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ABSTRACT

A sample of Sb-rich segnitite from the Black Pine mine, Montana, U.S.A., has been studied by
microprobe analyses, single-crystal X-ray diffraction, and p-EXAFS and XANES spectroscopy.
Linear combination fitting of the spectroscopic data provided Sb>":Sb* = 85(2):15(2), where Sb*" is
in octahedral coordination substituting for Fe*" and Sb* is in tetrahedral coordination substituting for
As”". Based upon this Sb**:Sb’" ratio, the microprobe analyses yielded the empirical formula Pb, q,
H, 05(Fed6Sbifi Cudhy)ss 0a(AsT7Sb3 1786 02)51.8805(OH)g 00 The crystal structure refinement and bond
valence analysis are consistent with these cation site assignments. The formation of Sb-rich segnitite
opens new possibilities for Sb sinks within the supergene zone. Segnitite may, in fact, be an ideal host
for the sequestering of several toxic elements for pH < 2. At higher pH values, As is more likely to be

incorporated into schwertmannite and ferrihydrite.
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INTRODUCTION

Segnitite, ideally PbFei*(AsO,),(OH,H,0), (Birch et al.
1992), is the Pb Fe-rich member of the dussertite group, within
the alunite supergroup (Mills et al. 2009a; Bayliss et al. 2010).
It forms solid-solution series with both kintoreite and beudan-
tite (e.g., Rattray et al. 1996; Jambor 1999; Mills 2007), and
it has been observed at more than 100 localities worldwide
(www.mindat.org).

Minerals in the alunite supergroup have the general formula
AB;(TO,),Xs, where the A-site can be occupied by monovalent
(Na*, K, Ag’, NH}, or H;0%), divalent (Pb**, Ca?*, or Ba*"), or
trivalent (Bi** or REE®") cations; the B-site can be occupied by
either Fe**, AI**, or Ga*', while the T cation site can be occupied
by P, S¢, or As* (e.g., Jambor 1999). The supergroup has al-
ways been of significant interest to mineral scientists especially
because of its relevance to acid mine drainage (e.g., Nordstrom
et al. 2000; Welch et al. 2007, 2008, 2009) and the mobility of
toxic elements (e.g., Kolitsch and Pring 2001) and because of its
structural variability (e.g., Grey et al. 2008; Mills et al. 2008). To
date, however, there has been only one reported example of Sb
substitution within a member of the supergroup. Kolitsch et al.
(1999) reported the structure of “antimonian’ dussertite from the
Clara mine, Germany, and attributed all of the Sb to Sb>* substi-
tuting for Fe*" within the octahedral site. The find of an unusual
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Sb-rich segnitite from the Black Pine mine, Montana, U.S.A.,
has prompted further investigation by us into the valency and
structural role of Sb within members of the alunite supergroup.

EXPERIMENTAL METHODS

Sample

The Sb-rich segnitite occurs at the Black Pine mine, 14.5 km NW of Phil-
ipsburg, Granite Co., Montana, U.S.A. (46°26'52"N, 113°21'56"W), and was
discovered by John Dagenais of Vancouver, British Columbia, Canada. The mineral
occurs as flattened, tabular or rhombohedral yellowish crystals up to about 100 pm
across. Crystals are commonly intergrown to form botryoidal groups up to about
0.3 mm across and also form as coatings lining quartz vughs and on quartz crystals.
Associated minerals are hidalgoite and tetrahedrite. The Black Pine mine is the type
locality for philipsburgite (Peacor et al. 1985), joélbruggerite (Mills et al. 2009a),
and auriacusite (Mills et al. 2010). The studied specimen has been deposited in
the collections of Mineral Sciences Department, Natural History Museum of Los
Angeles County, catalog number 64096.

X-ray absorption spectroscopy

Sb K-edge (30491 eV) X-ray absorption near edge structure (XANES) and
micro-extended X-ray absorption fine structure (u-EXAFS) spectra were measured
at beamline 13-ID-C (GSE-CARS) at the Advanced Photon Source (APS), at Ar-
gonne, U.S.A. The APS is a 7 GeV ring and operates in top-up mode with a current
of 102 mA. 13-ID-C is an undulator beamline with a Si(111) monochromator and an
energy resolution (AE/E) of 1.4 x 10* at 10 keV. A focused beam size of 5 um? was
used. A 16 element solid-state Ge detector was used for detecting fluorescence data.

XANES and p-EXAFS data were analyzed with the HORAE package (Ravel
and Newville 2005), calculations being performed using FEFF version 9 (Rehr et
al. 2010). Self-absorption effects were checked for the fluorescence data using the
SABCOR (Booth and Bridges 2005) correction routine that is incorporated into
ATHENA (part of the HORAE package) and were found to be negligible. The data
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used in the u-EXAFS fits ranged from k=2.0to 10.0 A~'. The fitting was done in R-
space in the range 1.0-4.0 A, with a Hanning window and multiple k'** weighting.

Chemical analysis

Quantitative wavelength-dispersive electron-microprobe analyses (6 points)
were carried out with a JEOL733 electron microprobe at the Mineral Sciences Divi-
sion, Canadian Museum of Nature. Operating conditions were 20 kV, with beam
current of 20 nA and a 2 pm beam diameter. Raw intensity data were corrected
using a PAP matrix correction (Pouchou and Pichoir 1984). No other elements were
detected by energy dispersive spectroscopy. Sb** and Sb>* were apportioned based
on the u-EXAFS and XANES reported below. H,O was calculated based on the
site populations. The results, as well as the standards used, are shown in Table 1.

X-ray diffraction

The single-crystal X-ray diffraction data were obtained on a Rigaku R-Axis
Rapid II curved imaging plate microdiffractometer utilizing monochromatized
MoKa radiation. The Rigaku CrystalClear software package was used for process-
ing of the diffraction data, including the application of an empirical multi-scan
absorption correction using ABSCOR (Higashi 2001). The structure was solved
by direct methods using SHELXS-97 software (Sheldrick 2008), and SHELXL-97

TaBLE 1. Chemical analytical data for the Sb-rich segnitite
average min max standards

PbO 28.84 28.17 29.48 galena
CuO 2.73 2.59 2.84 cuprite
Fe,0; 23.86 23.01 25.34 hematite
56,05 9.85 7.86 11.19 Sb,Te
Sb,0s* 8.37 6.68 9.51
Sb,0;? 1.33 1.06 1.51
As,0s 25.92 25.54 26.26 GaAs
SO, 0.25 0.16 0.30 pentlandite
H,0cuic 8.01

Total 99.31

2Recast into Sb,05 and Sb,0; based on 85:15 ratio.

TABLE 2. Data collection and structure refinement details for the
Sb-rich segnitite

Space group R3m

Unit-cell dimensions:

a(k) 7.3730(14)

c(A) 17.228(3)

V(A3 811.0(3)

Z 3

Absorption coefficient 26.452

F(000) 1073

°range 3.40-20.80

Index ranges -7<h<7,-7<k<7,-16<1<17

Reflections collected/unique 1342/125

Reflections with F > 4c(F) 114

Refinement method Full-matrix least-squares on F?

Parameters refined 31

GoF 1.22

Final R indices [F, > 4c(F)] 0.0303

Rindices (all data) 0.0333

Extinction coefficient 0.0006(3)

Largest diff. peak/hole +0.58,-0.81 e A
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(Sheldrick 2008) was used for the refinement of the structure. The occupancies of
the Fe and As sites were constrained to match the ratios obtained from the chemi-
cal and spectroscopic analyses below. The final model, anisotropically refined,
converged to R, = 0.0303 for all 114 observed reflections [F, > 4cF,] and 0.0333
for all 125 unique reflections. Details concerning data collection and structure
refinement are provided in Table 2. Fractional coordinates and atom displacement
parameters are provided in Table 3, selected interatomic distances in Table 4 and
bond valence sums (BVS) in Table 5. (CIF' on deposit.)

RESULTS
p-EXAFS and XANES

Linear combination fitting of the XANES spectra using
standards Sb,0; and KSb(OH), (Mitsunobu et al. 2008) resulted
in a ratio of Sb>:Sb>* 85(2):15(2) (%24 = 0.15). The fraction of
Sb>*:Sb3* was refined in the u-EXAFS data by fitting a linear
combination of octahedrally coordinated Sb>*-O and tetrahedrally
coordinated Sb**-O (Table 6). To reduce the number of variables,
the spectra for three grains were co-refined. The best fit resulted
with 100% Sb**-O; however, it is possible to obtain a fit that is
visually as good and with a y2, that is not statistically signifi-
cantly different (Kelly et al. 2008) by fitting 85% octahederally
coordinated Sb>*-O and 15% tetrahedrally coordinated Sb**-O
(Fig. 1). Attempts to fit more Sb**-O resulted in unreasonable fit

! Deposit item AM-14-701, CIF. Deposit items are stored on the MSA web site and
available via the American Mineralogist Table of Contents. Find the article in the
table of contents at GSW (ammin.geoscienceworld.org) or MSA (www.minsocam.
org), and then click on the deposit link.

TABLE4. Selected bond lengths (A) in the Sb-rich segnitite
Fe1-03 1.999(4) x4
-02 2.022(11) x2
<Fe1-O> 2.007
As2-01 1.68(2)
-02 1.687(11) x3
<As2-O> 1.685
Pb-02 257(7) %2
-03 2.68(4) x2
-03 2.84(4) x2
-02 2.85(4) x2
-03 3.00(4) x2
-02 3.10(4) x2
<Pb-O> 2.84

TABLE 5. Bond valence sums for the Sb-rich segnitite

Pb Fe As H 3
o1 1.29 03 159
02 055 Ix2 052 Ix2 124 Ix3 231
03 052 Ix2 055 Ix4 07 203
b3 2.14 213 5.00

Notes:Values are expressed in valence units. Pb-O bond strengths from Krivovi-
chevand Brown (2001); Sh-O from Mills et al. (2009b); Fe-O, Cu-O, As-O, and H-O
bond strengths from Brown and Altermatt (1985).

TABLE 3. Fractional coordinates and atomic displacement parameters for the Sb-rich segnitite

X Yy z Ueq Occ. Uy Ua, Uss Uas Uiy Ui,

Pb 0.044(11) 0 0 0.032(17) 1 0.030(14) 0.03(5) 0.0357(17)  -0.006(8) -0.003(4) 0.01(3)
Fel 0.5 0 0.5 0.0097(11) 0.78 0.0088(15) 0.0070(18) 0.0129(18) 0.0023(13)  0.0012(6) 0.0035(9)
Sb1 0.5 0 0.5 0.0097(11) 0.13 0.0088(15) 0.0070(18) 0.0129(18) 0.0023(13)  0.0012(6) 0.0035(9)
Cul 0.5 0 0.5 0.0097(11) 0.09 0.0088(15) 0.0070(18) 0.0129(18) 0.0023(13)  0.0012(6) 0.0035(9)
As2 0 0 0.31346(18) 0.0194(12) 0.95 0.0180(14) 0.0180(14) 0.022(2) 0 0 0.0090(7)
Sb2 0 0 0.31346(18) 0.0194(12) 0.04 0.0180(14) 0.0180(14) 0.022(2) 0 0 0.0090(7)
S2 0 0 0.31346(18) 0.0194(12) 0.02 0.0180(14)  0.0180(14) 0.022(2) 0 0 0.0090(7)
o1 0 0 0.5890(12) 0.030(6) 1 0.038(9) 0.038(9) 0.014(12) 0 0 0.019(4)
02 0.2093(8) -0.2093(8) -0.0536(7) 0.019(3) 1 0.019(5) 0.019(5) 0.024(7) 0.001(3) -0.001(3) 0.013(6)
03 0.1261(8) -0.1261(8)  0.1349(6) 0.017(3) 1 0.009(5) 0.009(5) 0.034(8) -0.004(3) 0.004(3) 0.007(5)
H1 0.196(2) -0.196(2) 0.129(9) 0.02 1
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TABLE6. [-EXAFS refinement parameters
Sample Fit Site Ligand R(A) o2 (A?) AE, (eV) Yo
Grain2 1.100% Sb** Oct Sb**-Og 1.965(7) 0.0027(5) 5.9(8) 103.5
Oct Multiple scattering paths 3.365(7) 0.0027(5)
3.930(7)
Grain3 1.100% Sb** Oct Sb**-Og 1.969(8) 0.0027(5) 5.9(8) 103.5
Oct Multiple scattering paths 3.370(8) 0.0027(5)
3.937(8)
Grain1 1.100% Sb** Oct Sb**-Og 1.96(1) 0.0027(5) 5.9(8) 103.5
Oct Multiple scattering paths 3.36(1) 0.0027(5)
3.93(1)
Grain2 2.85% Sb** + 15% Sb** Oct Sb**-Og 1.963(7) 0.0004(5) 4.9(7) 1145
Oct Multiple scattering paths 3.361(7)
3.925(7)
Tet Sb*+-0, 1.80 (fix)
Grain3 2.85% Sb** + 15% Sb** Oct Sb**-O4 1.965(8) 0.0004(5) 4.9(7) 1145
Oct Multiple scattering paths 3.365(8)
3.931(8)
Tet Sb*-0, 1.80 (fix)
Grain1 2.85% Sb** + 15% Sb** Oct Sb>*-O4 1.96(1) 0.0004(5) 4.9(7) 114.5
Oct Multiple scattering paths 3.36(1)
3.92(1)
Tet Sb*+-0, 1.80 (fix)
— grain2 5 «FIGURE 1. Sb K-edge n-EXAFS fits for three
""" grainZ: 100% Sb. .. Sb-rich segnitite grains. (Color online.)
204 ---gra:InZ:BS%Sb + 15% Sb
—— grain3
oo grain3: 100% Sb°*
- -grain3: 85% Sb°" + 15% Sb”"
grainl
1 grain1: 100% Sb™
- grain1: 85% Sb°" + 15% 5b°°
=
£

R{A)

parameters. It is important to note that the microprobe analyses do
not support having only As in the tetrahedral site, and tetrahedral
vacancies are not known to occur in the alunite supergroup. Thus,
all lines of evidence provide strong support for 15% Sb**-O being
present in these grains.

Microprobe analyses

Based on the results of the u-EXAFS and XANES above, we
can recast the Sb,Os in the microprobe analyses as Sb,05+Sb,0;
in the proportion 85:15. In doing so, we obtain the empirical
formula Pb, o,H; 02(Fe336Sb3aiCugy)ss.0a(AsT75Sb30786 02)z1 .55
Og(OH)g 0. It is interesting to note that although Sb>*+Cu?" >
0.5 apfu, because of the difference in valence between Sb*" and
Cu?", this phase does not qualify as a new mineral under the rule
of valency-imposed double site occupancy (Hatert and Burke
2008), similar to beavertite-(Cu) or beavertite-(Zn) (Bayliss et
al. 2010; Sato et al. 2011). If Sb** were >0.5 apfu (substituting
for Fe’*), this mineral would qualify as a new mineral species.

Crystal structure

Segnitite has a thombohedral alunite-type structure (e.g.,
Blount 1974), consisting of layers of corner-sharing FeO,(OH),

octahedra and AsO, tetrahedra parallel to (0001) and stacked
along c. Pb atoms are displaced from the origin, as in other
Pb species of the supergroup [e.g., philipsbornite, Cooper
and Hawthorne (2012); plumbogummite, Mills et al. (2009¢);
kintoreite, Kharisun et al. (1997); Grey et al. (2009)], and are
in 12-fold coordination. The Fe(O,0H), octahedra each share
corners with four neighbors to form a planar kagomé network
with three- and sixfold rings, which can also be described as
hexagonal tungsten bronze (HTB)-type layers. The O* anions
of the Fe(O,0H), octahedra in each 3-ring link to an arsenate,
either above or below the plane of the Fe layer. Successive layers
are interconnected via hydrogen bonds from H to arsenate O1
of an adjacent layer (Fig. 2).

The average bond lengths for Sb-rich segnitite are <Fe-O> =
2.007 A, <As-O> = 1.685 A, and <Pb-O> = 2.84 A. The aver-
age bond lengths for <Fe-O> and <As-O> are indistinguishable
from those reported by Kolitsch et al. (1999) for “antimonian”
dussertite, 2.009 and 1.684 A, respectively. It is not be surprising
that they are the same, given that there are many substitutions
occurring in the Fe and As sites within the minerals. In the case
of Sb-rich segnitite, the incorporation of Sb** in the Fe site would
be expected to slightly shorten the average Fe-O bond length;
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FIGURE 2. The crystal structure of Sb-rich segnitite viewed down
[110]. FeOg octahedra are orange, AsO, tetrahedra green, Pb atoms are
gray, and H atoms pink. (Color online.)

while, Cu?" would be expected to elongate it. These competing
effects effectively cancel each other out. The BVS analysis
provides a formal valency for the site of 2.13 v.u., with a site
charge of 3.23+, which matches well with the theoretical of
3.17+. The <As-O> is close to the general average for arsenate
tetrahedra of ~1.683 A (Shannon and Calvo 1973), despite the
fact that Sb*" at the site should result in longer bonds (the range
observed for Sb**-O bonds is 1.80-3.50 A; Mills et al. 2009b).
It may be that the small amount of S [the general average S-O
in sulfates is 1.459; Hawthorne et al. (2000)] counteracts the
effect of the Sb**. It is also noteworthy that the BVS for Pb and
02 show overbonding, which is typical in the Pb-rich members
of the alunite supergroup (Mills et al. 2009d).

IMPLICATIONS

It is interesting to note that there are only two known miner-
als containing both Sb** and Sb*": cervanite, a-Sb,0,, a very
common secondary mineral known from over 200 localities
(www.mindat.org), and clinocervantite, $-Sb,0,, a very rare
secondary mineral only known from two localities in Italy (Basso
etal. 1999). “Stibiconite” and “bismutostibiconite” may be mixed
valency; however, both are considered questionable species (At-
encio et al. 2010), and there is no spectroscopic data available
to suggest that both Sb** and Sb* are present in these phases.

Antimony is considered a toxic heavy metal, and because of
this, many studies have been aimed at understanding its behavior
in the supergene zone (e.g., Filella et al. 2009 and references
therein). In the supergene zone, Sb is often found as a weathering
by-product associated with the mining of Sb sulfides and sulfo-
salts, such as stibnite, berthierite and tetrahedrite. The presence
of Sb is often also coupled with the presence of As, and this may
lead to severe environmental problems (e.g., Casiot et al. 2007;
Majzlan et al. 2011; Mok and Wai 1990). Leverett et al. (2012)
recently showed that the minerals schafarzikite, FeSb,0,, and
tripuhyite, FeSbO,, act as important sinks for the element, while
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Majzlan et al. (2011) showed that tripuhyite was the main sink
for Sb in the mine drainage tailings near Pezinok, Slovakia, and
that As was concentrated in amorphous oxide phases.

The formation of Sb-rich segnitite, therefore, opens new
possibilities for Sb sinks within the supergene zone. The Sb-
rich segnitite contains on average about 28.93 wt% PbO, 25.88
wt% As,Os, 6.33 wt% Sb,0s, and 2.44 wt% Sb,0;, showing
that substantial amounts of toxic elements can be locked away
within the crystal structure of the mineral. In the case of the
neutral (pH range 6.5-8.0) tailings reported by Majzlan et
al. (2011), it may be the case that the mining tailings were at
too high a pH for the formation of crystalline samples and/or
members of the alunite supergroup. Mills (2007) showed that
segnitite could be synthesized by hydrothermal methods in the
pH range 1.0-1.5, indicating that under more acidic conditions
this could be a preferred sink for Pb, Fe, Sb, and As. Acidic
river waters with low pH, such as those observed at Rio Tinto
in Spain (pH range 1.5-2.7), exhibit several jarosite group spe-
cies (e.g., jarosite, natrojarosite, and plumbojarosite) and show
the potential for sequestering a large number of toxic elements
(Hudson-Edward et al. 1999). Welch et al. (2008) showed that
jarosite dissolution is slow, making jarosite-group minerals good
hosts for sequestering toxic elements as long as the prevailing
fluids remain at high pH. Insofar as the precipitation of segnitite
or other alunite-supergroup species, the main barrier appears to
be competition with As incorporation into schwertmannite and
ferrihydrite (e.g., Carlson et al. 2002), which precipitate at higher
pH values, 2.8-4.5 for schwertmannite and >6.5 for ferrihydrite
(Bigham et al. 1996).

At the Black Pine mine, Mills et al. (2009¢) deduced that
joélbruggerite, Pb;Zn,(Sb*",Te®")As,0,;(OH,0), formed in a
highly oxidizing environment, in water in near equilibrium with
atmospheric oxygen [log @o,uq = —3.58] and a pH < 3. While
cervantite appears to form over a wide stability range (Roper et
al. 2012), Sb-rich segnitite appears to have formed in a much nar-
rower range typified by highly oxidizing conditions and pH < 2.
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