diffraction lines with these of the synthetic mineral. By
using the 0006 and 220 reflections the unit cell dimensions, a, and

C, vere calcuhtod}/ The cell dimnaims‘wro checked and the validity
of the indexing for each synthetic alunite was established by compar-
ing the calculatod sin2) with the observed sin26 value for each line

of the diffraction patterns using the fermla:

SN O 4p = %;:(AW hktk®)+ Pl

Natural alunite and natroalunite were also indexed in this manner to
confirm the assignment of indices to diffraction lines which were
praesent in the diffractomecter patterns but not observed in .he powder
diffraction films of Pabst. Fig. 5 shows the diffractometer patterns
of natural and synthetic alunite in diagrammatic form in arder that
diffraction line shifts, indices and intensities can be compared,
Table 8 shows the same data in tabular form, together with the
observed and calculated values of Pabste

ﬂlne unit cell dimensions, a, and ¢,, clearly shos the effect of
composional differences in alunites, Table 9 gives the lattice constants
for alunite and natroalunite along with the constants for seweral
smthetic specimens, The same dat.a%.;,C plotted in Figs. 6 and 7 as
curves showing the relation between the unit cell dimer<ions and the
relative sodium-potassium atomic percentages of the samples.

I/ X1though alunite 1s rhombohedral, i1t ic here referred to hexagonal
axes to simplify calculations, /




TABLE 8

X-ray Diffraction Data for Natural and
Synthetic Alunite and Natroalunite Samples

(a)
Sample #2 Mineral Products Alunite
hidl d Calculated ~ Observed
smg SinQ d I

0003 <0179 <0178 BelD7l 20
1011 #0162 «0182 5702 15
o1i2 <0242 0242 Le9L8 53
11%0 #0L58 <0487 3.466 21
1123 « 0055 0666 2,984 100
0005 Koy il <0713 2,884 106
0224 «0969 #0967 2,473 6
1017 01131 1133 2251 81
1232 1216 1217 2,208 6
1126 <1200

0118 .mz .lh3o 2.0‘0 2
213, o153 1454 2,021 1.5
3030 12

0009 «1603 .160L 1,923

3033 «1540 1643 1,902

2028 o192 <1517 1,761 2.3
2250 o 1945 «1950 1.7 16
2137 «2095 «2108 1,683 2
1129 «2081

135 02138 02132 1,665 1.5
3036 02175

3152 «2189 02192 1,646 2
1238 «2L30l 024405 1,570 2
315 02607 «2608 1,508 L
02210 «26208 «2630 1.502 36
2216 «2660 «2663 1,492 9

(a) Sample number is the same as in Table 7.
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TABLE 8 continued

(b)
Tolfa, Italy Alunite
WAl Calculated ~Observed _

d I d I
0003  9.7195 A
1011 5«70 38 Se76 «30
o1i2 L.956 59 L.99 «65
101, 3653 3
1120 3.488 62 3.51 1,05
0115 3.02 16
123 2,991 L2l 3,01 2,80
0221 2,98 138
0006 2,898 23 2,90 55
2022 2,854 0
0224 2479 Sl 2,49 65
1017 2.297 48 2,29 2,40
2025 2,281) 28 2,26 95
231 2,26} 11
1126 2,231 5 2,21 «25
m]izza 2,208 3
o1l 2,045 12 2,04 «20
213, 2,022 0
3030 2.01 2
0009 1,932 9
0227 1,918 18
1235 1,908 0 1.90 3.30
03_3} 1,901 133
3033 L
2240 1,7Lk A5 1.75 2,90
2028 1,702 1

(b) Data from Pabst (1947) converted from KX to R.



TABLE 8 continued

2

(e)
Sample # S<5 S ic Alunite

serv a ~ Observed

SinQ Since@ d 1
1010 .0182 .0182 5,706 9
0112 ~02LL <024}y L.929 56
1120 «0L85S ~0L8lL 3.500 32
1123 00669 #0669 2,978 100
0006 «0739 «07L0 2,833 5
1232 1211 1212 2,213 6
0009 1662 «1665 1.889 L
3033 01637 «1638 1,903 29
22L0 «1935 1937 1,750 19
3143 «2161 «2181 1,649 2.5
1238 o210 o2LkS 1,558 2.5
315 2610 «2613 1,507 245
02210 «2696 #2701 1,483 9
22I6 2674 2677 1,188 6

(c) Sample number is the same as in Tables } and 5,



TABIE 8 continmed

(e)
Sample # S<7 ° Synthetic Natroalunite

RIY gdﬁs—eﬂaag Wﬁs - Vﬁ?e:vo—d

1011 ~018% »0183 5706
0003 «0193 #0192 5e552
0112 <0247 <0247 h.902
1nzo »0L86 <0486 3.L94
1014 «050L #0503 34433
0221 #0670 0669 2,977
13 0677 . 0677 2.97M
0115 <0694 «069) 2,922
2022 «0736 0733

0006 #0767 $0767 2,782
0224 «0989 «0988 2.Lk9
2025 «1183 »1180 2,238
1017 «1206 «1206 2,218
1232 «1218

3033 1646 1649 1,897
0227 «1€90 1692 1.873
0009 01725 «1725 1,854
22L,0 1901 #1943 1,748
3152 2189 ¢2190 1,646
1304 o2uhi3 o2Lli6 1,557
1238 «21196 «2196 1,501
Lokl 02610 #2611 1.507
2256 #2712 «2710 L.h79
02210 2777 o277 1,461

Rowowaldesn Buwwd m§8u\6'§3=-::- ot

(¢) Sample number is the same as in Tables L and 5,



TABLE 8 continued

(a)
Sample #10 Al Kee Mee Natroalunite
Y ~ Observed Eaﬂa&d Observed
s:.:g Sin<@ d I

1011 <0184 »018L 5683 17
0003 #0192 »0191 5e572 n
0112 +02L8 02,8 4,897 6l
120 +0LE9 .0L89 3.482 32
o o

0221 «067

ngag 05T i 24969 100
0115

2022

0006 <0765 «076L 2,787 21
0224

2025

1017 #1203 »1203 2.221 38
1232 )

3033 «1655 1556 1,893 32
0227 1689 1691 1.87L 6
0009 «1723 1719 1,856 Te5
2250 01953 «195L 1,7h2 25
312 2200 «2202 1,642 L
1129 «2208

130

1238 2199 2197 1,540 L
Lokl

3155 02639 «261,8 1,501 n
2256
02210 2774 2773 1,L62 13

(a) Sample number is the same as in Table 7.
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TABIE 9

Lattice Constants of Natural and
Synthetic Alunite and Natroalunite

(a)
Sample #
"0 °o
1 1kd 174310
2 6977 17.310
3 6e9Th 17,283
L 64977 17,315
5 6977 17294
6 6977 17,294
7 €976 17.304
8 6,975 17,288
9 64572 16,715
10 64971 16,721
n 64975 5.1
Sl 7.010 17.105
S=2 7.010 17,068
S=3 7002 17,063
Sl 7,008 17.052
S=5 7,004 16,989
S<b 7.003 16,926
S=7 6993 16,685

(a) Samples mumbers correspond to those descrioed in Table L,
5 and 73 Numbers prefixed by S represent synthetic samplese
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The naturally occurring samples comprise two groups, ome with ¢,
ranging between 17,31 £ and 17,28 £, and the other with ¢, between
16,71 K and 16,72 8. The group of samples characterigzed by the larger
°o are confined to the potassium side of the diagram between K,5n and
KgpoNajg and represent the mineral alunite in the true sense. It is
noteworthy that nearly all chemical analyses of the Marysvale alunites
fall in this region, The plot of the composition vse ¢, defines a
line which slopes slightly toward the sodiunm side of the diagram,
suggesting that an isomorphous series exists in this restricted areas
Samples characterized by the smaller ¢, represent natroalunite and
are restricted to compositions near the sodium side of the diagram,
However, the limits of the region are not well defined, The two
samples in the center of the diagram, upon careful identification eof
all diffraction pecaks proved to be a mixture of alunite and natroalunite.
Thus the composition as derived from the analyses is the sum of both
types so that the cormposition of neither can be accurately established,
It is certain, however, that the composition characterizing the larger
Co value should be shifted toward the potassiun side of the diagram and
the smaller toward the sodium side. An attempt has been made to show
this relation on the composition diagram by a vertical line representing
the analyzed composition of the sample with horizontal arrows projecting
oppositely at either end of the line., The position of the horiszontal
lines denotes the value of ¢y, and the arrow indicates theregion of
composition to which either phase of the mixture belongs,

N2 distinction between natroalunite and alunite has been possible
by optical means in the two samples ef intermediate compositiom that
give x-ray patterns of both alunite and natroalunite. The mixture is
believed to be of such small scale that it is below the resolution of the

78
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microseops. Such an intimate mixture is more likely to be a product of

wmdxing rather than a result of metasomatic replacement of one alunite
for anothere
It is apparent from the figures that a, of the synthetic samples is

slightly larger than that of natural alunite (.02 R larger), and ¢, of

the end member synthetice is smaller than that of the corresponding
natural alunite (.20 £ smaller) and natroalunite (.03 £ smaller)
specimens. The explanation for these irrecularities is believed to be

he partizl substitution of Hy0" for K¥ and Na' as diseussed in a
previous section of this report. Although the ionic radius of HBO‘* ie
given as 1,32-1,35 £, substitution Hy0" for K* in the jarositecarpho-
siderite series (iron bearing analoques of alunite) suggests that it

may be emallere, dJarosite, (KFe3(S0),'5(0H)g), has the cell dimensioms,

5o = 7420 £ and ¢ I 17400 &, whereas carphosiderite, (H30)Fe3(s0),)o(0H)g,
has the dimensions, &g = 716 £ and e, 2 16.70 R (Palache, et. al., 1951).
Hence 8o and ¢, for carphosiderite are oCh £ and 30 £ smaller respectively
than thoce Tor Jarositee. Inasmuch as the enly difference betwsen these
two mincrals ic the lonic substitution of H40* in the potassium positioen,
it is logical to assume that the smaller unit cell of carphosiderite is
due to the smaller effective jonic radiuc of the H3O+. Thus the
differences in ¢, between the zynthetic and natural alunite and natroalunite
can be axplained by the substitution of H30'* in the alunite lattice if
H307 is considered to be smaller than K*. It should also be noticed that
the difference in ¢, between synthetic and natural natroalunite is much
less than that between synthetic and natural alunite, suggesting t:hat
the effective radius of Hy0" is closer to that of Na* than X °,



The plot of a5 and ¢, against the relative atomic percentages of
potassium and sodium suggests that an isomorphic series exicis between
potassic and sodic synthetic alunite. Both ag and ¢y show linear
shrinkage relationships with increasing sodium content of the samples,
although the curve for ¢p is the more striking, Such a linear relation-
ship satisfied Vegard's law which requires that unit cell dimensions
vary linearly with the change in composition for true isemorphic series,

The most reasonzble interpretation of the contrasting relations
betwe~n the synthetic and natural alunites is that the symthetic alunite
series represents a disordered and metastable state. The sodium and
potassium and H309 are considered to be randomly distributed, and any
slight change in the proportion of one ion to the other consequently
causes a corresponding change in the lattice constants over the entire
range of isomorphism. W.atever physical or chemical factors that are
required to produce a more ordered state are not known,

On the other hand the naturally occurring alunite and natroalunite
are believed to represent the state of greater order and stability. A
limited range of isomorphism apparently exists in nature at the pctassic
end of the system and possibly at the sodic end, although the paucity of
data for the sodic end of the system leaves & great deal of uncertainty,
The only naturally occurring samples of intermediate composition obtained
in this stud; are mixtures of the two alunite end members, and if the
interpretation is correct, that these samples represent unmixed phases
from an original homogenous alunite, the imtermediate range of compositiom
is one of instability., Furthermore, naturally occurring alunites of inter-
mediate composition should not exist., Nome occur in the ores from harys-
vale that have been examined in the study,
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Summary

Unit cell dimensions distinguish two naturally occurring mineral types
of the composition (K, Na) A13(Soh)2(0H)6, a high potassium alunite, termed
alunite, and a high sodium alunite termed natroalunite. The ¢ lattice
constant for alunite ranges from 17,28 to 17.31 2; whereas the constant for
natroalunite is 16,71-16,72 £, Data suggest that isomorpiism exists over
a restricted range at the potassium end of the series, though insufficient
samples were obtainable to determine the mature of isomorphism at the
sodiunm ende In the range of composition between alunite and natroalunite
no isomorphic relationship appears to exist in nature, and in this range
it is likely that natural minerals do not occure

Synthetic alunite samples with a range of sodium-potassium contents
were synthesized at atmospheric pressure in boiling selutions of sodium,
potassium and aluminum sulfates. Solutions in which both sodium and
potassium sulfates were introduced produced alunite which was richer in
potassium than the stoichimetric proportions of these sulfates in the
colutions, Although the synthetic alunites crystallised with the alunite
structure, their unit cell dimensions differed slightly from natural
alunites, Also, chemiczal analyses reveal that the synthetics deviate
from the thearctical alunite composition, the greatest deviation being
the excess of water. The partial substitution of oxonium ioms (H40%)
for sodium and potassium ions is proposed as an explanation for these
anomaliecs. The synthetic alunites represent a low=temperature, low=
pressure, acid, disordered and unstable phase of alunite, A complete
isomorphic series is evidenced by the linear shrinkage relations of the
unit cell dimensions with the progressive relative changes in the atomic
percentages of sodium and potassium. This relation is in strong contrast
to that shown by natural alunite samples of similar compositione
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82
Thermal Behaviar

Abmite and the kaolin group of minerals are ideal substances for
examination by methods of thermal analysis becausec of the magnitude of
the heat exchanges produced by their thermal reactions, These minerals,
as well as the associated quartz and small amounts of other minerals,
are usually found as microcrystalline aggregates in the Marysvale alunite
deposits, so that techniques such as differential thermal analysis should
be a great aid in qualitative and semi-quanitative study. In order to
appreciate fully the usefulness, limitations and the significance of
the results obtained by this method, it seems justifiable to discuss in
some detall factors which influence variations in the thermal curves, to
examine the chemistry of the thermal reactions and to appraise the appli-
cation of this method to the semi-quantitative analysis of alunitised rocks,

The differential thermal apparatus used in this study was the multiple
type, modifications of which have been described by Kerr and Kulp (1948),
Kerr et. al. (1949) and Kulp and Kerr (1949). The equipment consists of
a resistance type furnace, a six-sample stainless-steel sample block, a
Ieeds and Northrup "Micromax" temperature controller and "Speedomax"
point recorder. A d.c. pre-amplifier, also mamifactured by the lLeeds and
Northrup Company, can be introduced into the eircuit to produce record-
ings of higher sensitivity. All of the determinations, with the exceptiom
of a few qualitative runs on samples that produce very low peaks, vere
made with the pre-amplifier discomnected. The rate of heating in all of
the differential thermal analyses was maintained at 12° C. per minute,

The basic theory of differential analysis is triefly summarized by
Kulp et. al. (1951, p. 6Ll) who state, "The ground sample.... is packed



into a oylindrical well which contains one terminal of a two=headed
thermo=couple. The other terminal is placed in some material, such
as alundum, which does not undergo exothermic or endethermic reactions
through thes heating range. The temperature of the system is then
raised at a uniform rate from room temperature to 1050° C. Any
thermal changes in the sample well will result in a differential
temperature between the two terminals, This is megsured by & record=-

ing potentiomster in a plot of time or system temperature against
cdifferential temperature. The area under a peak om such a curve is
proportional to the heat of reaction and concentration of the active

ingredients."
Chemistry of thermal reactions

The differential thermal curve of alunite is characterised by strong
endothermic peaks at 590° and 870° C. and a weaker exothermic peak at
780° C. The chemical reactioms producing these peaks have previously
been studied by Fink et. al. (1931), Knisek and Fetter (1950), Kulp and
Adler (1919) and Gad (1957). These authors are in general agreement
on the chemistry for the two endothermic reactions of alumite, but they
differ in their interpretatiomn od‘ t;;e cause of the exothermic reaction
at 780° C. Knisek and Petter(contedbute)the reaction tosee” the
recrystallization of alum which takes place at about this temperature”.
Gad suggests that the product formed is r alumina in contrast to «alumina
of Kulp and Adler and Fink et, al,

The findings of the previous workers were investigated by the study
of alunite samples which were ground to pass 200 mesh and heated to
specific derperatures. The compounds that were identified from x=ray
diffraction patterns of the samples are listed in Table 10. Products
farmed at the temperature of the first endothermic peak of alunite gave
only diffraction lines of anhydirous alum (KA1(S0))»). At the 780° C.
exothermic peak temperature, however, strong diffractiom lines of tri-
potassium alumimun tri-sulfate (K4A1(SO0Y)3), weak lines of potassium
sulfate, and faint lines of yalumina were identified. Tri-potassium
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TABLE 10
(a)

Compounds present in heated alunite samples.

Tempcrature Corpounds identified by X-ray diffractiom.
5850 c. KAY(S0), )2

620 do

6L5 do

780 K3A1(S0))3 strong, K»S0), weak, Alpy0¥ weak
670 K250), strong, A Y

950 B e 12%

(a) > ineral Products alunite, coarsely crystalline variety,
ground to pass 200 mesh,

R4



aluminum trie-sulfate has not been mentioned in previous reports as a
compound formed in the thermal decomposition of alunite. The compounds
present at the temperature of the 870° C. endothermic peak were potassium
sulfate and yalumina, both of which were the only substances found in the
950° C. sarple.

The following interpretation of the chemistry of the reactions produc-
ed by alunite which is heated up to 1050° C. is based on the author's data
summarised in Table 10 and upon the previous work of Kulp and Adler (1949).
The first endothermic reaction at 590° C,, shown by the thermal curve,
indicates the amount of heat absorbed by the complete destruction of
the alunite lattice, The combined water in the mineral is liberated,
and amorphous alumina and anhydrous alum are formed, The equation is:

6KA13(S0))o(0H)g 599  EKAL(SOY)2+ 6 A1y03 + 18H0
Although the amorphous alumina is not recognized in the x-ray diffractiom
pattern, its presence is deduced from the fact that the solubility of
Al,05 in sulfuric acid is greatest at about this temperature (Fink et. al.,
1931).

The exothermic peak which occurs at 780° C, represents the evolution
of heat of.crystallization of Yalumina from the amorphous alumina formed
in the previous reaction. Immediately following the ¢ alumina crystallisza=
tion, the anhydrous alum begins to decompose, releasing sulfur tri-oxide
and alurmina and forming a tri-potassium aluminum tri-sulfate. This reaction
is evidently represented on the thermal curve by the slightly flattened
slope on the low temperature side of the 870° C. endethermic peak. The
heat of crystallization of the alumina that is released is absorbed in
the stronger similtaneous endothermic reaction and thus is not expressed
on the curves The equation for the reaction is written:

6 WAL (50); 803, ZEAL(S0L);+ 03 + 6503

|5
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The culmination of the reaction at 870° C. is a result of the heat

absorbed in the decomposition of the tri-potassium alumimum tri-sulfate
producing potassium sulfate and alumina, and evolving sulfur tri-oxide.
The potassium sulfate and Yalumina remain stable to 1050° C. The
equation is:

2K3A1(S0))3 67Q 3K2S0) + Aly03 + 3503

Effect of grain size

The grain size aof the alunite affects the peak amplitudes, the peak
tempcratures and the peak shapes of the thermal curves, Tho degree to
which the grain size is effective has been studied by thermal analyses
of the Mineral Products coarsely crystalline vein alunite which was
crushed and seived to the following sizes:

=50 mesh
50«80 mesh

80=120 mash

120~200 mesh
«200 mesh

The most striking feature produced by the variation of grain size
in alunite is the shape of the 590° C, endothermic peak (see Fige 8)e
A doublc endothermic peak appears in the temperature range, 570-640° C.,
in the curves of the coarsest samples, but the doublet condition dise
appears progressively in the finer=grained samples ferming a single
endothernic peak at 590° C. in the sarples which have been ground fine
aenough to pass 200 meshe

Xersy diffraction patterns of the 50~80 mesh and the lestc than
200 mesh alunite samples, after heving been hcated to 585° C, and held
at this temperature for 30 minutes, reveal diffraction lines of beth
alunite and anhydrous alum for the coarser sarple and diffraction lines

of only anhydrous alum for the finer. Therefore, the cause of the
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double endothermic peak is the failure of the larger alunite grains to
decompose completely at 590° C, A slightly higher temperature is
required to decompose the alunite remaining in the sample, and the
second endothermic peak is the expression of this second period of
decorpesitione

Inasmich 2s the kaolinite endothermic peak occurs at about the same
temperature as the higher temperature member of the alunite doublet, it
ie important that the doublet condition is recognized for the correct

interpretation of the thermal curve.
Effect of admixtures of other minerals

Many workers have shown that the peaks of differential thermal
curves of minerals are ;}fected by other minerals in the mixture. The
principal constituents of alunitized rocks, alunite, quartz and kaolinite,
by their mutual interactions illustrate this principle. Figures 9 andl0
show the progressive modification of the thermal peake of alunite, quartsz
and kaolinite in artificially prepared mixtures, alunite~quartz and alunite-
kaolinite., Except for a small endothermic reaction at about 575°C., which
is the inversion point from the alpha to the beta form, quartz is
essentially inert. In these mixtures it serves as a diluent reducing the
amplitude and area of the alunite peaks, Also peak temperatures of
alunite are shifted downward with increasing amounts of quartz. In
mixtures in which the content of quartz is less than 70 percent the
inversion peak ic not expressed,

The mutual modification of the thermal curves of alunite and
kaolinite by mixtures of the two nminerals is illustrated in Fipure 10,
The 590°C. peak of alunite and the 620° C, peak of laolinite form a double
peak in this tempereturec range, the degree of the development of either

peak depending on the proportion of the two minerals in the mixture,
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At temperatures where no thermal reaction occurs in one mineral, that
mineral serves as a diluent to the thermal effects of the other. This
is true for the 780° C. and 870° C. peaks of alunite that are reduced
by the presené.e of kaolinite, and for the 980° C. peak of kaolinite
which is decreased by increasing proportions of alunite, Peak
temperatures are also changeds The 780° C. peak of alunite is shifted
upward, whereas the 870° C, peak is moved downward with increasing
amounts of kaolinite. As the proportion of alunite is increased, the
temperature of the 980° C. peak of kaolinite is raised,

It should be mentioned that the chemical and physical condition
of the constituents in mineral aggregates can appreciably affect the
resulting thermal curves, For example, keolinite with a wide range of
grain size or of poor crystallinity may produce broad peaks of low
amplitude (Kerr et. al., 1549, p. 18) which may complicate the identi-
fication of the mineral in aggregatese. The action of some substances
as fluxing agents (Gruver et. ale, 19L9) or as catalysts is poorly
understood but may be effective in producing some differential thermal
anomalies,
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Semi=quantitative differential thermal analysis

Standardization of Variables

Certain operational procedures and instrumental variations in differen-
tial thermal an-lysis require controlling in order to obtain a high degree
of reproducibility necessary for semi-quantitative analysis, Those con=-
sidered in this study are the alignment of the thermocouples, the centering
of the sample block in the furnace, the sensitivity of the thermocouples,

he packing of the sample and the establishment of the base line in
measuring the thermal peaks,

The centering of the thermocouples in the sample wells and the center=
ing of the sample block in the furnace was carefully established., The
thermocouples were aligned by the use of a specially made jige Duplication
of the centering of the sample block was made possible with the aid of a
supporting device that imposed the same furnace position each time the
furnace was lowerede

The sensitivity of the thermocouples has to be carefully determined
because an increase in sensitivity produces an increase in the amplitude
and area of the peaks of the thermal curves, In the multiple thcrmal
apparatus the six thermocouple pairs nearly always register different

tensities, Alse, the sensitivity of the same thermocouple may change
with usagees In order to place all thermocouplecs on a common basis of
sensitivity, kaolinite or alunite standards were run alternately with
the samples, and a constanty K, for each thermocouple pair was computed
from each standardizing run ass
X = A/A.
where A is an arbitrarily selected standard amplitude, and A5 is the

amplitude of a particular thermal peak that is produced from the
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standardizing mineral, The amplitude of this peak, that is produced from

an unknown sample, is then multifplied by the constant, K, that pertains
to the appropriate thermocouple for the particular run, in order to place
the value on a common comparison level,

Constants for the thermocouples that are based on the area enclosed
by the peaks are derived in the same mammer as the amplitude and give almost
the same values,

Packing of the sample in the sample well is a critical factor in semi-
quantitative determinations because it determines the amount of reacting
substance available, as well as the density of the substance around the
thermocouple. A standard procedure was adopted in loading the samples in
order to produce the same volume and density of packing in all runs, The
sample well was successively filled with the powdered sample and compressed
under the weight of a steel rody, which was slightly smaller in diameter than
the sample well, until the sample bore the weight of the rod and was also
flush with the top of the sample block, It may be.trne, however, that the
consistency in results of packing by this method (a’r$9 affected by variation
of the grain size of the sample, but the method is nevertheless a refine-
ment of packing to "finger tightness".

A reproducible base line must be established to close the areas of the
thermal peaks for the correct measurement of area and amplitude. For the
590° and 626° C. endothermic peaks of alunite and ksolinite respectively the
base line is drawn by extending the straight part of the thermal curve on
either side of the peaks., However, for the 870° C., endothermic peak of
alunite the position of the base line is uncertain and to produce a
consistent linme of refecrence is especially difficult on curves obtained
from alunite mixtures. A line drawn between the inflection points of the
curve formed at the begimning of the 780° C exothermic peak and formed om



the high temperature side of the 870° C. endothermic peak gave only fair
results,

Artificial Mixtures

Reference curves for determining the quantity of alunite in alunitize
ed rocks were established from artificial mixtures of alunite from the
Mineral Froducts deposit, Marysvale, Utah; quarts from Minas Gerses,
Brazilj and kaolinite from Murfreesboro, Arkansas. The minerals were
ground to pass 200 mesh and alunite=quartz and alunite-kaolinite mixtures
at 10 percent intervals were prepared. The arca and amplitude of the
peaks were measured and carrected in the manner explained above, and graphs
vere constructed for the usc of analyzing unknown samples. The graphs are

based on the results of three runs for each composition. Because of the

limited size of the 780° C. exothermic peak and the difficulty of establishe

ing a baseline for the 870° C. peak of alunite, measurements from them were
considered unsatisfactary for semi-quantitative analysis,

Graphs of the variations of the 590° C. alunitc peak in alunite~
quartz and alunite-kaolinite mixtures are shown in figures 11 and 12, Imn
both graphs the area or amplitude of the peak is the ordinate and the
percentage of alunite is the abscissa. In figure 13 the ratio of the
amplitude of the 590° C, peak of alunite to the amplitude of the 620° C,
peak of kaolinite is plotted against the alunite content in the mixture.
This curve gives the actual alunite and kaolinite percentages in mixtures
of the two minerals only, although their relative proportions in mixtures
with other substances should be determinable from the curve,

The graphs based on the amplitude of the 590° C, peak of alunite in
mixtures with quartz and with kaolinite are nearly identical, Thus the

graphs should also express the alunite composition in the three component

Q4
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mixture, alunite-quartz-kaolinite., Figure 1l shows a plot of the experi-
mental points of the amplitude of the 590° C. 2lunite peak from the
alunite-=quartz and alunite-=kaolinite mixtures. The average error in
determining the alunite content from the curve is slightly less than 2

percent; the maximm error is 6 percente

Naturally-Occurring Mixtures

Creund alunitized rock samples, whichwere analysed by the United
States Geological Survey, were used as materials for testing the practical
application of the analytical data derived from the differential thermal
analysis of the artificial mixtures. The major minerals present are
alunite, quartz and kaolinite, with minor amounts of hematite, opal,
leucoxene and gibbsite (?). In some samples halloysite is present with
kaolinite, The analyzed samples contain grain sizes, which range upward
to 0,5 mm, The fragments are present either as discrete mincral grains
or as microcrystalline aggregates. Many of the larger grains are quartsz,

The procedures and technigques were the same in the differential
thermal analysis of both the artificial mixtures and i1 the alunitized
rock samples. The mineral composition of the latter, however, was
recalculated from chemiczl analyses,

The results of the thermal analysis of 25 alunitized reock samples are
summarized in graphical form on the samc basis as the graphs of the
artificial mixtures, Figure 15 shows the relation between the alunite
content and the amplitude of the 590° C, alunite peak, The lower curve
in the figure represents the same relation for the artificial mixtures.
Nearly 211 the plotted points of the analy.ed samples fall above the
artificial mixture curve. Although the points roughly define a curve
of steecper slope, their scattered distribution indicates a low precision
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for semiequantitative analysis based on the peak amplitude from these
samples,

The area of the 590° C, peak of alunite, plotted against the alumite
content in the analyzed samples, iz shown in figure 16. The plotted
points define a curve along which the average error in determining the
alunite percentage is about 2,5 percent and the maximum error is about 7 |
percent. This curve corresponds clesely to the curve derived from the
alunite=quarts artificial mixtures and forms the most reliable basis for
semi=quantitative analysis of the naturzlly occurring sazmples by the
differential thermal analysis technique.

Variaticn in grain size in the naturally occurring alunite-kaolinite=~
guartz aggregates is believed to be the factor which causes peak area and
amplitude deviations from the values that were predicted from the study
af artificial mixtures, HNot only are the grain sizes of the particular
minerals of the natural aggregates different from sample to sample, but
also the mineral components of the same sarmple are of different sizes,
These differences are either inherited from the original size of the grains
in the rock or are procduced by the grinding of the minerals of differemt
hardness,

Differential thermal enalysis is believed to be a practical method
for determining the grade of elunite ores if the variable factors.
mentioned in this study are carefully controlled, The area enclosed by
the thermal peaks is the most reliable measurement of composition,
although the amplitude of the therzzl peaks can also be used if little
variation in grain size occurs among the samples, Calibration curves
should be made from artificial mixtures which similate the physical state
of the maturally occurring aggregate that is to be studled and the validity
of the curves should be chacked by quantitative chemical analyses,

1M
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Summary
The chemistry of the thermal reactions of alunite is summarized in
the following equatiomns:
6 KA13(SOh)2(OH)6 22926, GKAL(SOY )2 t 6A1203 + 18!!20‘
6 KAly03 (amorphous) M._ 641,04 ( yalwnina)
6 Xal(s0y,)o 8009 ZK3AL(SOY)y + 2alp03 + 6503
2KANSO)y  Gogcdzgo..  as0) o 43204+ 3503

6 KA13(50),)2(0H)g 590-8702 3K280), + 941203 + 9504 +18H20

Differantial thermal curves of alunite samples of coarse grain-sise
are characterized by a double endothermic peak in the temperature range
570-610° C, Fine-grained alunite samples, however, produce a single
endothermic peak at about 590° C, Xaray patterns of heated alunite
camples indicate that the douvblet condition of this thermal peak is due
to decommosition of the coarse-grained alunite in twostages., The first
stage represents only partial decomposition of alunite at the temperature
of the lower temperaturc-member of the doublet peakj the second stage at
the temperature of the higher tempersatureemember represents the decome
po=ition of the remaining alunite,

Semi-guantitative analysis of alunite ores by the differential
thermal analysis technique requires careful control of the following
factors and procedures:

1. The alignment of sample holder in the furnace,

2. The aliznment of the thermocouples in the sample wells

3. The calitration of thermocouple sensitivity.

L. The packing of the sample in the sample holder,

Se The establishment of the base line in the measurement of peaks.



6. The chemioal and physical nature of the samples,

Graphs, which relate the alunite percentage in mineral aggregates
to the amplitude and area of the 590° C. thermal peak of alunite, have
been established from artificial mixtures of alunite, quart, and
kaolinite. Similar graphs have also been produced from thermal curves
of chemically analyzed alunite ores, Differences between the graphs
for the artificial mixtures and the graphs for the alunite ores are
believed to be due to the variable particle sise in the ore samples,

The area enclosed by the thermal peaks is the most reliable measure-
ment of the conposition of samples in which the grain size is variable,
If the grain size is consistent among the samples, the peak amplitude

can be used,
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APPENDIX I

Techniques of Alteration Mineral Identification

The samples from the Marysvale, Utah alunite deposits were examined
and studied by optical, differential thermal analyses, x-ray and stain-
ing technigues in order to establish the most accurate mineral identifica-
tion and mineral relations possible, The combined results of these
techniques furnish the data for t!e alteration mineralogy of the alunite
depositse

Thin sections of the samples were studied to obtain textural and
rmineral reclationships as well as to identify many of the more coarsely
crystalline constituents, Ituch of the altered alunitic and argillie
rock, hovever, is so extremely fine=-grained that optical identification
is not wholly satisfactory. The argillic fractions of the rock were view=-
ed in the thin sections, and then these fractions were hand picked from
the hand specimens for more positive x=-ray identificatione

Alunite, quartz and kaolin minerals were easily identified by x-ray
poucer photographs, however the illite-montmorillonite mixed lattice
clays required glycerol treatment and further xeray diffractometer deter-
minations for their identification. Once the identification for a
particular clay mineral was established the optical properties were
sufficient to distinguish it from other fine-grained minerals of the
thin sections,

“here hand picking of the minerals was not possible, the whole
sample was ground and treated by x-ray, thermal and staining tests, and
the mineral components of the agrregate were identified., By referring
to correspording thin sections, the minerals were located and their
mutual relations determined,



APPENDIX II

Randomly Stratified Mixed Layer Lattice Clay

The mica-like clay mineral, which it characteristic of the feeble
phase of alteration in both the replacement an' vein alunite deposits,
has been identified as a mixed layer lattice illite-montmorillonite clay.
Xeray diffraction, differential thermal analysis, steining and optical

techniques were usea to establish identification,

In thin section the mixed lattice clay is fibrous to scaly, is highly

birefringent, and has a high refractive inde:. similar to illite. The
clay is lfound predominately as a replacement of the placgioclase pheno-
erysts, although in some samples the groundmacs is also replaced by this
material,

Stainin; tests using benzidine on the untreated samples as well as
tlie techniques of Miclerz and King (1951) give results which are typical
of neither illitc nor montmorillonite. The untreated mixed lattice clays
give verious shades of light blue with a saturated aqueous solution of
benzidine, Decause of its simplicity the method of applying benzidine
directly to the untreated sample proved most satisfactory and was used
on all of the samples representing the feeble phase of alteration. In
samples in which bluish stainc occurred, x-ray diffraction patterns show=-
ed the presence of the mixed lattice clay,

The 10.2-10,8 £ x-ray diffraction line of the illite-montmorillonite

nixed lattice clay is most significant in identification. Thic value is

111G

larger than is normally characteristic of illite and is the combined result

of the x-ray scattering from the 001 planes of illite and montmorillonite,
When the mixed lattice clays are solvated in glycerol this diffraction
line shifts to 9.8-9.3 ® and is the result of the combined 002/001 planes

of montmorillonite and illite respectively,
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Table 11 lists the diffraction spacings for two typical Marysvale
mixed layer lattice clays, with other specimens for comparison.
By referring the 001/001 and 002/001 diffraction lines of the
mixed layer aggregate tc¢ the curves published by Brown and MacEwan
(1950) a rouch estimate of u.e propertions oi the two component minerals
in the mixed lattice clay can be obtaized, The samples which were x-rayed
and measurec in this study range {rom nearly pure illite to 60 percent
illite=hO percent montmorillonite. The curves have alco been prepared
for higher order reflections, S R ana 363 X; however, for some unknown
reason, the 5 & line of the untreated mixed lattice clay is absent in
the glycerol ireated samplese The 363 X line is masked by the strong
quartz reflection which occurs in this position, The — /001 diffuse
linc ol montmorillonite is recognized in some of the glycerol solvated
sarples that contain the most monbmorillonite layers and its value is
about 116 & (see sasple 1, Tavle 11),
The thermal curves ol tuc llarysvale nmixed layer latlice clays are
similar to publiched curves for mixed layer lattice clays. Thermal
curves of the llarysvalc mixed lattice clays and other clays from the

literature are given in Fipure 17.
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TABIE 11

Lattice Spacings and Intensities
of Mixed Layer Clays and Illite

(a) (b)
Il1lite Sarple 1 Sample 2 K-Bentonite
untreated glycerol untreated glycerol
solvated solvated
a I d I d I d ¥ 9 a I a 1
H.B} ﬂ.6 vwb
10,0 wvs 10,8] mb 9SG m 10,2 m 98 m 10,9 m
8e12 w
719 n TeC1l m TeC7T m Tel3 m
5.0 m 5,01 m L7 w 495 m
lh,-lb ve ,JOSO 8 ho’lé m hohs o h.hE mn bo’»? m
he27 m  Le23 w Lheo2i s Le2h s
3057 v 3.56 w 3057 n 3057 n 30'{3 m
332 vs 3.3k vs 3433 ws 3.3 ws 3.3L vws 3035 m
3.8 Wi 3625 m
310 vw 3,08 wuw 3.07 ww 3.11 ww
2.97 W 2.99 Ve
2480 ww 2.8 ww 2,83 w
2.55 Vs 2656 n 2-55 n 2.56 n 2055 m 2055 m
2,12 ww 2.495 w
2.14L w 20)-15 W 2.h5 w 2.’-"5 w 2-’45 W 2.’45 W
2637 W 2.3& W 2¢37 w 2.37 W 2.37 W 2.38 W
233 w 2.3L ww
2:27 w 2:27 W
2623 W 2s23 W 2.23 W 2.2 ww 26255 W
217 w 2.18 wvu 2,18 ww 2,18 ww 2,18 w
2l m 2s13 W 2,13 ww 2.2 w 2,12 w 2,13 w
1,98 n 1,975 v 1,975 w 1,975 w 1,97 w 1,97 m
1,815 w 1,81 ww 1,815 m 182 n

1.6h m 1,653 wb 1,66k w 1.667 wb 1,658 wb 1.65 w
10539 W 10537 w 10535 n 10535 mn
1h9 vs 1L97m mm nn 1,198 w 1,50 m
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TABLE 11 continued

(a) Illite described by Nagelschmidt and Hicks (Kerr et. al. 1950).

(o) K-Bentonite mixed layer clay (Weaver, 1953). The sample is
reported to contain some chlorite.

Sample l. Mixed layer clay from the White Horse deposit containing

some quartz and kaolinite. About LO percent montmorillonite layers in
mixed lattice clay.

Sample 2, Mixed layer clay from the L and N deposit containing
some quartz, kaolinite and possibly chlorite. About 10 percent
montmorillonite layers in mixed lattice clay.

vs = very strongs s = strong; mn

moderate; w = weaks
vw ® very weak; b = broad; nmm

not measured
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Figure 17.==Differential thermal analysis curves of montmorillonite,
illite, and mixed lattice clays. A, montmorillonite, Clay Spur, Wyo.;
B, mixed lattice clay from the White Hills alunite deposit, Marysvale,
Utah; C, mixed lattice clay from the Marys Lamb alunite deposit, Marysvals,
Utahj D, mixed lattice clay from the Yellow Jacket alunite deposit,
Marysvale, Utah; E, Illite, Morris, Illinois; F, mixed lattice clay
Cameron, Arizona; G, mixed lattice clay, Pioche, Nevada,
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The Yiarysvale region has received the attention of many geologists

1 and Dutt.on.2

since the pioneer work of Gilbert The discovery of alunite
and its commercial utilization lead to the work of Jutler and f’iale,3
Lou[;.‘xlinh and iutler.5 In the years 1936 to 1930 Callaghan and associates
mapped all of the area shown in Figure 2, and the geoloyy as interpreted
here is only slijatly modified from ihis early work. Since the discovery
of uranium in the area, numerous geologists have siudied the region.
Jotable in this regard is the work of Faul ' Kerr and his associates at
Columbia University who have mapped the central area of uranium production
north of ‘iarysvale in great detail, and vhose research work was in part
concurrent with that of the writer, In "A teologic Guide to the 'farysvale
Area"$ Xerr and his associates have revieved the geologic seiting of the

uranium deposits, il.ay have aiso produced a large-scale geologic map

which differs in certain respects [rom that of Callaghan.

luilbert, lie e, Ueology of portions of llevada, Utah, California and
Arizona, 1871=72: Ue. S. Geog. .and :eols Surveys ii. 100th ‘er. i‘ept., vol. 3,

pp. 141-142, 1875.

2Dutton, Ce E., ‘iecport of Lhe peoclogy of the lligh Plateaus of Utah,
U. S. Ceog. and “eol. Survey Rocky !tn. itegion, pp. 171=19), 13E0.

B.utler, J. Sey and Gale, He Se., Alunite, a newly-discovered deposit
near «arysvale, Utah: U. S. Geol. Survey 5ull. 511, 1912.

hLoughlin, i« Fey Recent alunite developments near Marysvale and ’eaver,
Utahs U. S. Geol. Survey sull, 620-K, pp. 237-270, 1915.

Sﬁutler, ‘e Sy Ore deposits of Utah: iJ. S, Geol. Survey Prof. raper
111, pp. 535=558, 1520,

4
“Kerr, P, ¥., rophy, G., Danl, H. M., Creen, J., and iioolard, L. E.,
A geologic guide to the 'arysvale area: A. S. Atomic ‘nergy Commission
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