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Abstract

Schmidite, Zn(Feg:Mn2%),ZnFe*t(PO,);(OH);(H,0)s and wildenauerite, Zn(FegsMn2t),Mn>Fe>*(PO,);(OH);(H,0)g are two new
oxidised schoonerite-group minerals from the Hagendorf-Siid pegmatite, Hagendorf, Oberpfalz, Bavaria, Germany. Schmidite occurs
as radiating sprays of orange-brown to copper-red laths on and near to altered phosphophyllite in a corroded triphylite nodule, whereas
wildenauerite forms dense compacts of red laths, terminating Zn-bearing rockbridgeite. The minerals are biaxial (+) with oo = 1.642(2), B =

1.680(1), v =1.735(2) and 2V ;c.s = 81.4(8)° for schmidite, and with o= 1.659(3), B =1.687(3), v = 1.742(3) and 2V ;c.s = 73(1)° for wild-
enauerite. Electron microprobe analyses, with H,O from thermal analysis and FeO/Fe,O5 from Mossbauer spectroscopy, gave FeO 0.4, MgO
0.3, Fe;03 23.5, MnO 9.0, ZnO 15.5, P,05 27.6, H,O 23.3, total 99.6 wt.% for schmidite, and FeO 0.7, MgO 0.3, Fe,05 25.2, MnO 10.7, ZnO 11.5,
P,0527.2, H,0 24.5, total 100.1 wt.% for wildenauerite. The empirical formulae, scaled to 3 P and with OH™ adjusted for charge balance are
Zn1.47Mné.J58Mg0.osFeo 04Fe2 57(PO4)3(OH), 59(H,0)g 54 for schmidite and Zn, 1Mn%.+18Mgo.05Feo osFez 47(PO4)3(OH); 25(H>0)0 93 for wilde-
nauerite. The two minerals have orthorhombic symmetry, space group Pmab and Z = 4. The unit-cell parameters from refinement of pow-
der X-ray diffraction data are a =11.059(1), b =25.452(1) and ¢ = 6.427(1) A for schmidite, and a = 11.082(1), b = 25.498(2) and ¢ = 6.436
(1) A for wildenauerite. The crystal structures of schmidite and wildenauerite differ from that of schoonerite in having minor partitioning of
Zn from the ''Zn site to an adjacent vacant tetrahedral site "*/Zn, separated by ~1.0 A from ©*!Zn. The two minerals are distinguished by
the cation occupancies in the octahedral M1 to M3 sites. Schmidite has M1 = M2 = (Feg:Mn3t) and M3 = Zn and wildenauerite has M1 =

M2 = (FegtMngt) and M3 = Mn*".
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separated by ~1.0 A. The location of the split Zn sites are
shown in Fig. 1. The value of x in wilhelmgiimbelite is 0.3
(30% of Zn partitioned from 'Zn to "/Zn). Wilhelmgiimbelite
has a matching deficiency in the M3 site of 30%, in contrast to
schoonerite that does not have split Zn sites or metal-atom
vacancies.

In our ongoing studies of secondary phosphate minerals from
Hagendorf-Siid, we have identified and characterised two more
oxidised schoonerite-related minerals, schmidite (IMA2017-012,

Introduction

The schoonerite mineral group was established recently (Grey
et al, 2017a, 2018), with the general formula [4](Zn,Fe)x[5](Zn,
Fe),_ [ (M1M2M3, [1,Fe*")(PO,)5(OH),(H,0)s ,2H,0,  where
[J=a vacancy and the schoonerite-group minerals (SGM) are dis-
tinguished by the dominant cations in the octahedral sites M1
to M3. The value of y is determined by the valence state of Fe
and the vacancy concentration; y =2 for schoonerite, which con-

tains only divalent cations, and y increases above 2 with increas-
ing Fe’" in oxidised SGM. Schoonerite is reported to have M1 =
Mn**, M2 = M3 =Fe** (Kampf, 1977), and x=0. The first oxi-
dised SGM to be described was wilhelmgiimbelite, from the
Hagendorf-Siid pegmatite, Hagendorf, Bavaria (Grey et al,
2017b), for which the dominant cations of dominant valency in
the M1 to M3 sites are M1 = M2 = Fe** and M3 = Fe**. The struc-
ture of wilhelmgiimbelite differs from that of schoonerite by hav-
ing partial disorder of the 5-coordinated Zn site, ®'Zn in
schoonerite, so that the Zn is distributed between the 1*'Zn site
and an adjacent vacant tetrahedral site, /Zn, with the two sites
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Grey et al., 2017¢) and wildenauerite (IMA2017-058, Grey et al,
2017d) that share the same structural features d1splayed by
wilhelmgiimbelite, of partitioning of the Zn between */Zn and
(4171 sites, and partial occupancy of the M3 site. They differ, how-
ever, in the dominant cations in M1 to M3.

Schmidite is named for Dr. Hans Schmid, born in 1925 in
Wackersdorf in the Oberpfalz region, Bavaria, died in 2013 in
Greece, and is buried in Athens. He studied mining engineering
and geology at the University of Clausthal, Germany. While work-
ing on his doctoral dissertation he discovered a very large lithium
phosphate (triphylite) occurrence in the Hagendorf-Siidd pegmat-
ite. This was commercially mined during 1950 to 1955, producing
~1600 tons for production of Li products. In 1955 he published a
seminal paper on the textures and structures of pegmatites of the
Oberpfilzer, titled “Verbandsverhiltnisse der Pegmatite des
Oberpfilzer und Bayerischen Waldes (Hagendorf-Pleystein-
Hithnerkobel)”, published in Neues Jahrbuch fiir Mineralogie -
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Fig. 1. Crystal structure of oxidised schoonerite-group minerals, viewed along [001].

Abhandlungen (Schmid, 1955). Wildenauerite comes from the old
name for the Hagendorf-Siid quarry = Wildenauer-Grube, at the
mine where the mineral was found. The quarry name is in honour
of the mining family, Wildenauer, and their long-time activities in
feldspar mining at the Hagendorf Siid pegmatite. Two co-type
specimens were used for all measurements on schmidite (IGC-1
and IGC-31). They are housed in the mineralogical collections
at Museums Victoria, registration numbers M53810 and
M53811. The holotype specimen of wildenauerite (IGC-14) is
housed in the mineralogical collections at Museums Victoria,
registration number M53979.

Occurrence, mineral assemblage and paragenesis

The two new secondary phosphates were found in specimens
collected by one of the authors (EK) from the Hagendorf-Siid
pegmatite mine, Hagendorf, a branch of Amberger Kaolinwerke
(AKW), Hirschau, Oberpfalz, Bavaria, Germany (49°39'1"N, 12°
27'35"E). Schmidite, in close association with altered phospho-
phyllite, was the most common secondary phosphate assemblage
in a heavily corroded triphylite nodule, located at 67 m from the
surface of the mine. The triphylite in the nodule had been
replaced by phosphophyllite and vivianite, and these minerals,
together with apatite, had been further altered to a rich spectrum
of secondary phosphate minerals including laueite, whitmoreite,
jahnsite-subgroup minerals, mitridatite, scholzite-parascholzite,
stewartite, zincostrunzite, hopeite, parahopeite and
schoonerite-group minerals. Schmidite from the 67 m nodule
(specimen IGC-1), is shown in Fig. 2. Schmidite was also found
in fissures in phosphophyllite, collected at depths between 60
and 67 m (specimen IGC-31). Other closely associated minerals
in specimen IGC-31 are vivianite and decomposed, white chalky
zwieselite. Wildenauerite has a quite different occurrence, mineral
assemblage and likely paragenesis. It occurs as dense narrow
bands of laminated crystals, forming terminations of radial
growths of rockbridgeite, shown in Fig. 3. The only other mineral
in contact with wildenauerite is jahnsite-(CaMnFe). Minerals
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found nearby include strunzite, whitmoreite/earlshannonite,
laueite and recrystallised mats of acicular crystals of rockbridgeite.

Miicke (1981) has published tables classifying the different
parageneses of the phosphate minerals at Hagendorf. The associ-
ation of schmidite with phosphophyllite places it in Miicke’s
Classification Table IC (rockbridgeite-free subparagenesis).
Miicke made a distinction between two types of red oxidised
schoonerite-group minerals; those that have formed from oxida-
tion of original unoxidised green schoonerite (dull, matt surfaces
of crystals, washed-out colour) and those freshly crystallised from
solution (smooth surfaces of crystals and copper-red colour). The
specimens IGC-1 and IGC-31 correspond to these two categories,
respectively.

Wildenauerite’s association with rockbridgeite locates it in
Miicke’s (1981) classification Table II (rockbridgeite subparagen-
eses), under paragenesis IID1. Commonly, schoonerite-group
minerals associated with rockbridgeite at Hagendorf-Siid are of
a green colour due to mixed Fe*'/Fe’*. Wildenauerite is an oxi-
dised orange-red mineral with the iron predominantly as Fe’*.
It is likely that wildenauerite originally formed as the green
mixed-valence species and was subsequently oxidised.

Sectioned  wildenauerite/rockbridgeite ~occurrences show
‘fingers’ of porous wildenauerite penetrating into the rockbrid-
geite from the surface, shown in Fig. 4. The assemblage has the
appearance of a fluid-mediated mineral replacement reaction
(coupled dissolution and precipitation), which must occur at
low temperature (<100°C) in order for the highly hydrated wild-
enauerite to be stable. The solution-mobilised zinc required for
the formation of wildenauerite at Hagendorf-Siid comes from
altered sphalerite.

Physical properties

Schmidite occurs as aggregates of orange-brown to red laths on
the surface of altered phosphophyllite in the corroded triphylite
nodule as shown in Fig. 2 for specimen IGC-1. The lath dimen-
sions are typically 0.1 to 0.5 mm long but only a few pum thick.
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Fig. 2. Red schmidite crystals on a substrate of yellowish, microcrystalline, altered
phosphophyllite. Specimen 1GC-1, Museums Victoria, registration number M53810.
Field of view=2 mm (photo by Christian Rewitzer).

Fig. 3. Red wildenauerite terminating radial green Zn-bearing rockbridgeite. Field of
view =3 cm (photo by Volker Betz).

Schmidite also forms sprays of shiny copper-red, needle-like rect-
angular laths in fissures in altered phosphophyllite in specimen
IGC31. The schmidite laths are elongated on [100] and flattened
on {010}. They are brittle and have perfect cleavage parallel to
{010}. The crystals remain suspended in bromoform (density =
2.89 g-cm™) and have a calculated density of 2.82 g-cm™>, based
on the empirical formula for co-type IGC-31.

Wildenauerite occurs as bands of compacted platelets which
form terminations of radial Zn-bearing rockbridgeite as shown
in Fig. 3. The bands are typically 1 to 5 mm wide. The crystals
are oriented along the radial direction so that the 11 A axis of
wildenauerite (the long dimension of ruler-shaped laths) is parallel
to the 5.2 A axis of rockbridgeite. Separated platelets are orange to
red brown in colour and have a pearly lustre. Cleavage is perfect
parallel to {010}. The density measured by flotation in a mixture
of methylene iodide and toluene is 2.79(1) g-cm ™. The calculated
density based on the empirical formula and the room temperature
unit cell is 2.76 g-cm™.

The optical properties of schmidite and wildernauerite, together
with wilhelmgiimbelite from Grey et al. (2017b), are given in
Table 1. The indices of refraction were measured in white light.
2V was measured using extinction data analysed with EXCALIBR
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Fig. 4. Back-scattered electron image of fingers of wildenauerite (dark grey) penetrat-
ing rockbridgeite (light grey).

Table 1. Optical properties of schmidite, wildenauerite and wilhelmgiimbelite.

Schmidite (IGC-31)

Wildenauerite

Wilhelmgiimbelite*

Indices

o 1.642(2) 1.659(3) 1.650(2)

B 1.680(1) 1.687(3) 1.669(2)

Y 1.735(2) 1.742(3) 1.718(2)

Pleochroism

X light brown light red brown light yellow brown

Y medium brown medium red brown yellow brown

z dark red brown dark red brown orange brown

Absorption X<Y<Z X<Y<Z X<Y<<Z

Optic sign + + +

WVneass 2Veaic.  81.4(8), 81.8° 73(1), 73° 63(1), 65°

Dispersion none observed strong, r > v weak, r>v

Orientation X=b,Y=c, X=b, Y=c, X=b, Y=c,
Z=a Z=a Z=a

*from Grey et al. (2017b)

(Gunter et al, 2004). The Gladstone-Dale compatibility index
(Mandarino, 1981) is 0.016 (superior) for schmidite based on the
optical data, empirical formula and density calculated from the
powder X-ray diffraction room-temperature unit-cell parameters.
For wildenauerite the compatibility index is 0.007 (superior)
based on the empirical formula and the measured density.

Mdossbauer spectroscopy

The Mossbauer spectra were taken using a conventional constant
acceleration drive with a symmetrical sawtooth waveform
(Wissel). The source of *’Co in rhodium was maintained at
room temperature. The spectra were fitted using four Voigtian
doublets (three for Fe’* and one for Fe®*) comprising a
Lorentzian half width at half maximum (HWHM) component
of typically 0.14 mm/s and a variable Gaussian component to
deal with line broadening. The results for isomer shifts 8, quadru-
pole splitting A, Gaussian component (A) and doublet relative
areas are reported in Table 2. The isomer shifts are given relative
to a-Fe at room temperature. The fitted spectrum for schmidite,
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Table 2. Mossbauer parameters (mm/s) for schmidite and wildenauerite: §,
isomer shift; A, quadrupole splitting; o(A), Gaussian component; A, area of
doublet.

S A o(A) A

mm/s mm/s mm/s % Atoms pfu Assignment*
Schmidite

0.38(2) 0.45(6) 0.02 23 0.53 Fe3* in M4
0.39(1) 0.7(2) 0.15 40 0.92 Fe in M4+ M1
0.40(1) 1.0(8) 0.31 35 0.81 Fe3* in M2+ M3
0.89(6) 2.6(1) 0.05 2 0.05 Fe? in M3
Wildenauerite

0.39(1) 0.50(9) 0.13 47 1.19 Fe** in M4
0.39(1) 0.86(15) 0.17 38 0.96 Fe in M1+ M2
0.38(2) 1.3(6) 0.24 12 0.30 Fe* in M3
0.96(9) 2.6(2) 0.43 3 0.08 Fe? in M3

*Assignments based on increasing octahedral distortion in order M4 < M1, M2 < M3.

specimen IGC-1, is shown in Fig. 5. Tentative site assignments are
given in Table 1. The fitting of a number of nested doublets cor-
responding to different metal-atom sites, to the single broad ferric
envelope as shown in Fig. 5, presents ambiguities as evidenced by
the large standard deviations associated with the quadrupole split-
tings in Table 2. The resulting site assignments given in Table 2
are thus tentative. The most useful information obtained from
the Mossbauer spectra, in relation to the crystal structure analysis,
is the relative amounts of ferrous and ferric iron. This information
can be used to constrain the atom valencies in the analysis of
metal-atom site occupations using refined bond distances (bond-
valency analysis). The ferric contents as a percentage of total Fe
from the fitting of the Mossbauer spectra are 98% Fe’" in schmi-
dite and 97% Fe’" in wildenauerite.

Thermal analysis

Thermogravimetric analysis was performed on schmidite (11 mg of
specimen IGC-1) and wildenauerite (14 mg of specimen IGC-14)
using a Netzsch STA 449 F1 Jupiter Simultaneous TGA/DSC ther-
mal analyser. The analysis was performed in argon, with a ramp rate
of 10°C/min, between 30 and 800°C. Evolved gas analysis was made
using a coupled Thermostar Pfeiffer mass spectrometer (MS). The
TGA and DSC curves for schmidite are shown in Fig. 6. The TGA
curve and the MS curve for evolved H,O for wildenauerite are
shown in Fig. 7. A strong endotherm centred at 132°C for schmidite
(at 142°C for wildenauerite) corresponds to the main loss of water
from the sample, as confirmed by the MS results. A shoulder at 60-
90°C probably represents loss of the weakly bound interlayer water
molecule, OW?7. A very broad, shallow endotherm extending from
250 to 500°C corresponds to loss of hydroxyl ions and residual
strongly held coordinated water molecules. The MS curve in
Fig. 7 shows loss of H,O is complete by 600°C. An exotherm at
550°C indicates recrystallisation. The initial part of the TGA
curve was affected by buoyancy for both samples, so the mass loss
was determined from the initial and final (after cooling back to
room temperature) microbalance readings, giving a total loss of
23.3 wt.% H,O for schmidite and 24.5 wt.% H,O for wildenauerite.

Chemical composition

Electron microprobe (EMP) analyses were conducted using
wavelength-dispersive spectrometry on a JEOL JXA 8500F
Hyperprobe operated at an accelerating voltage of 15 kV and a
beam current of 4 nA. The beam was defocused to 2 um or
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5 um, depending on the size of the crystals. Water was determined
by thermal analysis and the FeO/Fe,O5 ratio was obtained from
the Mossbauer spectra for specimens IGC-1 and IGC-14. The
schmidite specimen IGC-31 was assumed to have the same FeO
content as for IGC-1. The results are given in Table 3.

The empirical formulae, scaled to 3 P with OH™ adjusted for
charge balance are: Schmidite (IGC-1): Zn1,47Mn§f;8Mgo,o5
Fe(z).JEMFe;.Jrﬂ(PO4)3(OH)2.89(H20)3.54> Schmidite (IGC-31):
anAGMn(Z)?EZGMgOAOSFe%IMFeZEOAIOAOG(PO4)3(OH)2A95(H20)8A26 and
Wildenauerite (IGC-14):  Zn, ;;Mn7}sMg osFegosFes;(POL)s
(OH)3.55 (H,0)9,3. According to the crystal structure for schoon-
erite (Kampf, 1977), the number of OH + H,O per formula unit
(pfu) is 11. The empirical formulae all have > 11 (OH + H,0),
with the largest discrepancy for wildenauerite. This is most likely
due to the presence of some non-structural, adsorbed water on the
very thin crystals. The empirical formulae also consistently have
less than the theoretical five metal atoms reported for schoonerite
(Kampf, 1977), ranging from 4.77 M in specimen IGC-31 to 4.89
M for wildenauerite.

As SGM are considered to derive from the Li-containing pri-
mary phosphate mineral, triphylite (Moore and Kampf, 1977),
the possibility exists that the apparent metal-atom deficiency
may be explained by Li incorporation. To check this we con-
ducted laser induced breakdown spectroscopy (LIBS) on the spe-
cimens. Results from LIBS analyses, however, gave only
~0.01 wt.% Li. This is an order-of-magnitude too low to explain
the metal-atom deficiency. As will be discussed in the following
section, the deficiency is confirmed from the structure analysis
to be due to metal-atom vacancies at the M3 site.

Crystallography
Powder X-ray diffraction

Powder X-ray diffraction data on ground samples were collected
at room temperature in the 20 range 5 to 70° using a Philips dif-
fractometer employing CoKo: radiation. The indexed powder pat-
terns (space group: orthorhombic, Pmab) are given in Table 4 for
schmidite (specimen IGC-1) and Table 5 for wildenauerite. The
unit-cell parameters were refined using the Rietveld program
FULLPROF (Rodriguez-Carvajal, 2001), giving: a=11.059(1) A,
b=25452(1) A, c=6.427(1) A and V=1809.0 A® for schmidite;
and a=11.082(1) A, b=25498(2) A, c=6.436(1) A and V=
1818.6 A’ for wildenauerite.

Single-crystal studies

Single-crystal studies were carried out on the macromolecular
beam line MX2 of the Australian Synchrotron. Data were col-
lected using an ACRF detector and monochromatic radiation
with a wavelength of 0.7107 A. A phi scan was employed with
a framewidth of 1° and a counting time per frame of 1 s. The crys-
tals were maintained at 100 K in an open-flow nitrogen cryo-
stream. The intensity data sets were processed using XDS
software to produce data files which were analysed using
WinGX (Farrugia, 1999). The single-crystal structure analysis
and refinement for wildenauerite (specimen IGC-14) has been
published by Grey et al. (2018). The data collection and refine-
ment details for schmidite (specimens IGC-1 and IGC-31) are
given in Table 6.

A structural model for schmidite, in space group Pbcm was
obtained in WinGX using SHELXT (Sheldrick, 2008). A structural
plot confirmed that the model conformed to that published for
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Fig. 5. Fitted Mdssbauer spectrum for schmidite (specimen IGC-1).
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Fig. 7. Thermogravimetric and mass spectrometry (H,0) curves for wildenauerite.

Table 3. Representative compositions (wt.%) for schmidite and wildenauerite.

Schmidite Schmidite Wildenauerite

IGC-1 1GC-31 IGC-14

15 crystals 12 crystals 10 crystals
Constituent Mean S.D. Mean S.D. Mean S.D. Standard
ZnO 15.5 0.8 158 0.6 115 0.7 Phosphophyllite
MnO 9.0 0.7 8.1 0.5 10.7 0.7 Rhodonite
MgO 0.3 0.1 0.3 0.1 03 0.1 Spinel
Fe20stot) 240 10 249 08 260 09 Hematite
FeO* 0.4 0.4 0.7
Fe,05* 23.5 24.4 25.2
Al,O5 n.d. 04 0.2 n.d. Berlinite
P,05 27.6 0.4 28.3 0.5 272 04 Berlinite
H,0 233 233 24.5
Total 99.6 101.0 100.1

* FeO from Mossbauer spectra for IGC-1 and 1GC14. FeO for IGC31 assumed to be same as
for IGC-1.
S.D. - standard deviation; n.d. - not detected.

schoonerite (Kampf, 1977). A difference-Fourier map showed a
large peak (13.4 e”A™> for specimen IGC-31) located at 1.0 A
from the 1*/Zn site. The displaced site is coordinated tetrahedrally,
at distances consistent with ZnO,. The same splitting of the *'Zn
site into  *1Zn/"Zn sites occurs in the oxidised SGM,
wilhelmgiimbelite (Grey et al, 2017b) and wildenauerite (Grey
et al., 2018). The unit cell was transformed to correspond to the
setting reported for schoonerite, Pmab, and refinements were
conducted using JANA2006 (Petticek et al., 2014).

Structure refinement

A preliminary refinement of the data for IGC-31, with Zn in the
(517n/"1Zn sites and Fe in the octahedrally co-ordinated sites M1
to M4 gave a distribution of 0.8/0.2 for 'Zn/"/Zn, and showed a
deficiency at the M3 site. A similar metal-atom deficiency occurs

also in wilhelmgiimbelite (site Fe2), and was found to equate to
the amount of Zn displaced from the ""'Zn site (Grey et al,
2017b). In IGC-31, the displaced Zn value of 0.2 is close to the
metal-atom deficiency in the empirical formula (0.23), so the
vacancy concentration at M3 was fixed at 0.2. Previous refine-
ments of SGM (Kampf, 1977; Grey et al., 2017b, 2018) have
shown that Fe’" is ordered in the smallest octahedral site, M4,
and we also allocated the 0.06 atoms pfu of Al in specimen
IGC-31 to this site. It was then necessary to establish the distribu-
tion of the three major elements, Zn, Fe and Mn, between the M1,
M2 and M3 sites. The Mossbauer analysis showed that the Fe is
present predominantly (98%) as Fe”*, while bond-valence calcula-
tions, combined with the EMP analyses confirm that the Mn is
present as Mn>" (details of this calculation for oxidised SGM
have been reported by Grey et al., 2018), so we require the distri-
bution of Zn, Fe’* and Mn>" between M1, M2 and M3. There is
sufficient atomic number contrast between Zn and Fe/Mn to
allow the Zn content in the three sites to be determined by
site-occupancy refinement. There is a large difference in the
ionic radii of Fe’* and Mn**, so once the Zn occupancies have
been determined, the amounts of Fe** and Mn®* could be deter-
mined from the calculated bond-valence sums (BVS, Brown and
Altermatt, 1985) for the sites. The validity of this approach was
checked by comparing the summed metal-atom values with the
results from the EMP analyses. The resulting site occupancies are
given in Table 7. They give summed cations of Zn, s;Mn2%,
Fe§h4Fe356Alg o6 for specimen IGC-31, very close to the empirical
formula. The minor Mg component was not included in the
site-occupancy refinement.

With the site occupancies established, the refinement pro-
ceeded smoothly and the H atoms associated with all water mole-
cules were located in difference-Fourier maps and their positions
were refined with soft restraints, O—H = 0.85(2) A and H-O-H =
109.47(2)°. A common isotropic displacement parameter was
refined for the H atoms, while all non-H atoms were refined
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Table 4. Powder diffraction data (d in A) for schmidite (specimen 1GC-1).
lobs /calc dmeas dcalc hkl /obs /calc dmeas dcalc h k1 lobs /calc dmeas dcalc h k1
100 100 12.73 12.73 020 98 95 2.761 2.762 2 12 11 4 1.815 1.816 580
39 41 8.347 8.348 120 23 22 2.758 2 80 5 1.816 4 72
21 22 6.426 6.427 001 19 18 2.747 2 71 4 1.813 571
15 16 6.228 6.231 011 26 25 2.714 2.714 2 22 6 3 1.751 1.752 5 42
32 34 5.514 5.515 140 7 7 2.709 2.708 351 3 1.750 4 82
26 31 5.424 5.429 111 4 5 2.639 2.640 2 32 11 3 1.684 1.686 2122
10 12 5.122 5.123 031 3 2 2.587 2.588 0 91 8 1.683 4 92
16 18 5.075 5.072 220 3 3 2.561 2.561 0 62 13 3 1.618 1.621 1103

6 6 4.519 4.522 041 9 11 2.323 2.324 2 62 10 1.618 4102
25 26 4.239 4.242 060 8 9 2311 2312 2100 9 5 1.601 1.603 0 14
12 12 4.178 4.174 240 6 8 2.208 2.208 2 72 3 1.600 2132

4 5 3.988 3.990 051 12 6 2.120 2121 0120 17 9 1.595 1.596 6 12
32 33 3.753 3.753 151 6 2.118 391 5 1.595 6 80

7 7 3.541 3.540 061 13 11 2.087 2.089 4 12 10 5 1.578 1.579 0 34
14 13 3.192 3.190 340 4 2 2.068 2.068 4 22 4 1.578 1 24
33 30 3.174 3.173 311 2 2.064 521 6 6 1.573 1.573 4 63
23 13 3.063 3.063 112 8 2 1.991 1.995 0102 6 6 1.553 1.553 4112

8 3.058 180 2 1.991 4 42
22 18 3.044 3.042 171 8 6 1.984 1.985 4 81

5 3 2.899 2.900 132 4 1.982 2 92

5 5 2.855 2.851 081 10 4 1.936 1.938 4 52
10 9 2.780 2.782 360 7 1.934 551
13 12 2.776 142 8 4 1.842 1.843 6 00
62 59 2.765 400 5 1.840 3 92

Table 5. Powder diffraction data (d in A) for wildenauerite.

Iobs Icalc dmeas dcalc hkl /obs /calc dmeas dcalc h k1 ’obs Icalc dmeas dcalc h k1
63 79 12.77 12.75 020 2 2 3.547 3.547 0 61 6 6 2.091 2.093 4 12
21 16 8.368 8.368 120 1 1 3.508 3.507 2 41 3 3 2.072 2.072 4 22
11 15 6.439 6.433 001 22 3 3.180 3.188 0 80 4 2 1.989 1.989 4 81

6 7 6.249 6.238 011 13 3.180 311 2 1.985 2 92
1 1 5.747 5.744 021 10 3 3.065 3.067 112 4 3 1.940 1.942 4 52
15 10 5.529 5.528 140 3 3.064 1 80 3 1.939 551
17 17 5.440 5.437 111 10 5 3.050 3.048 171 3 3 1.916 1.915 0 63
6 7 5.129 5.130 031 100 34 2.767 2772 4 00 4 2 1.818 1.819 4 72
10 10 5.089 5.085 220 47 2.766 2 12 2 1.817 571
1 1 4.659 4.656 131 10 2.764 2 80 2 2 LT 1775 6 40
3 4 4.532 4.529 041 10 2.752 2 71 2 2 1.755 1.755 5 42
10 4 4.251 4.251 060 13 18 2.718 2.718 2 22 1 1 1.754 1.754 4 82
4 4 4.186 4.184 240 4 6 2.327 2.328 2 62 3 3 1.687 1.687 4 92
3 3 4.147 4.144 211 3 3 2.319 2317 2100 3 3 1.621 1.621 4102
3 2 3.997 3.997 051 3 4 2.213 2211 2 72 4 6 1.599 1.599 6 12
15 12 3.760 3.760 151 3 2 2.124 2.126 0120

with anisotropic displacement parameters. The final refinement
for IGC-31 converged at wRp,s = 0.041 for 1611 observed reflec-
tions with I>3c(I) and wR,,s=0.043 for all 2120 reflections,
using 197 refined parameters.

The same refinement procedure was applied to the data for
specimen IGC-1. In this case the site occupancies (Table 7) give
summed cations of Zn; gsMn?ioFedh Feis,. The Zn and Mn
values are both ~0.2 atoms pfu higher than that obtained from
the mean EMP analyses, but they lie within the range of EMP ana-
lyses for IGC-1 crystals. In the refinement for IGC-1, the hydro-
gen atoms were located for all water molecules except for OW6.

The refined coordinates, equivalent isotropic displacement
parameters and bond-valence sums from the single-crystal refine-
ments are reported in Table 8 for IGC-31 and Table 9 for IGC-1.
Tables of anisotropic displacement parameters are in crystallo-
graphic information files, deposited with the Principal Editor of
Mineralogical Magazine and available as Supplementary material

(see below). Selected interatomic distances are reported in
Table 10 for schmidite (IGC-31) and wildenauerite (from Grey
et al., 2018), and the H bonding in schmidite specimen IGC-31
is reported in Table 11. The latter largely agrees with that reported
for schoonerite (Kampf, 1977), although the H atoms were not
located in the schoonerite refinement. Surprisingly, we could
not locate the H atom associated with the OH site. As seen
from Tables 8 and 9, the OH site has an elevated BVS of 1.4
for both IGC-31 and IGC-1, so at least partial replacement of
OH™ by O is most likely to occur at this site to provide charge
balance for the increased Fe*™ content relative to schoonerite.

Discussion

The crystal structure for schoonerite (Kampf, 1977) and for the
oxidised SGM wilhelmgiimbelite (Grey et al., 2017b) have been
described previously in some detail and the main features only
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Table 6. Data collection and refinement details for schmidite.

lan E. Grey et al.

IGC-31

IGC-1

Crystal data

Empirical formula

Crystal system, space group
Temperature (K)

Unit-cell dimensions (A)
Volume (A3)

Z

Density (calc.) (grem™)

Data collection

Crystal size (mm)

Instrument

Radiation type, wavelength (A)
Number of frames
Absorption correction
Absorption coefficient (mm™)
SADABS, Tmin/Tmax

Number reflections; Rin¢
Indices range of h, k, [
Refinement

Refinement

Data resolution for refinement (A)
Unique refl.: all, [/>30(/)]
Parameters, restraints

Final R indices [/>25(1)]

R indices (all data)

Apmax: APmin (E‘_ A_3)

2+ 2+ 3+
7 46MnNG 86M80.05F€0.04F€3 30Al0.06P3023.21H19.47

Orthorhombic, Pmab
100

a=11.002(1), b=25.310(2), c=6.390(1)

1779.4(6)
4
2.82

0.003 x 0.004 x 0.20

Synchrotron microfocus beamline MX2

Synchrotron, 0.7107

360

SADABS

4.80

0.57, 0.75

34,666; 0.11

—14<h<14, -35<k<35, -9</<9

Full-matrix least squares on F
0.77

2120, 1611

197, 21

Robs = 0.038, WR,ps = 0.041
Robs = 0.056, WR,ps = 0.043
1.02, -0.62

2+ 2+ 3+
Zn;.47MNG.98Mgo.05F€5.04F€327P3023 23H19 07

Othorhombic, Pmab
100

a=11.035(1), b=25.383(2), c=6.411(1)

1795.7(4)
4
2.84

0.003 x 0.010 x 0.05

Synchrotron microfocus beamline MX2

Synchrotron, 0.7107

360

SADABS

4.82

0.59, 0.74

32,420; 0.04

—15<h<15, -35<k<35, -8<I<8

Full-matrix least squares on F
0.71

2409, 2228

194, 14

Robs = 0.036, WRops = 0.045
Robs = 0.038, WR,ps = 0.045
1.26, -0.74

Table 7. Site occupancies for metal atoms in schmidite and wildenauerite.

Schmidite, 1GC-31

Blzn 0.802(2) Zn

“zn 0.198(2) Zn

M1* 0.12(1) Zn +0.57 Fe** +0.31 Mn**

M2 0.65 Fe® +0.35 Mn*"

M3 0.45(1) Zn +0.10 Fe>* +0.04 Fe** +0.21 Mn®*+0.2 vacancy
M4 0.94 Fe* +0.06 Al

Schmidite, 1GC-1

Blzn 0.850(3) Zn

Mzn 0.150(3) Zn

M1 0.200(3) Zn +0.41 Fe* +0.39 Mn?*

M2 0.059(3) Zn +0.52 Fe** +0.42 Mn?*

M3 0.422(3) Zn+0.01 Fe* +0.04 Fe*" +0.38 Mn*" +0.15 vacancy
M4 1.00 Fe*

Wildenauerite (from Grey et al., 2018)

Blzn 0.68 Zn+0.16 Fe**

“zn 0.10 Zn +0.06 Fe3*

M1 0.06 Zn+0.06 Mg +0.47 Fe** +0.41 Mn?*

M2 0.10 Zn+0.51 Fe** +0.39 Mn*

M3 0.24 Zn+0.13 Fe** +0.08 Fe®" +0.40 Mn®" +0.15 vacancy
M4 1.0 Fe*

*Labelling M1 to M4, corresponds to labelling Fe to Fe3 for wilhelmgiimbelite (Grey
et al., 2017b).

will be summarised here. A projection of the schoonerite crystal
structure along [001] is shown in Fig. 1. It comprises heteropoly-
hedral slabs parallel to (010) with H-bonded water molecules
between the slabs. The slabs have a complex arrangement of octa-
hedra, PO, tetrahedra and ZnOs polyhedra. The M2- and
M3-centred octahedra share edges along the 6.4 A ¢ axis and
are corner-connected to parallel 6.4 A chains of alternating
M4-centred octahedra and PO, tetrahedra. The PO, tetrahedra
share edges with 5-coordinated ZnOs polyhedra. Isolated
M]1-centred octahedra are coordinated to the slab via trans

connections to PO, tetrahedra. An important structural modifica-
tion occurs in the oxidised SGM, wilhelmgiimbelite, schmidite
and wildenauerite, whereby there is partial partitioning of Zn
from the 5-coordinated site, *'Zn, to an adjacent vacant tetrahe-
dral site, /Zn, shown in Fig. 1. The two sites share a common
face and are separated by ~1.0 A.

Based on the refinement results for wilhelmgumbelite (Grey
et al.,, 2017b) and schmidite, as well as for wildenauerite and a
number of other SGM reported by Grey et al. (2018), a general
formula and nomenclature for SGM was approved by the
International Mineralogical Association Commission on New
Minerals, Nomenclature and Classification (Grey et al., 20174). The
structural formula is Y(Zn,Fe), > (Zn,Fe), [ (M1M2M3, [].Fe*")
(PO4)3(OH),(H;0)o_,-2H,0, where []=vacancy, x<0.3 for the
known SGM, and the cations in the octahedrally coordinated M1,
M2 and M3 sites are Zn, Mn®", Fe** and Fe’*, as well as minor
Mg. The value of y is determined by the valence state of Fe and
the vacancy concentration; y =2 for schoonerite, which contains
only divalent cations, and y increases above 2 with increasing
Fe**. In the structural formula, 2H,O’ signifies that two H,0O
molecules are in the interlayer region and link to other structural
components only through hydrogen bonding. To avoid further
complication of an already complex formula, the charge balance
is achieved by varying only the OH™/H,O ratio, whereas the ele-
vated BVS for the OH site (Tables 8 and 9) suggests that some
minor substitution of O~ at this site is also involved in the charge
balance.

The different SGM can be distinguished by the dominant cat-
ion occupancies of the M1, M2 and M3 sites and their dominant
valencies (Hatert and Burke, 2008). Wilhelmgiimbelite has M1 =
Fe’*, M2 =Fe’ and M3 = Fe’*, while schoonerite is reported to
have M1=Mn>", M2=Fe’" and M3 =Fe** (Kampf, 1977) The
cation occupancies of the M1, M2 and M3 sites for schmidite
and wildenauerite are given in Table 7. Both minerals contain
approximately equal amounts of divalent and trivalent cations
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Table 8. Refined coordinates, equivalent isotropic displacement parameters
(A% and calculated bond-valence sums (BVS) for schmidite, specimen 1GC-31.
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Table 10. Selected interatomic distances (A) in schmidite and wildenauerite.

Schmidite Wildenauerite

Schmidite Wildenauerite

X y z Ueq BVS IGC-31 IGC-31
Bsl7n Ya 0.10306(5) 0.84840(16)  0.0176(4) 203 P1-01 1541(3)  1.544(1) P2-05 1527(4)  1.538(2)
Mzn Va 0.0655(3) 0.8895(6) 0.0256(19)  2.05  P1-02 1519(3)  1.528(1) P2-06 1.535(5)  1.545(2)
M1 Ya 0.41505(4) 0.22376(13)  0.0164(3) 252 P1-03 1528(3)  1.537(1) P2-07 1537(3)  1.540(1)
M2 0 Va 0.09232(13)  0.0148(3) 266 P1-04 1.540(3)  1.547(1) P2-07 1537(3)  1.540(1)
M3 0 Ya 0.57169(14)  0.0153(3) 213 <P1-0> 1.532 1.539 <P2-0> 1.534 1.541
M4 Va 0.18799(3) 0.32585(12)  0.0110(2) 307 s (4]
Zn-03 1.919(3)  1.915(1) Zn-03 1911(3)  1.929(2)
P1 0.03038(9 0.11899(4 0.14146(16 0.0127(3 5.03
02 ” ©) 0 2166656; o 8272(2() ) 0 011724; so1 [?Zn—03 1.919(3) 1.915(1) [j]Zn—O3 1.911(3) 1.929(2)
o1 0.0233(3) 0.32879(12) 0.0587(4) 0.0166(9) 173 [JZ“‘OS 22204) - 2.23002) LFn—ows 2061(6)  1.989(3)
02 0.0693(3) 0.41629(12) 0.2284(5) 0.0179(9) 1.84 [Sé::g\?\le i'gzggi i'gigg; <Zzn'168W6 i Zg?“’) 1'532(3)
03 0.0907(3) 0.08995(12) 0.9593(4) 0.0190(9) 183 o0 2076 5074 ‘ ’
04 0.1208(3) 0.13030(12) 0.3199(4) 0.0150(8) 1.69 ‘ ’
05 Va 0.17983(17) 0.0164(6) 0.0152(12)  2.01  M1-02 1.989(3) 2.014(1) M2-01 2.022(3) 2.050(1)
06 Va 0.17925(18) 0.6382(6) 0.0189(13) 1.89  M1-02 1.989(3) 2.014(1) M2-01 2.022(3) 2.050(1)
o7 0.1328(3) 0.24971(13) 0.8301(5) 0.0233(10) 1.76  M1-OW2 2.168(5) 2.187(2) M2-07 2.223(3) 2.227(1)
OH 0.1211(3) 0.24191(12) 0.3249(5) 0.0214(10) 142  M1-0OwW3 2.136(5) 2.157(2) M2-07 2.223(3) 2.227(1)
ow1 0.0281(3) 0.33127(14) 0.6130(5) 0.0262(10) 031  M1-Ow4 2.109(4) 2.138(2) M2—OH 2.006(3) 2.045(1)
ow?2 Va 0.34463(19) 0.4170(7) 0.0230(14) 033  M1-OW5 2.123(5) 2.149(2) M2—OH 2.006(3) 2.045(1)
ows3 Ya 0.36478(19) 0.9552(8) 0.0232(14) 036  <M1-0> 2.086 2.110 <M2-0> 2.084 2.107
8“4 :f‘ 0. :5945(19) 0 5231(;) °~°§10(i4) 0-29 M3—07 2205(3)  2202(1)  M4—04 2.038(3)  2.027(1)
owg " g Ogg%; g 28;28; g 832(3)213 8'43 M3-07 2205(3)  2202(1)  M4—04 2.038(3)  2.023(1)
4 - - M3—OH 2075(3)  2.088(1) M4-05 1.988(4)  1.985(2)
CH’W7 8-8582(3) g ‘3‘81225(14) 8-75;9(2) g 3270%1) M3—OH 2075(3)  2.088(1)  M4—06 2.008(4)  2.013(2)
Hig -0. 1‘1‘(;) : 25( ) -55 (12) ;;(i ) M3—0W1 2007(4)  2.132(1)  M4—OH 1.968(3)  1.969(1)
" ggfzg ()10) g;gg gﬁgg(z(lg) ggwglg; M3—OW1 2.097(4)  2.132(1)  M4—OH 1.968(3)  1.969(1)
- - <M3-0> 2.125 2.141 <M4-0> 2.002 1.998
H3 0.3131(10) 0.3455(4) 0.949(12) 0.077(10)
H4 0.3127(10) 0.452(3) 0.574(5) 0.077(10)
H5 0.3127(10) 0.487(3) -0.0310(18) 0.077(10)
H6 0.3128(10) 0.048(4) 0.63(2) 0.077(10) . . .
H7a 0.010(5) 0.460(2) 0.824(11) 0.077(10) Table 11. Hydrogen bonds for schmidite, IGC-31 [A and °].
H7b 0.024(6 0.5114(15 0.744(12 0.077(10
(©) (15) (12) (10 D—H--A d(D—H) d(H-A) d(D-A) <(DHA)
OW1—H1A--04 0.85(7) 1.92(8) 2.672(4) 147(6)
Tnazble 9. Refined coordinates, equivalent isotropic dis'p'lacemen't parameters OW1—H1B-01 0.87(7) 2.46(8) 2.850(4) 107(6)
(A9) and calculated bond-valence sums (BVS) for schmidite, specimen IGC-1. OW2—H2--0W1 0.84(1) 1.93(2) 2.764(4) 167(4)
OW3—H3--01 0.85(1) 1.98(3) 2.737(4) 149(5)
x y z Ueq, BVS  ow4—H4--0ow7 0.84(2) 1.98(3) 2.721(4) 147(7)
Blzn v 0.10314(2) 0.85061(9)  0.01953(18)  2.00 mi_:;ﬁ\g 8'22%) :lL'Z;(é) ; ?g;(g) igg(g)
Bzn v 0.0672(2) 0.8848(6) 0.0357(16) 2.04 B 86(6) 89(6) 5) (6)
- - - OW7—H7B-02 0.85(4) 2.11(4) 2.950(5) 171(7)
M1 Ya 0.415349(18) 0.22501(8) 0.01821(16) 241
M2 0 Ya 0.08894(9) 0.01720(16)  2.52
M3 0 Ya 0.57307(9) 0.01675(17)  2.01
M4 Va 0.187676(17) 0.32490(7) 0.01426(14) 309 in the M1 and M2 sites. The dominant divalent cation is Mn**
E; 1;’~03028(5) 821322(2; 851332228)2) 88131?()16) jgg while the dominant trivalent cation is Fe’*, so the simplified cat-
3 B . 3 . . 3+ 2+
o1 0.02402(15)  0.32918(7) 0.0575(3) 0.0194(5) 16  lon occupancies for M1 and M2 are represented by (FepsMnos
02 0.06868(16)  0.41668(7) 0.2290(3) 0.0197(5) 180 The minerals are then distinguished byzicrhe dominant cation in
03 0.09112(16)  0.08959(7) 0.9597(3) 0.0202(5) 178 M3, which is Zn in schmidite and Mn~" in wildenauerite. The
04 0.12081(15) 0.13050(7) 0.3187(3) 0.0171(5) 171 resulting simplified formulae, ignoring the Zn partitioning and
05 7 0.17979 0.0152(4 0.0177(6 2.01 : . 3 2 3
o w‘: 0 17922212) ) 0 6370E4; 0 0195§7; gg Vacancies at M3, are: Zn(3Fe0§I\£InOE)2Z2nFe3+(PO4)3(OH)3(H20)3
. X X . e v + o 34
o7 0.13300(18)  0.24983(7) 0.8298(3) 0.0235(6) 176 for Sc_hmldlte’ .and Zn(Fep sMnj 5),Mn™ Fe™" (PO4)3(OH)3(H,0)s
OH 0.12200(18)  0.24221(7) 0.3233(3) 0.0240(6) 136 for wildenauerite. s
OW1  0.02789(18)  0.33281(8) 0.6159(3) 0.0237(5) 0.28 The variation of the M**:M>" ratio about 0.5:0.5 in the M1 and
ow2 v 0.34515(10) 0.4219(5) 0.0250(8) 031 M2 sites shown for the SGM from Hagendorf-Siid in Table 7 is
8“2 12 gigggéglg; g'zgggg g'gigggg g‘gg also observed in SGM minerals from the Palermo #1 pegmatite,
OWs 0.48647(12) 0.0461(5) 0.0274(8) 041 New Hampshire (Grey et al.,, 2018). This general phenomenon
owe v 0.06362(11) 0.5894(5) 0.0458(13) 051 for SGM means that using a dominant cation rule for M1 and
OW7 ~ 0.05800(18)  0.48154(8) 0.7603(3) 0.0251(5) M2 would make it difficult to unambiguously allocate potentially
:i’; ’g'ggg; gi‘gi(lg ggzgg g'ggég new members to one end-member (Fe*>*-dominant in M1 and/or
B . 2+ .
o 0.3130(14) 0.3493(16) 0.497(2) 0.052(5) M?2) or the other (.Mn dominant) as the amounts. Qf ea.ch e}em-
H3 0.3124(13) 0.3457(4) 0.958(7) 0.052(5) ent fluctuate con51derably about the 50/50 composition in differ-
H4 0.3139(14) 0.4639(18) 0.581(2) 0.052(5) ent specimens (compare IGC-1 and IGC-31 for schmidite in
:3 83(1)3(7;)14) gf‘ég;ﬁi; ‘ggiggi ggg;g; Table 7). By assigning Mng5Fegs to M1 and M2 in the ideal for-
HYE 0.02003) 0.5203(11) 0.731(7) 0.052(5) mula, it is implicit that the compositions of these sites can vary

2+ 1.3 2+ mo3+ ) o
between Mng5sFephs and MnghsFephs, (i.e. the site composition
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boundaries are halfway between the 50/50 compositions and the
100% Fe’* or Mn®" end-member compositions). This formula-
tion, with wide compositional fields for M1 and M2 should
ensure that it will be more straightforward for museum and
other specimens of SGM to be characterised unambiguously.
Zinc (dominant in the *1Zn/"Zn sites) and Fe** (dominant in
the M4 site) are essential elements in all SGM. Manganese is not
essential to the stability of SGMs, as evidenced by the low-Mn
mineral, wilhelmgiimbelite. Zinc that is in excess of that required
in the *'Zn/"Zn sites tends to order in the M3 site. The oxidised
SGMs are similar in appearance but can be distinguished by their
chemistry and associated minerals. Wilhelmgiimbelite has MnO
contents of only 2 to 3 wt.%, whereas schmidite has MnO levels
of 7-10 wt.%, and wildenauerite has 10-11% MnO. Schmidite has
significantly higher ZnO (15-16 wt.%) than wildenauerite
(11 wt.%). It is worth noting that SGM-related minerals with
higher ZnO or MnO than the above values are compositionally
consistent with flurlite (23-27 wt.% ZnO; Grey et al., 2015) and
manganflurlite (13-15 wt.% MnO; Kampf et al, 2017), which
have a structure related to that of schoonerite by topological iso-
morphism. Schmidite and wilhelmgiimbelite are found in close
association with phosphophyllite while wildenauerite is associated
closely with Zn-bearing rockbridgeite, from which it is derived by
a mineral replacement reaction. Wildenauerite occurs as dense
compacts of red laths whereas schmidite and wilhelmgiimbelite
form radiating sprays of laths that vary in colour from light
yellow-brown (wilhelmgiimbelite) to red (schmidite)
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