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ABSTRACT

The crystal structure of zoned philipsbornite—hidalgoite, hexagonal (rhombohedral), R3m, Z=3: a =
7.1142(4), ¢ = 17.0973(9) A V= 749.4(1) A3, from the Tsumeb mine, Namibia, has been refined to R,
=1.68% for 301 unique reflections collected on a Bruker D8 three-circle diffractometer equipped with
a rotating-anode generator, multilayer optics and an APEX-II CCD detector. Chemical analysis by
electron microprobe showed zoned crystals with a rim enriched in S and Fe relative to the core. The
core composition is SO3 3.31, As,05 30.57, Al,O5 23.05, FeO 1.44, PbO 33.94, H,O..1c 9.58, total
101.79 wt.%, corresponding to Pb3os(Al 9:Fed’13)(AsO4)[(Aso.7250.27)05.14(0H)0 551 (OH)s; and the
rim composition is SO; 8.88, As;Os5 22.63, Al,O5 22.90, FeO 2.57, PbO 34.91, H,Oq 9.27, total
101.16 wt.%, corresponding to Pbéf%(A]z‘85FG%E3)(ASO4)[(Aso.zsSo470)03.30(OH)0.50](OH)ﬁ-
Philipsbornite—hidalgoite has the alunite-type structure, sheets of corner-sharing octahedra, decorated
on top and bottom by [(As,S)O4] and (AsO;0H) tetrahedra, that are linked into a three-dimensional
structure by [12]-coordinated Pb*" cations and hydrogen bonds. A new hydrogen-bonding scheme for
the D**G3"(T°"0,)(TO30H)(OH)s minerals is proposed.

Kevworbs: philipsbornite, hidalgoite, crystal structure, arsenate, alunite supergroup, electron-microprobe
analysis, hydrogen bonding.

Introduction reported the occurrence of hidalgoite from the

PuILIPSBORNITE, ideally Pb?"Al;(AsOy)
(AsO30H)(OH)s, is an arsenate mineral first
described by Walenta er al. (1982) from
Dundas, Tasmania. Hidalgoite, ideally
Pb>"Al5(Asy 5S0.504)2(OH)g, is a mixed
arsenate-sulfate mineral first described by Smith
et al. (1953) from the San Pascual mine, Hidalgo,
Mexico. Schmetzer et al. (1982) reported the
occurrence of philipsbornite from the Tsumeb
mine, Tsumeb, Namibia, and Gebhard (1999)

Tsumeb mine. Philipsbornite and hidalgoite are
members of the alunite supergroup which Bayliss
et al. (2010) write as DG3(TO4),X's where D =
monovalent (e.g. K, Na, NH4, H;0), divalent (e.g.
Ca, Ba, Pb2+) and trivalent (e.g. Bi, REE) cations;
G = dominantly trivalent (Al, Fe*") but also
quadrivalent (Sn*") and divalent (Cu®*, Zn, Mg)
cations; T = hexavalent (e.g. S®", Cr®"),
pentavalent (e.g. P, As®") and quadrivalent (Si)
cations; X' = O, (OH), F, (H,O). Philipsbornite
belongs to the dussertite group and hidalgoite
belongs to the beudantite group (both with 1c).
Many years ago, we were asked by William W.
Pinch to identify some extremely small white

hexagonal tablets from the Tsumeb mine,
Namibia (Weber and Wilson, 1977; Pinch and
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Wilson, 1977), but these proved too small to
obtain any signal from single-crystal diffraction.
Recent acquisition of a more powerful radiation
source provided us with a single-crystal diffrac-
tion pattern that indicated these crystals to be a
member of the alunite supergroup. Electron-
microprobe analysis showed the mineral to be
zoned from philipsbornite in the core to hidalgoite
in the rim, and we present a refinement of the
crystal structure here.

X-ray data collection and structure-
refinement

X-ray-diffraction data were collected with MoKo.
radiation on a Bruker D8 three-circle diffract-
ometer equipped with a rotating-anode generator,
multilayer optics and an APEX-II CCD detector.
The intensities of 8723 reflections (2874 in the
Ewald sphere) were collected to 60° 20 using 5 s
per 0.3° frame with a crystal-to-detector distance of
5 cm. An empirical absorption correction
(SADABS; Sheldrick, 2008) was applied, and the
data were corrected for Lorentz, polarization and
background effects. The refined unit-cell para-
meters (Table 1) were obtained from 7465
reflections with / > 10c/. The structure was
refined in the space groups R3m and R3m with
the SHELXTL version 5.1 system of programs
(Bruker, 1997). The final models refined to R,
indices of 1.68% (R3m, 301 reflections, 33 variable
parameters) and 1.61% (R3m, 593 reflections, 56
variable parameters). The refined parameters are
the same within their respective assigned standard
deviations for both space groups.

The Pb>" cation at the Pb site shows a larger
displacement in the a-b plane than along ¢ and was
allowed to refine off the 3-fold axis. Previous work
has used several different models for this
displacement. Giuseppettii and Tadini (1980,
1987) placed Pb at (0, 0, 0) (the 3a site) in
osarizawaite and corkite (but with large displace-
ment parameters), Szymanski (1985) used this
model for plumbojarosite, and Sato et al. (2009)
also used this model for corkite. Grey et al. (2009)
placed Pb at (x, 0, 0) (the 18f'site) in kintoreite and
zinc-bearing kintoreite, and our results are in accord
with this model. The H site associated with the
(OH) group of the AI(OH)40, octahedron was
identified in the difference-Fourier map and
inserted into the refinement with the soft constraint
that the Op—H distance remain close to 0.98 A.
Details of the data collection and structure
refinement are given in Table 1, final atom
parameters are given in Table 2, selected intera-
tomic distances and angles in Table 3, refined site-
scattering values (Hawthorne et al., 1995) and site
populations in Table 4, and bond valences in
Table 5. A table of structure factors has been
deposited with the Principal Editor of
Mineralogical Magazine and is available from
www.minersoc.org/pages/e_journals/dep mat.html.

Chemical composition

The crystal used for chemical analysis was not the
crystal used in the collection of the X-ray
intensity data as we wished to preserve the
latter. The crystal was mounted in epoxy,
polished, and analysed using a Cameca SX-100

TaBLE 1. Crystallographic data and structure-refinement information for philipsbornite—hidalgoite.

a (.,A) 7.1142(4) Crystal size (um) 7 x 80 x 100
c (A) 17.0973(9) Radiation/filter MoKa/graphite
V(A% 749.39(12) Total reflections 8723
Space group R3m No. in Ewald sphere 2874
V4 3 No. unique reflections 301
|[Fo| > 40F 301
Rmerge (%) 2.07
Ry (%) 1.68
wRy (%) 431
GooF 1.323

Ry = Z(F,| — |F/Z|F,| ,
WRy = {Z[W(Fo — F2)’1 / S[w(Fo)’ 1}
w=1/[c*(F2) + (0.0141P)* + 6.07P], where P = (F2 + 2 F) / 3
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,«é\,«,«,« electron microprobe. Preliminary analysis was

bg @%5%%% done using energ}./—dispersive spectrorr.le.:try (EDS)
g § éf § § § to assess the Ir_lajor-e}ement composition of .the

P R i crystal. Following this, elements were quantita-
tively analysed in wavelength-dispersive mode

ga < using an accelerating voltage of 15 kV, a beam

ol 53 I - current of 10 nA and a beam size of 5 um. The
S) S8 e S8 following standards were used for Ko lines: Pb,
T T synthetic PbTe; As, cobaltite; Al, andalusite; S,
pyrite; Fe, fayalite. The elements K, Na, Tl, Ca,

fé\ e Ba, Sr, Cd, Mg, V, Cr, Mn, Ni, Cu, Zn, Ga, Si, Ge

@ E"g’o - g‘:’ and P were 'sought but not detected. Data were
= 88 88 corrected using the PAP procedure of Pouchou
s < and Pichoir (1985). The crystal was strongly

zoned with a distinct core and rim of significantly
different compositions (Table 6). Exposure to the

~e—~ ~O
w| DI vacuum resulted in cracking of the crystal.
S| Rg2sES

—_ O — N — —

233353539

ceeeee Calculation of the chemical formula

~ The crystal used for the electron-microprobe

Wl Do xr analysis is a solid solution between philipsbornite,
SHEESCR R R ideally Pb>*Al;(AsO,)(AsO;OH)(OH)s, and hidal-

222222 goite, ideally Pb*"Aly(AsgsSo.s04),(OH)s which

we will write here as Pb2+Al3(AsO4)(SO4)(OH)6
without implying that As and S occupy crystal-

TABLE 2. Atom coordinates and displacement parameters for phillipsbornite—hidalgoite.

B 2663@6 lographically distinct sites. In a solid solution
SEEEEY % =8 g between these two minerals, the (OH) content
ss2222 varies from 6 to 7 a.p.f.u., somewhat complicating
the calculation of the chemical formula. Starting
P from the endmember formula of philipsbornite,
sIges s (OH) may be replaced by 0>~ in the acid arsenate
g — 00 0 V) — A . . . 2 2
D L8832 EH group via the substitution (SO4)"~ — (AsO;0H)
SSSSsES and Fg_may egter the strucsttlre via the sub3s£ituti0ns
(SO4)™ +Fe”" — (AsO4)” + Al and Fe”" — Al
—~ 5 As S > Fe in the crystals analysed, the substitution
% 6 % % o Fe*' — Alis negligible and we will ignore it here.
P oxges8x We may write an interim general formula for our
S vt — 2+
29 g =z crystal as follows: Pb™ Aliz_,_4(SO4)(a+s)
| Fe§+(ASO4)( 1 ,a)(ASOj,OH)( 1 ,b)(OH)@ where the
_ (OH) content is (7 — b) a.p.f.u. From the chemical
D analysis, we may derive Al = (3 — a — b), Fe = q,
S coococadz and S = (a + b), from which we may determine «
= o .. .
S 2 § and b. This in turn allows us to estimate the (OH)
o0 o
S S content and we may recalculate the formula using
PR this value; this process may be iterated to
a % % convergence. The chemical formulae corresponding
S| Tvoords to the compositions with the maximum and
=< o~ <t~ . . .
Q Sa9 minimum contents of S are given in Table 6,
S SRS calculated on the basis of OH = (7 — b) a.p.fu.
(where b is the amount of S minus the amount of
Fe). As is apparent from Table 6, the core of the
% Lo8as crystal is philipsbornite and the rim of the crystal is
| EX<533E hidalgoite.

841



M. A. COOPER AND F. C. HAWTHORNE

TABLE 3. Selected interatomic distances (10\) and angles in philipsbornite—hidalgoite.

As—O(1) 1.647(5)
As—0(3) 1.6593) x3
<As—0> 1.656
Al-0(2) 1.923(2) x2
Al—0(3) 1.9028(8) x 4
<Al-0> 1.910
0(3)—H(1) 0.98
H(1)---O(1) 1.846(3)
H(1)--0(2) 3.00(5)

Ph—0(2) 2.59(2) x2
Pb—0(2) 27473)  x2
Pb—0(2)" 2.90(2) x2
Pb—0(3) 2.763(12)  x2
Pb—O(3) 2853(3)  x2
Pb—0(3)" 2.940(15)  x2
<Pb—0O> 2.799
0(3)-0(1) 2.826(3)
0(3)-0(2) 3.543(3)
0(3)—H(1)---0(1) 179(5)
0(3)—H(1)---0(2) 116(4)

Description of the structure

The alunite structure has been described exten-
sively elsewhere (e.g. Kolitsch and Pring, 2001;
Kolitsch et al., 1999a,b; Dzikowski et al., 2006;
Sato et al., 2009; Mills et al., 2009). The structure
consists of layers of corner-sharing octahedra that
are decorated top and bottom by tetrahedra that
link by sharing three apices with the octahedra
(Fig. 1). The remaining apex, the O(1) anion, is
either an O atom in an (AsO4)*~ group or is an
(OH) anion in an acid-arsenate group:
(AsO;(OH))*". The layers are held together by
Pb>" cations that are [12]-coordinated.

Site populations were assigned on the basis of
the refined site-scattering factors (Table 4), and
lie between the maximum and minimum values of
S given by the chemical compositions listed in
Table 6. The calculated content of Fe lies outside
the limits given in Table 6 (for a different
crystal), but is still significantly less that the
amount of S indicated by the refined site-
scattering values.

The (TO4)—(TO30H)—(OH)g component

For the D*"G3"(T>"04)(T>"030H)(OH)s minerals
(Table 7), the tetrahedrally coordinated compo-
nent of the structure consists ideally of equal
amounts of (T°*0,) and (T°*O;0H). The
structures are generally refined in the space
group R3m, with three crystallographically
distinct anions: O(1) = [0*7, (OH)],; OQ) =
05 ; O(3) = (OH)s, to give 14 anions per formula
unit. Two (T>'®,) [® = unspecified anion]
tetrahedra occur along the 3-fold axis with
opposing O(1) apices, as shown schematically in
Fig. 2. The general consensus has been that the
(OH) group at O(3) forms a hydrogen bond with
the O(1) anion, each O(1) anion receiving a total
of three such hydrogen bonds. One half of the
O(1) anions are occupied by (OH) groups, with
the hydrogen bond directed toward the adjacent
O(1) anion (i.e. O*7) of the opposing (T>"0y)
group. In Fig. 2, we have assigned representative
bond valences (using the curves of Brown and
Altermatt, 1985) to a local (T>*04)—(T>"O;0H)

TABLE 4. Refined site-scattering values and site populations in philipsbornite—hidalgoite.

Site Refined site-scattering Site-population Range in EMP composition
(e.p.fu.) (a.p.fu.) (a.p.fu.)

Pb 82 Pb** Pb3os_0.99

Al 44.1(3) Al se2 Feoass Alyg7-277 Feo13-023

As 59.2(3) Aso824 So.176 As1.73-130 So.27-0.70
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TABLE 5. Bond-valence (vu) table for philipsbornite—hidalgoite.

Pb Al As z
o(1) 1.38 1.38
0(2) 027 *?| 0.48 2| 1.34 3| 1.94->2.09
0.18 2|
0.12 *?|
0(3) 0.17 *?| 0.51 *25>4| 1.13-1.19
0.13 *?|
0.11 2|
z 1.96 3.00 5.40

* bond-valence parameters (vu) from Brown and Altermatt (1985).

configuration. In order to obtain the most
representative bond valences for the T—O(1)
and T—O(2) interactions, we averaged the
values for the five structures in Table 7 in which
the bond-valence sum at the T site is in close
agreement with the valence-sum rule (i.e.
4.96—5.01 vu, for crandallite, goyazite, kintoreite,
Ga-rich plumbogummite and dussertite); this
gives a mean value of 1.29 vu for the T—O(1)
bond and 1.23 vu for the T—O(2) bond. The
chemical data associated with these five structure
refinements also indicate near endmember 7-site
compositions.

The O(3)-0O(1) distances and
O(3)—H(1)---O(1) angles are typical hydrogen-

bond geometries with corresponding H(1):--O4
bond valences of approximately 0.2 vu. The
longer O(1)—O(1) separation (=3 /0\) suggests a
weaker H(2)---O(1)4 contribution (<0.1 vu). The
ensuing incident bond-valence sums at O(1)p [D
= donor anion] and O(1)5 [A = acceptor anion]
are 2.79 and 1.99 vu, respectively. It is
immediately apparent that the high bond valence
incident at O(1)p (2.79 vu) indicates that there is a
problem with a particular O(1) site being
occupied by an (OH) group that also receives
three hydrogen bonds from the neighbouring
(OH) group at O(3). To help accord with the
valence-sum rule at O(1)p, the incident bond-
valence sum could be partly reduced by

5%
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A

AN

S

X
\¢

‘V

7

FiG. 1. One layer of the crystal structure of philipsbornite—hidalgoite viewed down c; the As tetrahedra are red; Al
octahedra are yellow; H is represented by black circles; U, H pointing up; D, H pointing down; black lines are the

outline of the unit cell.
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TABLE 6. Chemical composition (wt.%) and formula
(a.p.fu.) for a zoned philipsbornite—hidalgoite

crystal.
Core Rim
As,05 30.57 22.63
SO, 3.31 8.88
ALO; 23.05 22.90
FeO 1.44 2.57
PbO 33.94 34.91
H,0 9.58 9.27
Sum 101.79 101.16
As>" 1.72 1.25
So* 0.27 0.70
Sum 1.99 1.95
Al 2.92 2.85
Fe?" 0.13 0.23
Sum 3.05 3.08
Pb>* 0.98 0.99
(OH) 6.86 6.53

Not detected: Ca, Ba, Sr, K, Na, Tl, Cd, Ga, Zn, Mg, Ni,

Cu, Mn, Cr, P, V, Si, Ge.

0(2)
0(2) 1.23
\T5+A
0(3) |1.29
0?'4(1).9_-2_) 08 O(3)
_...70(1)0‘-0--....H(1
O3)=—H(1> |0_g ‘
fo1
0(3)_0"3 H(ngz é
> O(1)a 4---""””00 5
0. 1 an®
8 H(1)'0.2 |1.29 @)
0(3)
T*‘*\23
0(2) / 2 "0(2)
0(2)

F1G. 2. General schematic showing representative bond-

valence values (vu) associated with previously proposed
hydrogen-bonding schemes for five D*'G3 (T3 0,)(-

T3"0;0H)(OH); structures.
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lengthening the T—O(1)p bond (which needs to
occur for 50% of the local arrangements).
However, the displacement parameters for the 7
and O(1) sites do not suggest any significant
positional disorder. We must conclude that where
O(1) is occupied by an (OH) group, the locally
associated O(1)p anion does not receive any
hydrogen-bond contribution from the (OH) group
at O(3); the resulting bond valence incident at
O(1)p is then 1.29 + 0.90 = 2.19 vu, and the
hydrogen bond from the adjacent (OH) group at
O(3) must have another acceptor anion.

The optimum acceptor for this hydrogen bond
is the O(2) anion at the base of the (T>*0;0H)
tetrahedron. The O(2) anion is [3]-coordinated
and forms bonds with each of the D, G and T
cations. For the five D*"G3"(T°"0y4)
(T°*0;0H)(OH)¢ minerals in Table 7, the bond
valences incident at the O(2) anion are given in
Table 8. There is little variation in the G—0(2)
and T—O(2) contributions, but the positional
disorder associated with the D cation gives rise
to different local arrangements involving (and
different bond-valence contributions to) the O(2)
anion. In goyazite and dussertite, where the D
cation is reasonably well ordered, the bond

G
e
123 0(2) D
oe \T/ A
'-_0,1 0.1
1.29 .
oo H(S o
e o\ )
H(2) x2)
. G
§0.1
\4

G
oy =]

03)

] o LY

o
e
23
0(2) / \

23 YO@2)==D

U O o

FiG. 3. Proposed hydrogen-bond arrangement and bond-
valence distribution (vu) for the D*'G3"(T>'0y)

(T>"050H)(OH); structures.
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TaBLE 8. Bond valence (vu) incident at the O(2) and O(3) anions in selected D**G3"(T>"04)(T°"030H)(OH),4
minerals.

Crandallite Goyazite Kintoreite Plumbogummite Dussertite
Ga-rich
0(2)-D 0.06—0.26 0.17 0.05-0.27 0.09-0.25 0.21
0(2)-G 0.47 0.50 0.46 0.49 0.54
0(2)-T 1.22 1.25 1.21 1.22 1.25
0(2) 1.75—1.95 1.92 1.72—1.94 1.80—1.96 2.00
0@3)-D 0.09-0.23 0.19 0.10-0.29 0.12-0.23 0.20
0(3)—-G (x2) 0.53 0.53 0.53 0.53 0.57
0@3) z 1.15-1.29 1.25 1.16—1.35 1.18—1.29 1.34

-H(1)

-H(1)

c

..

FIG. 4. The structure of philipsbornite—hidalgoite projected onto (100) showing (@) the difference in short-range H
positions associated with the (OH) group of the AI(OH),0; octahedron, and () the ideal long-range positions of the
H atoms. The As tetrahedra are red; Al octahedra are yellow and H is represented by black circles.
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valences incident at O(2) are close to that required
by the valence-sum rule (1.92 and 2.00 vu,
respectively). In crandallite, kintoreite and Ga-
rich plumbogummite, the sums range from
deficient (~1.75 vu) to near ideal (~1.95 vu). It
seems that positional disorder of the D cation can
lead to slight deviation from the valence-sum rule
at O(2), making O(2) a more favourable
hydrogen-bond acceptor where this disorder
occurs.

The O(3)—0(2) distances range from 3.239 to
3.622 A (Table 7), indicating that the hydrogen-
bond valence to O(2) from the (OH) group at O(3)
will be small (i.e. <0.1 vu). We propose that the
hydrogen-bonding scheme shown in Fig. 3 occurs
in the D*"G37(T>"04)(T>"030H)(OH)s minerals
of the alunite group. Where the (T>'®4) group
contains an (OH) group at O(1), the neighbouring
(OH) groups at O(3) have weak hydrogen bonds
with the O(2) anions at the base of the (T ®y)
tetrahedron, and in this case, the D cation is
further from the O(2) and O(3) anions; the
resulting incident bond-valence sums at O(1),
O(2) and O(3) are 2.19, 1.93 and 2.06 vu,
respectively. The opposing (T>*®,) group
receives a weak hydrogen bond at its O(1)4
vertex and three additional hydrogen bonds from
the peripheral (OH) groups at O(3), and the D
cation is closer to the adjacent O(2) and O(3)
anions; the incident bond-valence sums at O(1),
O(2) and O(3) are 1.99, 1.93 and 2.06 vu,
respectively. For goyazite and dussertite, in
which positional disorder of the D cation was
not reported, the same pattern of hydrogen
bonding may occur, and the structure may
respond in a slightly different manner. For
example, where the D cation is disordered off
the 3-fold axis, T—O(1) < T—0O(2), and the D
cation occurs on the 3-fold axis, T—O(1) >
T—0O(2) (Table 7). The relative apical length-
ening (or flattening) of the (T>'®,) group seems
to correlate with the positional order-disorder of
the D cation.

range (e.g. local R3m symmetry, Fig. 4a). In
Fig. 4a, the H atoms above and below the central
axis of the ring differ appreciably in their
geometric relation to the proposed hydrogen-
bonding scheme (Fig. 5). The H(1) atom lies
closer to the central axis of the ring (Fig. 4a) and
is in a favourable position to form a hydrogen
bond with the O(1A) anion (at the apex of the
As(1A) tetrahedron) (Figs 5 and 6). The H(1A)
atom lies further from the central axis of the ring
(Fig. 4a) and is in a favourable position to form a
weak hydrogen bond with the O(2) anion (at the
base of the As(1) tetrahedron) (Figs 5 and 6). The
hydrogen-bond arrangements involving H(1) and
H(1A) combine with the inferred H(2) position
(not located in the refinement) belonging to the
(OH) group of the As(1) tetrahedron (Fig. 5) in

The philipsbornite—hidalgoite solid solution:
short-range aspects of hydrogen bonding

Within the central region of each six-membered
ring of corner-sharing Al(OH),O, octahedra,
three H atoms point upward and three point Fig. 5. The R3m structure of philipsbornite—hidalgoite
downward (Fig. 1). The long-range positions of  projected down [100], showing the proposed hydrogen-
the H atoms above and below the central axis of bond arrangement. The As tetrahedra are red; Al
the ring of octahedra are the same in R3m octahedra are yellow and H is represented by black
symmetry (Fig. 40), but may differ at short circles.
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| H-bonding to tetrahedron apex |

R3m

| 0(3)-0(1A) 2.827(7) A O(3)-H(1)...O(1A) 160(7)"1:

O(3A)-0(1) 2.828(6) A O(3A)-H(1A)...O(1) 167(7)°

} 0(3)-0(1) 2.826(3) A O(3)-H(1)...0(1) 179(5)°

R3m

|H—bonding to tetrahedron base I

R3m

0(3)-0(2A) 3.542(6) A O(3)-H(1)...0(2A) 103(5)°

} 0(3)-0(2) 3.543(3) A O(3)-H(1)...0(2) 116(4)°

Fic. 6. The hydrogen-bond geometries for philipsbornite—hidalgoite. The short-range arrangements (locally in
accord with R3m symmetry) enclosed in dashed outlines are the preferred arrangements.

the bond-valence arrangement of Table 5, where
the sums are in close accord with the valence-sum
rule (Brown, 2002). The complete hydrogen-bond
arrangement in this crystal (Fig. 5; Table 5)
supports the schematic presented in Fig. 3 for
the D?'G3"(T>'04)(T°*O;0H)(OH)s minerals
listed in Table 7.
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