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ABSTRACT

Thecrystal structure of natural argentojarosite, ideally AgFes(SO4)2(OH)s, a7.3398(7), ¢ 16.538(3) A, V 771.4(2) A3, space
group R3m, Z = 3, has been refined to an R; index of 2.8% based on 307 unique reflections measured using MoK radiation on
an automated four-circle diffractometer. The refined occupancy of the A site suggeststhat it is fully occupied by Ag, with Ag-O
and Ag-OH bond distances of 2.963 and 2.721 A, respectively, and an AgOs(OH)g icosahedral volumeof 57.71 A3, Whereas Ag*
in argentojarositeisin 12-fold coordination, for which theionic radiusis projected to be 1.48-1.56 A, the crystal -structure results
suggest that the radius is 1.35-1.36 A, closer to the value expected for nine-fold coordination. Consequently, the coordination
sphere of Ag* in argentojarosite is perhaps best thought of as intermediate between six- and 12-coordination. Twelve-fold coor-
dination of Agisnot known in any other mineral, and thereis a strong possibility that the published bond-valence curves cannot
be applied to this coordination of Ag.
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SOMMAIRE

Nous avons affiné la structure cristalline de I’ argentojarosite naturelle, dont la formule idéale est AgFe;(SO.)2(OH)s, a
7.3398(7), ¢ 16.538(3) A, V 771.4(2) A3, groupe spatial R3m, Z = 3, jusqu’ aun résidu R; de 2.8% sur une base de 307 réflexions
uniques mesurées avec rayonnement MoKa et un diffractométre automatisé a quatre cercles. Le taux d’ occupation du site A
indique qu'il est complétement rempli par les atomes Ag, avec des longueurs de liaison Ag-O et Ag-OH de 2.963 et 2.721 A,
respectivement, et un volume icosaédrique du polyédre AgOg(OH)s de 57.71 A3. Tandis que I’ Ag* dans I’ argentojarosite est
sensé avoir une coordinence de 12, et par conséquent un rayon ionique entre 1.48 et 1.56 A, nos résultats font penser que le rayon
ionique est plutdt 1.35-1.36 A, plus prés de la valeur attendue pour une coordinence de neuf. Par conséquent, la sphére de
coordinencedel’ Ag* dans|’ argentojarosite serait probablement intermédiaire entre six et douze. Une coordinence de 12 n’ est pas
établie pour I'argent dans d’ autres minéraux, et il y a de fortes chances que les courbes publiées pour évaluer les valences de
liaison ne s appliquent pas a cette coordinence de |’ argent.

(Traduit par la Rédaction)

Mots-clés: argentojarosite, structure cristalline, groupe de la jarosite, supergroupe de I’ alunite, argent.

INTRODUCTION has since been reported to occur at several localities

(e.g., Troxel & Morton 1962, Amordset al. 1981, Pearl

Minerals of the alunite supergroup have been mined
for centuries. For example, the alunite depositsat Tolfa,
Italy, were the basis of alum manufacture there since
themiddle of the fifteenth century (Palacheet al. 1951),
and Fe-bearing members of the group are considered to
have been among the principal sources of Ag smelted
during pre-Roman or early Roman exploitation of the
extensive gossans at Rio Tinto, Spain (Dutrizac et al.
1983). It was not until 1923, however, that argento-
jarosite, AgFes(S0,)2(OH)e, which isthe sole Ag-domi-
nant member of the group, was identified as a minera
species (Schempp 1923, Schaller 1923). Argentojarosite
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1974, Nekrasov & Nikishova 1987), but the mineral is
nevertheless relatively rare; the presence of argento-
jarosite to account for significant Ag values in gossan
deposits is commonly assumed, but solid-solution sub-
stitution in other members of the group, particularly Pb-
bearing members such as plumbojarosite and beudantite,
more commonly accounts for the Ag (Dutrizac &
Jambor 1985, 1987, Roca et al. 1999).

Interest in the minerals of the alunite supergroup,
which includes phosphate- and arsenate-dominant mem-
bers in addition to the sulfate-dominant members, has
surged in recent years because of the prominence of
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some of these minerals both as oxidation products of
sulfide-bearing mine wastes and as precipitates from the
resulting acidic effluents. Further environmental inter-
est has also focused on the possibility of using these
minerals as storage materials for toxic metals (Baron &
Palmer 1996, Kolitsch & Pring 2001). Nevertheless, the
jarosite-group compounds, those with the general for-
mula AG3(TO4)2(OH)g, inwhich AisK, Na, NH,4, H30,
Ag, TI, or Phgs, G is Fe?*, and T is SOy, are possibly
more familiar to hydrometallurgists than to mineralo-
gists. Over the past 30 years or so, precipitation of
jarosite-group phases has been widely adopted, particu-
larly in the zinc industry, as a means of controlling Fe,
sulfate, alkalis, and other impurities in hydrometallur-
gical circuits. Under the conditions relevant to process-
ing in zinc plants, Ag is selectively incorporated in the
precipitates in preference to Na, NHg4, or Pb (Dutrizac
1983, Dutrizac & Jambor 1985, 1987). Among the Ag—
Na-NH—Pb-bearing jarosite-group compounds, the
crystal structure of the Pb member has been determined
(Szymahski 1985), and that of the Na member is in
progress (Gasharovaet al. 2000), but various aspects of
the structural relationships are still puzzling (Dutrizac
& Jambor 1987, Jambor 1999, Géttlicher & Gasharova
1999, Gottlicher et al. 2000, Kolitsch & Pring 2001).
Aspart of amore extensive study of the crystal chemis-
try of the alunite supergroup, wereport here on the crys-
tal structure of argentojarosite.

X-Ray CRYSTALLOGRAPHY
AND CRYSTAL-STRUCTURE DETERMINATION

Experimental

The sampleused in this study isfrom the Tintic Stan-
dard mine at Dividend, central Utah (Canadian Museum
of Nature Mineral Collection, no. 59664). The crystals
occur asthin hexagonal plates, up to 100 wm across and
7 nm thick, that are optically uniaxial. A Philips XL30
scanhing el ectron microscope equipped with a Princeton
Gamma-Tech energy-dispersion X-ray spectrometer
was used to obtain qualitative chemical data. The spec-
tra show peaks corresponding to the expected elements

TABLE 1. ARGENTOJAROSITE: DATA COLLECTION AND STRUCTURE-
REFINEMENT INFORMATION

a(A) 7.3398(7) Fo> 40 Fy 272
c(A) 16.538(3) R 0.06(3)
V(A% 771.4(2) L.s. parameters 29
Space Group R3m (no. 166) Ry for Fo > 4o F, 0.0229
z 3 Ry for all unique £, 0.0276
Crystal size (mm)  0.10 x 0.09 x 0.007 wWR; 0.0541
Radiation MoKao a 0.0267
Monochromator graphite b 1.89
Total F, 2464 GooF (= S) 1.102
Unique F, 307

Note: w = 1/[c*(F,?) + (a x P)* + b x P] where P = [Max (F,%, 0) + 2 x F )3
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plus a minor amount of Al. An attempt to collect quan-
titative electron-microprobe data gave nonsensical re-
sults because of damage from the electron beam,
probably either related to or exacerbated by the thin-
ness of the sample. The crystal was mounted on a P4
Siemens automated four-circle diffractometer equipped
with a molybdenum-target X-ray tube (operated at
55 kV, 35 mA) and aprecisely oriented graphite crystal
monochromator mounted with equatorial geometry.
Thirty-four reflections with 11.10 < 26 < 39.23° were
centered using an automated search routine, and the
correct unit-cell was selected from an array of real-space
vectors corresponding to potential unit-cell axes. Least-
squares refinement of these reflections produced the cell
dimensions given in Table 1, together with the orienta-
tion matrix relating the crystal axesto the diffractometer
axes. Intensity data were collected in the 6—26 scan
mode, using 96 steps with a scan range from [26
(MoKaz) —1.2]° to [260 (MoKap) + 1.2]° and ascan rate
that varied between 1.0 and 20.0°/min depending on the
intensity of an initial one-second count at the center of
the scan range. Backgrounds were measured for half the
scan time at the beginning and end of each scan. The
stability of the crystal alignment was monitored by col-
lecting two standard reflections every 23 measurements.
A complete sphere of reflections (3026 measurements,
exclusive of standards) was collected from 3 to 60° 26.
Two of the reflections (0 0 3 and 0 0 3) were rejected
because of asymmetrical backgrounds. Eleven strong
reflections uniformly distributed with regard to 26 were
measured at 5° intervals of W (the azimuthal angle cor-
responding to rotation of the crystal about its diffrac-
tion vector) from O to 350°, after the method of North et
al. (1968). These data (792 measurements) were used
to calculate an absorption correction. The crystal was
modeled as a thin plate parallel to (0 0 1). A minimum
glancing angle of 4° resulted in the loss of 132 reflec-
tions. The merging R index for the W-scan data set de-
creased from 6.3% before the absorption correction to
4.8% after the absorption correction. This correction
was then applied to the entire dataset; minimum and
maximum transmissions were 0.68 and 0.90, respec-
tively. The data were also corrected for Lorentz, polar-
ization, and background effects, averaged and reduced
to structure factors. Seventeen reflections were rejected
because of inconsistent equivalents; of the remaining
307 unique reflections, 272 were classed as observed
[Fo> 4o (Fo)].

Sructure solution and refinement

The Siemens SHEL X—97 (Sheldrick 1997) system
of programs was used throughout this study. Miscella-
neous information about data collection and refinement
aregivenin Table 1.

Previous single-crystal X-ray studies of mineralsin
the alunite supergroup have shown that almost all crys-
tallize in space group R3m (Jambor 1999). Hence, re-
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finement was initiated in space group R3m using the
atom positions for jarosite (Menchetti & Sabelli 1976).
The structure was refined to an R; index of 6.9% for an
isotropic displacement model. Conversion to anisotro-
pic displacement factorsfor al of the atomsin the struc-
ture (except H) resulted in convergence at R; and wR;
indices of 2.3 and 5.4%, respectively (R, = 2.8% for all
307 data). The refined positions of the atoms were nor-
malized with the program STRUCTURE TIDY (Gelato
& Parthé 1987). Positional coordinates and anisotropic
and equivalent isotropic displacement-factors are given
in Table 2. Selected interatomic distances and angles
are given in Table 3, and a bond-valence analysis is
givenin Table 4. Tableslisting the observed and calcu-
lated structure-factors may be obtained from the Deposi-
tory of Unpublished Data, CISTI, National Research
Council of Canada, Ottawa, Ontario K1A 0S2, Canada.

DESCRIPTION OF THE STRUCTURE

The coordination polyhedra of cations in the
argentojarosite structure are shown in Figure 1. The
atom at the A site, at special position 3b (0, O, %) is
coordinated by six O atoms (from six separate SO,
groups) and six OH molecules to form an icosahedron.
The A-O and A-OH distances are 2.963 and 2.721 A
(both X 6), respectively (mean 2.842 A), and the p—A—
¢ angles (¢: unspecified anion) range from 59.27 to
120.73° (mean 90.00°). The bond-length and bond-
angle distortion parameters (A and o%; Hawthorne et al.
1989) are 0.0036 and 692.16, respectively, and the poly-
hedron volume is 57.71 A3. Thelow bond-valence sum
at the A site (0.72 vaence units) suggests a degree of
substitution by another element, and a 25% occupancy
by HzO* would increase the valence sum to 1.00 va-
lence units. The EDS spectra results exclude other A-
site substitutions, and the refined site-occupancy
suggests that the site is completely occupied by Ag.

The atom at the G site, specia position 9e (12, 0, 0),
is coordinated by two O atoms (from two separate SO,
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groups) and four OH molecules to form a distorted oc-
tahedron. The G-O and G-OH distancesare 2.048 (X 2)
and 1.9905 A (x4), respectively, and the $—-G—& angles
range from 88.0 to 92.0° (mean 90.0°). The mean G—¢b
vaue (2.01 A) is the same as the average mean G—¢
distance calculated from published structural data for
other members of the jarosite group. The O—-OH and
OH-OH edge lengths are 2.818 and 2.893, and 2.765
and 2.864 A, respectively. The bond-length and bond-
angledistortion parametersare 0.0011 and 2.83, respec-
tively. The variance in the octahedron angle is 3.08, the
mean quadratic el ongation of the octahedron (Robinson
et al. 1971) is 1.0012, and the polyhedron volume is
10.80 A3, The EDS specitra, refined site-occupancy, and
bond-valence analysis indicate a small amount (4-5%)
of A% substituting for Fe3* at the G position.

Theatom at the T site, at special position 6¢ (0, O, 2),
is coordinated by four O atoms that form atetrahedron.
The T-O distances are 1.464 and 1.481 A ((3), and the
O-T-O angles are 109.51 and 109.43° (each X 3; mean
109.47°). The mean T-O distance (1.477 A) isclose to
the average mean S-O distance (1.473 A) reported by
Hawthorne et al. (2000) for minerals containing SO4
tetrahedra. The bond-length and bond-angle distortion
parameters are 0.0001 and 379.08, respectively. The
variance in the tetrahedron angle is 0.0059, the mean
quadratic elongation of the tetrahedron is 1.0000 (no
elongation), and the polyhedron volumeis 1.65 A3, The
EDS spectra, refined site-occupancy, and bond-valence
analysis indicate that the site is completely occupied
by S°.

The H atom site (at special position 18h, X, —X, 2)
was identified from a difference-Fourier map. Without
constraints, the OH—H distance refined to an unrealisti-
cally short distance of ~0.74 A. Subsequently, the dis-
tance was constrained to 0.98 A. The interatomic
distances and a bond-valence analysis suggest that each
O(2) atom isinvolved in hydrogen bonding (as an ac-
ceptor) with three different OH groups; the H-O(2) dis-
tanceis 1.876 A, the OH-O(2) distanceis 2.856 A, and
the OH—H-0O(2) angle is aimost linear (177°).

TABLE 2. ATOMIC PARAMETERS FOR ARGENTOJAROSITE

Site Qccupancy X y z Uy* (9793 Uss Uiz Uss Uy Ueq
A(Ag’) 0.08333 0 0 172 0.0388(3) 0.0388(3) 0.0153(5) 0.0194(2) 0 0 0.0309(3)
G (Fe*') 0.240(2)Fe 112 0 0 0.0067(2) 0.0047(3) 0.0108(3) 0.0024(1) -0.0000(1) -0.0001(2) 0.0076(2)
0.010(2) Al
T(S*) 0.16667 0 0 0.18769(7) 0.0084(3) 0.0084(3) 0.0086(5) 0.0042(2) 0 0 0.0085(3)
o(1) 0.5 0.5568(2) 0.4432(2) 0.1159(1) 0.0170(7) 0.0170(7) 0.012(1) 0.0124(9) -0.0009(4) 0.0009(4) 0.0136(5)
O(2) 0.16667 0 0 0.0992(2) 0.014(1) 0.014(1) 0.009(2) 0.0072(5) 0 0 0.0128(7)
OH 0.5 0.4589(2) 0.5411(2) 0.2899(1) 0.0080(6) 0.0080(6) 0.019(1) 0.0029(8) 0.0024(4) -0.0024(4) 0.0121(4)
H 05 0.531(2) 0.469(2) 0.279(3) 0.05(2)
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TABLE 3. SELECTED INTERATOMIC DISTANCES (A) AND ANGLES (°) FOR
ARGENTOJAROSITE

THE CANADIAN MINERALOGIST

The Fe3*O,(OH), octahedra share corner OH atoms
to form sheets perpendicular to the c axis (Fig. 2). The

AO(Ma  x6 29632 Oya-A-0(1)d <2 87704 OH groups form aplane roughly parallel to (001). The
OHa  x6  2721@) Ome 2 112304 (1) gtoms lie on opposite sides of the OH layers. The
A0 2842 :g:: Z 1;22;22 octahedra form six- and three-membered rings, and the
GOoMp  x2 2062 OHg .12 1o7ye three apical O(1) atoms from each triad of octahedra
_OHe <4 1.9905(9) _OHh <12 se2na form the base of a SO, tetrahedron. Additional sheets
<G-0> 2.010 OHf-A-OHh «6  e1097) Of octahedraarelocated in such away that two triads of
-OHe «s 1891 OH ionsenclose asitein which the 12-coordinated Ag*
TO(Me  x3  1.481(2) <0-4-0> 90.00 ionislocated (Fig. 2). The apical O(2) atoms on each of
-0@) 1484(4) the SO, tetrahedra point alternately up and down the ¢
<ro ar ONe-G-OH x4 91500 ayis, and project into the six-membered rings of hy-
-G-OHj x4 88.50(7)
OH-H 0.980(1) OHc-G-OHi x2 88.0(1)
H-O(2)c 1.876(4) -OHj x2 92.0(1)
OH-O(2)c 2.856(3) <0-G-0> 90.0
TABLE 4. BOND-VALENCE* ANALYSIS OF ARGENTOJAROSITE
O(1)e-T-O(1)k x3 109.51(9)
-0(2) «3  100439)  Site A(Ag") G (Fe*) T(8™) H Total
<0-T-0> 109.47 O(f) 004x6L  046x20 14730 17
OH-H-O2)e 1775) o) 1.54 0.08 <3 1.78
Note: <M-¢ > denotes the mean metal-ligand distance (A). Equivalent positions: OH 0.08x5 4 0.53x44x2 0.92 2.06
a=X+¥ Y+ 2+%H Doy Xty 2 O KA yrh 22k A= Xty g o072 3.04 5.95 1.00

Ve, X+ z+ Ve esx-y+ Yo, x=Y5 -2+ % fax-Uy-Hhz2+% g=y-%h Xt
Y=Y, -Z+% h=-y+% x-y+ W z+ Y i=sx-y+%h x-% -2+ j=-x+y+
Vo, X+ 2 K=x-y+%h X-"%h -2+ %

*Calculated from the curves of Brese & O'Keeffe (1991).

4
J

—

Fic. 1. Coodination polyhedra of cations in the argentojarosite structure, projected onto
(100). The blue, orange, yellow, and red ellipsoids represent Ag, Fe, S, and O atoms,
respectively. The atomic displacement ellipsoids represent 75% probability.
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Fic. 2. Thestructure of argentojarosite projected onto (100), with ¢ vertical, showing Fe**O,(OH), octahedra, SO, tetrahedra,
H atoms (grey spheres), and Ag atoms (blue ellipsoids). The atomic displacement ellipsoids represent 75% probability.

droxyl groups. Each O(2) atom forms weak hydrogen
bonds with the three closest hydroxyl groups.

Discussion

The members of the jarosite group of the aunite
supergroup (Dutrizac & Jambor 2000), wherein the T

site is dominated by S** and the G position by Fe, are
ammoniojarosite, argentojarosite, beaverite, dorall-
charite, hydronium jarosite, jarosite, natrojarosite, and
plumbojarosite. Stoffregen et al. (2000) showed that for
minerals of the alunite supergroup, a is affected mainly
by Al-Fe3* substitutions, whereas variation in ¢ largely
reflects substitutions at the alkali site. Dutrizac &
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Fic. 3. Graph of ¢ versus ionic radius (both in A) for members of the jarosite subgroup
(adapted from Dutrizac & Jambor 2000). The symbolsin the box refer to argentojarosite
dataonly. The equation for the regression line (based on non-argentojarosite data points)

isc=2568(IR) + 13.062 (R = 0.92).

Jambor (2000) plotted cell dimensions versusionic ra-
dii for the members of the jarosite subgroup. As ex-
pected, they found considerable scatter inthe plot for a,
but a good correlation in the data for c. An exception
pertainsto the pointsfor argentojarosite, which plot well
bel ow aregression linebased on datafor the other mem-
bers of the subgroup (Fig. 3). This suggests an error in
the ionic radius assumed for Ag* (1.48 A), which was
based on the ionic radius for 12-coordinated Pb
(Dutrizac & Jambor 2000). Ignoring the val ue proposed
by Illdefonse et al. (1986), which is for a sample with
only 86 mol.% Ag, the regression equation returns radii
for 12-coordinated Ag* of 1.35-1.37 A. If theionic ra-
dius of OH~ (1.32 A; Shannon 1976) is subtracted from
the A-OH bond distance, the result isaradius of 1.40 A
for Ag*, which is close to that derived from Figure 3.
In Figure 4, theionic radii (from Shannon 1976) are
plotted against coordination number for the A-site cat-
ionsAg, Tl, K, and Na. The regression egquation returns
aradius of 1.56 A for 12-coordinated Ag*. Conversely,
radii of 1.35-1.37 A correspond to coordination num-
bers of 8.93-9.22; thus, the Ag* ion in argentojarosite
has a radius more typical of nine-coordinated Ag*. The
A-0O(1) distances are very long, and the net effect is
considered to be a coordination that is intermediate be-
tween six-fold and 12-fold, thereby resulting in alower-
than-expected ionic radius for Ag*. The underlying
cause of this disagreement could be that the Ag* ion
preferentially adopts small coordination numbers and
favors short covalent bonds (Behrens et al. 1995).

In Table 2, we show that Ue, for the Ag atomisrela-
tively high, and the U;; val ues are somewhat anomal ous.
To U. Kolitsch (written commun., 2003), these anoma-
lies could indicate that the Ag atom is located dightly
off the site, with correspondingly reduced occupancy.
The high value could indicate that the void istoo big for
Ag, and that the Ag ion tries to locally achieve lower
coordination-numbers.

The low bond-valence sum to the A site (Table 4)
deserves some comment. We point out that 12-coordi-
nated Agisnot found in any other mineral species, and
in very few synthetic compounds. Among the latter is
AgBePO, (Hammond et al. 1998), in which the Ag(1)
position is 12-coordinated, with Ag—O bond distances
of 2.605-3.132 A.. The corresponding bond-valence sum
isonly 0.86 valence units. This value raises the strong
possibility that the bond-valence curves (taken in this
casefrom Brese & O’ Keeffe 1991) cannot be applied to
this coordination of Ag.
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