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Alunite is of potential economic value in the United States as a source
of both aluminum and potassium compounds. Various attempts have
been made to exploit the extensive deposits at Marysvale, Utah, and
the U. S. Bureau of Mines is now studying the subject. A determination
of the crystal structure of alunite was undertaken at the suggestion of
Mt. J. Koster of that Bureau.

Alunite and the related jarosites are of mineralogical interest on ac-
count of the many types of isomorphous replacements shown by them.
The composition of the various members has been summarized by
Schallerl as follows:

Sulphates
Alunite (Al(OH)r)6 K2
Natroalunite (Al(OH)r)6 Na:

Jarosite (Fe(oH)r)6 K2
Natrojarosite (Fe(OH)r)6 Naz
Plumbojarosite (Fe(OH)z)o Pb
Karphosiderite (Fe(OH)r)6 H2

Phosphates

Hamlinite (Al(OH)r)6
Plumbogummite (Al(OH)r)6
Gorceixite (Al(OH)r)6
Florencite (Al(OH)r)6

Sulphale-Phosphates

Beudantite
Corkite
Svanbergite
Hinsdalite

Harttite

Artificial jarosites containing rubidium have also been prepared.2 In
addition to these substances the compound 3FezOs.4SOg.9HzO, a solid
phase in the system FezOs-SOz-HzO, is also probably a jarosite and
possibly corresponds to the mineral borgstrcimite.s The results of the
crystal analysis lead to a structural explanation for these various re-
placements.

l Schaller, U. S. Geol. Suntey, BuIl.509, p. 76, 1912. Zei.ts. Kryst., vol.50, p. 106,
1912. Am. Jour. Sci., vol.32, p. 359, 1911.

2 Fairchild, Am. MineraL, vol. 18, p. 543, 1933.
3 Posnjak and Merwin, Jour. Am. Chem. Soe ., vol. rt4, p. 1977, L922.
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From the structural and chemical point of view these minerals are of
interest in that they are basic salts in which hydroxyl bindinga might
be expected. Their behavior upon heatings should be explained by their
structures.

Souncn ol Marpntar-s

The work was greatly facilitated by the excellent material available
for study. Dr. W. F. Foshag of the U. S. National Museum kindly fur-
nished crystals of alunite (USNMR 6290) from Rosita Hills, Colorado,
and jarosite (USNMR 6299) from Meadow Valley Mine, Pioche, Ne-
vada. These crystals, which were from the Roebling collection, showed
predominant development of c(00.1) and r(10.1). They measured as
much as 2 mm. on the edge and a number of well formed ones about
.3X.3X.1 mm. were selected for *-ray work. Dr. Foshag also supplied
samples of the origin aI analyzed natrojarositeG (USNM 86932) , analyzed
ammoniojarositeT (USNM 95654) from Panguitch, Utah, plumbojarosite
from the original locality, Cook's Peak, New Mexicoo (USNMR 6308),
karphosiderite (USNMR 6266) from Greenland, borgstrcimite (USNMR
6312) from Otrovaara, Finland, and hamlinite (USNMR 4051) from
Serra de Congonhas Minas Geraes, Brazil. The samples of ammonio-
jarosite, karphosiderite, and borgstriimite were microcrystalline. In-
dividual crystals of natro- and plumbojarosite measured about .08X.08
X.01 mm. and those of the other minerals were as large as 1 mm. Crys-
tals of plumbojarosite, from the Tintic Standard Mine, Dividend Utah,
measuring as much as 0.5 mm. on the edge were supplied by Dr. W. T.
Schaller of the U. S. Geological Survey.

Mt. J. G. Fairchild of the U. S. Geological Survey very kindly supplied
samples of microcrystalline artificial silver and lead jarosites.2 Dr. E.
Posnjak of the Geophysical Laboratory, Carnegie Institution of Wash-
ington, furnished single crystals of the compound 3FezOs'4SO3'9H2O
that he had prepared. Analyzed samples of commercial grades of alunite
from Marysvale, Utah, containing from 1.2 to 45.0/6 SiOz were made
available by Mr. J. Koster of the U. S. Bureau of Mines.

ExppntunNrar, PnoceounB. LarrtcB DrueNsrons
ewn Specp Gnoup

Lattice dimensions of alunite were obtained from layer line photo-
graphs about the orthohexagonal c and o axes and from high angle

a For a discussion of the role of hydroxyl binding in structural chemistry see Bernal
and Megaw, Proc. Roy. Soc., vol. A151, p.384, 1935.

6 Fink, Van llorn, and Pazour, Inil. Eng. Chem. vol.23, p. 1248,1931.
6 Hillebrand and Penfield, Am. Jour. Scd. (5), vol. 14, p. 2ll, 1902.
7 Shannon, Proc. U. S. National, Museutn #2758, 1928,
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reflections ftom (hk.O) and (00.1) on Weissenberg photographs. These
dimensions are listed in Table 1 together with the results obtained from
the other minerals that were examined. The value oI cfa for alunite
agrees to within the limit of experimental error with 2Xc/a as obtained
from reflection goniometer measurements. Weissenberg photographs
were taken with at least two difierent crystal orientations for jarosite,
natrojarosite and 3FezOs.4SOB. 9H2O, and powder photographs were
made, with FeK radiation, from these minerals as rirell as from argento-
and ammoniojarosites, karphosiderite, borgstr<imite, and hamlinite.
Agreement between *,-ray and reflection goniometer measurements for
jarosite is very poor and considerably exceeds the apparent experimental
error.

Mineral Composition

Lattice
dimensions

c/a

*-ray Morpho- r-ray
Iogical n calc. obs.

Alunite

Jarosite
Argento-

jarositel

Natro-
jarosite2

Ammonio-
jarosite3

Plumbo-
jarosite4

I

KAh(SOr,(OH)6
KFe3(SOa),(OH)6

AgFe:(SOr)z(OH)o

NaFe3(SOa)r(OH)6

NHeFes(SOa):(OH)o

Pb(Fe'(SO)z(OH)o)z
HzOFes(SOa)z(OH);H

6 . 9 6  1 7  . 3 5
7 .20  r7  .00

2.492
2.36r

2 . 2 7

2 . 2 7

2 . 3 6

4 . 6 7  t . 1 4 7 5  7 . 1 7
2 . 3 6  t . 1 4  1  1 8

2 . t 0  2 . 7 5
3 .24  3  26

3  .80

s . 2 9  3

3 .09

3 . 6 7

7 .22

7 . 1 8

7 .20

7 .20 3s.60
7 .16  16 .90

I Synthetic materials.
z Analysis 6 .287o NazO , 0 .37 70 KrO (Hillebrand) .
3 Analysis 0.22/s N a2O, 1.5670 KzO, 4.2370 (NH)rO (Shannon).
a Crystals from the two localities mentioned in the introduction gave closely the same

constants.
6 Unpublished data from Dr. W. T. Schaller.

Failure of obtaining agreement in crystallographic constants as meas-
ured on optical and. $-ray goniometers is probably due to difficulties in
both methods. In substances, such as the jarosites, in which extensive
solid solution formation is possible, individual crystals might show
zoning in composition, particularly on the surface and thus give fortui-
tous, but consistent, values for crystal angles. While r-ray measure-
ments are not susceptible to this error they are influenced by the fact

Tesrn 1
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that observations are made on only a few crystals. Even though the
sample is an analyzed one the individual crystals selected for study
might show considerable departure in composition from the mass of the
material, particularly since preference is given to very well formed ones.
Measurement of refractive indices for the crystal examined can partially
protect against such erroi.8

Dr. W. T. Schaller of the U. S. Geological Survey has graciously given
permission to quote from unpublished work by him as follows. "Axial
ratios obtained on crystals of argento- and plumbojarosites from the
Tintic Standard Mine, Dividend, Utah, are cf a:1.106 and I.t47, rc-
spectively. Individual crystals gave fair signals but the reflections were
not entirely satisfactory." The value found for plumbojarosite is con-
siderably lower than that given by Penfield,o namely I.216; it agrees
with the r-ray goniometer measurements within the limits of error of
the two measurements.

Observed and calculated densities are in close agreement for all the
compounds save natrojarosite. Experimental determination of density
is of course always open to serious error and the best procedure is to
take the maximum value obtained provided the material is homo-
geneous. This has been done for the observed values of Table 1 which
are all taken from the literature.

Laue photographs of alunite made with the r-ray beam accurately
normal to (00.1) showed the symmetry Dsa-3m. Various sized crystals
of alunite, jarosite, plumbojarosite, hamlinite, and 3FezOa.4SOr.9HzO
did not give a piezoelectric efiect when tested by the method of Giebe
and Scheibe.e Individual crystals of alunite and jarosite showed strong
pyroelectric properties when tested after the Martin method.lo It should
be emphasized here that a negative pyroelectric or piezoelectric test is
without signifi.cance for determination of crystal symmetry.

All the minerals examined gave reflections from (hh.l) with I odd and
absences from all planes having (h-h+1,):3n. The space group based
on this criterion and the crystal symmetry as shown by Laue and
Weissenberg photographs is Ds7 - R32, C3,6 - R3m, or Dsas - R 3 m. In-
tensities of (hk.O) for the jarosites could not be explained by lR32.The
observation that alunite is pyroelectric requires its space group to be
C a"5 - R3rn and the univalent jarosites probably have the same structure.

8 This discussion is based upon conversations witlr Dr. H. E. Merwin of the Geo-
physical Laboratory, Carnegie Institution of Washington.

e Giebe and Scheibe, Zei,tz. phys., vol.33, p. 760,1925.
10 Martin, A. J. P., Mineral. Mag., vol.22, p. 5I9, 1931.
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SrnucrunB DnronutNarroN FoR AruNrrB alto Janosrra

The rhombohedral unit of structure contains 1R'R"'s(SOn)r(OH)u.
In the space group R 3mrr referred to hexagonal axes there are sets of
three equivalent positions on the three fold axes at 004), nine equivalent
ones about these axes at *Ez, x2m, 2*nz) and the eighteen general
positions. Potassium atoms can be placed at 000) and two sets of S
and O atoms of SOa groups are on the trigonal axes, 004). Aluminum,
or iron, atoms and two sets of oxygen atoms of SO+ groups are in the
nine equivalent positions.

The SOr groups are assumed to have the dimensions found in other
sulfates,r2 the S-O distance being 1.52A. There are two possible orienta-
tions in both the a and c directions for each set of sulfate groups. The
only parameters in the a direction are those of the hydroxyl groups and
the R'/' atoms. Consideration of the (hh.O) reflections from jarosite

shows that rys: .167. With this limitation the intensities of (2fr.0) for
alunite require the two sets of SOr groups to be rotated 60o with respect
to one another in the projection on (00.1) and the hydroxyl groups to
be in two non-equivalent sets with oss near.13 and -.13. Parameter
values in the c direction can be fixed from this projection, an approxi-
mate knowledge of interatomic distances, and the intensities of the
(00.1) reflections. Final parameter values for alunite are:

3 K
3 S '
3 S "
3 A l

0
.305

- .305
.167.16?

3 Ot' .060
3 Or"  - .060

9 0 ,  -  .2 r5  - .058

9 0" .215 .058

t r z

9  0H - .150 .126
9 0H .150 - .126

These values are to be slightly changed for jarosite, but because of the
predominant effect of iron correct ones cannot be found from the r-ray

data. Calculated values of. F2/100 for some reflections from alunite and
jarosite are listed together with observed intensities in Table 2. Scatter-

ing factors used from sin 0/),:.10 to.30 for Al+++ and O-- are those
given by Wyckofi,l3 other values were taken from the I.?.D.C.S. No

temperature correction was made in the calculations.

rL The International' Tabl,es Jor the Determinati'on of Crystol, Structwes, Chemical Cata-

logue Company, New York, 1935, are used throughout. (Later referred to as I.T.D.C.S.)
12 Strukturbericht II, Ergiinzungsbanil II, Leipzig 1936. See also C. A' Beevers and C'

M. Schwar?, Zei,ts. Krist., vol. 91, p. 157, 1935. W. A. Wooster,ibi'd..,vol-94,p. 375,1936-
13Wyckofi, R. W. G., The Structure of Crystal's, p. 100. New York, 1931.
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Tl-rl-n2. Carcur,erro Var,uns ol lc2/100 ar:o Esrruarnn fxrnxsrrrus ol Rrlr,rcrroll

PIane

Jarosite

F2/100

r J l
200
210
36
23
82

330
100
2 l
J90

1

Estimated
Int. MoK

F2/100

6
J I

66
J

3
2 l

230
2

110
.)

Estimated
Int. NiK

12.0
24.0
36 .0
48.0
s  m.0
6 12.0
7 T4.0
8 T6.0

00 .3
00 .6
00.9
00.12
00.  15
00.18
1  I . 1
, ) t )

J  d . J

4  4 . 4
J  D . 5

6  6 . 6

8  8 . 8

9  9 . e
10 T0.10
1 1 . 1 T . 1 1

1 2  1 2 . r 2

MoK

S

ms
a
a
w

ms

ms
a

m

a
mw
a

w

3  3 . 0
6  6 .0
5  4 . 0
?  8 . 0

2  2 . I
1 ' : 7

2  2 . 7

S

VS

s
a

s
mw

CuK

InS

InS

mw

s

w
ms
w

s
m

100
400
250
r20

1
100
50
50

50
700
210
250
40

220
10

100

mw
VS

m
m

mw
a
w

FeK
InS
vs

w

48
9

26

145
40
65

6
82

I

145
105

J /

1  I . 2
I  T . 4
I  1 . J

InS

a

mw

. t  J . o

Srnucrunn DnrnnurNerroN loR Prulrnolanosrro

Equatorial zone Weissenberg photographs were taken about the c
axis and the normal to (12.0), FeK radiation being used. Data from the
latter are listed in Table 3. The lattice is rhombohedral and the unit
of structure contains one Pb[Fea(SOtr(OH)6]r. The value of oe (hex-
agonal cell) for plumbojarosite is closely the same as that of jarosite
while co is approximately twice as great.
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Taern 3. Wnrssnltsenc Pnorocn.a.pnrc Da.ra lnou Pr,uMBoJARosrrE, FeK Renr.lrrol

n (00.(3n*3)) (r0.(3n12)) (20.(3n*r)) (30.3n) (40.(3n-12)) (50.(3n-11)) (s0.32)

0 m s
l v w m s
2 m a
3 v s v w
4 w ms-s

5 m w v w
6 m w w
/ w a "
8 a m w
9 a v w

10 w-mw w
(10 (32- 1)) (20.(sn -2))

0 s
1 m w
2 m
3 a
4 v w
5 a
6 w

8 v w
9 a

1 0 w

m

S

w

InS

a

w
ms

m
ms-s

mw

mw

(30.3n)

mw
S

m
a

mw

mw-w

mw-w

a

m

a

m

a

m-ms

&

m

L

a

a

a

a

Since the ionic radius of Pb++ difiers but slightly from that of K+
it would be expected that the plumbojarosite structure rrould differ from
that of jarosite by replacement of half the potassium atoms with lead
atoms, the other half of the positions remaining vacant and the re-
mainder of the structure practically undisturbed. Such a change, how-
ever, increases the symmetry to that of the point group Ds6-3rn, the
space group being D3a5- R 3m. Lead atoms without loss of generality
are at 000; * ? t; ? $ fr; and iron atoms are at l8(h) g.f .D.C.S.)
with r:.167 and z:.4I7. This is strikingly shown by the fact that
strong reflections are present from planes having complex indices only
when (h / 6 | 5l / lZ) : 4; 11tu"'

(10.2)s (20.4)ms-s (30.6)mw (40.8)m
(10.14)ms-s (20.16)mw (a0.8)m
(10.26)mw (20.28)mw (30.30)mw-w

If the remainder of the plumbojarosite structure was unchanged from
that of jarosite reflections from (h0.1) with I odd should show, for particu-
lar values of Z, normal decline of F as I increases, since lead atoms alone
would contribute to such reflections. This is not quite true as perhaps
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can be seen from the intensities of (00.1), thus 3rd m, 9th m, 15th w,
21st mw, 27th a. These rather suggest that the SOr and possibly the OH
groups about the vacant potassium positions are slightly displaced along
the c axis, by an amount, however, that probably does not exceed
.01 cs:  .344.

Srnucrunns oF NATRo- , AnGnNro-, AuuoNro;lRosrrEs,
HAMulurr, KanpnosrlBnrrn, BoncsrRoMITE,

eNo 3FezOa.4SOB.9H2O.

Powder photographs with FeK radiation of these minerals showed
that they all are correctly classified as jarosites. The photograph of
3FezOg.4SOa'9H2O in particular was very closely similar to that of
jarosite. Borgstriimite gave a powder photograph closely related to these
but distinctly difierent from them. Limited isomorphous replacement in
the natural mineral is sufficient to account for the observed differences.
This is also true for karphosiderite the diffraction pattern of which is
distinctly difierent from that of any of the above mentioned minerals.
Powder photographs of hamlinite, on the other hand, showed consider-
able displacement of the interference maxima and change of intensities
from those of the jarosites. These changes are to be expected as a result
of replacing Fe+++ by Al#+. fn the absence of analyses it was thought
unwise to use these powder diffraction data for determination of lattice
dimensions. The argento- and ammoniojarosites, however, were materi-
als of known composition. Lattice dimensions obtained from their pow-
der diffraction data are listed in Table 1.

Equatorial zone Weissenberg photographs (FeK radiation) about the
normal to (10.0) and to (01 .0) showed that the structure of 3Fezog
'4SOB'9HzO must be closely the same as that of jarosite. The rhombohe-
dral unit of structure thus contains one Fe3(SO1)2.++IJ2O which corre-
sponds to Fe3(SOa)2(OH)u.2}JzO. This change in composition is brought
about without apparent change of symmetry or change in the parameter
values for jarosite. It would seem, therefore, that half of the HzO mole-
culesreplace potassium at000) and thatof theother half replace hydroxyl
groups in a random manner.

DrscussroN

The structure of alunite projected to scale on (00.1) is shown as Fig.
1. In Fig. 2 an attempt has been made to show the immediate surround-
ings of some atoms. fnspection of these figures and consideration of the
structure as a whole show that electrostatic requirements are well satis-
fied. An Al+3 ion is at the maximum possible distance, permitted by the
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crystal symmetry, from other Al+3 ions and near the maximum possible
distance from 5+6 that still permits an Al+3 to oxygen of SOr-_ distance of
ca. 2.0h. Aluminum has the expected coordination number, six, being
surrounded at the corners of an approximately regular octahedron by
four OH- groups and two oxygen atoms of SOr-- ions. The coordination
number of potassium is twelve, there being six oxygen atoms at 2.804
and six hydroxyl groups at 2.85A.

781

r/cC = 5.784
A = 7.OOA

O o o f s o 4

ooH

oA l

f) K,S ond O ol lhree fold oxes
v wilh K ol positions indicofed.

Frc. l-Projection of the alunite structure in (00.1). Distances above the plane
of projection are indicated on the fgure.

Sulfate oxygen atoms on trigonal axes are surrounded by three OH-
groups aL 2.524, the error being possibly as great as 0.154'. It would
seem that the hydrogen atoms must be so placed as to give hydroxyl
binding to these oxygen atoms since no other ions, other tha! 5+6, ap-
proach them closely. Hydroxyl groups are near: 2 Al at 2.044, 1 K at
2.854, 1 oxygen at 2.52A., 2 oxygen at 2.65ir, two other hydroxyl
groups at 2.65A, and two other hydroxyl groups at 2.684. These distances
are near the expected values.

Before discussing the isomorphous replacements leading to the various
minerals it might be best to list the ionic radii of the elements involved:
these, as taken from Paulingla are:

Oxygo ql
1[+ | 04
th - t.o4

Sulfur ot
h. .44

+ .4A

Na+ 0.954
K+ 1 .33
Rb+ 1.48
Ag* 1.26

Pb++ l .2 l
Sr#  1 .13
Ba# 1 .35

ce+++ 1.18
AI#+ 0.50
Fe+++ 0.67

s+6 0.29
P# 0 .34
As+6 0.47

tiy*H#il?i$b" X,o.

ra Pauling, Jow. Am. Chzm. Soc., vol. 49, p. 765, 1927.
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It is to be noted that the SOn--, POa---, and AsOa--- differ but slightly
in dimensions and that the positive ions Na+ to Ce+++ vary from r
:0.954 to 1.48A, which is considerably greater than usually is found in
an isomorphous series.

Frc. 2-The surroundings of potassium (large black circles), aluminum (small black
circles), and oxygen at 002. Potassium is at the indicated distances from six oxygen
atoms of SOa groups (marked a) and six hydroxyl groups (marked b).

The various Na+, K+, Rb+, Ag+, NHn+, Fe+++, and Al+++ minerals,
alunite, jarosite, natroalunite, argentojarosite, ammoniojarosite,and
natrojarosite, are of course simple replacement compounds. Large varia-
tion in the ionic radii of the ion in the potassium position is allowed by
the structure. In the case of plumbojarosite, as mentioned above, one
Pb++ replaces K+ and the other K+ position remains vacant. It is possible
that this vacant position is sometimes filled with a water molecule. In
the sulfate-phosphates, beudantite, corkite, svanbergite, hinsdalite, and
harttite replacement of SOa-- by POa-- or AsOa- is accompanied by
the filling of this vacant position with Sr++ or Pb++, the limit being the
1: 1 ratio of SOa to POa or AsOa. The cerium compound, the mineral
florencite, is a continuation of this series in which POa- replaces
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SO+-- and Ce+++ the K+ ions;4POa--*2Ce+++ having the same charge

as 4SOn---*2K+ and occupying the same positions.
The most interesting isomorphous replacement of all is that afforded

by 3FezOr.4SOB.9H2O. This compound can be written as HzO'Fee

(SOa)z(OH)sHzO to show its relationship to jarosite K FeB(SO4)2(OH)u
(OH). Thus an H2O molecule replaces K+ and a hydroxyl ion is changed

to HrO, preserving the balance of charge. Such a change is permitted

by the size of the water molecule. In karphosiderite the formula could be

written as Feg(SO+)r(OH)u.H2O, the potassium positions remaining

vacant. Similarly the minerals listed as acid phosphates by Schaller,

namely, hamlinite, plumbogummite, gorceixite etc., and harttite are

probably related to the above compounds. For example, plumbogum-

mite probably is PbAle(PO4)r(OH)5HzO, which is related to jarosite by

replacement of K+ by p5++, SOf- by POa--- and OH- by HzO neutral.

In all of these minerals hydroxyl is probably statistically replaced by

water and the crystal symmetry is retained.
A particular mineral has the possibility of showing any of the various

types of replacement. Thus plumbojarosite might show variation toward

corkite, plumbogummite, or a hydrous form in which the vacant posi-

tions are filled with water.l6 There is no explanation in the structure

for the observation that the various minerals are usually found free of

extensive isomorphous replacement.
Powder photographs of the alunite ores from Marysvale, Utah, all

showed diffraction lines of quartz. The intensity variation of the quartz

pattern was, moreover, that to be expected from the SiOs content of the

samples. It would seem therefore that the silica is present as a separate

very finely divided crystalline phase. Alunite has also been shown to

occur associated with halloysite (AhOr.2SiOr'2H2O)16 and more com-

monly with diaspore (AlO(OH)). These observations indicate that alunite

does not form appreciable solid solutions containing excess AI++, i.e.

replacing K+, in which SiO+ replaces SOa. This is to be expected from the

structure, but introduction of some SiOa as a replacement of SOI with

accompanying substitution of something Iike Ca++ for K+ might be

possible.

16 Mr. E. P. Henderson of the U. S. National Museum has given permission to quote

some unpublished results obtained by him while working with the U. S. Geological Survey.
,,IJpon measuring the loss on ignition in presence of PbO of several samples of plumbo-

jarosites one was found in which the Ioss was 12.7O/s at 600' and even at 450o had lost

11.09/6 @alo:Jated per cent of water in plumbojarosite is 9.57)." It might be suggested

that if this loss is truly due to water then replacements of the type mentioned are probably

present.
16 Ross, C. S. and Kerr, P. F. ProJessional, Paper 1856, U. S. Dept. of Interior, p' 135-

148.
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Suuuenv

X-ray diffraction data have been obtained from alunite, jarosite,
natro-, argento-, ammonio- and plumbojarosites, karphosiderite, borg-
strcimite, hamlinite, and the compound 3Fe2O3.4SOa.gH2O. The crystal
structure of the alunite-jarosite group of minerals is derived from these
data and an explanation is advanced for the various types of isomor-
phous replacements shown by the group. These structures are charac-
terized by binding between hydroxyl groups and an oxygen atom of a
sulfate group.




