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ABSTRACT 

Deposits of alunite in the J.farysvale region, Utah, are nearly all 

confined to the Bullion Canyon Volcanics of Tertiary age. The deposita 

consist of two types, alunite veinB and iegular alunite replacement 

bodies. Tile vein deposits are restricted to the vicinity of Alunite 

Ridge southwest of l1arysvale in the Tushar !bmtains, and the repla,..e-

ment bodies are distributed circumferentially about a quartz monzonite 

etock in the Antelope Ranee northeast of the village. 

The wall rock alteration that borders the alunite veins has been 

divic'ed into three phases . In order of their zonal distribut ion toward 

the vein, the phases are the feeble phase, the moderate phase, and the 

intense phase. Feeble phase alteration is characterized by illite-mont-

rnorillonite mixed lattice clay, kaolinite and minor quartz t-thich were 

formed at thv expense of carbcnate, seritized plagioclase and some of 
((? 

the chlorite of the re 1ional.ly al tcred Bullion Canyon volcanics. 

Alteration of the moderate phase is represented by tm assemblage, 

alunite, kaolinite and quartz which were produced in part from the mixed 

lattice clay am chlorite of the feeble phase. Strongly alunitized am 

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 moJerate phase of 

alterat.ion, and those bodies that are sharply defined are surro~"'lded by 

an envelope of feeble phase alteration. The mineralogy of the correspond-

ing alteration phases of t he vein and replacement deposits is the S<L'1'18e 



Laboratory data on the environmental conditions of fo1~tion of the 

minerals, symmetrical zoning of the minerals and chemical analyses of 

the vein~ and altered rocks of the alunite deposits lead to the follow­

in conclusions: 

1. Alter ation a.-xi alunite deposition resulted from the same 

solutions and were contemperaneous processes. 

2. Solutions transported K20 1 Al203, S03 1 H~ and probably Si02 

to the vein deposits. 

3 . Solutions transported at least S03 to the replacement deposits. 

4. The: alunite depositing solutions ·Here acid at the level of 

deposition. 

5. The solutions becrune progressively less acid with increasin6 

distance from t he channelway , a fact which largely a.ccounts for the 

zonal di s' ·ibution of 1-rall rock alteration. 

6. The temperature of the solution at the time and l evel of alunite 

deposition was below 3500 c. 

Sharply defined veins "Yrlt l: .Ja!lded anri comb struct.ure sueeest that the 

vei.'1 deposit~ are fis sure fillings a:td are due to ascending hydrothermal 

solutionr which were confined largely to nearly Ve!tical fracture zones. 

The replacement bodies are also ~elievcd to be due to ascending hydro-

thermal solution'". The bodies are distributed around a quartz monzonite 

intrusive, and some deposits are aligned along rrhat is considered to have 

been a vertical channel ray. The irregular and diffuse nature of the 

replacement deposits is cxplainec~ by t he lateral spreading or directed lateral 

flow of the hydrothermal solutions which entered porous horizons in the 

volcanics. 



Isororphous subztitution of sodium for potassium has been studied 

in both natural and ~thetic alunite sa~ples. Unit cell dimensions 

distinguish t l'ro naturally occurring mineral types of the composition 

(X,Na)Al3(S04)2(0H)6, a high potassium alunite termed alunite, am a 

high sodium alunite termed natroalunite. The c lattice constant for 

alunite ranges from 17.28 to l'f .31 R; whereas the constant for natro­

alunite is 16.71-16.72 R. The relation b9tween the c lattice constant 

and the sodium-potas~ium composition suggests that isomorphism exists 

over a restricted range for alunite, though insufficient sa~plcs were 

obt :Unable to determine the nature of isomorphism for natroalunite. 

In the range of composition between alunite and natroalunite only samples 

which are m:i..x'liures of alunite and natroalunite have been found, and the 
.r: 
L 

possibility is suegested that natural homogei)OUs alunite does not occur 

in this range of composition. 

Synthetic alunite samples with a range of sodium-potassium contents 

were synthesized at atmospheric pressure in boiling solutions of sodium, 

potasl:iium arrl alulninum sulfates. Host synthetic alunite samples had a 

higher K :Na ratio than the solutions from which they we:£"e produced. 

Although the synthetic alunites crystallized l'Ti th the alunite structure, 

their tLlit cell dimensions differ sliehtly 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 ~ater. The partial substitution of oxonium 

ions ( H30 +) for sodium arrl potassium ions is proposed as the explanation 

for the2e anomalies. Complete isoYTK>rphi sr.~ from the sodium to the 

potassium em of the synthetic alunite series is evidenced by the linear 

~hrinkage relation~ ~f the unit cell dimensions. This relation is in 

strong contraat. 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 arrl kaolll.ite and 

from chemicall.y-anal.yaed alunite ores. The chemistry of thermal reaction!~ 

of alunite are summarized :in the followi.11g equ.::tions: 

590 
6 KA1J{S04) 2(0H)6 - 6Xal(S04)2 -+ 6 Al203 + l8H20 

780 
6Al~.3 (AmorphoU3) - )o- Al~ ( '!' al,.un:ina) 

6Xal(S~)2 8~ 2KJAl(so4)3 + 2Al2<)3 -t· 6s03 

( ) 800-870 
2KJA1 SOL 3 --+- 3K~04 + Al203 +- 3S03 

Differential thermal curves of alunite sa~le ~ of coarse crain size 

are characterizoo by a double endothermic peak in the temperature range 

570 -6u0° c. Fine-grained alunite samples, hmrever, produce a single 

endothe!1'!li.c peak at S9rP C. The doublet condition of this thermal peak 

is due to t o staGes of a lunite decompositi on L1 the coarse-grained samples. 

Carefu control and standardization of variable procedures ru1d 

factors inherent in the differential thermal analysis teclmique and 

apparatus has ~rmi.tted accurate semi-quantitative analysis of alunite 

~tures. Graphs ,-hich relate t he alunite percentage in mineral 

ager egate to the area and amplitu e of the 590° c. endothermic peak of 

alunite have been e stablisheJ for boti artificial mixture' and ana~ed 

alunite oreE . Differences between the graphs for the artificial mixtures 
- . , I 

,t l ' ; - (..l ~ 

and the correspondinrr graphs for t he alunite ores are contributecf· to the , 

variation of grain size in the alunite ores . The area enclosed by the 

thermal peaks i s the most r sliable measure of the composition of samples 

in l'Thich t h0 grain si~,;e i s Va.Tiable. If the c;rain s ize is consistent 

among the samples, the peak a'llplitude can a.1so be used. 



I NTfd:>DUCTION 

Deposits of alunite, (K,Na)Al3(so4)2(0H)6 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 e.xist in the region, 

c11t only durine t he t'~ world wars was mining or. a large scal.e attempted. 

, t the present time cheaper sources of potash and alumina render exploita­

tion not economically feasible; nevertheless, the alunite deposits remain 

a potential resource of t hese n.aterials. 

In the Marysvale re ,i on 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. 

\ ith the aid of x-ray, differential t hermal analysis, staining and optical 

techniques, the nature of the alunltic alteration has been accurately 

determined. Interpretation of the- origin and chemistry of formation of 

t he deposits, based on the minerals in the aJ.tera.tion zones, represents 

u. ma jor part of this study. The availability of alunite o re samples, 

which have been analyzed chemically, has made it possible also to stuay 

the nature of the isomorphic substitution of sodiwn for potassium in alw~te 

as well as to test the thermal behavior of known alunite mixtures. 

This study has '!:>een made under the auspices of the United States 

Geological Survey as a part of a comprehensive geologic report on the 

Mai"JOYale region. 
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Colwabia University and the lev Mexico Bureau or Mines aDd Mineral Resoarcee 

geDeZ"'WWq furnished the writer vith reseai"Ch tacU.ities. 
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GEHBR!L GBOLOOY 

The geology of the Narysvale, utah reg:lon has been described b.r Butler 

am Gale (1912), Eugene Callaghan (1938, 1939), Callaghan am l~il.lard, am 

Callaghan a:ild Parker (u.s.a.s. Map Series reports in press). Callaghan 

(19)9) dist~hed tho rajor stratigraphic and structural elements of tbe 

region ani described in detail the petrologic am petrographic character at 

the T artiary volcanics. 

Pre-Volcanic SediiiAntary Rocks 

Paleozoic, Mesozoic am early Tertiary sedillentary strata are exposed 

along the 'l'ushar fault scarp arrl in the ~DS vest am southwest of 

Harysvale. (See Fig. 2). The aggregate thickness of these l"Oeks is in 

excess of 6,000 feet. Tbe oldest exposed rocks are gray and tan quarlzites, 

limestones an:1 shales of the Permiam Kaibab formation. The crvar~ 

Triassic Moenkapi f'ornetion, Sh1mrump conglomerate, and Chinle foraation 

comprise a conspicuous group or tan ean<Wtones, red, green, am ~· shales 

and thin gray lillestone beds. Above the Triasaio strata the Jurassic lfavajo 

sarnstone ani carmel f'ornation consist ar yell.olrish ~y c:rosa-bedded 

qua.rtzitic sarxistone ani light ool.ared liaeetones ani shales reapectivelJ. 

OVer]J"ing the pre-t.ertiarT foraatione bnt separated from them by an 
, . 

angular unaonformity is about a 50-foot thickness of conglomerato and sand­

stone. The fragments in the oong].Dmerate are composed af liraestone am 

quartzite boulders. In most exposures the overlying Tartiaey" volcanics 

conform to the bedding of these strata, but in soms places the conglonaratee 

are entirely absent arrl the volcanics rest on the older rocks. 



On the .a. of a arkad unconf'ond.ty Ca11agban (1939) bas separated 

the igDeous rocks in the region into the earlier aDd law Tartiar;r (',I'GQ8• 

Paaontological evidence in the umer~ng am ••~ sed'•rdiary raca 
suggests that bot.h the earlier and later Tert.lar)r graupe an JIOSt 11k~ 

Miocene and possi~ in part Pliocene in age. !he ~ fcmaUDn Gnr­

lain by the Dlllllon CaiJ1'cm YOl.oani.ca 1a the wa-.toh for-.tion. Fruh at• 

fossils frat the !oration have been cWtermiDBd b7 Hr. T. C. Yen ot tiM 

United States Geological SUrTe;r as late looene or ear)7 Ol.igocen. in age. 

The age of the Sevier River fonation which cwerlies the ~lcaDic section 

i s regarded by Mr. X. E. Lohlan at the United states CeolDgical Suney u 

late Pliocene or early PleiBtoceDe ( Callaglan, 19)8) • 

The old.t am most. widespread ~lcanic rocks in tbe region are tbe 

Bullion Clu\fon volDaDics. All gl'8D1]a2t 1ntrua1Yes u wll u near)3 all of 

the JJdDaral deposita are coafimd to them. 'l'base wloanica are compoaed ot 

both pyroclastics and no.. I n e,enaral. the P!l"OClastica form great t.hict­

nes"s in the lowar part ar the sequence ,._nu the upper part consists 

principally ar flftll. HGnver, the proport1en ot flows to wroclastica 

Y&riea greatly rroa place to place. In the general vicinity ot the almd.~ 

deposits 1n the Tuahar Mountains nearly 2500 feet of latitic and aldesitic 

t.utta and breccias occur vith oliq a lliDar DDiber or 001111. In the Antelope 

R&qre, the site or liOSt of the replaC81Ent alunite deposita, latitic flan1 

tufts am breccias are abundant. DetaUs or litholegy' in parts or thue 

YOloaniea associated with the alunite depo&its are d:l.acNssed in later 

appropriate sections t4 the ttaet. 
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Bodies of quartz monzonite have intl"OCed the Btll.lion <:aeyon voloan:f..ce 

in several places i 1 the region. The largest of thase intrusi"9'8s is cxpoa­

ed over an area of about four square llil.es in the Antelope Range. The erod­

ed surface of this int.rusion is overlain by rocks of the Later Tertiary 

volcanic sequence, clearly ..,stablishing the relationship between the two 

nnjor volcanic series. Tile monzonite is near~ equigranular in texture. 

The grain size is mostly from 1 to 4 l'llll. for the Dajar J'linarals. The rock 

con.siste ot calcic oligoclase, orthoclase, QUartz, augite, am biotite with 
,. 

accessory DBgn:i.tite apatite sphene. Deuteric ( ?) toumaline epidote chlorite 

am sericite are de-veloped. Orthoclase replaces plagioclase to a certain 

extent an1 is also intergrown vi.th quarts. In places the proportion ot 

orthoclase is sufficient to give the rock the aspect of granite. Although 

the content of quartz is less than 10 perceut the rock is el08er to the 

oomposition af quarts :nonzonite than monzonite. 

Sills of latite intrude the oongl.amarate at the base of the Tertiarl" 

section southwest of t he llJDUth of CottoiBIOOd Canyon. The intrusive latite 

is dark ~am porphyritic am contains Sllall cavities filled with quarts 

am carbonate. The phenocrysts are augite and hornbleme 0.3 to l Mill. in 

length and the grourrl mass is oligoclase and quarts averaging 0.1 m. 

(Callaghan, 1939). 

10 



Later Tertiary igneous Neka 

The Later Tertiary volcanic rocks consist of the Dry Hollow volcanics, 

the Mount Belkrap rhyolite, arxi the Joe Lott turt in order of decreuing age. 

1 1 

The Dry Holl.olr volcanics are ~sad of tuff, latite and basalt liB!IIberll. 

The tuff' is pink to l1gbt brovnish gra:r ani contains a~rrt crystal trag­

mnts of oligoclase, quartz and biotite. The latite ranges . from pink to 
(_ 

gray am ia strongly parpcyri.tic. Some varieties have ~ina crys+..al.a 

as 1111ch as 10 m. across. Quart~ i more abuniaDt. in 8018 nrieties than 

others. Chemical ana.lysas {Callaghan, 1939) show that both the latitc am! 

tuff are silmlar in composition. The basalt member is dark gray am 

locaJJJ is extremly vesicul.ar. Some flows are strongly porphyritic wbereae 

others are fine grained or glassy. Labradorite, augj.te, pigeonite, 

ey--persthenB ani olivine raay all appear ae pbenocryts. The groumaa is 

glass with tiey embedded plagioclase laths. on:cy the Dry Hollow l.atite ia 

exposed in the region or the alunite m.inaralization. 

The 1-!t. Bel.lasp reyol1te is present as three distinct •mbers in the 

Antelope Ra~e. The menbers are the red, gray am porphyritic facies am 
altbougll they are all reyolitic in composition, their lithologic aspects 

arc quite different. The red facias is reddish to ealmon colared am is 

aphanitic. Both the tuffaceous natrix aterial ani the enclosed rhyoUte 

fragments are devitrification aggregates, am the entire DBSS may be regard-

quart,z crystals are set in a matrix of minute feldspar crystals. The gray 

facies is characterized by prol!lioont light gray am darker gra;y lamiDU 

whicil are camplexl:y contorted. The difference in color is due to the 

degree of devitrif ication of the bands, the darker gray l.q'ers being on:cy 

sl.ight]J devitrifi,'!d whoraas t he lighter bards are more complet~ 

c:ey'Bta.lllne. Thin 1'-"'!Bas parallel to the ba·..ding CODt.ain tiqr orth~laaa 



mid quarts C~Tstala• The ~tic facies, cposed in a grau.p ot eroded 

d<Des at the r• of the Ssr...ar Plateau e&CIUJII~ is llgbt gr&'7 lUll stroug­

q porphyritic. t.rge phenoc:r,yste or quarts ard orthoclaae ( ?) are COD­

tained in a derltr:Uied base. 

The~ of the tater Tertiaey YOl.Damca. the Joe r.tt turf, 1!1 a 

wlded turt. lts oolor ~a tram white to pala browJd.ab grrq'. ~· 

or latite, p:oobab~ derived from the Bulllon CaJVOD volcanice. am gn:r 

handed rl\?Olite or the Mt. Belknap ~ facies, are mcloeed 1n a 811117 

matri% that is rhyolitic in compositioD. 

Late 'rertiar;r or Early Quat!l?!7 Rocb 

Parl~ consolidated f&Dglamrate, oonglc.nte, aam! am .Ut, 11bich 

tar the 1ID6t p ~rt ban been derived frcm ~ higblands in the vioiD1t7 ot 

these deposits are called the Sevier Rivar fonatioD (c-nagtan 1939). The 

composition ftries floom place to plaoe depeDling vpon the stare ot tt. 

8DIU"Ce sterials. The fact that the s.ner RiTer foration ia tilted ud 

faulted serves to distinguish it from aim11ar ~eits TOUJl8V in age. Ill 

some place8 t.h1n basalt flcnrs are interbedded with the ror-.tion. 

Glacial debris in tbe Tushar HOWJtaimJ, terrace graTels, lam aUdes 

and all.u'rinm are ;youngest deposlts roa.m in the region. 
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Structure 

The gross structural features of the region are broad monool.iml 

flexures at the i'ronts of the ranges and great rangfl froat. fault ay'StSII&• 

Those vera recognized by Dutton (1880) during his recomaiasance of the 

High Plateaus of utah. 

Two major fault systems outline the Sevier Valley, the s.rler fault 

on the east and the Tushar fault on the vest. Alo~ tho strik.e, th8 

displacement on these systems rangM between zero ard a !w thausanda of 

feet. In places 'Where the displacement is at a lld..niJmDa along the fault 

trend, anticlinal cross structures occur with their axes l"llming uora1 to 

the trend of the valley (Callaghan arrl Willard, nam18eript in preaa). The 

Antelope Range is such a cross structure. otbsrs are foum aloDg thu oauzae 

ar the Sevier Valley outside of the area UDier oonsideration. 

The al.un1 te veins in the 'l'wshar Molmtains outliDe a system of narthwst 

and nartheast trending fracture or fissu....,. scmes. ~ mrs1 fanlta are 

parallel to the treoi of th.e gnat Tusbar fault. other nora! faults atrilal 

norlhaast and east-west. 

Detalled mapping in 8.%\.1 about the alunite deposits :lJl the .A.Dtelopa 

Range has also shown a oomplex J:attern of cloae~ spaced narmal faults. 

At the Yell.cr~r Jacket deposit the faults strike narth•st am northwst 

ani offset g011ge zones am :mineralised sones vhich trend approrlnat~ 

east-vest.. The normal faults at tl:e White Hills deposit have north­

northwest ani wst-narthvast trems. 

Tectonic foldi~ is oat cbaractaristic 1n the volcanic rooks of the 

Marysvale region. F loage folds related to the extrua:lon of the lava VGN 

observed 1n some o.f the Jatite fi<M~. A broad, shallow, north plungj.ng 

anticl:lm in the turf at the Hary's Lamb depo&it, however, may be at tectonic 

origin, possibly related to the anticlinal 1181'Ping that produced the Antelope 

Ra ... 



ALI TNITE l JmALlZATION 

'l'wo types of alunite deposits described in the Mar)"svale region ~ 

Callaghan ( 1938) are the vein am. the replacement deposits. Ccm1p0sitiollal 

arri structural differences are genaral.ly sufficient. tQ distinguish the two 

types. As the 11Blll8 implies, the vein deposits are forDEd bjr one or mare 

distinct f:Dlings of open fractures am are of. high parity. The replace­

DEnt deposits on the othzr ham are irregular~ shaped bodies or altered 

volcanic rock in ldlich alunite, quarts and clay minerals are the dorrlranl; 

oonstituent.s. The alunitized and silicified vall rock o~ the vein deposits 

bas Iml\1 aspects in CO!l'liiOn with the altered wlcanie rock of the replaoe­

nent bodies. 

Tl">e vein type and the replacement type alunite daposits are Dlltual.l3' 

exclusive in their distribution. All of thct vein deposits are located in 

the 'l'ushar r.rawrt.a:ine on Alunite Ridge in the upper reaches of CottolWOOd 

Creek. The replacement deposits are mre widespread. Most of them are 

founi in the Antelope Range in the Bullion Caeyon volcanios Sll"rounding tlw 

quartz momonite intrusive. Alunitized rock is also found atop Marysvale 

Peak on the Seviar Plateau and on the W8Stern slope or the !'ushar Mountains 

narth of Beaver. 

The !1106t extensively explored vein deposits are the Mineral Products, 

Bradburn, Sunshine am L-and N. The J am L, White Horse, White Hills, Al 

ltee Mee, Marys Lamb, Yellow Jacket, Himenbarg, Krotki, Big st.ar and Winlde­

man deposits are the oost ill'lportant. replacement bodies. Figure 2 shows the 

distribution of the deposits ~s well as their geologic setting. Analyses at 

the ore and descriptions of the deposits are given by Callaghan (1938). 



Vein Deposits 

structure 

The vein sy8tem along Alunite Ridge has two distinct trends. The nain 

vein system strikes N. 35° W. and is nearly vertical with dips recorded to 

the northeast and :southwest in differct places. The West vein system 

strikes N. 6o-800 E. ani dips 30-8SO nar·thwast, branching almost perpendicu­

larly from the main vein. The vein system is complex and is C011lp08ed o~ 

veins that pinch, swell, curve, branch am fork in a complicated JIIIUIJWP• 

Lenses and horses of silicified rock occur in the veins and in placu 

appreciably lower the grade of the ore. At the portal of the Mineral 

Products upper tunnel, the lens of alunite is 65 feet in width but pinches 

out 180 feet to the northwest. The min productive lens at the Mineral 

Products deposit is a"ler 1,000 feet in length arxi meoos downward from the 

surface below the lower level which in places is ewer hOO feet from the 8Ul"­

face. (See Fig. 3). 

r1ineral relations in the veins 

The veins are composed of both coarsely crystalline am finely 

crystalline alunite. The coarsely crystalline variety is COJIIIlOnly barded 

and the tabular alunite crystals, which are aggregated to fonn parallel or 

slightzy diverging crystal groups, are normal to the baming. Urder the 

microscope what appear to be single crystals are seen to be groups of smaller 

alunite crystals which are arranged in plW!Dse aggregates. The alunite 

crystals are anhedral except in vugs or open spaces between bands or in 

the cavities lined with coarsely crystalline alunite in finezy crystalllne 

alunite masses. (See Plate 1). Here rhombohedral faces are the termirations 

on the elongate crystals surround~ the openings. In maJV' of the cavities 



the crystal face~ have been etched 'by solution arxl are coatr.Kl by iron oxides. 

Curved surfc:.ccs for-ned at the ends of compoul.'d crystal groups rese-~ble curv·· 

ed dolomite crystals. These forms are the r&""Ult of the combination ot 

l'JlllnerOUS rhombohedral faces terminating the eryst&l.s of the plumose 

aggregate. 

The ba.'"Xls, lihich separate the coarselY cryatalline parts of the veins., 

consist of finezy crystalline., diversely oriented alv.nite eyrstalB. These 

baiXis r ange in width from a fraction of an inch to one inch am are commo~ 

pigmented with iron oxides (See Plate 2). Some balliing is due 118l"ely to colar 

changes uithout a change in cr,y&tal character and probab~ is a result ot 

slight variations in the iron oxide content of the depositing solntiona 

{Loughlin, 1915). Across some bands the optical oontimlity of alunite 

crystals am crystal groups is maintained suggesting that the barrls are 

fillings of fractures that broke across the crystals. Another inte:r14 etation 

suggested by Butler and Gale (1912) is that a slight change in conditions 

interrupted deposi"..;ion or altered the rate or deposition arxi caused the 

fo:rr~~<Ltion of diversely oriented fine-grained alunite instead of tbe large 

C178talSa A return to the original comition permitted the largest crystal8 

to c:ontirme their growth, while crysta.ll1zation in part began at new centers. 

Tha coarse:Q- crystalline alunite is pink am translucent., although in 

places shades of' red and yellow result from iron oxide staining. It is 

noa.rly pure except for some yellowish isat.ropic material., probabq limonite, 

that fUls fractures am openings betveen grains., am except for ndDDr 

microscopic inclusions in the grains. Although Loughlin (1915) reported 
7kz .· ' ,. . /' 

pyrite as a constituent of the vein alunite, none vas Ileal in(our) smples,; ~j//.,. · c : 1 -· 

Table 1 gives the chemical analysis of a selected sample of the "!8111 type 

alunite togwthC" with the theoretical composition or the mineral. 



A massive, pink-to-whit~, fine-grained variety of alu7.lite occurs 1n 

the veins closely a~sociatad with the cOEU"sely crystalline type. 'l'he 

crystals are mostly less than 0.1 111!1. in length arrl are diversely oriented. 

This fine-graimd variety is cut by intersecting veins of coarsely 

crystall.ine alunite, am vugs am cavities 1n the fine-grained alunite 

are lined with coarse alunite crystals. Large alunite crystals enclose 

fine-grained alunite within their borders arxi a"'"'leal' to have grown at the 

expense of the smaller crystals, suggesting that the coarsezy crystall1ne 

alunite has resulted from recrystallization of the finely arystalline 

variety ( See Plate 3). 

Veinlets Qf bluish 't1hite clay, vhich are massive am marly isotropic 

in thin section, cut the alunite veins as vell as the enclosing sll rock 
·-·..> !.i s 

am are therefore later than the vein alunite. This clay has been reported 
\ / 

by C. s. Ross (Callaghan, 1938) as dickite. X-ray diffraction pattEII'IlB of 

blue clay samples from the land N deposit, collected during this study, 
• ~ j I 

irrlicate that the mineral i~ kaolinite. 

vlall rock alt aration 

The latite breccia in the vicinity of the alunite veins is altered to 

agcregates of secondary minerals that are not present in the country rock 

remote from the veins. The teccture of the original. unaltered rock is, 

however, preserved in some of the most intensel\1 altered phases. 

Symmetrically 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 arrl feeble phases. 

Rocks of the intense }ilase 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 am feeble phases represent the zone af argill.ic 
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alteration which separates the silicif:i.ed rock from the country rock. 

Host of tha nu.~rous exploratory trenches and 'WDl'kings do no\; 

contirme far enough normal to the tren1 of the veins to expose the 

argillic zone ar sh~r its actual contact with the country rock. Hmrever, 

at places in t he Mineral Products mine lilere the alunite veins are thin 

and sparse, the argillic altered rock is exposed in the valls or the 

tunnel. At the L ani N deposit a bulldozer cut crosses the vein am_ •­
poses the entire argillic zone ani its oont.act with the country rock. 

~ 

Here the spaei.al relation in the som of alteration about the alunite veins 

is clear :cy- shown. 

Detailed petrographic and mineralogic studies on the samples from these 

deposits sha\>r that the zones are nutuall,y gradational am the phases of 

alteration are defined on the basis of the predominance, presence or 

absence of certain characteristic minerals. Detailed descriptions of the 

alteration phases are given in the following paragraphs. 

Country Rock 

The host rock for the alunite veins is a latite breccia which occupies 

a position in the lower part of the Bullion ~on volcanics (Callaghan 1938• 

1939). The rock, which is sufficientl,y remote from the alunite veins to 

have escaped mineralization am alteration related to the depoeition or the 

alunite, shows the effect of an earlier arrl very widespread alteration. 

This earlier alteration, characterized by the formation or chlorite, 

sericite, carbonate epidote and quartz, is believed to be a regional 

alteration because C'.f its l-tide areal extent. A saxnple of the latite breccia 

takon near the !·!ineral Products Him is typical of the hose rock free from 

the eff ects of alteration clear],y related to the alunite veins. The rock 

is dark purplish gray 'With porJilyritic texture in both fragments am DBtrix. 



Tba plagioclase rnenocrysts are as large as 2 mm. and are oligoclase. 

~-11 plagioclase laths in the grourrlmass average 0.03 mm. Former matic 

miDerals, showing amphibole and possibly a few pyroxene cross sections, are 

now an aggregate of carbonate, chlorite, magnetite am hematite. Quartz is 

abtm:ia.nt and forms nests in the grOUildllass and phenocryts. Sericite is 

fowrl as fibrous graiD8 in the pJ.a ~:-..!. :>clase as well as in radiating clust•s 

in the groundmas s. 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). 

Feeble Phase 

The feeble phase of alteration associated with the alunite veins is 

characterized by the presence of mixed lattice illite-montmorillonite type 

clay, minor kaolinite and quartz, an:i 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 L and N deposit am in places 

in the Hineral Products mine {See Plate 71 A, B am D). The texture of the 

latite breccia is well preserved although the minerals have been c!"langed. 

The grouninBss is a hi~ birefringent fibrous aggregate of mixed lattice 

illite-mntmorillonite clay (See Appendix II). Cl2.,.v pseudomorps after 

plagioclase falds~s are composed of mi.xed lattice montuo!"illonit•-illite 
~~ 1 I ) 4 ' t ~· 

clay arrl a clay. of low birefringence, probabzy kaolinite. The rdxed la. ttke 
'l•' :,. { r .t ~ ' 

claylt fringes the outlines of the original feldspar as well as occurring as 

single fibres and radiating groups af fibres dispersed in the kaol.i.nite. 

Secondary qua.rts is not abwrlant, but ll11Ill8rous r~lict quartz phenoerysta are 

foum in the rock. The original 'tlrcnm biotite has baen bleaehed am t!lv 

grains of sphene (or rutile) which mve sepe.r5.ted from it are aligned 1n the 



direction of the cleavage. In s011E samples the biotite is mainly chlorite 

fringed with mixed lattice clay. Sericite laths and pyrite are spar~ 

distributed in S()IIl(3 thin sections. 

Hodarate FbaDe 

The moderate phase of alteration is characterizoo ey the presence of 

kaolinite, alunite, secondary quartz and pyrite. The saoomary quartz is DDt 

so abumant as in the intense phase of alteration. Too moderaw phase ia 

gradational int.o the intense phase and is spearated on the basis of the 

presence of kaolinite. It t-rades into the intense Jil,ase on the side toward 

the alunite vein and into the feeble phase in the opposite direction. 

Samples from the L am N deposit well illustrate the fcmtures of the 

moderate phase of alteration (See Plate 61 D). The original rock texture 

is strikingly Jll'eserveci. The grourrlnass, co::~posed largely of f inely 

crystalline quartz 1 outline3 tha shapes of the original plagioclase crystala 

'Which are 00\l composed o: kaolinite, quartz and minute fibrous skeletal 

alunite ~-stals. A few fibrous alunite crystals are scattered a1so in the 

siliceous groundmass. Relict quartz phenocrysts am apatite crystals are 

sparsely distributed an:l shmo~ no effect of the alteration. In some secondary 
,. 

quartz grains 1 clusters of a. high.- birefringent fibrous mineral, presumably 

:nixed J.at·!,lc- illite-mntmorillonite cla:r, are prese~ as inclusions. The 

clay rlineral clusters lrere probab}J isolated by t.{lo envelopil quartz am 

are believed to represent rslicts of t he feeble phase of altera"'.:.ion. Snell 

irreVlkr gr-ains o.f sphene or rutile ( ?) conm.only occm in thG feldspar 

pseudomCJrlils. A holden brown material, abun:luntly dispersed in the rock, 

i s a mi..--d:,ure of supergene limonite and. jarosite ( ?) produced by the oxidation 

of pyrite onco s~ disseminated in the rock. 
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In the !·tl.ne.al Pra:iucts upper tUJ'lllBl on the vest wall 11220 feet !'rom 

the portal, 'tP..e vall rock is strong~ argillized, purplish gra:y to pale 
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g~"een, coarse volcanic breccia which is so friable and soft that thin sections 

could not be made. x-ray and DTA (differ~tial thermal ~sis) results 

indicate that it is composed of kaolinite, montraar:Ulonite-illite mixed 

lattice clay and quarts. Kaolinite is the most arumant constituent, so 

this material probab~ represents the transition between the moderate ·:xi 

the feeble phases. At this place the alunite vein is 0~ about ODe toot 

in width and sheathed in a t'!'l in silicified envelope. Tl .e appearance of the 

moderate, feeble phase rock within ten feet of the vein iniicates that the 

width of the zone of alteration is related incidentally to the thickness or 

the vein. 

Intense Phase 

Adjacerrli to the alunite veins am as horses within the veins, the 

volcanic rock is strong:zy silcified, alunitized ani pyritized. Mosiac 

nests of quartz n&ke up JX)st af the groummss. Quartz and alunite in the 

original }ilenocrysts preserve the once porpl:(yritic texture. In the most 

intensely silcif'ied rock the texture is destroyed or barely preserved by 

the difference in grain size af the quartz in the groun:lmass arrl in the 

ghost phel10Cl"Ysts (Plate 9). Alunite is oonmonly present as radiating 
., 

gr~ of plwnose c-.. y stals or as ,. reticulated network of long alunite laths. 

SoliE large quart,z r:rains are rourxled ani aubayed by the graummass material 

in both the unaltered and silicified latite breccia and are therefore most 

likely relicts of the original rock. Tiey residual grains of apatite and zir­

con have also escaped alteration. Pyrite, montly cubic in habit, forms as 

much as five percent of the rock. In some thin sections tiqy 1 irregular 

e;rains of sphene or rutUe ( ?) are abun:iant. kbwxlant:. silica, together v.lth 

the absence of' replacement clay minerals 1 cba.ra'=teriz e this phase. 



Larger scale features seen in the wall rock are quarts am alunite 

ftiDlets. The quarts veinlats cut the silicified rock and are in turn cut 

by the alunite veinlets (Plate 4). 

Veinl.ets am blebs of kaolinite, previously described, cut acrose the 

alunite veinlets aoo are therafore latar. 

Repl.ace~Ent Alunite Depo&its 
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!tl!\Y features are \.OOIIIIIOD among the repl&oaant alunite deposita. The 

deposits are extr~ irregular in she, shape am grade, but their 

mineralogy is sir.dlar. They are all (with the possible exception of the 

Sheep Rock depoe t fJ faum in the upper part of' the Bullion earvaa volcanics~ 
In certain respects they differ. 5omB deposits are characterized by the 

dominant Jresence of the sodic variet)r of alunite, natroalunite. So. 

deposits are replact~Ents of volcanic non, whereas othara are replac .. 

Dents or P.Yl"'Clastics. 

}/ It is bel.1end ~ Callaghan (personal collllllDication) that the Sheep Rock · 
alunite deposit is a result of' the replaceJEnt or the J-tt.. Bellmap rh1o11te. 



Localization in volcanics 

At the \fuite Horse alunite deposit, described in detail by \<Iillard am 

Proctor ( 1946), the alunite bodies are located in biotite quartz latite in 

the cores of flow-folds. According to these authors the alunitized coree 

represent infolds of the porous vesict'.lar part of the flow, which .turniebed 

troughs of high porosity for the circulation of the mineralizing solutions, 

resulting in more complete alunite replacement in these places. 

The White H:ills deposit, which lies 1-.3/4 miles to the northeast and 

is up-dip from the Hhite Horse deposit, appears to be the result of alunite 

replacemnt of the same biotite latite as well as the overlying tuffs. The 

presence of flow folds as a localizing influence is nat clearly in:licated. 

The Outcrop pattern of the mare strong~ altered rock in the deposit suggests 

either irregular alunite replaceJ113nl# or some haphazard contortion of the 

layers that were replaced. Numerous post-mineral faults have offset the 

alunite bodies. 

The alunite deposits on the northern flank of the Antelope Range are 

located both in a series of tuff beds and in umerlying calcic latite flowa. 

The tuff series is either weakly alunitized or altered to a suite of m1.neral.s 
J 

related to the aluni1fzation over 1110st of the area of t he outcrop. The calcic 

latite,on the other hand, is fresh in mot>!., ~f the e:.:posures remote from the 

alunite deposits' but is alunitized am characteristically altered near 

Mal\Y' of the alunite deposits. 

The Al lee Mae alunite deposit is restricted to the calcic latite. 

An irregular vein or lens that is roughly flat-lying grades into the alunitiz­

ed arrl kaolinized latite. The ratio of natroalun:l.te to kaolinite is variablo 

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 lrotki deposits are 

located primar~ in the tuff series although the latite is also nd.neral.is­

ed or a1 tered. The alunitization is evidently localised at the Mar7a LaJrb 

deposit in the tuff' along too crest or a broad north plunging anticl1111. 

!he latite beneath the turf is strong~ altered to nd.xed lattice Ulite­

montmarill.onite clay and chlorite. 

The Krotki, Hindenburg and Yellow Jacket deposits are roughly aligned 

in an east-vest direction. Alone this tram gypsifarous alteration, which 

is later than the alunite, occurs sporadically. At both the Yellow Jacket 

and Hindenburg deposits the tuff arxi underlying calcic latite are DDre 

strongzy alunitized noo.r this zone suggest~ that the deposits are aligned 

along fissure zones or solution channels. 

Alteration 

Alteration zones abmt the replacement alunite bodi"s are less clear~ 

defined than the zones about the alunite veins. The irregular nature ot 

the replacement ZOl.\es caused by the apparently preferential replacement 1D 

certain poroas horizons am in different lithologies, requires that the 

alteration of the different rock types at the replacement d~ts be 

studied irriividuall.y. Althallgb the ausceptibllity to alteration dif'f_.. 

among these rock types, similar mineralogic changes are faum betlnMtn 

alunitized ani unalunitized equivalent.s. 

Two phases of alteration are apparent in the alunitized rocks. They 

are the moderate phase, which is characterized by the formation of abumaDt 

alunite, kaolinite and quart;z, am the feeble phase.which is characterized 

by the forDBtion of illite-mntmoril.lonite mixed lattice clq. 
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Country Rock 

'!'he Bullion Caeyon volcanics, that are sufficiently remote from the 

replace~"~Ent alunite bodies to have escaped mineralization by the alunit~ 

bearing solutions, are characterized by the smre type of regional 

alteration that is found in the country rock of the vein alunite depositfii• 

As stated previously, this alteration is believed to be earlier arxi unre­

lated to the alunitic mineralization. The develo()lmnt of carbonate, 

chlorite, sericite and quartz are characteristic. 

The biotite quartz latite at the ..,lhite Horse deposit has bean d ascrib­

ed by Willard and Proctor ( 1946). The latite is strongly porphritic vith 

closely spaced phenocrysts of andesine an1 biotite ranging from 1 to S nrn. 

long. The groundmass i s largely crystalline bu.t iniividual crystals are 

too small to be accurately identified in thin section. Probably t he 

groundmass i~ co.-aposed mostly of orthoclase and quartz. Grains of ilmnite, 

magnetite and apatite are also present. The effects of the regional 

alteration are noticed in the formation at• sericite in the plagioclase, 

chlorite in the biotite, am the fornation of carbonate in irregular-

shaped grain., arrl lath-like pseudomorphs in the groundnBss (See Plate S, D). 

The chemical ana~rsis is given in Table 2. 

01-dnr, to the widespread alunitization am related alteration in the 

tuff series alon{; the northern flank of the Antelope Range, unaltered 

samples were not obtained. The !east. altered samples of these rocks 

reveal that the tuff is t~ bedded to massive. The grain size is very 

fine, thou{!)l some crystal fragments are as nuch as 3 lllll• in width, suggest­

i ng that the original mteri.al was ash. 



The unaltGrl3d calcic latite 'Which lies below the tuff series along the 

northern flank of too Antelope Range is orphrytic vith phenocryts of 

arxlesine, and enhedral to subhedral augite {See Plate 5, C). The andesine 

crystals are as much as 4 mm. and the largest augite are 2 nun. in length. 

Magnetite and a few grains of apatite are dispersed in the grotmlJass. 

Most of the microcrystalline grourrlmass has a lov irxla af refraction and 
<-· 

is doubtless rich in ort.hoclase. A few cuntform-shaped grains of quarts 
I 

are interp,rown with the groundnass IIBterial ., The only expression of the 

reeional alteration is the incipient sericitization of the plagioclase 

and the forrration of hi~ birefringent fibrous material along cracks in 

the augite. In soroo places the calcic latite is notably wsicular, and 

-
radialzy- ~ed fibrous growths of lcm imex or refraction, presumabq 

zeolite, are in some of the vesicles. 

Feeble Pmse 

Grading outward frortt the alunite bodies ~ the country rock at the 

vlhite Horse am White Hills deposits is a less intense zone of alteration 
~ . 

characterized b,y the presence of mixed lattice illite-montmor~te clay 
I 

and the absencl3 of alunite. The m:i:Y.ed lattice c~ is present. in place 

of the original plagioclase phenocrysts as well as in the grourrlmass. 

Kaolinite an1 quartz also are fourrl in the feldspar paeudol1l0'11ils in various 

proportions, depeniing upon the intensity of alteration. Secondary quarts 

also occurs in nests am mosaic-like aggregates in the groummass. 

Biotite may be f resh or my be represented only by concentrations o£ 

leucoxene and rutile 1 which in some erains are &ITanged along crystallo-

graphic directions of the biotite forming a sagenitic structure. 

Intermediate stages af biotite a1 teration are bleaching am eydration. 

In the less intensely altered roclc of this phase, the magnetite am 
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UEDit e are rilllnad by hematite, but with increasing intensity am cl~er 

pr'oxill1ty to the alwd.te bodies 0~ heJatite ani leucoxene are rowz~. 

In the zODe of' gradation between rocks of the moderate arxi the teebla 

phases of' 3];i.eration alunite is incipieJJtq developed 1n the feldspar 

pe.ud~ which are si.n.q kaol.inite with variable amounts or quarts 

(See Plate 7, C). 

Feeble }ilase of alteration of the calcic latite at the Yellov .Jacat 

deposits is similar in most respects to the feeble phase at the White Horse 

and White Hills deposits. SpecimeDS 'V8l'e taken in sequence across the •st 

quarry face from the unaltered calcic latite to its hi~ alunitized 

equivalent. The least "~tered rock af the feeble phase still contains 1n 

the replaced phenocrysts minor amou.nts of the original plagioclase. Most 

of the plagioclase has altered to the tilrous, highly birefringent. 1 mixed 

lattice illite-montmorillonite clay. Some large fibres may be sericite. 

Low birefringeDt kaolinite {?) is also found in m:l.Dor amunts in the 

phenocrysts. The mafic ndneral.s have been chaDg~ to a hig~ birefringent 

fibrous rrass that is light brown in plane light, proba.b~ ..,nt;ronite or m 

iron rich mixed lattice clay. Nests or quartz and clusters or mixed lattice 

clay are scattered in the groulXbaas most or which is relatively unaltered. 

A sample, ~ght to repr'esent the feeble phase alteration in the tutf 

series 1 vas taken near the Marys Lamb deposit. The rock is light purpliah 

gray due to disHI!Iinated he:natite dust. Original lam:L'1Btions are still 

pr'esarved. The rock is miarocrystalline hilt the crystals are too snall 

to identity accura~ {presw!Bbly they are quartz ani feldspar). Thv 

acicular cr;ystals of a mica-like or fibr'ows clay mineral are arranged in a 

reticulated netllork in the gl"'UDinass. Some larger grains ranging up to 

3 mm. in diameter, JrObably originall.y teldsJ:m>, are nc:M kaollnite. No 

transitions between this type of rock am either the alunitized Cll" 
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umltered equivalents have been established because or the widespread 

alteration. 

Moderate Phase 

Regardless or the type or rock replaced, either latite flows or tutrs, 

the mst intense alunitic alteration produces an aggregate of alunite 

kaolinite and quartz with minor hemtite am l.alcoxene. In so. deposits 

halloysite occurs with the kaolinite. Variations in the proportion ot 

these constituents exists from deposit to deposit as vall as from place 

to place in the sa!IE alunite body • The sodium ani potassium contents or the 

alunite are also variable, the sodium pr-edominating in aome places girlng 

natroalunite. 

In the more highly alunitized parts or the alunite bodies, the texture 

or the replaced country rock is destroyed. This strongly alunitized rock 

is seen umer the microscope to be an aggregate or acicular, bladed or 

flat plates or alunite, equant grains or quartz, am interstitial and 

irregular maSSM or kaolinite. Hi.nol: constituems are irregularly dispers-
.t-

ad. The grain size is b~ disceru+ble with the highest powsr ndcroscope 

objective. Sane residual quarts grains and zircon crystals are the only 

recognizable remnant;s or the original rock. 

In the less strongzy alunitized parts ar the alunite bodies in which 

kaolinite becomes more abumaut, the original rock taxture is strik~ 

pr-eserved. The geometrical outlines of the original phenocrysts are 
I 

n4ble from textural or color contrasts between the growxlnass minerals 

and the minerals occupying the poei tion of the pJ»DOQryBts. At the edge 

d: soma phenocryst outlines alunite crystals can be seen project!~ into 

the kaolinite 111hieh is p9eudOJ&W¢dNB after the original feldspar. other 

shapes are preserved by contrasts in grain size between the groundase 
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a ggregate and the mineral or minerals occu~ the site of the orig:lml. 

phenocrysts (See Plate 81 A 1 B arxi C). In ather specimens the o}:aque 

minerals., leucoxene arrl heatite are faum 0~ in the grouubass am 
set orr the feldspar outlines which are free from these constituents. 

Concentrations or leucoxene am heratite in places Olltline or1giml biotite 

crystals. 

other Mineral Bodies Associated with l lunite Deposits 

A conspicuous feature at the Yellow Jacket deposit is a zone charactar1s-

eel by gypsum which cuts the alunitized turf and latite. The gypsum crops aut 

discontinuously along an east-west direction in the saddle in 'lilicb the alunite 

deposit is lo~atoo. In the bulldozer cuts at the eastern eactremity of the 

saddle massive pod-like 1i8Sses of Jypsum occur surroumed by paroue, friable, 
t.,i, 

ccllulor quartz. The siliceous zom fans outward am upward in the highest 

exposure of the f.tYPBUm sone. In depth the gypsum pods pinch out, bit the 

porous siliceous zone continue~ d01m118rd as can be seen in the tunnel that has 

been driven bemath this part of the alunite deposit. 

Thin sections from the cellular quartz sone reveal that the cell valle 

are formed b"]· large pitchy" quartz gra1m ldth interstitial, f~ granular 

quartz. The large graim have the appearance of graving at the expense ot 

the smller ones. One section shows tittV alunite laths dispersed in the 

fine~,. grannl.ar quartz arrl many of the larger quartz patches containing 

within their borders small areas composed of alUDite needles arxl fine~ 

granular quartz. Alunite needles alone are contained in some of the larger 

grains, presum~l:y the result of the associated fimr-grained qnarts having 

been incorporated into the larger • Another section shows high concentrationa 

af ver ~ finezy granular alunite in tm pores or the siliceous rock, although 

the rock is still porous. Pods arrl veinlats of pm-cel.l.anaous, extreme~ 



fine granular alunite are co!!'lftOil at the borders or the siliceous sinter 

zone and perhaps rep:-esent regions of alunite solution and repreeipitation. 
k'1hde b!4£.4 

At the Big Chiw.j'deposit, a short distance west of the Yellow Jacket, 

gypsUil mineralization also occurs and is believed to be part of the zcme 
~ fP 'a t" 

represented at the Yellow Jacket. Here the fO'J)sum foccurs' as anastomosiDg 

veinlets am as a replacement of the alunite in the alunitised turr. 

Strongly silicified tuff and breccia form resistant cappings for the 

knobs am hills surrounding the Yellow Jacket deposit. Iron Peak to the 

west and Chalcedony Peak to the east are two of the JDSt prom1Dent 

occurrences. The texture of the original rock is cotllllODly presm~ed by 

the fine~ granular quartz. Porosity is low and the rock is hard ani 

resistant to weathering. 

On the slopes below Iron Peak are the Hindenburg alunite deposit aD 

the east and the lrotld. mines on the vest. Both of these deposits, as well 

as the YelleN Jacket, show th& 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 Pealt that it ha8 been Zld.ned 

as iron ore in the past. 1'hio iron oxide body has been explored by under­

ground workings, but those bodies present beneath other silicified cappings 

are i.micated by the color af the soU. 



Chcmistrt af Alteration 

Mineralogic changes 

T 1e concentri c a iTangement of t he alterat i on zons!'l a ut the 

principal chan.i"'lel ways or the tineralizin[; s olutiom cun be explained 

in either of t~JO ~ ".y s : (1) t he alterat ion zones represent separate 

periods o~ m:tner 1 iz3.tion '.dt the a l tera t i o!, of each later period(being) 

superir.Iposoo on t h8 MOr r.! n-idespra ... ::. alt eration of the next earlier; or 

( 2) t h , alterat i on z omr. represent one continuous period of Mineralisa.-

tio . dm·inr \mi c. all t . · zone · wer e f ormed contenporaneously a s a result 

of the r;radu.al change i t he rt.at ure of t he solut i on outward from the 

source. The f irs t root hoo is unduly complicated and dcpen:ls on a series 

of events t hat f ortuitousl y· pt• cx:luces the regularity of t he zonal pattern 

a."Xi alteration chenist~· · On t he other hand . the secom process is 

simpl er and l':lOI'c reasonabl e t han t he f ir$t ani seems w be the best 

ex:pla.mtion for the a1 ter ation at Jl.a.rysvale . 0~ a single event iD 

necessary, and t he resulting zonal configuration of t he ~~ rock 
~ A 

alteration is that expected 0~1 physical and chemical bas¢s. 

Thi~ concentr i c zon. 1 pat t er n of alteration. produced b,y a contiou-

ousl,y flowinP' hydrotherma l s olution, has been des cribed recentl)' i n great 

deta U by Sales a'1d 1-teyer (1950). According t o their concept• at a 

specific poi..-rrt of re:'cr ence loc~ted in t he wall r ock near the vein, 

successive waves or f ronts con-esponding t0 t l, alt eration phases are 

developed a !'rl recorded "l-rith t he pas3aco of t L-ne during t he mineralization. 

The difft!rent phas es of alteration are t huD contemporaneous, and the 

frontal atta cks of each alterati on zone on its next outermost neighbor are 

being made at the sa.rrw:! t i..'l!]e thcm.gh at successively ;,';Teater distances from 

the chamele So long as active upr..rard circulation takes place within the 



channel arrl the composition of the solutions at their source does not 

greatq change, each zone migrates away from the fissure by grmd.ng at 

the outer edge arrl sinllltaneously receding at the innermost edge because 

of encroachment by the rext innermost zone. 

Thus to trace the mineral changes fron the umlterad rock through the 

increasi.ngzy intense phases of alteration about the alunite bodies ani veiDB 

is in effect to determim the paragensis of the minerals. Assuming that 

the veins and the intensely alunitizoo replace~nt bodies were channelwaye 

fram which t he altering soh:.tions spread later~ 1 the wall rock at &r1if 

fixed position near the original cha.nnelvay has previously gone through 

the mineralogic changes characteristic of alteration }ilases of less 

intensity. A study of the mineral changes across the zone of alteration 

mould therefore furnish valuable information on its bistOlj' am chami.strr 

o formation. 

I n the original regionally altered latitic wall rock, upon ~ch 

alteration of the feeble phase has been imposed, the carbonate, epidote 

and some af th3 chl.oritc have been destroyed. The plagioclase (sonewhat 

serit ized) has baen replaced by illite-montmorillonite mix~l l.ayar lattice 

clay a ni kaolinite. T e biotite has becorre bleached ani has la;t its 

pleochroism, probably a progression toward illite. 

I n the zone of moderate phase alteration the rocks af the feeble :phase 

ha·V'e been changed to an aggregate of kaolinite, alunite am quarts. The 

mixed-la~yer lattice illite-montmorillonite clay in the original feldspars 

phenocrysts :b.as been replaced b kaolinite, alunite and quart.a. on:cy 

streaks of leucoxenc and rutile mark the site of the once present biotite. 

Chlorite has been destroyed. 

'.T'he more i.nliense alteration produces a hi~ silicified aJXl alunitized 

rock at the expense of the kaolinite. 



Gains and losses of constituents 

Unfortunately at the time of this vrit~ complete analytical data 

and bulk am powder densities are not. available for precise quantitative 

treatment of the gains am losses of constituents in the alteration zones. 

However, with the few analyses on hand am with a knowledge of the 

mineralogy of the altered rock, a qualitative interpretation can be nade. 

Table 1 gives the analyses of the vein alunite, the sUicified aDd al.unit1sed 

rock next to the vein (intense phase), am the country rock sufficient~ NJIIOte 

from the vein to be free from the eff acta of the alteration associated with 

the alunite. 

Similarly, Table 2 shows the ~n of alun:l.tized aDi arg1Uised 

latite am latite country rock at the White Horse replacaent alunite 

deposit. 

Dif'ferences in paroeity among analysed rocks reduce the preciseness 

with lihich the oxide percentages can be compared. The following general­

izations are mde vith this reservation in mind. A conqarision of the 

Si02 am A~0:3 in Table 1 show-s that these percentages have not apprecj.ab~ 

changed between intensely altered am the original regionally altered latite 

breccia at the vein deposits. MgO, eao, Na~, C02 have been nearly conipletely 

eliminated from the intensely altered rock, and 120, ~0 am so) have been 

added. Sone Fe is fixed as F~ though certainly a large decrease in iron 

is shovn. Because of the snall percentage of the other oxides, comparisons 

canmt be safely made. 

Althouf?jl no anal;rses are available for the feeble am intermediate 

phases of altered rock for the vein typ:! deposits, the ndnerals provide an 

ilXlication of the chemical composition. 

In the feeble phase the large amount of ill.ite-mntmorillonite mixed 

lattice clay suggests an increase in 12'> and H2o. Sral.l. aDDUJJts ot MgO• 



TABlE I 

Vein Alunite and \iall Rock Anaqs. 

(a} (b) (c) 
Bon Intenae Vein Theoretical 
Rock Phase Alunite Alunite 

Si02 57~83 6o.l5 .22 -
Al~3 13.34 12.82 37.18 36.92 
Fe203 7.21 . 07 trace 
FeO .87 .43 
~0 1.10 trace 
CaO 5.6o .13 
Ha2<) 5.76 .so .33 
K20 1.08 3.7$ 10.4$ 11.37 
H~ .24 .14 .09 
H~ .95 4.93 12.90 l3.05 
Ti02 .96 .62 
Zt<>2 .o1 trace 
C02 4.73 trace 
P20S • .38 .19 .58 
SOJ 12.75 38.34 38.66 
s .07 
Cr203 none none 
HnO .o6 none 
BaO .10 .03 
FeS2 

100.~9 ~ mo.rn 100.00 0 

(a) Latite ( ?) breccia on trail 1,200 .teet weat of Mineral Producta 
mine. R. E. Stevens,~st. 

(b) Silicified, alunitized and pyritbed latite breccia from 
1-tl.neral Products main tunnel. R. E. Steyena, Anal.yat. 

(c) Vein ahud.te from 11ineral Products property • W. T. Sballer, 
.lnalJrat. 



Cao, Fe0-F~0:3 arrl Na20 umoubt~ are contained in the nd.xed lattice clay, 

chlorite am bleached biotite, but the quantity of the oxides should be 

greatly reduced from that of the original latite. S~ released in the 

replacement of the feldspar by the mixed lattice clay am kaolinite is 

thoueht to be represented by soroo af the secoiXiary quartz in the groUDbass 

and replaced phemcrysts, al'Xi may mintain a silica-content close to that 

in unreplaced rock. The clays have a greater A~o3 content than bas the 

plagioclase, so this percentage is E""XpeCted tc:- remain at a high level. 

&ll.f'ur has been added to form pyrite. 

The nearly complete loss of cao and 1-fgO is to be axpected in the 

moderat e phase rocks. Iron is fixed as hematite and pyrite, and a little 

Na~ may be present in the alunite. The A~o3 content may remain at about 

the same level a s in the feeble phaseJ that released by the destruction of 

t he mixed lattice clay being taken up by kaolinite and alunite. The presence 

of t he alunite necessarily irxiicates an increase in ~. Some Sio2 rel•s­

ed i n the destruction of the mixed lattice clay nay be sxprassed by the 

increase in grou!DnBss quartz. 

The alunite veins, because of their banied arrl vuggy nature, their 

purity, their coarse crystallinity an:l their clearly defined wall.B are 

considered to be fissure fillings. The solutions that ascended along 

these fissuren necessa.~ were rich in so3, A~o3 and ~0, the constituents 

of alunite. The solutions which migrated laterally from the fissures ware 

capable of adding these constituents to the vall rock, and deficiencies in 

K20 and A~~--~ possibly Si02 in the alteration zones could have been 

made up from the solutions. Whether or not oxides, that are common among 

the alteration minerals, were added, subtracted or recombined can only be 

determimd by precise sampling am calculating of' analytical data. 



At the Hhite Hors e replacement deposit (Table 2) Al
2
o
3 

am ~0 remain 

roughly constant in the unaltered biotite latite and feeble and moderate 

phase altered latite. Si02 is reduced in th moderate phase because it 

is displaced by the large quantity of alunite. l{gO and eao have been 

subtracted f rom the altered rock ani ~0 and iron oxide markedly reduc­

ed. Only m
3 

and H2o have been added to the altered rock in appreciable 

quantities . 

Nature of Solutions 

Perhaps knowledge o_ the m ture of the mineralizing solutions that 

formed the ·larysvale alunite deposits arxi the asGocia.ted rock alteration 

can be gained from the examination of synthesis and experimental data on 

minerals whic.h occur in the alteration zones. Minerals of ~icular 

interest in this r egard are illite, montmorillonite, kaolinite, alunite, 

chlorite arrl carbonate. 

The work of' Noll (Grim, 195.3) has shown that kaolinite can form in 

both acid and alkaline solutions. At temperatures below )000C. in 

alkaline solutions in which all of the constituents of montmorillonite 

were present but in Hhich the proportions of the alkalies and alkaline 

earths were less than the stoichionetric values , both l'IIOntnm-ill.onite 

am kaolinite were f ormed. In acid solutions at .300°C. only kaolinite 

vas formed reeard].ess of moderate variations in the proportions of ~o, 

A~o3 and s:to2• 

Gruner (1939, 1944) has shown that llllscovite (sericite) can form in 

acid solutions f rom feldspars above .350°C. provided that K and Al are in 

sufficient concentration. BeJ.ow .350°C. kaolinite forms if Si:Al is about 1&1. 

Pyrophyllite i s t he stable f orm in acid solutions abcrve J50°C. if the K ion 

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



TABLE 2 

(a) 
~es from the White Horse Replacement Alunite Deposit 

(b) (c) (d) 
Unaltered Feeble .!obderate 
latite Phase Phase 

Si<>2 6(\. ~ .. 7 64.72 47.88 
Al203 19.29 17.59 20.33 
Fe203 1.27 1.70 .97 
FeO 3.93 
MgO 1.54 
CaO 2.28 
Na20 3.24 3.43 .10 
K~ 5.ll 5.89 4.59 
H20- .l.,h .94 .10 
H20+ .61 4.67 6.82 
Ti02 .56 1.34 .62 
C02 .49 
P20S .02 
S03 none .37 19.6o 
MnO d 100.65 m1.o1 

{a) Willard and Proctor (1946). 
(b) Fresh latite on 11 old road11 at south end of ~te 

Horse deposit. Cyrus Feldman, Ana.J¥st. 
{c) Altered latite between alunite lenses on east side 

of north ore body. Cyrus Feldman, Analyst. 
(d) Alunitized latite near south end of north ore boey. 

Cyrus Feldman, Analyst. 
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converted to muscovite i n acid solutions above J)OOC. f·7Uscovite ean also 

form in slight~ basic solutions at lower temperatures. 

Laboratory experiments on the synthesis or alunite (Leonard 1927) 

show that alunite can be produced in acid solutions. In the 11l"iter1 s 

experi.'tlents lrl.th synthetic alunite t he pH of the alunite forming solution 

ronged from 3.5 to 1.5 during the course of alunite precipitation. 

Caroona.tes and chlorites are decompose:! by acida, although resistance 

to slight~ acid solutions is conceivable. The reaction, Ca~ ~ 2HC1 ~ 

~ + H2~ can proceed to the left if the pressure of ~ is aufticieut.­

ly high (Grumr 1944). Chlorite resists decomposition in cold, vea.k acids 

rut readily decornpos es in warm, strong acids. 

The environmental conditions favoring the formation of illite and 

illite-mozrt.morillonite mixed l.czy"er clays are little known at the present 

time. Barshad (1950) has shown that an illite-like ndmral is f~ 

frot1 oontmarillonite l7.Y the substitution or K ions for all exchangeable 

cations. The s a.T?le author suggests that exp1udi~v, lattice clay reported 

to be a ssociated h'ith t he "hydrous mica• is not necessarily mommorillonite 

as such, but is proba.b~ the r esult of alteration or mea lJ,J replacement. 

of K with ca, }fg ani H ions. J:naSI!lllCh a s t he basic crystal Jt!"llcture is 

similar for micas, hydrous :rl.cas and montmorill.onoids, the availability 

of exchangeabl e ca~ions ani t he little known chemical nature or the cation 

containing solution appear t o be the sensitive factors that determine 

\ilich mice-like mineral i s rornm. 

A reasomble conception of the nature of the hydrothermal solutions 

can be gained b'-J the application of the above experimental data to the 

alteration m1.neral.s associated wit h the alunite deposits. In the feeble 

phase or alteration the formation of kaolinite together with the 

destruction or the carbomte or the original wall rock suggest that the 



responsible solutions vere acid and that the resultant minerals tora­

ed below 35000. Th& Stlr"fi:val ~ 80016 or tho chlorite suggests that 

the solutions were not strongly acid. 

The . resence ot Ullte am illlte-aontll0rlllon1te llixed laysr 

clays provide little conclusive information on the nature of the 

enviroil!DSilt.al comitions. It is even po_sible t hat the layers of' 

montmorillonite randomly stratified with illite have boen produced by 

the leachinf of illite layers and the mcchance of cations through the 

a.cency of later cround water circulation. 

The ~ olut:lons o~ the moderate and intense phase !!linerals are 

int.erpretcrl to h!lve bG<m 1ore stron.:ly aci t han tho:Je responsible !or 

the f eeble phase alt ra t ion. The formlltion of alllnit c an::l the increased 

proportion of kaolinite a t the e-f.J)enSe of t he illite•J00:1tmorUlonite 

m1xod l.attie!"! cl:x: and chlor ite are the bases f o-r this deduction. 

Tho M· neraJ.: , o;~ the :.U.t aration phases i ndicat a the pro essive 

increase i n acidi y o.f the ... elutions to .... mrds · ~e ~ :.annell..tay. Tho same 

conclusion is r eached if t · c reaction 'bct uecn t ~ vol.crurl.c rock and acid 

solutions is considered. lmsmch as .tel.dspathic rocks are alkaline in 

reaction, acid solutions should be neutralized at some distance i'rom the 

cha.noolway of the solutions. Conceivabzy, a PI gradient; 110\l:l.d th~n be 

established rnm the frinl;e of solution penotration to the channalway, 

the p 1 decreasing in this direction. Of coarse the mture of t he eolutions 

fiowing in the channolway is asswred to have remained consistently acid. 

Sales and Meyer (1950) report a suite of minerals of alkallz. atr1n­

it1es 1n the fringe zone of altS"ation, and they suggest that the advanc­

ing front of the altar~ solution vas alkaline. The UBel!!blage of 

chlorite, epidoto, s_.1cite aDd earbo•te dovelc;ped in the Bullion Ca'lyota 

volcanics is s'iq:ilar to the allmline suites of these authors, so that it 



a later alkaline suite of minerals were present they could not be 

distL-,guished. In the alunitized and silicified wall rock of the veins 

(intense phase) s hattered quartz veinl.ets are cross-cut by alunite 

veinlets and are clea.rzy the oldest structures in the altered rock (See 

Plate 4). T 1e possibility exists that these quartz vcdnlets represent 

relicts of an earlier alkaline phase of alteration although all traces 

of minerals Hhich may have been as sociate Hit 1 t he quartz have boen 

obliterated 't:r;r t' .e superi::tposed alunitic ::Uneralization. 

In surnr.nr-.r 1 t he f orer oing data on t he synthesi s and stability 

relations of t !'le a lterat ion minerals sugges·::. that t he solution in the 

region of t . H~ f cc::,lc phase alt r atio . was l-Tea!<ly acid1 an its acidity 

in:::reas ed progres sively t hrougl t he modc.u-ate a nd i ntense phases. In 

til~ f issure in Hhich ·t he vein a l unite w.s deposited t he solution is con.­

sidered t h:w ,... be$ t he mo::;t acid1 a."ld i n addition to silica, the 

solution w1.~ ric~ i n all of ~ l o constituents of alunit e . T:b..e t e.mperature 

-wa.s probahJ.y 0el ow 3;:Pc. 
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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 am vuggy nature of the 

alunite iniicate that the veins are fissure fillings. 

A possibility exists that the grourri vas prepared for later alunite 

deposition by the earliest solutions that ascended along fractures at 

the site of the present alunite veins. These solutions deposited quarts 

arrl doubtless silicified the volcanic country rock to some degree. All 

evidence of this earlier mineralization is obliterated by the later 

alunitic alteration, except for dismembered cherty quartz veinlets 

"Which are displaced by alunite veinlets in the silicified ard alunitiz­

ed wall rock. The early silicification nay have rendered the turf 

sufficiently brittle along the fracture zones to prow:»te the formation 

of open fissures . Periodic opening am fracturing of the rock in the 

fissure zone is evidenced by the complex cross-cutting nature of the 

alunite veinl.ets and the stockwork-like structure of the vein system. 

The symmetrical zoning of alteration minerals is interpreted as 

representing one continuous period of mineralization during which all 

zones were formed contemporaneously as a result of the gradual change 

in the chcr.rl.ca.l and physical nature of the solution outward from the 

channel way. As long as the solution contirmed to now in the channel­

way, the fring e of solution penetration contirmed to advance outward 1 

am consequently so did each reacting front of the alteration phases. 

Stability relations and envirollltCntal conditions of fornation of 

the alteration minerals aff ord information on the nature of the 
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mineralizing solution. At the outer edge of the alteration ba1o (feeble 

phase) the solution vas only slightly acid, a fact evidenced by the 

destruction of carbonate an:i by the preservation of some of the chlorite. 

The increased abundance of kaolinite am alunite and the destruction ot 

chlorite and mixed lattice clay indicate that toward the vein the 

solution was progressively more strongly acid. The temperature of for-
i:. . '· ~~ 1. , • .,) ~ r.~-• bu• r. 

mation'was'. below J50°C. because kaolinite instead of D111scorl.te or 

pyrophyllite was formed in the acid solution. 

The raineralizing solution was rich in 120, .A.~03 ani 50:3• ard 

probably contained H2S and Si02• other constituents in the solution 

are mt clearly recorded. S03 and K20 of the altered -wall rock are in 

excess of the proportions origina~ present in the unaltered rock am 

therefore were derived in part from the solution. The amount of vein 

alunite requires that large ~'!Uantities of ~03, S03 am 120 were intro­

duced by the solution at the level of deposition. The presence of H2S 

is suggested by the formation of minor amounts of pyrite preSUl'IB~ 

produced by the reaction between iron oxide released from mafic 

silicates am H2S• \ihether or not the constituent.s in tha solution were 

derived in part f rom t he underlying shale of pre-Tertiary formations is 

not known. 

After the de~osition of alunite ~L1or fracturing occurred in the 

veins arrl liall rock. These fractures were filled l·1ith kaolinite, the 

final phase of t he acid miner~lization. 

Replaceroont deposits 
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The replacement alunite deposits are also believed to have been fonal 

by hydrothermal solutions. Tho ei.rcumferential distribution of the deposits 

about the quartz monzonite intrusion sugeests a genetic relation vith the 



intrusive. Havner, the size, shape and grade of the deposita, the general 

restriction of the deposits to original.lJ porous horizons and the structures 

that control the si tea of replacement suggest that the details of origin are 

different from those of the vein deposits. 

The b;ydrotherma.l. solutions are believed to have either ascended along 

fractures from the magmatic source to the tufts or to vesicular zones, 

where they spread laterally and caused the widespread alunitization, or 

migrated directly into the porous horizons at 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 ea8t-veat 

zone in which gypsum and siliceous sinter also are found. The over~ 

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 correeponding phases of 

alteration 1n the vein deposits, and consequentlY the chemistry of the 

solutions is also similar. Chemical analyses indicate, however, that SOJ 

and H20 are the only constituents that were necessarily added to the 

unaltered rock to form the deposits. 

The m1naralization 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 

deposita suggests lower temperature and pressure during formation, a 

condition attainable nearer the surface. 



Discussion of previous ~theses 

A review of the eypotheses for the origin of alunite as well aa 

alunite occurrences are given by Ranaolle ( 1909), Butler and Gale ( 1912) 

and Knizek and Fetter (1950). Ransome, who has discussed the origin in 

greatest detail, considers three possible modes of tormationz ( 1) the 

direct volcanic eypotheses, (2) the lqpotheaes of formation result.irlg 

from oxidation of pyrite and (3) the hypotheses of BiJIIultaneoua 

solfatarism and oxidation. These hypotheset.:. 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 am discuss their 

application to the Marynale deposit.& 111 light of the data that has been 

produced in this stuey. 

The direct volcanic hypothesis admits the formation of alunite from 

solutions of volcanic origin which are charged with sulfuric acid and 

are directly evolTed from the magma chamber. This hypothesis of origin 

is applied to the alunite veins at Mar,ysvale, Utah, b.Y Butler and Gale 

(1912) who make the reservation that the A~0.3 and I~ may have been in 

part derived from the walls of the fissure at greater depth. A later 

report by loughlin (1915) is in agreement with the.-,e conclusione. 

Callaghan (1938) suggests that the constituents of alunite were entirel\Y 

derived from a magmatic source. 

The oxidation of pyrite or the supergene Oypothesis for the formation 

of alunite is maintained for t he origin at the type locality, l".ount 'rolfa, 

Ita)3, by Del.aunay (in Ransome 1909) and for t he deposits of alunite in 

the oxidized zcme at Cripple Creek, Colorado (Ransome, 1909). The 

oxidation of pyrite produces sulfuric acid solutions which percolate down­

ward and react with the feldspathic rock constituents to fom alunite. 
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KaQy workers do not believe that acid sulfate solutions directly evolYe 

from the magma source; therefore, mechanisms have been conceived for the 

production of such solutions at the site of alunite deposition. The 

hn>Otheses of simultaneous solfatarism and oxidation was proposed to 

explain the origin of the alunite and associated metallic ores at Gold­

field, Neyada. Conserning this lo'Potheses, Ransome postulates, 

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

A means of producing sulfuric acid in the absence of atmo8p~C 

oxygen from alkaline solutions bearing s ul!ur or sulfur compounds waa 

proposed by Butler ( 1911). The process requires the attac)i of sulfur on 

ferric compounds oxidizing the sulfur to fOl'Jil sulfuric acid with watea-

of the solution and reducing the iron to the ferrous state. 

Graton (1936) proposed another process whereby the origina~ 

alkaline hydrothermal solutions can be converted later to a sulfuric acid 

solution. This hypothesis is based on the reaction 

which proceeds to the right under suitable pressure-temperature relation-

ships. The ~-gen for such a reaction is furnished by the hydrothermal 

water, presumably oxidizine the sulfur to S03 which fonns sulfuric acid. 

According to Graton this reaction would operate effective~ to produce a 

H2s bearing sulfuric acid solution if the nomal pressure-temperature 

relationships in the hydrothermal system were altered by the reduction 

of pressure or the increase in temperature. He maintains that these 

conditions were obtained in the veins at Cerro de Pasco by the pre-

heating of the country rock and by the abrupt reopen:ing of fissures. 



The bn>othesis of origin from oxidation of pyrite in both vein and 

replacoment deposits can be eliminated from consideration. As previous]¥ 

pointed out by Butler and Gale (1912) and confirmed in the present stuey, 

no evidence is found to indicat e the former presence of pyrite in 

suffiaent quantities to account for the great volumes of alunite and 

alunitized wall rock. Furthennore, tresh pyrite i s found in the 

aluni tized rock. 

The simultaneous soltatarism and oxidation t\ypothesis is not applicable 

to the vein deposits. Diffusion of the sulfate solutions in the ground­

water and precipitation of alunite in t he zone of mi:dng between o:z;rg; . . t· ·~.ed 

groundwater a nd rising H2S bearing solutions cannot be pictured as forming 

the features characteristic of the alunite veins. The Yeins are sharply 

defined l-d th banded and comb structure and crop out aver a vertical range 

of 21 000 feet. 

The r eplacement bodies 1 however 1 are irregu1ar in shape and are 

confined to originally porous horizons in the volcanics. If t he now 

alunitized horizons r1ere at the level of active meteoric .:mter 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 solutio~~ were in an acid sulfate condition prior 

to their arrival at t he groundwater level, their miJd.ng with oxygenated 

water would probably produce an acid solution little different from the 

one derived from oxidation. 

In a recent report, Steiner ( 19.53) shows that tuffaceous and 

arenaceous rocks at \'/airakei, New Zealand, are characterized by !our 

alteration zones which decrease in alterat ion intensity from the surface 

dowmlard. The upperzoost zone contains alunite, kaol1n1te and opal which 

are believed to have been formed by sulfuric acid generated by the 

4.6 



oxidation or rising H2S vapors by the descending o~genated meteoric 

waters. ~S is presently escaping from the ground an:i sulfur is being 

deposited at t he surface. This present day occurrence indicates that 

oxidation of H2S bearing solutions by groundwater is a valid proceas in 

alunite formation. Although t h method is feasible for tbe formation 

of the l'M!lrysval.e replaceroont deposits, no proof exists that it was the 

responsibl e r ocess . 

Whether thE: sol utions which formed the vein depos1 ts were acid or 

alkaline at t eir inception cannot directly be proved. The information 

at hand suggest s tha t t he solutions were acid at least at t he level of 

observation duri .l'l(_, t he course of iall rock alteration and alunite 

deposition. 

If tl e t heory that t he solutions were originally alkaline is 

entertained, a mec:b..anism, such as that proposed by Butler or Graton, 

must hava been effective to produce sulfuric acid solutions in the 

hydrothermal system of t he veins at tl1e le~~l of alunite deposition. 

<inerals containino ferrous iron have no-t:. been observed in sufficient 
I 

qua:.tities t o produce t he require,..; amount of sulfuric acid by the 

Butler m~thod. . Ho>·rever, i nasmuch as the reaction proposed by Graton 

derives all of its c onstit1ents from within t he :b~drothermal fluid, 

i t could have conceivably been eff ective i n prod· eing the acid solutions. 

If t ht:: solutions 'I>Thich as 311derl .-~long t he al unite-bearing part or 
t he i'issw· -S hn. been original]Jr a:kaline and t hen later changed to acid, 

a r ecord of this change should be r ecorded i n the 'nal.l rock alteration 

bordering t he veins . It i s possible that t he dismembered quartz veinlets 

in t h aluni tized and silicified wc>ll r ock of t he altmi te veins is a 

relict of an earlier alkaline phase o a l t eration. The superimposed 

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

4? 

other minerals with the quartz, so that no proof of alkaline alteration exists. 



In conclusion, it may be stated that data gathered 1n th1a stu~ 

indicateJi that acitl sulfate-bearing solutions were ettectiw in produc­

ing both the vein an replacement alunite deposits. The data do not 

justify conclusions as to the nature of the solutions beyond the level 

of obeenation and alunite depositi:m. Howtrft'lr1 for the sake of 

simplicity and in the absence of any proof to indicate otherwiH, 

sulfate-bearing mineralizing s olutions are considered in this atud¥ 

to have ascendea !rom c:. mat;matic source in an acid condition. 
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Plate 1. - VEIN ALtniTrE 

Block £loom open cut on ridge above l-Iineral Products 

mine. Mottled pinkish very fine-grained alunite with 

vuggy veinl.ets of coarse~ crystalline alunite (dark). 

I~tural size. 
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Plate 2 • - VETil ALUNITE 

Typical band af crystal.l.im alunite from vein on 

main wrld.ng level of Hineral Products mine. The band~ 

is para.J.lal to the walls or the vain, rut the pl.umose 

crystals are normal tc the banding. 5!11111 spots of very 

fim-grained pinkish alunite appear at the margins of the 

bam. A single vein may be composed of one or a great 

maey ar such bands. natural sue. 
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Plate 3. - VEIN ALtnm'l 

Block from Yein 1n Mi.Daral Products mine ahCJid.Dg 

mottled Yery tine-grained alunite veiDed by ooarae 

crystalline alunite. Natural s:1H. 
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Plate 4. - SILICIFIED AID ALUNIT1ZID 
VOJ_,Q\NIC RO<X VEIUFD BY QUARTZ MD ALUNITE 

Block from upper tunnel of J1ineral Products mine. 

Silicified am alunitised volcanic roek (dark) with 

quartz veins ( slightzy lie;hter) are shattered am in­

vaded by crystalline alunite (li[!,ht). Alunite vGir¥J 

(banded) have been fu.rther fractured and healed by 

still later alunite which tends to be nora vuggy. 

Natural size. 





Plate 5. -- HOST ROCKS CF THE AIIDm'E DEPOSrrS 

A. Latite breccia at the L and N deposit. 
Oligoclase crystal in the upper le.rt-ham oornar contains 
arumant sericite (white). Aggre~te in center consists 
of chlorite (gray) and carbonate (white) which bard.er 
altered biotite lath. Crossed nicols1 X 80. 

B. Latite breccis from near the Mineral Products 
mim. Sericitized oligocla.se crystal in center ia 
bordered am replaced in part by carbomte (light gray 
mottled). Note quartz mosaic l~ft of center. Crossed 
nicols 1 x Bo. 

c. Fresh calcic latite from the Yellow Jacket 
deposit. Crystals of hit;h relief are augite1 and 
large white crystals are amesina. Chlorite ( ?) 
bor' ars laree augite grain i n c~nter of photograph. 
Plane polarize:i light 1 x ·ro. 

D. Least altered porp]::zyritic latite from the v!hite 
F01·se deposit. Laree phenocr.1sts ar0 se~icitized 
oligoclase. In center oi' photograph magnetite grain 
i s surrounded by carbomte (light). SOme rather large 
areas of groundma.ss quartz are ir. optical contirmity. 
Crossed nicols1 X 15. 
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Plate 6. -- HCIST ROCKS OF THE ALUlliTE DEPOSITS 

A. Fresh porO(ityritic latite from Dear the White 
Hills deposit. Pleochroic brown biotite is surround­
ed by v~ saricitized plag1.oclaae. Aggregate in 
cents- or Jilotograph is carbomte encircled by' latha 
af epidote. GrouOO!ass is m:Lc:rocr,y8tal.l.ine aggregate 
or qtiart,s and art.hoclase. Plana polarized light, 
I 25e 

B. Sane as A with crossed nicolB. Note the 
large areas of gl'OUJ¥lmass quarts in optical continuity. 
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Plate 7 • - FEEBLE PHASE AI!l':m\TION 

A., Altered latite breccia from the L am H 
deposit. Light areas are origiml plagioclase crystals 
now replaced by kaolinite (light) ani Ullte-nDnt!IDrillonite 
mixed lattice clay (slight~ darker). Lath-shaped cryatal 
in upper center is altered biotite, and opaque areas are 
leucoxene. Plane polarized light, X 70. 

B. Same as A with crossed niools. Fila-aus highly 
birefringent material (white) is illite-montmorillonite 
mj.~ed lattice clay. 

c. Altered phenocryst in parJicyritic la.tite trom 
the t.ihite Horse deposit. tert-haDi quarter of' crystal 
(lieht gray) is illite-montmorillonite mixed lattice 
clay. Kaolinite ( ilTe£Ula.r patchee or darker gray) and 
quartz (white ani gray) comprise the remaimsr. Crossed 
nicols, X 30. 

D. Altered latite breccia from Hineral Products 
mine. Relict phenocryst in center of photograph is 
composed of quartz (light gray) and veinlets am 
patches of illite-montmrillonite mixed lattice clay 
(white mottling). The erouiXhmlss consists of' kaolinite 
(dark gr;zy) and illite-mout.marillonite mixed lattice 
c~r (white mottling) wit . d:imernina.ted quart,s. Crossed 
nicols., ~~ 10. 
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Plato 8. - mDERATE PH!SE .lr.:t'ERATION 

A. Alunitized and kaolinised calcic l.at1te fra 
the Yel.low Jaaket deposit. Original plag1ocla• ( ?) 
phenocrysts now replaced b7 kaolinite ( ~) and 
alutd.tc (white). Plane polarised lJ.ght, X Oo. 

B. Sa:t!le as A with crosaed nicols. Note the 
distribution af.' the alunite (white) within am bol'der­
ing the relict crystals. 

C. Altered latite from the vlhite Horse deposit.. 
Grains or high relief are alunite. G1'01l.lldaas 1.8 
composed or lldcrocr7stal.l.1De Jcaollnite am quarts. 
Plane polarised ligbt 1 X 80. 

D. Alunitizad, kaol.inized am silicif'ied latite 
breccia !'rom the L ani N deposit. Altered ph1D00l711t 
ar breccia rrageut in center car photograph is 0014J08-
ed ar kaolinite (dark) vitb acatterod Srregular and 
acicular crystals car alunite (vbite). Note that -.zv-
ar the alunite crystals have hollow centGrB (now ti]l,. 
ed with kaolin1te). Lari;e llhite grains at bottom are 
quartz. Tba grOUD!n&ss {mottled) is -~ f~grailiad 
quart;z with a Uttle kaolinite. Crossed n1ool81 I 80. 
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A. S:1l.io1tW u:d alunit:lsed lati'- bftNia fl-. 
the llllDift1 prodaacta JdDe. t.tgbt ~ ........ 
crig:lmll7 pla"oolaN Cllpt;ale micb are .. ~· 
]1' npl.aoed by allmite. GJ'Iaii,_BS ( c!az11R) 1a f~ 
~quarts.· BlaclC c:rrstalat lett 1a JJ1rite. ~ 
polar:Ssed l1ght, x eo. 

B. s.u aa .l wit.h cmBMd llloola. Me pl•cl .. 
c:lase crystal tarma ~eserved by aggregates or bladed 
a].nnite cr;yatala. 
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llTUIB "J.WRITI 

Plq!ical Properties ~ cmtal Structure 

trom Palaobe et. al. (19$1) are give 1D 'labla 3• 
.• 

The cr,rata1 at.ructure of alaite bu b.- detera1Ded b7 RGDdrtab _ 

(19.37) who usiglled the miDaral to the ....-....,. c3..S~ •• Pabet 

(1947) bGvev_. 8&J8 tbat alUDite 11117' be OODB!dend to be in the apace 

group n3c1S..a.). because a ceater of ~ is EWideDCed b.r the 

centroSJD~~~Btrical dispoeitiaD of tbe at.a 1n the stractare abollt the 

potaBBium. 

ConceJ'Idng the distrilmtioft or the. s.. ad at-a.,~ (1937, 

P• 780) atat., 

• ••• elaotroetatic ~are wn· •Uatiell; 1D .U+) s-
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is at the. raxjnw pos81ble cii8tace, permitted br the ceystal S)J&wtifj, 
!!.'gm otMr At+) t.e ad ~ t~ wrlem ~~ diet&Doe ~ 
s+ t.bat still permits an A13 to cancm or. SDJi. ciinlnee or !!• 2;0 I. 
J.lmn:I.Dam has tbe cpected ~ ..... etx, be1lll WlriN&rled 
at the COI"DIIrs ~ u appraxiataq repl.v octahab:"Ca b.r t..- OB. 
groupe .-.~ two 611&• ... ot ~- ialw. !be ooard1Dat.1aa ..... 
of potassillm is t-.l.ve than be1ag six GIQ'&Cl atoms at 2.80 I aw.l ids 
~1 ,.....apa at 2.es I. 

sUJ.tate -~ atoms em trigaDal cea are surrowed by tbrf8 
OR- gr.cnape at 2.S2 I, the .-.s-ar bdag poa.ai~ :M great u O.l$ I~ 
It muld ... that. the }Vdrogen at.e mut be 8o plae~ aa to gin 
h)-Jraxy~ binding to these aqgan at.. siDce ne .u.- t.a, ,U. 
thaD S a approach tblm jloseq. ~1. gtoupe ·are near: 2 ·Al' 
at 2.0h x. 11 at 2.~ , 1 CIXRE:I at: 2.S2 1, 2· can• at 2.65 I, 
two otbar eydrcayl groupe at 2.65 I and tvo other ~ groups 
at 2.68 I. T~ disUDDa8 are DNr the apect.ed val.uea.• 

Figure 4 is a per~ve drav1Dg of tbe atoms 1.-dia~ lnll'NIIIII• 

1Dg the potassium iaD. 



TABIB 3 

fbptcal ~· of Aluntt.e Uld lataelmdte 

Cleawp ••••• (0001) cllatlDDt, (OJI2) 1D tnoee 
Pr8ot ........ .,.tal - ~dal, deDM ••••• - 8J)l.lllter7 

UDiftD to OODDIMd.dol 
............. Jl-k 
Speolt1o ONY.l.\7 ••••• 2.6 - 2.9 
I.u\N a .... ~treoU1 ~t purq OD (0001) 
CoJoJo .~ ... 1dd.te, pwpah, ,_nm.a., nddleh ·ud redd1ah brwDJ 

tranipU'ellt to ..t-t.raDel1aoeat 
StNat • • • • • vblte 
other ••••• St.roogq PJI'C)electric 
Optical ProperU.ee ..... oolorlu• in tnnei:t.ted light, nnaxlal 

poa1t1ftJ n~• l.S92, rv- l.S721 

SMpla 

Sial 
s-2 
S.3 
~ s-s 
~ 
8-7 

(a) 

llsot. 

ljCJOC)g 
-.700 
.6oo .soo . 
.200 
.l$0 

o.ooo 

1\ -n,.,• o.02 (alUDJ.te) J u. ~· o.ol, ~· l.SSS 
(natroalunite) (Lenon and Beman) J 
Bladed aDd acicular qratab are length tut. 

TABLE J, 

Data OD the Spthuia ot Al:alllte 

CA1iilli&l 
~ Ale( SOJ.) 3. ¥ .,_ I 

18 JbO 

OeOOOS 4•000& lSO Iii 2 dap 10CJ' 
.400 4.000 l50 0 2 S8 
.lt90 4.000 lSO . 2 so 
•roo ~.ooo lSO 2 71 

.1.000 4.000 1$0 23/h lh 
l.SOO 6.000 200 4 7 
l.SOO 6.000 200 4 0 

ec.puteci relat.iw atc.ic percentapa ot potaaia aDd 
80d1• in aolaUaa. 

(a) .. 
al 

42 so ,, 
86 

'' 100 



I !,, ·ll rr' "llll •l i u ~- ., j 1'" '"--iuno ( l.or::•· ).I;" k • ir.lt--l . alu onin um 1-m:~ll I.Lu k 
• ir•l, · .. l. .trtd " ' .\ ~111 . tl tiU1. I"••J. t .... i ll ll l j.;. ;1 1 1ht· indit.dnl d i ... Lllhl ' "' irunt ~j , ••\~ g , · n 

.tt .. n t .. 11! """' ), "...'t•llt p .. {rn.trh, ·ol .!) ~ 111d :-i\ h ~ d r .. , ~ I t! f"ll it-"' ( ln ar"t ·d 1.) . 

Ficur• 4.-Penpectiw drniq or alwatt.e cJ78t.al 1t.nctve trca 
*ndrica (19)7, P• 782) 
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Maa;y 1GD1o sub.Ututt.as are tbeol'etic~ poeeible 1D the alat.te 

eer1 ... lJ. The substituU.on ot aodimrl te potueiu ie ~ no-.­

Dised and it is like~ tbat phoepbWows subetitutee tw ealhr. Ae 

!lllCb aa o.58 percet P~ 1a t01Bi Sn the . pill eat alliDite flooa tJ. 

Jlla.178Yale regiaD (CallAghan 1938• P• 120)1 blat Deitbar ita pre1111110e 

as a pboapbate miDeral bpu-it,- nar its preseDCe ae a ooutitu.at 

in the alUDite etructure hu been detinit.e~ establiahed. Accordblc 

to BeDdricb_ (1937) it lillY be possible tw eil.:lacm to replAce •• 

or the alumiDim atoms 1f at the sa. tw the electroetatio beltaoe 

is maintained b)" the substituticm or calcium tor potassium. Aaother 

possible subtrtitutiall is suggested b,r the s1Di1lar1ty 1D 1aa1o Ndiu 

and charge betw• trivaltmt iron am aluminum which VCNl.d form a 

t.ranait1CIIl between the altmite md jarosite series. Such a m1Donl 

interaediate in ·COIIpOSitiaD between alunite aai 3azooa1te is described 

by' Palacbe -'• al. (19~1 P• ;61) • 

Here the principal interest is focused upcm the altm1te-Datroalllld.te 

relationship because or the signiticant quanU.tiee ot both 1n the Mll78• 

vale regi.GD~ The relaticm between the cr,ystal structUZ"G 8Di tbe ebe.S.oal 

OOIIFoaitioo and the cCIIIIIletaDeae at ioDic subetitutiaa of' eodiua t .. 

potassium are proble. which have ~ iDYutigated b7 the x-r~q at__. ot 

both m1Deral am synthetic aluDitea. 

lf The dUD!te sarles !DCiUCies aiUiilte in whiCh tb8 conteiit or potaee& 
exceeds :sodium, and uat.roal.UDite 1D which the quaotit," ot eodiWD 1a 
greater than potassium (Palache at. al. 1951). I 
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Synthetic alunite series 

Synthetic alunite ani natroalunite were prepand in the laborator;r 

to permit a vide range in composition in sampl88 for study and to all• 

the chemical reactions involved in their precipitati.a to be applied to 

the interpretation of the formation ot the uaturaJ.lr occarr1Dg m1Daral8. 

The technique ot alunite synthesis used in this study vas pattemecl 

with certain modificaticms after that of Lecmrd (1927). Reagent grade 

l~h .W. N~h were combined so that the ratio of I to Na vas the aa. 

as that desired in the alunite product • The potassium am sodium sul­

fates were added to three times as much as ~(504)3.18 H~ vith a 

addit1cmal 20-3~ excess o~ Al2(~)3 .1.8H2'> added to promote COIII)lete 

reacti ~ or the sodium and potassium ions. The salts ware then dissolYed 

in 150 to 200 ml. of distilled water and allcMid to boU 2 to 4 days at 

atmospheric pressure. A reflux comeuer was CODDect~i to the flask 1n 

order to maintain the boll.ing solution at a CODBtant level. Data on the 

particular samples synthesized in the study are given 1n Tabla 4. The 

precipitate was washed, and separated by decanting &Dei centrifugiDg. 

The sul!ates which were dissolved 1n 200 ml. or distilled water 

registered a pH of 3 .0-3 .51 but after the precipitation ot al'Uidte the 

pH of the soluti'lao was lat-Jered to 1.5-2.0. 

Chemical analyses of the synthetic alUDite samples are givs in 

Table 5• A comparison of the relative pcM;assiwn-sodium atomic percentages, 

calculated from the stoichiometric proportions of the ingredients in the 

orig1nal solution (Table 4), and these percentages, coqJUted from the 

chemical analyses or the alunite precipitates (Table 5), shows that the 

final alunite product does na(; have the same composition as the soluticm 

from which it crystal.l.ised. All of the samples intermediate in 
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!01& s 

Chemical AaaJ.yaea ot the Synt.biUc Al.UDlte a..,_ 
s-1 5-2 s-3 A s £6 S:1 

~ 9.19 9.31 9.00 8.76 7.3.3 S.7o .u 
.12 .47 .sa .7S 1.64 2.74 6.03 

A.¥3 32.1 32.8 )2.6 33.7 ll..o 34.7 )6.6 

~a) 39.2 38.9 38.6 38.6 38 • .3 39.2 4o.o 
&:U 18!22 ~=~ ~ -ra r!!:~ rM:§S 

K (b) 
Na(b) 

lt20 
Hi~ 
Al~J 
SO) 
H20 

100.00 • 
98 9.3 91 89 7S SB 1 
2 7 9 11 2S 42 99 

(a) Rem. includes 1120.., H20. and impurities, c:c.puted by difference. 
(b) Relative percentages of alkali in the a1Uid.te tomula oamputecl 

.trom chemical analyses, the total a}lmliu having been a~d 
to 100 percent. 

S.ples are the same as in Table 4. 

TABLE 6 

u;um.te Lti'Oiiliii1te I (H30lAlJ{SOJ,)2(0B)6 

n.3S - -- 7.79 -)6.96 38Jak .38.83 
38.6S 40.20 40.61 
l3.oh l3.S6 20.$6 



oompoaition between the pat,assic and sodic end Jaembcos ceystal.Used 

richer 1n potassium, and both pot.aasic am aodio em members crystall­

ised vith nd.nGr amounts of sodium aDl potassium, respec:tiYely. Pre­

suabq the source of the 80dium ad potassium caatam:IDMt8 in the eDCl 

mellbers was the glaaa vessel, because ~ one •lJrali vas introduced 

into the aolutiao in either syntheeia. 

The chemical · analyaes also show that the synthetic Nq)les deviate 

somewhat !1'01:1 the thaca"etical ccmpoeitiaa of allmite. The total aJlrali• 

and alumina are deficient and su1f .11" trioxide and water arB 1n exoees ot 

the theoretical Yalues. Bucause the aDA1yses _.e !IBde an extremeq 

small sanp1es, slight GZTors in axide paroentagee are to be expected. 
(}. 5C t*jp ~_J _. 

The exc.s atar 1 hcJI.nmlr, i.s believed to be too great to be (caDtrl.bUted 

to analytical errors and minor canpositicmal in-egularities. Part of 

the excess is probably due to the fact that combiDed water 1 &~~sorbed 

water and impurities are totaled together in computing this ccmstituct 

by dif'!erence !rom the chemical anaqses. Same or the ccess water is 

probabq also present as oxonium ioDS (H3oi-) which may occuw soma of 

the potassium positicms iD the crystal lattice. Isomarphowl substitu-

tion or H)<>+ ror K+ am Nllb+ in jarosite am alliDaDiojarosite (Sron-beariDg 

analogues of alunite) bas been demonstrated b,y Sbillhkin (19.501 19.51). 

The effective iaaic radius of H,O;. is given in the same reports as 

1.32-1 • .3.5 i, a valuo near:q identical with ndius of x•. Inasmuch aa 

very r.. studies have been male an the axan1um ian 1D ceystalline 

ooqxJtmis1 its ionic radiua may not be precise. The tbecretical 

compositians of alunite, natroalunite and the H3o"" bearing analogue or 

alunite are given in Table 6 tor caaprisCJD with the ~ed compositiaaa. 
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The x-ray patterns or the eynthetic samples, discussed in a later 

section or this report, are so similar to those of natural alunite that 

little cbubt exists that the synthetic specimsna have the alUDite 

structure. 

Natural alunite saq>lee 

Chemically analyzed alunite am natroalunite ore samples were 

selected on the basis or their relative potassiml sodium atomic 

percentages to repreeent the range of composition or potaseiu aud 

sodium bearing alUDites (Table 7). 1'he samples C02IIIIODly caatda 

admixtUl'U or other minerals which have been identified by optical, 

x-ray am ditrercmtial thermal anaqsis methods. laoUDite (Uid 

halloysite), quarts (and opal), and alWlite (or D&troalUDite) are the 

principal constituents with minor amounts or helatite, leucoxene . (arKI 

rutile) and gibbsite. The chemical ~s wre reo~ in tern. 

of these minerals' and the relative atomic percentages or potaasiwa 

and sodium in the alunite and natroalUDite are used as a baaia tor 

comparing the lattice constants. Table 7 also gives the reconqJQted 

percentages of the constituents in the samplee. Small deticienciee 

and excessee of certain oxides occur in the z-•computaticm or some of 

the analyses. These iiTegularities may be due in part to the preHDCe 

or small &miNllts or amarphous naterial such as allopbane or other 

undetected substances or they may be due to slight errors in quantitative 

analysis. 
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TABLE 1 

Ch-.ical ADalpes and ec.puted 
Con8titU811ts or •CDe Marysvale Alunite One 

~~~: ............ jl.72 
2 J.a5 L 5 
.22 30:04 27.lb 

Al2DJ················· 25.14 37.18 38.So 23.98 28.70 
1&20)················· .57 tr. - 4.32 -
la2D·················· .14 .33 .26 .2.5 .)8 
lzO ••••••••••••••••••• 7.15 lOJe6 1.90 6.90 6.75 
T1D2•••••••••••••••••• .86 ... .78 -
P20S·················· - • 58 - - -
SO)••••••••••••••••••• 24.62 38 • .34 29.30 23.67 23.41 
B2D+·················· 9.81 12.90 13.33 9.U 9.5o 
H2o-•••••••••••••••••• ,o6 d . • 10 ~ ,a:~ 100.07 100.24 

(K,Ka~.)~OJ• 
67.5 3•6H2Q •••••••• 63.7 100.2 75-b 61.2 

Al203•2Si02•2H2o...... 3.9 .-<3 3.4 6.S ~. 

Si~ •••••••••••••••••• Jo.o .2 - 28.5 2Ja.l 
Impurities (a) •••••••• +2.b7 • .6 - l.S6 +6.17 + .63 
K (b) •••••••••••••••• 97eS 96.0 96.o 9$.0 92.0 
Na (b) •••••••••••••••• 2.5 4.0 4.0 s.o a.o 
Exceaa (l,la) (c) ••••• 2 • .5 ·- - 3.9 
Deficiency(K,.Na) (c) •• 3.4 3.1 b.9 

(a) The impurities consist of hematite, laliCCIXeoe, gibbsite. 
Negative Yalues indicate quantitative de.ticiencies in some oxides in the 
calculation of t he indicated mL;erals. 

(b) Represents the relatiYe percentages It and Ia indicated in the 
alunite formula, la+k• l.OO'.S. 

(c) The percentage of total I and Na (summed to IOO') ~at is 
greater or less than the amount required to combine with the SO)• 
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TABLI 7 oont:1.Daed 

•••••••••••••••• • • • • • ••••••••••••••• 24.40 'S/.10 22.67 23.32 yt.J2 21..80 
JeiOJ··············· .2b - .16 7.32 .36 .81 
~azo................ .67 1.12 1.18 1.30 3.71 J.U 
~················ 6.49 8.2S $.26 2.54 4.46 1.~ 
T •••••••••••••••• .JS - .69 1.60 .10 .62 
~················ - - - - -
~-··············· 23.41 .34.00 20.so 1.c;.4o J4.9S 16.86 

B •••••••••••••••• 8.28 13.00 7.30 8.76 13.77 8.61 
820-················ .16 d 08 d 'd d 98.B5 100!116 
(I,Ia)2D•lll1Dl• 

52-h 88.3 43.7 450).6120 •••••• so.2 88.1 .39.1 
n~.2S~.2H2'>·... 4.4 13.0 a.o 21.4 9.8 21.9 
8102················ 42.4 - .38.8 28.2 .. 33.6 
~ties (a) •••••• +1.80 -2.28 +1.2 +10.6 •l.S7 •• 77 
I •••••••••••••• 86.0 BJ.o 74.6 56.2 LJ.~o lB. 
Ha (b) •••••••••••••• 14.0 l'( .o 2SJ~ 43.8 S6.o 82. 
Excess (l,Na) (c) ••• 8.4 14 •• , 0 0 13.1 
DaficienQT(I,Ha)(c). - .6 - 0 0 -

1. Saiq)le trom Yell.or•-Jacket deposit at northeast corner or lower eua­
fttion 1n Q\181"17. J • G. Pairchild, .lnaJT8t. 

2. Saaple of purest allmite 1'l'OIIl M1Daral Produots mine beliewd to be 
repreaeDU\t1-.e of the material anallsed by w. T. Sch.aller. 

3. Sample from L and N deposit taken across 4 • .3 feet on face o~ west 
dritt in tUIIDel. on SCNth slope. R. K. Bd:ley 1 A~. 

4. Saaple trom Yellow Jacket depoeit taken across 4.8 feet as same 
location u 11. J. c. Fail'Child, .baqat,. 

S. Sample froa L and H depollit taken acrose 9.4 teet crystal win 1D 
T-ebaped cut abcne big tuane1 cut. R. K. Ba1la7 • ~t. 

6. S.ple ti'GIIl White Horse deposit tAken a• c~l aample ~ 
Mroea U.5 feet in upper cut ot aain QU81T7. R. rs:. ·steftDI, Anaqst. 

7. ·Sap1e fJ'alll SUDehi.De deposit taken at eou\h Ill de ot riN flo a 
tUDDel a\ northlr~at Wld ot glAr;y bole. a. 1. Baile71 AM]pt. 

a. Suple trc. Alund.nua Bar dapoeit in pit at eleYation 9,86o teet. 
J. J. Pahe7. ~-
. 9. 3aple traa .U lee Mae <ilpoe1t tUen acroee 6.S teet on south vall 
ot abort tUIID&l, JJ teet frca portal. J. G. Paii'Ohlld, ~t. 

10. Sapla tl"CCI Al 1M 11M depoeit taken ftl't1oal.q &01'081 1.1 teet. ot 
al1mlte ftin at portal of tuunel. J. G. Paircbild, .baqat,. 

n. Suap1e trc.a, Big Star depoei t taken through 9.2 teet on eout.h aide 
of .aiD qua.rey. R. E. St.e'reD11 AJJa.qat. 



l~ay stuq or QDt.betic and natural alunite 

In order to obtain a mare eatistactor,r reaolution or lattice IIJ*Cizlc•, 

the eaplee ware cam1Ded with the lorelco x•ar dit~ eet to 

traverse at the rate or cme..tOU'tb degree (28) per 111Daat4. A chart epeed 

of l.S 1Dchee per boar and copp~~r radiation wre ueed aclueift~. 

t'be ~tnlant •s et&Ddardised udag anc. peNder tumiehed bT 

the anutactunr, and the obeerYed 1Dterplmar apac1Dgs agreed vitbia 

0.01° (28-) or the etaDdard Yalues. This Yal.De 1e tbe same u tbe ~ 

of measurement and the deriation fl"'JJl studud Y.t uee ma7 be due 110stl7 

to the measuring errar. 

The rep~'Oducibilit,.. or peak mea~ vu detertdDed to be 

:+O.oolS I (-to.o~ 2Q) .tor 0006 in D&tural alunite aDd syntbeUc - -
saJII)les. In D&troalunite the reproducibillt,.. vas +0.003 I (+ .03° 2G) - -
tor this retlectiaa becaWJe or poarer detinitica of the peak. The 

error 1n computing the c lattice constant, c0 , is therefore 6 U.S aa 

great, ar! 0.00091 .tor natural and synthetic alUDite and !,0.018 I .tor 

nat.roal.unite. '!'be reprod11Cibillty or 22hO 1D all of the ~amples we+ -
o.ocQ6 .I (~o.o].$0 2Q), an error or t o.oolBiin deterDdJWI« -.,, the a 

lattice constant. The Bragg angle .tor 0006 is about lS • .SO, am that tar 

22h0 about 26.2°. It is realized that greater accuracy 1n the determin­

ation or lattice constants oou1d be obtaiDed f'rom retlections of highar 

Bragg angle, howYer the retlectiana 1D the high agle region tar -.rq 

or t.be alunite euplee uam1ned were weak aDd poar~ reso1Yed1 am tbws 

were unsuitable tar lattice ~tatiaue The Yalue of the C and the & 

lattice CODataata respectiwly ror alunite are giYem by HeDdricks ae 

17 .38S I (17 .3S II) aDi 6.97h R (6.96 n) 1n CODtnst to 17.310 r aDi 

6.977 ! detendDed in the present stud7• 
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The prertous study at Pabst (1947) gins 1Micee tor tbe renec­

tiana 1n tbe alunite pattern eo that it is possible to COtTelate 111&J17 

or t.be ditfloMtian UDea vith tboae ot the QDtbetic mineral. IT 

uaizlg the 0006 and 22h0 renectiaDa the lDlit cell dimenaiaaa, 11o aD4 

c
0

,.... calculated;/ the oell. d1Jwmt1icms ·,.... cbeclced and tbe validity 

of the 1D:lamg tor each eynthe~ic al:aDite was estabUabed b7 CCIIIU'-

1Dg tbe calculated sm2t with the Obaernd s1n2Q value ·ror .-ch l1De 

or the dittraction patteru using the ten.lat 

. "' ..L 

Sl#
1

eJ..kf-== ~~(h~+ Aktk~)+ £-ca.f. 
Natural alunite 8l¥i uatroalliDite wen abo 1Ddsxed in this JMDne.r to 

ccmtirm the assignment of iDdices to dittractioD liDu which vwe 

present in the dittractoaater pattema but not obBC"Yed 1D he polfder 

diftracticm ril.mB of Pabst. Fig. 5 ebaws tbe ditfract~ar pattema 

of natural and synthetic alUDite 1D diagraw.tic farm 1n arder that 

dittraction line shifts, 1Diicee and intensities can be ccmpared. 

Table 8 shows the same data in tabalar torm, together with the 

observed and calculated value11 of Pa:ost. 

~~ unit cell dbensicms, 8o and c0 , clearly shoJr the etfect ot 

~anal differences in alunites. Table 9 gives the lattice ccmatant.a 

tor alunite and natroal.unite alaag with the ccmstants tor s...U. 
c..r c 

s;-nthetic specimens. The same data (ls) plotted in Fits. 6 and 7 aa 

curYes showing the relation between the unit cell di.mend .ans aDd the 

relative scx!i!lll-pOtasaium atomic percentages or the samples. 

lJlfibOUib &lliD!te Is rbOiiJ)Obedi'i]' It is here reterrea to &iiigODai 
axes to silllplii)' oalcul.atioaa, 
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TABLE 8 

I-r;q Diffraction I)tta tor Natural and 
Synthetic AlUJd. te and latroaluni te Samples 

(a) 
Suple 112 Mlneral Products Alun:l.te 

hW ~d Calculated ObMned 
Sin2Q d I 

ooo3 .8!19 .o17S 5.757 2S 
lOll .o1u2 .0182 s.102 15 
0112 .0242 .o~ b.948 ~) :wo .04G8 .0467 3.b66 21 
ll2J .o665 .o666 2.984 lOO 
ooo6 .07l4 .0713 2.884 106 
022b .0969 .0967 2.h73 6 
1017 .ll3l .ll.J3 2.291 81 
1232 .1216 .1217 2.208 6 
ll.26 .1200 
ol18 .1432 .14.30 2.040 2 
2ll4 .lhSJ .1454 2.021 l.S 
.3030 .1JI>2 
0009 .1603 .l6oh 1.923 
3033 .1640 .~ 1.902 
20~8 .1924 .1917 1.761 2.3 
2240 .1949 .JSSO 1.744 l6 
2137 .209$ .2108 1.683 2 
1129 .2061 
l3!il .2138 ~2132 1.66S l.S 
JOj6 .217S 
3142 .2189 .2192 1.646 2 
1238 .2404 .2405 1.570 2 
.3145 .2607 .26o8 1.508 4 
02~10 .2628 .26.)0 1.$02 36 

2246 .266o .266) 1.492 9 

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

(b) 
Tolta, I~ llwd.te 

bldi C&lCUlited O&ema ~ · 

d I d I 
OOQ3 5.795 1 
lOll s.1o 38 S.76 .30 
ol12 4.~6 59 4.99 .6S 
10~ 3.!;3 3 
1120 3.!188 62 3.51 1.05 
o$ 3.01!. } ~} 112.) 2.991 3.01 2.6o 
0221 2.98 
~ 2.698 2) 2.90 .5$ 
2o22 2.8S4 0 
0224 2.479 54 2.49 .6S 
1017 2.297 146 2.29 2.40 
2025 2o281~ ~I 

2.26 .9S 
2131 2.264 
1126 2.231· 2.21 .2S 

~~ 2.208 35 
2.046 l2 2.04 .20 

2134 2.022 0 
30Jo 2.014 2 
0009 1.932 9 
0227 1.918} ~J -, 1.908 1.90 3.30 ~3] 1.901 133 
303.3 b 
2240 1.744 lbS 1.7$ 2.90 
2028 1.702 1 

(b) Data trom Pabat ( l947) comerted tram IX to I. 
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TABLE 8 continued 

(c) 
mle I S~ S;ej¥1c Alunite 

Obeerv8d beerY Ca~ted 
s1,a2Q SiD G d I 

1010 .0182 .0182 5.7o6 9 om .02Lh .0244 4.929 56 mo .0485 .0484 3.500 32 
1.123 .o669 .0669 2.978 100 
ooo6 .0739 .0740 2.833 5 
0224 .0976 .0915 2.467 25 
1017 .1169 .1168 2.251 23 
12)2 .1211 .1212 2.213 6 
0009 .1662 .1665 1.889 4 
3033 .1.637 .1638 1.903 29 
2~0 .1935 .1937 1.750 19 
3llU .2181 .2181 1.649 2.5 
1238 .2Lh0 .2Lh5 1.558 2.5 
3115 .2610 .2613 1.507 2.5 

02210 .2696 .2701 1.483 9 
22li6 .2674 .2677 1.488 6 

(c) Sample number is the sarne as in Tables 4 and 5. 



UBIB 8 ooatillaed 

(c) 
Sampla I S-1 S~So latroalmd.\e 

bBl bbstrt cii~ bbserm 
s ~ s 8 d I 

lOll .0184 e0183 S.7~ h 
0003 .0193 .0192 S.SS2 h 
ol12 .0247 .0247 la.902 93 
1120 .0486 .0486 3.491+ 30 
1014 .os04 .0$03 3JU3 3 
02~1 .0670 .o669 2.977 6o 
W3 .~77 . .~77 2.9n 100 
OJ1S .o694 .0694 2.922 15 
2o22 .0736 .0733 
0006 .Cfl61 .0767 2.782 10 
0224 .0989 .0988 2.b49 3 
2o2S .1183 .u8o 2.238 3 
1017 .1206 .1206 2.218 38 
1232 .1218 
30~3 .1646 .1649 1.897 35 
02~7 .1690 .169~ 1.873 h 
0009 .172$ .172.5 1.8~ 70 
22JiO .19U .1943 1.748 22 
JW ~2189 .2190 1.646 6 
13~ .24b3 .2446 1..5.57 3 
1238 .2496 .2496 l.Shl 6 
40U .2610 .26U 1.S07 3 
22n6 .2712 .2710 l.h79 6 
~10 .2777 .2777 1.461 15 

(c) Sample number is the same as in Tables 4 ADd S. 
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TABLE 8 continued 

(a) 
Sample #10 Al Kee Mae Natl'OIIl.tmite 

hBi og~ea Ca~ted Observed 
s Q cl I 

lOll •. 0184 .0184 5.683 17 
000.3 .0192 .0191 5.512 u 
OU2 .0248 .0248 4.897 6h wo .0459 .Ol;89 .3.h82 32 
10i4 
02~li .0671~ .067.3! 2.969 100 
~3 .o680 
om 
2~2 
0006 .0765 .0764 2.787 21 
0224 
20~5 
1017 .120.3 .120.3 2.221 38 
1232 
303.3 .1655 .15.56 1.89.3 32 
0227 .1689 .1691 1.874 6 
0009 .172.3 .1719 1.856 1.S 
22~0 .19.5.3 .19.54 1.742 25 
.3lL2 .2200 .2202 1.642 4 
l.l29 .2208 
lJt&4 
1238 .2499 .2497 1.540 4 
40!il 
.3lll5 .26.39 .2648 1.501 u 
22ll6 
02~10 .2774 .277.3 1.462 13 

(a) Sample number is the same as in Table 7 • 



(a) 
Sample II 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
s-1 
5-2 
S-3 
s-L 
s-5 
s~ 
S-7 

TABlE 9 

Lattice Constants of Natural am 
S)'Dthetic Alunite al¥1 Uatroalunite 

•o co 

6.977 l?.3io 
6.977 17.310 
6.974 17.283 
6.977 17.31$ 
6.977 1i.29h 
6.977 l7.29h 
6.976 17.3~ 
6.975 17.288 
6.972 16.715 
6.9n 16.721 
6.975 16.7U 
7.010 17.10S 
7.010 17.068 
7.002 17.063 
7.008 17.052 
7.004 16.989 
7.003 16.926 
6.993 16.68$ 

(a) Samples nuni:>ers correspCDl to those descriOed in Table 4, · 
S ao::l 7 J NW!i>ers prefixed by S represent. synthetic san;>les. 

\ 
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The natural.ly occurring samples coqrise two groups, ODe with c0 

ranging between 17 • .31 i and 17.28 R, am the other with Co betvean 

16.71 R and 16.72 R. The group or 8&mples characterised by the lArger 

c are confined to the potassium aide of the diagrmn between K100 am 
0 

K7oN•3o and represent the mineral alunite in the true sense. It 1a 

noteworthy that nearly all chemical analyses of the l1arysval3 alunites 

fall in this region. The plot of' the composition va. c0 defines a 

line which slopes slightly toward the sodium side of the diagram, 

suggesting that an isomorphous series exists in this restricted area. 

Samples characterized by the smaller c0 represent natroalUDite and 

are restricted to c011p0sitions near the sodium side or the diagram. 

However, the limits of the region are not well d<rl"ined. The two 

eamples in the center of the diagram, upon careful identif'ication or 
all diffraction peaks proved to be a l'lliJ:ture of' alunite and Mtroalunite. 

Thus the composition as derived from the analyses is the sum or both 

types so that the COllipOSiticm of neither can be accurately nt.ablished. 

It is certain, however, that the composition characterizing the larger 

c0 value should be shifted toward the potassium side of the diagrN!l and 

the smaller toward the sodium side. An attempt has been made to show 

this relation 011 tbe compositicm diagram by a vertical line representiag 

the an~ed composition of the sample with horisantal arr~is projecting 

oppositely at either eoo of the line. The position of the horisontal 

lines denotes the value of c0 , and the arrow indicates the r P,giOID ot 

composition to which either phase of the mixture belongs. 

N e; distinction between natroalUDite and alunite has been possible 

by optical means in the two samples at intermediate compositicm that 

give x-ray pattem11 of both alunite and Datroalunite. The mixt1lre 1a 

believed to be or such small scale that it is below the resolution of th. 
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microscope. Such an intimate .mi.>..-ture is more likely to be a product ot 

fo.r another. 

It is apparent from the figures that &o of th~ synthetic samples is 

slightly larger than that of natural alunite ( .02 R larger) 1 and c0 ot 

the em member synthetics is smaller than that or the corresponding 

natural alunite ( .20 f smaller) and natroalunite ( .o3 f smaller) 

specimens . The explanation f or these irreeularities is believed to be 

t he partial. subs·~tutian of H301- tor x-+ and ua+ as discussed in a 

previous sect iGil of' t his report. Although the ionic radius of H3o+ ie 

given a s 1 • .32-1.35 f, &.lbstitution H3crt" for Kt- in the jarosite-ca:rpho­

siderita series {iron beat·inc analoques of al:urdte) suggests that it 

may oo srn~ller . Jaros ite, {IF8J(S0L i 2(0H)6) 1 has the cell dimensions, 

a0 : 7.20 R ann c0 : 17.00 i, whereas carpbosiderite, (HJO)Fe3(so4)2(0H)6, 

has t he dimensions, Ao : 7.16 ! and c0 : 16.70 f (Palacbe, et. al., 1951). 

Hence 3o and c0 for carphosid.Grite are .04 J and .JO i 8JIIlller respective~ 

t han tho0 ~ f or jarosite. Inazmuch as t he only difference between these 

t wo minerals i s t he ionic substitution of' H3o-t in the potassium position, 

i t is logical to assume that the smaller unit cell of carphosiderite is 

due to t he smaller eff ective lonic radiu~ of the H3o+. Thus the 
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diffarences in c0 b et 1oJeen the 3ynthetic and natural alunite .nd natroalunite 

can be axplained by the substitution of H30+ in the alunite lattice it 

H3o+ i s considered to be smaller than x+. It should also be noticed that 

the diff erence in c0 between synthetic and natural natroalUDite is mneh 

less than that between synthetic and natw.·al alunite 1 suggestiDg 1jhat 

the effective radius of H3o+ is closer to that of Na+ than K +• 



!be plot ot -., and 0o .. ~Det the relatiYe atomic percentages ot 

potuaiua and sodiUJil nggesta that an isomorpbic series exir;ts bet.-­

potuate aDd eod1c B7Dtbettc al.UDite. Both ao am eo abow l!Dear 

ehr1llkap zoelatiaaahips with iDcnaeing eodilDI oonteDt or the Mq)lea• 

al.tboagh tba cum to!" c0 is the liiGH strik1Dg. Such a liDear relaticlll­

ehip aatiatied V egard • s lav vbicb requires that unit cell dt..neions 

Y&ry liDeazo~ vitb the change in CODipOsitioD tor true t.narpbic series. 

'!'he 110st reasonable !Jlterpretation ot the contrastiDg relatioa 

bet;nqn the aynthotic ani natural alunitee is that the ~betic elunite 

eariea represents a disordered and metastable etate. The aodiwa aDd 

potaBB11Dl6mi H3~ are considorod to be r&Dd~ distributed, and aJJT 

slight obap in tbe proportion or one ion to the other conaequentq 

cauaea a corresponding cballge in the lattice constants ewer the ctire 

range or i8CIIImpbism. WilllteYer physical or chemical factors that an 

required to produce a more ordered state are 'not kDcnm. 

On the other baDi the naturall;r occurriDg alunite aDd natroal:aDite 

are bel.ieYed to repreHDt the state ot greater order ad stability. A 

l.ild.ted range ot ieo110rphism appar•tq exists 1D mature at the pcwtassio 

m:i or the ~ and posaib~ at the eodic aDd, although the paucity of 

data tor the eodic end or the eystem leaves a great deal or lmCertainty. 

!be cmq natvalq oc~ s.apl.ee or intermediate composition obtamed 

in th18 etud:,.. are ml."tturee at the tw alUDi te eDd JIIBJilbers 1 and it the 

interpretation is correct, that these aanplee represent umd.xed phases 

troa.an or1.g;lziel ta.geDOUs alwd.te, the iiltenaliate range or composit"­

ie cme ot 1Dstabil1ty. Furthermare 1 naturallJ' occurr1Dg alUDites of inter­

-u&te COJIPOBi.UaD aboald not exist. N~ oocur 1D the ores trom i.a"711-

Y&l.e that haYe been exam:lued 1D tbe stm7. 
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Unit cell di.Jiensions distinguish two natural.l3 occurring mineral t#Jpee 

of the composition (11 Na) Al3(soh)2(0H)6, a high potassium almdte, tei'JIIBd 

alunite, and a high sodium alunite termed natroalUDite. The c lattice 

constant for alUDite ranges tram 17.28 to 17.311J whereas the ccmstant tar 

natroalunite is 16.71-16.72 R. Data suggest that isomrpllism exists ewer 

a restricted range at the potassium end of the series, though 1nsuffics..t 

samples were obtainable to determine the nature of isomrphism at the 

sodium eoo. In the range of composition between a11Udte and uatroalunite 

no isomorphic relationship appears to exist in nature, aDd in this range 

it is likely that natural minerals do not occur. 

Synthetic alunite s8q)les with a range of sodium-potassium contents 

were synthesized at atmospheric pressure in boil.1Dg eolutions of sodium, 

potassium and aluminum sulfates. Solutions 1n which both sodium and 

potassium sulfates vera 1Dtroduced produced alunite which was richer in 

potassium than the stoich:iirstric proportions of these sulfates in the 

~olutions. Although the synthetic alunite& crystallised with the alunite 

structure, their wrl.t cell dimensions differed slightly from natural 

alunites. ·11so, chemical analyses reveal that the synthetics derlate 

from the theoretical alunite composition, the greatest deviation being 

the excess or water. The partial substitution of axc:milllft iaaa (H3o+) 

for sodium and potassium ions is proposed as an explaDatiOil for these 

anomalies. The synthetic alunites represent a low-temperature, low­

pressure, acid, disordered and unstable phase or alunite. A complete 

isomorphic series is evidenced by the , inear sbriDkage relations or the 

unit cell dimnsioDs with the progressive relative changes in the atoad.c 

percentages of sodium am potassium. This relatioa is 1n strong contrast 

to that shown by natural alunite saJ'tl)les of siJn:llar compositioo. 



Alunite and the kaolin group of miDerals are ideal aubstaDces for 

examination by methods or thermal anaqsis because or the mapitude of 

the heat exchanges produced by their thermal reacti.cms. These miDarals, 

as well as the associated quartz and s.U amounts of other Ildnerale, 

are 118'Ua11y found as 1111crocr,yBta111ne aggregates in the MazpYale alunite 

deposits, so that tec!miques such as differential themal. ~ should 

be a great aid in qualitative aJXl ser.d...qUIDitatiTe study. In order t.o 

appreciate ~the usefulDess, 11m1tat1ans and the adglrlticance of 

the results obtained by this method, it seems juatUiable to diacuu in 

saroo detail factara which :lntluace variatioD& iD the thermal curna, to 

ecramine the chemistry or the thermal reactiGDs am to appraiae the appli­

cation or this method to the semi-quantitative anaqais of alunitised rocks. 

The differential thermal apparatus used iD this study was the multiple 

type 1 modifications ot vhich have been described by I: err am Kulp ( 1948) 1 

Kerr et. al. (1949) aDd ltulp and l:err (1949). The equ1paent consists of 

a resistance type turaace, a six-sample stainless-steel sample block, a 

Leeds am Nartbrup "Hi.croaax" 'teq)erature controller and "Speedoax" 

point recorder. A d.c. ~-amp11tier, also manufactured by the Leeds aud 

Northrup CC~J~NPV, can be introduced 1Dto the circuit to produce recard­

iDgs or higbsr sensitivity<- All ot the determim.t.iau, with the exoeptia 

or a f• qualitative I"UDB- ~las that produce very low peaka, .... 

ade with tbe pre.....,.,1two d18caanaeted. The rate of heatiDg iD allot 

the ditf...ual. thermal. aD&lyaes vu maiutaiDed at 12° c. per miDute. 

The buic thaary of dift.-.ntial ~s is 'brietq SUJIIIIU"ised b7 

ltulp et. al. (19Sl, P• 644) vbo state, "The groum sampla •••• is packed 
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into a qUDdrical well which cantains one termiDal. or a two-headed 
tt.mo-coapl.e. 1'bo other tenniDalis pi.ced in eome •ter1a1.1 eo.ch 
as alundum, wb1ch doea not UDiergo eatOthendc or e!ot.hermio reactlODa 
t.broagh the heating r&Dge. The temperature or the 878tem is then 
raised at a UDitarm rate from ro. ~ature to lOSOO C. klq 
thermal cbaDgee iD the saq>].e well v1ll result 1D a dirtereatial 
tellpu'ature betwea the tw tendDals. Thl.a ia -.-red b)r a record• 
ing potentiaeter 1D a plot of' time ar syst• teJIIMB"lture against 
c.itf'8NI1Ual teprature. 'l'be area UDdm- a peak em such a CUI"'ftt 1a 
proportiooal to t._ heat ot reaction &Dd ccmcentratlcm ot the active 
~eta." 

Chemi.at.ry' ot tbermal reacticu 

fhe diffarEtial thenal cum of alunite is characterised b7 etrong 

llldothc'Dd.o peaks at S9CJO Ami 8700 C. and a v.Jalr cotherm:lc peak at 

7SOO C. The chemical reactiaaa producing theBe peaks baTe prerlau.sq 

bem studied by Fink et. al. (19.31}, IDiaek mi Fetter {1950}, lulp and 

Adler (19h9) am o.d (1950). Tbeae auth_.. are in genaral agr...-, 

on +;he chelllstry for the two eadothandc reacti01l8 or ahmite, but tiwr 

differ in tbair iDterpretatica or t~ caae at the exothermic reactiaa 
tJ.. ·fhrb u.:fe 

at 7800 C. ln'sek am Fetter{cautribute) the reaction to ... " the 

recryeta1.11saticm at alum which takes place at about this temperature". 

Gad auggeats that the product f.-.d ie r al1DI1Da 1D caatraet to ~ alumiDa 

of Kulp .00 Adler and Fink et. al.. 

The t1mi1Dge or the previous workers vere iDYestigated by tbe stud7 

of' alunite M!lp1es vbich ware grouDd to pase 200 :me8h and heated to 

apecitic "'1•atures. tt. co..,ounde that ware 1d8Dt1tied tram x-ray 

diffraction PJ~:tterDa of the sllq)lee are U .sted iD Table 10. Products 

tar.d at t.be temperature or the first mdothand.c peak or al.uDlte gue 

~ ditfraction liDes ot anb;ydrou alum (rAl.(SOJ.)2)• At the 7800 C. 

amtherllic peak temperature, hCJWever 1 stroag dittractica liDea ot tri­

potaselum al.um:lawn tri~at• (1)11(50L)3) 1 weak 11Des of potuelu 

aul!ate 1 aDd faillt lJDeB ot lJ alUI'dla were 1dent1tied. T'ri..potaasla 



TABJB 10 
(a) 

c~ present in heated alunite ~. 

Temperature 

5850 c. 
620 
645 
780 

870 
950 

Conpoul¥is idctitied by X-ray dUtacticm. 

K3Al(S04)3 strong, K~04 weak, Al?flj veak 

K~<lh strong, A~ r 
do do do 

(a) Mineral Prodoots alunite, coarsely crystalline variety, 
grounl to pass 200 mesh. 



aluminum tri-sultate ha5 not been mntioned in previous reports as a 

compound i"Grlll3d in the thermal decomposition or alunite. Tbe comp01Uld8 

preseDt at the temperature or the 8700 c. endothermic peak were potaseiUil 

sulfate and (a].um!Da, both of' which were the only substances fOUDd in the 

950° C. sat~ple. 

The follOid.zlg iDtarpt etation of the oh.natry of the reactiODS prod'IIO­

ed by alunite which is heated up to 10500 c. is based Oil the authar's data 

summarised in Table 10 and upan the prmoua work of Kulp and Adl.c- ( 19h9). 

The first endothermic reactiGD at S9()0 c., ::;hown by the thermal curve, 

indicates the anount of heat absorbed by the complete destruction or 

the alunite lattice. The combined water in the mineral is liberated, 

and amorphous alumina and anb1drous alum &zoe formed. The equation is: 

Although the amorphous alumina is not recognised in tbe x-ray dif'fractiOD 

pattern, its presence 1s deduced from the ract that the solubillt7 of 

A¥3 in suli'uric acid is greatest at abol.lt this temperature (Fink et. al., 
1931). 

The exothermic peak which occurs at 7SOO c. represents the evoluticm 

of' heat of . crystallization of' '( altmdna !r011 the amorpbous alumiDa far!~*! 

1D the previous reactiGD. Immediately following the r alumina crystalJ1u­

tion~ the anlzydrous alum begins to decompose, releasing sulfur tri-axide 

and alumina and form1Dg a tri-potassium aluminum tri-sultate. 'l'his ract.iao 

is avid~ represaat«l on tho thermal curve by the slight~ flattaDed 

slope an the low temperature side of the 8700 C. endothermic peak. The 

heat of crystall.izatica or the alum1Da that is released is absorbed in 

the stronger simultaneous endothermic reaction am thus is not expressed 

an the cum. The equatioa for the reaction is writta: 

6 ~ (~)2 800,. 21~(SOh)3 -+ ~03 + 6so] 



The culmination of the reaction at 870° c. is a result of the beat 

absorbed in the decomposition of the tri-potaaaium almn1nu~ tri-eulf'ate 

producing potassiwn sulfate and alwdDa1 and evolving 8Ultur tri-oxide. 

The potassium sul!ate am The 

equation is I 

Effect of grain size 

The grain size af the alunite affects the peak amplitudes, the peak 

temperatures and the peak sbapes of the thermal curves. Tho degree to 

which the grain size is effective bas been studied by thermal ana]J'eee 

or the Mineral Products coarsely crystallJm vein Alunite which was 

crushed and seived to the follow:i.Dg sizes: 

-so .all 
So-80 -.h 
80-120 mash 

120-200 ..ma 
-200 -h 

The most striking feature produced by the variation of grain siae 

in alunite is the shape of the S900 c. endothermic peak (see Fig. 8). 

A double endothermic peak appears in the temperature range, 510~ c., 
in the curves of the c0Gr888t samples, but the doublet condition dis­

appears progressively in tha finer-grained £a.'llples farming a single 

endothermic peak at S9QO C. in the sar.ipla& whioh have been groUDd fiDe 

enough to pass 200 meah. 

l..rs;,v diffraction patterns of the 50-80 r..esh and the less thaD 

200 •sh alunite samples, after baring been heated to 58SO c. and hold 

at this ten:;.erature !or 30 minutes, reveal diffraction lines of both 

alunite and anhydrous alum for the c~ sample and dif'tractiao liDes 

of ~ an.l:vdrous alum for the finer. Therefore, t!le cause of the 
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double endothermic peak is the f ailure of the larger alunite grains to 

deeoJ!!J)Ose co~letely at 590° C. A sli8ht~ bighfl..r temperature is 

required to decompose the alunite ramainine in the Z!umple1 and the 

second endothermic peak is the expression or this sacODd period of 

deCOPipOSitione 

Inasmuch ~s the kaolinite endothermic peak occurs at about the same 

temperature as the higher temperature member of the alunite doublet, it 

is important that the doublet condition i s recognized for the correct 

interpretation of t he thermal curve. 

Effect of admixt ures of other minerals 

l-fan~r workers have shown that the peaks of differential thermal 
A 

curves of minerals are effected by other minerals in the mixture. The 
' 

principal constituents of alunitized rocks, alunite, quartz am kaolinite, 

by their mutual interactions illustrate this principle. Figures 9 andlO 

show the pro~essive modification of the thermal peaks of alunite, quartz 

and kaolinite in artificially prepared mixtures, alunite-quarts and alunite­

kaolinit e. Except for a small endothermic reaction at about 57~C ., which 

i ~ the inversion point from the alpha to the beta form, quartz is 

essentially inert. In these mixtures it serves a"' a diluent reducing the 

amplitude and area of the alunite peaks. Also peru< temperatures of 

alunite are shifted down"Nard with increasine amounts of quartz. In 

mixtures in '\-Thich t he content of quartz is less than 70 percent the 

inversion peak i s not expressed. 

The mutual modificsttion of the thermal curves of alunite and 

kaolln1te by rrd.xtures of the two minerals is illustrated in Fi~ 10. 

The 59()0C. peak of alunite and the 620° c. peak ofleolinite form a double 

peale in this tempere.ture range, the degree of the development of either 

peak depending em the proportion of the two minerals in the mixture. 
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At temperatures where no thermal reaction occurs in one mi.naral~ that 

mineral serves as a diluent to the thernral effects of the ather. This 

is true for the 780° C. and 8700 C. peakR of alunite that are red,~ced 

by the presence of kaolinite, and for the 9800 c. peak of kaolinite 

which is decreased by increasing proportions of alunit~. Peat 

temperaturP.s are also changed. The 78r1' 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 t he 9800 C. peak of kaolin~te is raised. 

It should be mentioned that the chemical and physical conditiCD 

of the constituents in mineral aggregates can appreciably affect the 

resulting thermal curves. Par example, kaolinite with a wide range ot 

grain size or of poor crystallinity r..ay produce broad peaks of low 

&JI1)11tude (lerr et. al., 1949, p. 18) which may compllcate the identi­

fication of the mineral in aggregates. The action of some substances 

as fluxing agents (Gruver et. al., 1949} or as catalysts is poorly 

understood but may be effective in rroduciDg same differential thermal 

anomalies. 
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Semi-quantitative differential thermal analysis 

Standardization of Variablee 

Certain ope:-ational procedures and inBtr'ur~Ental variations in differen­

tial thermal an:-.lysis req-:.;.ire controlling in order to obtain a high degree 

of reprocil1cibility necessary for send-quantitative analysis. Those CGR• 

sidered in !.his study are the alignment of the thermocouples, the centeriDg 

of the smnple block in the furnace, the sensitivity of the thermocouples, 

the packing or the sample and the establishment or 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 vas carefully established. The 

thermocouples wre aligned by the use of a special:Q' made jig. Duplication 

of the centering of the sanple block was I!Ulde possible with the aid of a 

supporting deVice that imposed the same furnace position each time the 

furnace was lowered. 

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 thermal 

apparatus the six thermocouple pairs nearly always register different 

intensities. Als' the sensitivity of the same thermocouple may chaage 

with usage. In order to place all thermocouples on a coliJIIOft basis of 

sensitivity, kaolinite or alunite standards were run alternateq with 

the samples, am a constant, I, for each thermocouple pair w&.s computed 

from each standardizing run as1 

X =A/~ 

where A is an arbitrarily selected standard amplitude, and A8 is the 

amplitude af a particular thermal peak that is produced from the 



standardising mineral. The amplitude of this peak, that is produced from 

an unknown sample, is then multitplied b7 the constant, 1, that pertains 

to the appropriate thermocouple for the particular run, in order to place 

the value on a common c~arison level. 

Corultants for the thermocouples that are based Gil the area enclosed 

by the peaks are derived in the same mBDDer as the amplitude and give alnDst 

tbe same values. 

Packing of the sample in the saq»le well is a critical factor in semi­

quantitative determinations because it determines the amount or reacting 

substance available, as well as the density of the substance around the 

thermocouple. A standard procedure was adapted in loading the samples 1D 

order to produce the same volume and density of pacldng in all runs. The 

sample well was successively filled with the powdered sample aDd coMpressed 

under the weight of a steel rod, which was slightly smaller in diameter than 

the Baq)le well, untU the sample bore the weight of the rod am vas also 

flush with the top of tho aaJII)le block. It may be true, however, that the 
/5 

consistency in results of packing by this JDathod (ar; affected by variation 

of the grain size of the sample, but the method is neverthel•• a refine­

ment of packing to "finger tightness". 

A reproducible base line must be established to close the areas or the 

thermal peaks for the correct measurement of area and amplitude. Far tbe 

5900 and 62rl' c. endothermic peaks or alunite and bolinite respectively the 

base line is drawn by extending the straight part of the thermal curve an 

either side of the peaks. However, for the 870° C. endothernd.c peak ot 

alunite the position of the base line is uncertain aDd to produce a 

consistent l1De of reference is especi~ difficult em curves obtained 

fraa alUDite mixtures. A line drawn between the 1Dtlection points of the 

curYe formed at the begim1ng of the 7800 C exothermic peak aDd formed em 



the high :temperature side of the 870° C. el¥iotbendc peak gave only f'air 

results • 

.Artificial !'d.xturee 

Rerer~.nce curves for determining the quantity or alunite in alunitis­

ed rock8 were established from artificial mixtures or alunite from the 

M:lneral PrCMkcts deposit• Marysvale, UtahJ quarts !'.rom Minas Garaea, 

BrazllJ and kaol:lnite from Murf'reeabaro, Arkansas. The minerals were 

ground to pass 200 meeh and alunite-quarts and alunite-kaolinite llixtures 

at 10 porcent interYal.a were prepared. The aroa and amplitude or the 

peaks were 118&8Ured and carrected in the manner explained above, and graphs 

w.-. caastructed for the uso of analysing unknown samples. The gr~hs are 

based aa the results of three runs f'or each composition. Because or the 

limited sise of the 780° C. scot.hermie peak and the difficulty or establish­

ing a baseline far the 8700 c. peak or alunite, measurements from them were 

considered unsatistactary for semi-quantitative analyaia. 

Graphs of the variations of the 5900 C. alunite peak 1n alunite­

quartz and alunite-kaolinite mixtures are shown 1n figures 11 and 12. Ill 

both graphs the area or amplitude of the peak is the ordinate and the 

percentage of alunite is the abscissa. In figure lJ the ratio or the 

amplitude or the 59CP c. peak or alunite to the amplitude or the 62fP c. 

peak of kaol.irdte is plotted against the alunite content in the mixture. 

This curve gives the actual alunite and kaolinite percentages 1n mixtures 

of the two minerals only, although their relative proportions in mixtures 

with ot.her aubstmces should be determinable from the curve. 

The graphs baaed Clll the amplitude of the 5900 c. peak of alunite 1D 

mixtures with quartz and with kaolinite are nearly identical. Tlms the 

graphs should also .express t~ alunite caapositian ill the three compaaent 
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mixture, alunite-quartz-kaolinite. Figure 1~ ebatrs a plot of the experi­

mental points or the amplitude or too .590° c. alunite peak tram the 

alunite-quartz and alunite-kaolinite mixtures. The average error ill 

determining t.lle alunite content from the curve is sllgbtly lees than 2 

percent; the maximum error is 6 percmtt. 

Naturalll...Gccurring M:l.xturp 

Grcund alunitized rock samples, which were aaalysed by the United 

States Geological ~urvey, were used as materials fer testing the practical 

application of the analytical data derived from the differential thenal 

analysis of the artificial mixtures. The major ndnerals present are 

alunite, quartz and kaolinite, with minor amounts or hematite, opal, 

leucoxene and gibbsite ( ? ) • In s0111e sanples halloysite is pres<mt with 

kaolinite. The analyzed samples contain grain sizes, which range upward 

to 0.6 mm. The :fragments are present either as discrete mineral grains 

or as microcrystalline aggregates. Many of the larger grains are quarts. 

The procedures and techniques were the same 1n the differential 

ther mal ana:Q'sis of both the artificial 1'111..-nures and i.\ the alunitized 

rock samples. The mineral composition of the latter, however, was 

recalculated from chemical analyses. 

The results of the thermal ana~vais or 2.5 alunitized rock samples are 

smmtarized in graphical form on the same basis as the graphs or the 

artificial mixtures. Figure 1.5 sh01r1s the relation between the alunite 

content and the amplitude of the .590° C. alunite peak. The l01-1er CUM'e 

in the figure represents· the sae relation for the artificial mixtures. 

Nearly all the plotted points of the mal:y ... ed samples fall above the 

artificial mixture curYe. Although the points roughly define a curve 

of steeper slape, their scattered distribution 1Ddicates a leN precisiGD 

9R 
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tor semi-quantitative analysis based on the peak amplitud9 from these 

samples. 

The area of the 59()0 c. peak of alunite, plotted against the almdte 

content in the anal~ samples, i~ shown 1D figure 16. The plotted 

points define a cur;a along which the average eiTor in determ1ning the 

alunite percentage is about 2.5 percent and the ma:.d.Dill!ll errar is abaut 1 

percent. This C'..l.rVS corresponds closely to the aarn derived trom. the 

alunite-quarts artificial mixtures and forms the most rel~ble. basis . f_. 

semi-quantitative an~is of the naturally occurring sa.tnples by the 

diff erential ther.&l analysis technique. 

Variatic;n in grain size in t .1e naturally occurring alunite-kaolinite­

quartz a ggregates i s believed to be the f actor which C8118eS peak area aid 

amplitude deviations from the vallles that were predicted from the study' 

af artificial mixtures . Not; only are the grain sizes of the particular 

nd.nerals of t he natural a ggregates different from sample to S8J1)le, but 

also t he mineral components of the same sa~le are Qf different sises. 

These differences are either inherited f rom the original size of the graine 

in t he rock or are produced by the grinding or the minerals or different 

hardness. 

Differential thermal e.na~is is beli~ed to be a practical method 

for determining the grade of dunite ores if the variable .ractors . 

mntiGrled in tt.is stwt1 are care~ controlled. Tbe area enclosed by 

the thermal peaks is the mor;t reliable ~~~easurement of composition, 

althollgb the amplitude of the the1::n::-J peaks can also be used if' little 

variation in grain sue occurs among the sa.Jit)let!. Calibration cwtea 

should be nade from artificial mirlures which s1mul&te the physical state 

of the naturally occurring aggregate that is to be studied and the ftlidit7 

of the curves should be cheeked by quantitative ehend.eal lmll~. 

1.0:1. 
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Sw J7 

!he chemistry of the tbarmal. reactionti of alunite is summarized ill 

the following equatiGDS: 

6 1Al)(S~)2(0H)6 $~ 

6 1Al~ (amorphous) 780° 

6 Ial(S04)2 8000 

2 K~l{SO~j}) 8oo-87go r 

6Y\,Al(S{)4)2·-t 6A~3 + 18H~ 

6A¥>3 ( ralumina) 

21JA1(504)l T 2al20) ~ 6SO) 

JK,S{)JI + Al223 +)SOl 

3K~4 + 9Al~) + 960) + 1~0 

Diff'ercmtial themal. curves or alUDite sanples of' coane grain~ .. 

:103 

are characterized by a double endothermic peak in the tellptl'&ture rqe 

.570-6!t0° c. Fine-grained al.lUlite samples, however, produce a si.Dgle 

endothermic peak at about .59f.P c. X-ray patterns ot heated al1Udte 

sanples indicate that the doublet condition ot this thermal peak is due 

to decomposition of the coaree-grai.Dad al1JDite 1D tvottages. The firet 

stage represents only partial decompositiCD of alunite at the teuptrature 

of the l~er terrrperature-member of the doublet peakJ tbe sec~ atage at 

the temperature of the higher temperature-member repree.rts the decOIIl• 

RO ~it ian of the rem.aining alunite. 

Semi~antitative analyBis of alunite ores by the differential 

thermal analysis technique requires careful control of the tolloviDg 

factors and procedures: 

1. The alignwmt of' gnple bolder 1n the tumace. 

2. The aligmaent of the therraocouples 1n the sample valls 

3. The calilration or thermocouple sensitidt7. 

4. The pacldng or the sample in the sample holder • 

.5. Tbe establishment at the bue line in the measurement of pew. 



6. the cb dod ad phJBical D&ture of the a..,lea. 

Onpba, which relate the alUDite perce:atage in JdDeral. aggregates 

to tM &q)Utude ad area or the S90° c. tberal peak ot alllldte, · ~aw 

bee established rr.- artificial alxtllrU of al11Dite, ~ aDd 

kaoliAite. Similar graphs have also been produced fl'OIIl ~ carYU 

ot cbaically mU,Sed ahmite Cll'U• Difference• betw- the grapha 

tor the artiriciallllxtures and the gr1phs tor the alllllite ares are 

belieYed to be due to t.~e ftl'iable particle sise 1D the are &&JII)lea. 

The area cclosed b;y the thermal peaks is the .at reliable meBnre­

JEDt or the conrpositi011 ot suples in vhich the grain aise is variable. 

If the grain eise is consistent amaag the s:aplee, the peak aq,Utllde 

can be used. 

1_04.. 
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APPENDll I 

Techniques of Alteration Mineral Identification 

The samples from the Narysvale, Utah alunite deposits were examined 

and studied by optical, differential thermal analysee, x-ray and stain­

ing tedmiques 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 

deposits. 

Thin sections of the sanples '1-rere studied to obtain textural and 

r.rl.neral relationships as well as to identify many of the more coarsely 

crJ stalline constituents. Huch of the altered alunitic and argillic 

rock, however, is so extremely fine-grained that optical i dentification 

is not wholly satisfactory. The argillic fractions of the rock l-lere view­

ed in the thin sections, and then these fractions were hand picked from 

the hand specimens for more positive x-ray i dentification. 

Alunite, quartz and kaolin minerals vrere easily i dentified by x-ray 

pm1dcr photoe:raphs , h~tever the illite-montmorillonite mixed lattice 

clays required g~vcerol treatment and f urther x-ray diffractometer deter­

ninations for t heir i dentification. Once t he i dentification for a 

particular clay nineral was established t he optical properties were 

sufficient to distinguish it from other fine-grained minerals of the 

thin sections. 

rJhcre ham picking of t he minerals uas not possible, the whole 

sample was ground and treated by x-ray, thermal and staining tests, ani 

the mineral components of the agrregate were identified. By referring 

to corresporrling thin sections, the minerals were located and their 

mutual relations determined. 



APPENDIX II 

Randomly Stratified Mi>~ed Layer Lattice Clay 

The mic~-like clay mineral, which i s characteristic of the feeble 

phase of alterat ion in both t he replacement and vein alunite deposits, 

has been identified as a ;nixed layer lattice illite-montmorillonite clay. 

X-r ... y di..r.fraction, differential t"1er mal analysis, staining and optical 

techniques were useri to establish i dentification. 

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

birefringent, and ha s a high refractive inde}. similar to illite. The 

clay is .1. ound predoninately as a replacement o_ the plagioclase pheno­

crysts , a lthouc;l in some samples the groundna."'s is also r eplaced by this 

material. 

Staininr test::> using benzidine on the w1treated sarrzples as Hell a s 

t l1e techniques o~' I ti.cler~ a.TJ.d King ( 1951) give result s \vhich are typica l 

of neither illite nor rnontoorillonite. The untreated :nixed lattice clays 

r; i ve various shades oi' li£ht blue vri. th a saturated aqueous solution of 

benzidine. Because of its simplicity the nethorl of applyine benzidine 

directly to the untreated s~ple proveu most sati::>factor~y and ~ms used 

on all of t he sa-nples representing the feeble phase of alteration. In 

samples in •rhich bluish stains occurred , x-ray diffraction patterns show­

ed t he presence of t~c mixed lattice clay. 

The 10.2-10.8 R x-ray diffraction line of the illite-montmorillonite 

naxed lattice clay i s most significant in ident ification. This value is 

larger than is normally character ietic of illite aYJ.d i s the combined result 

of the x-ray scattering f rom t he 001 planes of illite and montmorillonite. 

wben the mixed lattice clays are solvated in glycerol this diffraction 

line shifts to 9.8-9.3 R and is the result of the combined 002/001 planes 

of montroorillonite and illite rezpectively. 



Table 11 lists the diffract ion spacings for t1-10 typical '1arysvale 

mixed layer la t tlce clays, \d th other speci.men=> for comparison. 

By referrinp the 001/001 and 002/001 diffraction lines of the 

mixed layer agc;regate tv the curves ~ubli shed by Brmm and f·!a.cEwan 

(1950) a rour,h estimat e of ·~. .. e proport · ons of the t-vm component minerals 

in the mixed lattice clay can be obtai::tec . The sanples which were x-rayed 

and measureO. in t his study range f rom nearly pure illite to 60 percent 

illite-40 percent montmorillonite. The curves have also been prepared 

for higher order r eflections, 5 R and 3.3 R; hm-rever, for some unlmown 

reason , t he 5 i line of t he untreated mi xed lattice clay is absent in 

the gl ycerol t reate' sample s . The 3.3 R line i s masked by the strong 

quartz r ef l ection -..rhich occurs in this po::;ition. The -/001 diffuse 

line oi' montmorillonit~ is recor,nizcd in sor:1c of t he glycerol solvated 

samples t hat contain t he :11ost, r.10ntmorillonitc layers an its value is 

about 11.6 Jl (see sa~1plc 1, T a."ule 11 ) . 

!'he t h rnli curves o.:: t.1e :iarysvale nixed l ayer lat~ice clays are 

si.r:rl.l.al" to publisl1ecl curves for mixed layer latti ce clays. Thermal 

cur-ves of t ho Harysval c mi.xea lattice clays and other clays f rom the 

literature are biven in Fir;ure 17. 



a 
Illite 

d I 

10.0 vs 

5~0 r.1 

4.46 vs 

3.32 vs 

2. 97 vw 
2. 8o vw 
2. 55 vs 

2. J.J.J. H 

2. 37 w 

2.23 11 

2.17 w 
2.14 rn 
1.98 :.1 

1.64 m 

1.49 vs 

T BLE 11 

Lattice Spacings and Intensities 
of Mixed Layer Clays and Illite 

Sample 1 Sample 2 
lll'rlireated glycerol untreated glycerol 

solvated solvated 
d I d I d I d I 

n.e} il.6 vwb 
10.8 mb 9.4 m 10.2 I!\ 9.8 m 
8.12 \J 

7.19 m 7.01 m 7. 7 m 7.13 m 
5. 01 m 4.97 w 
4. 50 B 4.46 M 4.45 m 4.45 m 
4. 2'7 m L .• 23 w 4.24 8 4.24 s 
3.57 vw 3.56 'W' 3.51 I:l 3.57 m 
3.34 VD 3.33 vs 3.34 vs 3.34 vs 
3.16 Vi-

3.10 vw 3.08 VH 3.07 vw 
2.99 vw 
2.84 w 

2.56 n 2.55 m 2.56 2. 55 m 
2.49 Vl-1 

2.45 w 2.45 l-1 2.45 w 2.45 rr 
2.38 w 2.37 H 2.37 ll 2.37 V\1 

2.33 'ii 2.34 vw 
2.27 'W 2.27 'W 

2.23 w 2.23 vw 2.24 VH 

2.18 vw 2.18 vw 2.18 vw 
2.13 'ti 2.13 vw 2.12 w 2.12 li 

1.975 vw 1.975 )1 1.975 w 1.97 w 
1.815 \1 1.81 vw 1.815 m 1.82 m 
1.653 vrb 1.664 \i 1.667 wb 1.658 wb 
1.539 w 1.537 'W' 1.535 m 1.535 m 
1.497 m r.on run 1.498 'W' 

111 

(b) 
K-Bent.onite 

d I 

10.9 m 

4.95 m 
4.47 m 

3.43 m 
3.35 m 
3.25 rn 
3.11 vw 

2.83 'W' 

2.55 rn 
2.495 w 
2.45 w 
2.38 w 

2.2~5 'W' 

2.18 w 
2.13 w 
1.97 m 

1.65 ll 

1.50 m 



TABLE 11 continued 

(a) Illite described by lagelschmidt anc~ Hicks (Kerr et. al. 19.50). 

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

Sample 1. Hi xed layer clay from the Hhite Horse deposit containing 
some quartz and kaolinite. About 40 percent montmorillonite layers in 
mixed lattice clay. 

Sample 2. H:ixed layer clay from the L and N deposit containing 
some quartz, kaolinite a nd possiblY chlorite. About 10 percent 
rnontrnorilloni te layers in rrr:i.Y.ed lattice clay. 

vs = very strong; s z strong; 
vw • very weak; b = broad; 

m = moderate J w = weak; 
nm = not measured 
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Figure 17 .-Differential tl"&el"'l&l analysie aurns of mOilVtorilloni te, 
illite, and mixed latt.iae clays. A, sontmorillonite, Clay Spur, Wyo.J 
B, adxed lattice clay from tbe White Hilla alunite deposit, W&ryaftle, 
Utah; C, mixed lattice clay from the Marya Lamb alunite depoai t, bryanle, 
Utah; D, llixed lattice c~ from the Yellow Jacket alunite der'lllit, 
Karyanle, Utah; &, Illite, Morris, Illinois; F, mixed lattice ala7 
Cauron, Ariaona; G, lllixed lattice clay, Pioche, .Neftda. 
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The l.arysvale rcF.;ion has r eceived t he att f!ntion of many geologists 

since the pioneer work of Giloert1 and Dutton. 2 The di scovery of alunite 

and its commercial utilizati on lead t o t he i'lork of J utler and C>ale,3 
1 ~ 

Loughlin4 and ~utler. / In the years 1936 to 1933 Callabhan and asGoci ates 

mappoo all of t he a rea s hown in Fi gure 2, and the geolo{O" as interpreted 

her e i s only sli r;. tly modi fied f r om · .. hi s early viOrk. Since the discovery 

o f aranium in t he area, numerous ~;P.ologists have s tudi ed the region. 

·rota!,l e in t his r egard is the work of Paul i;' . Kerr and his associ ates at 

Colum'Jia univer s i ty who have !'lapped the central area of uranium production 

north of ·:arysvale in great detail, and r;hose research work was in part 

concurrent y;ith t hat of the writer. In "A \reolohic Guide to the 'lar-j svale 

Area"6 Kerr and his assoc i ates have reviewed the r,eologic se"Lting of the 

uranium deposi ts. ::1ay have a :;.so p roduc t..'<.! a lar ce-scale ~eolor,ic r • ..ap 

v:hic ' di f fers i n cer t a in res pects f rom t hat of Callaghan. 

1nilbert, u. :' .• , Geolor,y of portions of !levada, Utah, Cali f orni a and 
Ariz:)na, 1811-72: u. 0 . G~og • . and :eol. Su!"'Teys i~ . lOOt h ~ ~er. ;{ept., val. 31 

PP• 141-142, 1075. 

2Dutton, c. E. , ·ieport of i.he r;eoloEY of t he Hi gh Plateaus of Utah, 
u. s. Geog . and ,;eol. Survey P-ocky .. tn. Hegion, pp. 171-l?h, 13eO. 

J tl -· c- d <':-1 .1 S Al . t 1 -d. ed. d . t .u er, . 1. o . 1 an uo e, •• , • , un~ e, a nev: y !.Scover epos1 
:1ear :"'lrysvale, Utah: U. S. Geol. Survey Bull. 511, 1912. 

4Loughlin, (i . F., Recent alunite developments near Marysvale and :'leaver, 
Utah : . U. S. f'eol. Survey 3ull. 620-K, pp. 237-270, 1915. 

5r.sutler, ·• f. ., Ore deposits of Utah: U. s. Geol. Survey Prof. 1aper 
111, pp. 536-558, 1920. 

~err, P. 1-'., ·>rophy, G., Dahl, a. H., Green, J., and \'roolard, L. E., 
A geoloeic guide to the · .~rysvale areas A. S. Atomic ..':nergy Commission 
RM0-924 , 1952. 
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