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ABSTRACT

Ferribushmakinite (IMA2014-055), Pb,Fe*(PO,)(VO,)(OH), the Fe** analogue of bushmakinite, is a
new mineral from the Silver Coin mine, Valmy, Iron Point district, Humboldt County, Nevada, USA,
where it occurs as a low-temperature secondary mineral in association with plumbogummite,
mottramite, Br-rich chlorargyrite and baryte on massive quartz. Ferribushmakinite forms yellow
slightly flattened prisms up to 0.2 mm long growing in X and sixling twins. The streak is pale yellow.
Crystals are translucent and have adamantine lustre. The Mohs hardness is ~2, the tenacity is brittle, the
fracture is irregular to splintery and crystals exhibit one or two fair cleavages in the [010] zone. The
calculated density is 6.154 g/cm’. Electron microprobe analyses provided: PbO 63.69, CaO 0.07, CuO
1.11, Fe,05 7.63, Al,O3 1.63, V,0s5 12.65, As,Os 3.09, P,Os 8.63, H,O 1.50 (structure), total
100.00 wt.% (normalized). The empirical formula (based on nine O a.p.fu.) is: (Pb;.99Cag.01)x2.00
(Feo.66A10.22CU0.10)£0.98(V0.97P0.85A80.19)52.0107,84(OH), 16. Ferribushmakinite is monoclinic, P2,/m,
a =7.7719(10), b = 5.9060(7), ¢ = 8.7929(12) A, p = 111.604(8)°, ¥ = 375.24(9) A* and Z = 2. The
eight strongest lines in the powder X-ray diffraction pattern are [d,,s in A ()(hkD)]: 4.794(46)(011);
3.245(84)(211); 2.947(100)(020,212,103); 2.743(49)(112); 2.288(30)(220); 1.8532(27)(314,403);
1.8084(27)(multiple); and 1.7204(28)(312,114,321). Ferribushmakinite is a member of the
brackebuschite supergroup. Its structure (R; = 3.83% for 577 F, > 4cF) differs from that of
bushmakinite only in the dominance of Fe*" over Al in the octahedral site.

Keyworbs: ferribushmakinite, new mineral, crystal structure, brackebuschite supergroup, Silver Coin mine,
Valmy, Nevada.

Introduction

five new mineral species have been described

THE Silver Coin mine is a small base-metal
deposit in north-central Nevada that was operated
principally for silver. The last ore production from
the mine was in 1929, but since the late 1980s, the
mine has been a popular collecting site. To date,
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from the Silver Coin mine: zinclipscombite
(Chukanov et al., 2006), meurigite-Na (Kampf
et al., 2009), iangreyite (Mills et al., 2011),
krasnoite (Mills et al., 2012) and fluorowardite
(Kampf et al., 2014).

In May of 1991, Richard W. Thomssen of
Carson City, Nevada, collected specimens
containing yellow crystals in attractive sixling
twins. Based upon powder X-ray diffraction
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(XRD), the mineral was originally identified as
heyite. Recent detailed examination of this
material, including crystal structure determination
and electron microprobe analysis (EMPA), has
shown it to be a new mineral species.

The mineral is named ferribushmakinite, based
upon it being the Fe*" analogue of bushmakinite
(Yakubovich et al., 2002), with Fe>" replacing Al.
The new mineral and name have been approved
by the Commission on New Minerals,
Nomenclature and Classification of the
International Mineralogical Association
(IMA2014-055). The holotype specimen is
housed in the collections of the Mineral
Sciences Department, Natural History Museum
of Los Angeles County, catalogue number 64512.

Occurrence and paragenesis

Ferribushmakinite occurs in the phosphate stope
at the Silver Coin mine, Valmy, Iron Point
district, Humboldt County, Nevada, USA
(40°55'44"N 117°19'26"W). The mineral is a
low-temperature secondary mineral associated
with plumbogummite, mottramite, Br-rich chlor-
argyrite and baryte on massive quartz. More than
130 mineral species have been reported from the
Silver Coin mine. The vast majority of these are
found in the phosphate stope. A partial list was
provided by Thomssen and Wise (2004).

At the Silver Coin mine, quartz veins
containing argentiferous galena, sphalerite and
pyrite were emplaced, in part, along faults and
fractures in phosphatic argillites. When exposed
to vadose water, the pyrite and other sulfides were
oxidized, producing acidic fluids that leached PO,
and Al from the argillite wall rocks. The prolific
secondary assemblage then precipitated along
fractures and bedding planes.

Physical and optical properties

Ferribushmakinite occurs as yellow, slightly
flattened prisms, elongated on [010] and exhi-
biting the crystal forms {001}, {101} and {110}.
Individual crystals are up to 0.2 mm long.
Crystals are ubiquitously twinned, typically
forming interpenetrant X and sixling twins
(Figs 1 and 2). An analysis of single-crystal
XRD data using the 7winSolve program in the
CrystalClear software package (Rigaku Corp.),
determined the twinning to be by rotation of 180°
on [111]. The program Geminography (Nespolo
and Ferraris, 2006) confirmed the likelihood of
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Fi. 1. Ferribushmakinite on plumbogummite (1.6 mm

field of view).

this twin operation, yielding an obliquity of 0.22
and the twin plane (223). It is a hybrid twin by
monoclinic pseudoholohedry. A single twin
operation yields an X twin and combining it
with the same operation on [111] yields a sixling
twin (Fig. 3).

The mineral has a pale yellow streak. Crystals
are translucent and have adamantine lustre.
Ferribushmakinite does not fluoresce in longwave
or shortwave ultraviolet light. The Mohs hardness
is ~2, the tenacity is brittle, the fracture is
irregular to splintery and crystals exhibit one or
two fair cleavages in the [010] zone. The density
could not be measured because it is greater than
those of available high-density liquids and there is

Fic. 2. Backscatter electron image of ferribushmakinite
on plumbogummite.
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FiG. 3. Crystal drawings of ferribushmakinite X twin (left) and sixling twin (right), clinographic projections.

insufficient material for physical measurement.
The calculated density based on the empirical
formula and the unit cell refined from the single-
crystal data is 6.154 g/cm’. Ferribushmakinite is
easily soluble in room-temperature dilute HCL.

The indices of refraction could not be measured
because they are higher than available index
liquids. The Gladstone-Dale relationship
(Mandarino, 1981) predicts an average index of
refraction of 2.127. The translucency of crystals
further interfered with the optical study.
Retardation observations along the thin edges of
crystals indicated the prisms to be both length fast
and length slow, depending on their orientations.
Because the prisms are elongated on [010], the
optical orientation can be partially provided as
Y=b.

Chemical composition

Quantitative analyses (4) were performed at the
University of Utah using a Cameca SX-50 electron
microprobe with four wavelength-dispersive spec-
trometers (WDS). Analytical conditions were
15 kV accelerating voltage, 10 nA beam current
and a beam diameter of 10 um. No other elements
were detected by energy dispersive spectroscopy.
Other probable elements were sought by WDS-
EMPA. Raw X-ray intensities were corrected for
matrix effects with a ¢p(pz) algorithm (Pouchou and
Pichoir, 1991). Ferribushmakinite crystals fragment
very easily; consequently, we were unable to obtain
an adequate polish for the analyses. The rough
surfaces yielded significantly low analytical totals.
Analytical data are given in Table 1. We have also
provided analytical values normalized to 100% for

TABLE 1. Electron microprobe data for ferribushmakinite.

Constituent Wt.% Min. Max. SD Probe standard Normalized
PbO 56.47 55.14 58.45 1.49 crocoite 63.69
CaO 0.06 0.05 0.07 0.01 diopside 0.07
CuO 0.98 0.80 1.15 0.16 Cu metal 1.11
Fe, 03 6.77 6.51 7.12 0.27 hematite 7.63
Al O3 1.45 0.96 1.71 0.34 YAG 1.63
V,0s5 11.22 10.61 11.54 0.42 Y vanadate (syn) 12.65
As,0s5 2.74 2.29 3.16 0.36 GaAs (syn) 3.09
P,0Os 7.65 7.23 8.28 0.46 apatite 8.63
H,O* 1.33 1.50
Total 88.67 100.00

* Based on the structure
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comparison. The empirical formula (based on nine
O a.p.fu) is (PbygoCagoi)s2.00 (Feo.s6Alo22
Cu.10)20.98(V0.97P0.85A80.19)52.0107.84(OH) 1 16.
The ideal formula is Pb,Fe (PO,)(VO4)(OH),
which requires PbO 64.03, Fe,O; 11.45, P,Os
10.18, V,05 13.04, H,O 1.29, total 100 wt%.

X-ray crystallography and structure

ref

inement

Both powder and single-crystal X-ray studies
were carried out using a Rigaku R-Axis Rapid 1I

curved imaging plate microdiffractometer, with
monochromatized MoKo radiation. For the
powder-diffraction study, a Gandolfi-like motion
on the ¢ and ® axes was used to randomize the
sample and observed d spacings and intensities
were derived by profile fitting using JADE 2010
software (Materials Data, Inc.). The powder data
are presented in Table 2. Unit-cell parameters
refined from the powder data using JADE 2010
with whole pattern fitting are: a = 7.776(2), b =
5.914(2), c=8.797(2) A, p=111.582(8)° and V' =
376.19(18) A*.

TaBLE 2. Powder XRD data for ferribushmakinite. Calculated lines with intensities <2 are not shown.

[obs dobs dcalc Icalc hkl Iobs dobs dcalc ]calc hkl

20 8.20 81752 18 001 4 19013 19140 4 031

3 7.12 72259 2 100 18665 2 320

46 4794 47874 38 011 18542 12 314

46334 6 101 27 1.8532 { 18521 6 303

9 4.603 { 45729 2 110 1.8404 3 312

7 4.447 4.4580 5 111 1.8251 5 411

7 4122 40876 5 002 18119 2 131

7 3.884 38738 9 301 18081 8 123

23 3.644 36454 19 111 27 1.8084 18065 4 400

36130 6 200 18007 2 104

5 3.479 34765 5 112 17975 4 323

33982 5 302 17737 3 032

19 3.381 { 33611 19 012 21 17601 17585 4 124

84 3.245 32392 84 211 17550 10 231

2 3.106 31019 6 102 17260 4 312

29530 32 020 28 17204 17224 6 114

100 2.947 2.9455 25 212 1.7165 10 321

29308 42 103 17035 4 232

2 2768 27774 11 021 16677 5 115

49 2.743 27462 48 112 18 16668 { 16622 9 132

27335 5 120 16340 2 231

27251 3 003 9 1.6292 16329 2 414

27084 7 121 16196 6 422

12 2.629 26246 14 211 8 1.6091 16052 5 315

2.471 24607 3 313 15758 2 015

24343 3 122 6 15731 { 15691 3 323

9 2.410 24086 6 300 15445 3 303

23937 2 022 1.5449 { 15399 2 322

23662 2 311 1.4962 14981 4 125

37 2.288 22864 30 220 14765 6 040

22655 3 303 12 14735 { 14743 4 511

5 2229 22290 3 322 14654 2 206

2 2.151 21502 2 304 14638 2 134

7 2.105 21095 5 301 30 14392 14393 2 331

23 2.080 20802 22 123 6 13866 1385 4 334

8 2.052 20526 9 114 13742 2 431

19954 8 323 8 13708 13731 3 224

13 19962 19866 4 311 1 13686 3 323
10 1.9355 19369 6 402
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The complex multiple twinning and relatively
poor quality of ferribushmakinite crystals made
the selection of a single crystal for structure-data
collection very challenging. The small crystal
fragment chosen only provided usable data to
25°0. The Rigaku CrystalClear software package
was used for processing the structure data,
including the application of an empirical multi-
scan absorption correction using ABSCOR
(Higashi, 2001). The structure was solved by
direct methods using SIR2004 (Burla et al., 2005).
SHELXL-2013 software (Sheldrick, 2008) was
used for the refinement of the structure. A
difference Fourier synthesis located the H7 atom
position, which was refined with a soft constraint
on the OH7—H7 distance of 0.9(3) A. The
isotropic displacement parameter of H7 was set
to 1.2 x that of the OH7 atom. There remain four
residual electron density maxima >1.5 e, all of
which are within 1.2 A of Pbl or Pb2. Details of
the data collection and structure refinement are

provided in Table 3. Fractional coordinates and
displacement parameters are provided in Table 4,
selected interatomic distances in Table 5 and
bond valences in Table 6.

Discussion

The structure of ferribushmakinite (Fig. 4)
contains edge-sharing chains of Fe*" Qg octahedra
along [010]. The chains are decorated with POy,
and VO, tetrahedra yielding Fe**(PO,) (VO4)(OH)
structural units (Fig. 5), which are linked together
via bonds to two different Pb atoms. Pb1l and Pb2
are both bonded to 12 O atoms in off-centre
coordinations, typical of Pb>" with stereoactive
lone-pair electrons. Ferribushmakinite is isostruc-
tural with other members of the brackebuschite
supergroup (c.f. Camara et al., 2014) and is most
similar to bushmakinite (Yakubovich et al., 2002),
differing only in the dominance of Fe** over Al in
the octahedral site.

TaBLE 3. Data-collection and structure-refinement details for ferribushmakinite.

Diffractometer

X-ray radiation / power
Temperature

Structural formula
Space group

Unit-cell dimensions

14

VA

Density (for above formula)
Absorption coefficient
F(000)

Crystal size

0 range

Index ranges

Reflections collected / unique
Reflections with F, > 4c(F)
Completeness to 6 = 25.02°
Refinement method
Parameters refined

Goof

Final R indices [F, > 4GF]
R indices (all data)
Extinction coefficient
Largest diff. peak / hole

Rigaku R-Axis Rapid II

MoKao (A = 0.71075 A) / 50 kV, 40 mA
298(2) K
Pb,(Feo.81Alo.19)(Po.80AS0.20)(Vo.82A80.18)O9(OH)
P21/m R

a ="7.7719(10) A

b =5.9060(7) A

c=8.7929(12) A

B = 111.604(8)°

375.24(9) A®

2

6.236 g cm

49.136 mm™'

607.8

50x10%x2 pm

3.00 to 25.02°

8 <h <9 -6<k<7-10</<10
3209 / 729 [Rin = 0.077]

577

99.6%

Full-matrix least-squares on F*
85

1.067

R, = 0.0383, wR, = 0.0799
R, = 0.0535, wR, = 0.0856
0.0010(5)

+2.18 / —1.80 e/A’

Rine = Z|Fo—Fa(mean)|/S[F;]. Goof = S = {E[w(Fa—F2)"V(n—p)}'?. Ry = Z||Fo|—|F|l/Z|F,|.
WRy = {Z[W(F2—F2VE[W(F2)*1} 2. w = 1/[6*(F2) + (aP)* + bP] where a is 0.0237, b is 4.6913 and

P is [2F% + Max(F5,0)]/3.
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F1G. 4. The structure of ferribushmakinite viewed slightly canted along [010]. Hydrogen atoms are shown as spheres.
Pb—O and O—H bonds are shown as sticks. Hydrogen bonds are shown as single lines. The outline of the unit cell is

shown by thick dashed lines.

Ferribushmakininte is one of a growing list of
minerals with a common structural motif (c.f.
Camara et al., 2014; Hawthorne, 1998). The
brackebuschite supergroup, as listed by Camara et
al. (2014), includes the vanadates (bracke-
buschite, calderonite, gamagarite and tokyoite),
the arsenates (arsenbrackebuschite, feinglosite
and grandaite), the phosphates (bearthite and
goedkenite) and phases with mixed tetrahedral
anions (tsumebite, arsentsumebite, bushmakinite
and ferribushmakinite). The same structural
topology is found in the mixed-anion minerals
fornacite, molybdofornacite and vauquelinite and

the silicates tornebohmite-(Ce) and tornebohmite-
(La); therefore, these could also be included in the
brackebuschite supergroup.

Camara et al. (2014) list heyite, PbsFe3"
(VO4),04, as a member of the brackebuschite
supergroup with the qualification that the mineral
needs further study. The cell parameters and
powder XRD pattern of heyite (Williams, 1973)
are consistent with it being a member of the
brackebuschite supergroup; however, the
chemical composition and ideal formula reported
by Williams (1973) are not compatible with the
brackebuschite structure. Symes and Williams

FiG. 5. The Fe**(P0O,)(VO4)(OH) structural unit in ferribushmakinite.
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(1973) recognized the crystallographic similari-
ties between heyite and brackebuschite, but
ascribed them to ‘“‘mere coincidence’.
Calderonite (Gonzalez del Tanago et al., 2003),
Pb,Fe*(VOy4),(OH), another member of the
brackebuschite supergroup that we have
confirmed to occur at the Silver Coin mine, is
so similar to heyite in cell parameters, powder
pattern and chemical constituents that it is
difficult to accept that they are not the same
mineral and, indeed, recent examination of heyite
crystals on the holotype specimen (BM1972,194)
has confirmed the structural correspondence of
heyite and calderonite (M.D. Welch, pers. comm.)
and the identity of the two species.
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