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ABSTRACT

A new hydrous aluminium sulfate mineral sarvodaite, Aly(SO,)3-5H,0, was
discovered at the tract of Kukhi-Malik, Fan-Yagnob coal deposit, ca. 75 km N of Dushanbe,
Tajikistan. Sarvodaite is a fumarolic mineral formed directly from gas from a natural
underground coal fire. Associated minerals are anhydrite, realgar, native selenium and several
unknown phases. The mineral typically occurs as white spherolites of thin colorless prismatic
crystals up to 500 um in maximum dimension. Sarvodaite is optically biaxial, a = 1.529(2),
B = 1.537(2), y(calc.) = 1.545(3) (590 nm), and the measured 2V is 90(3)°. The measured
density is 2.33(2) g/cm®. The mineral is non-soluble in water and ethanol and dissolves
slowly at room temperature in HCI. The composition of sarvodaite was studied using EDS.
Raman and IR spectroscopy confirmed the presence of H,O. The empirical formula

calculated on the basis of 17 O atoms per formula unit is (Al1.gsFeo.06 Tl0.04)x1.9853.01012-5H20.
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Sarvodaite is monoclinic, P2:/n, a = 5.4862(4), b = 10.8029(8), ¢ = 20.8413(15) A, p =
96.416(7)°, V = 1227.46(16) A® Z = 4. The structure of sarvodaite contains three
symmetrically independent Al sites and three S site. Al-centered octahedra and sulfate groups
form strongly corrugated layers interconnected via hydrogen bonding. Sarvodaite has a
synthetic analogue. Infrared and Raman spectra are reported.

Sarvodaite is the third hydrous Al sulfate mineral species without additional cations
and anions to be described to date, following alunogen, Al(SO4)3-17H,0 and metaalunogen,
Aly(SO,4)3-12H,0.

Keywords: sarvodaite; sulfates; hydrates; natural coal fires, sublimates, Fan-Yagnob coal

deposit.
Introduction

Sarvodaite, Aly(SO,)3-5H,0, a new mineral, was discovered in the sublimates of a
natural underground coal fire in the upper reaches of the Kukhi-Malik tract in the Ravat area
of the Fan-Yagnob coal deposit, Tajikistan. The new mineral is named after the ancient
Sarvoda fortress, the remains of which are situated in the vicinity to the place where
sarvodaite was found, the village of Zeravshan-Sarvoda. In the Middle Ages, this fortress
served as an outpost on the route to the "burning mines”, which were referred to by various
names at different eras (Kan-Tag, Ravat, Kukhi-Malik). The region was the source of the
extraction of ammonia, native sulfur, potassium nitrate, alum, and iron sulfate from ancient
times until the mid-40s of the 20th century. These minerals were employed in the production
of gunpowder, the pollination of vineyards, the processing of leather, and the production of
medicine. In the Sarvoda fortress, the sublimations were processed by local residents
(Ermakov, 1935; Novikov and Suprychev, 1986). The mineral and its name were approved
by the Commission on New Minerals, Nomenclature and Classification of the International
Mineralogical Association (CNMNC IMA) (IMA 2023-073). The holotype of the sarvodaite
under investigation is housed in the collections of the Fersman Mineralogical Museum
(Moscow), with the reference number 6041/1.

A comprehensive analysis of crystallographic characteristics of all known hydrated
aluminum sulfates, including those containing OH groups, was recently performed in Mauro
et al. (2023). Alunogen, Aly(SO4)3-17H,0 and metaalunogen, Al>(SO,)3-12H,0 are the only
two known to date natural hydrous aluminum sulfates that do not contain additional cations

and anions. Monoclinic Aly(SO4)3-5H,0 is a synthetic analogue of sarvodaite that was
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synthesized by evaporating a mixture of Al,(SO4)3-7H,0 with sulfuric acid and subsequently
subjecting the products to hydrothermal treatment in an autoclave at a temperature of 180
°C (Fischer et al., 1996). Witzke et al. (2015) reported the discovery of a phase with the
composition Aly(SO4)3-5H,0 in a dense, white, pumice-like aggregate of godovikovite—
millosevichite from the dumps of the Burning Anna | Coal Mine Dump in Alsdorf, Germany.

Occurrence
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Figure 1. Location of Kukhi-Malik (a). "Big Grotto" gas vent where sarvodaite was found
(b). The panorama depicts the right side of the river Fan-Darya, with a view of Kukhi-Malik
(marked with a red circle). The village of Ravat is visible below, and the snow-covered Fann
Mountains are in the background (c).

Sarvodaite was found in sublimates during the fieldwork in 2023. The mineral was
discovered in the upper reaches of the Kukhi-Malik tract (Fig.1la-c) on the right bank of the
Fan Darya River (39°12'25" N, 68°33'59" E) in the contours of the Fan-Yagnob coal deposit,
where hot coal gases were released from an underground fire in the "Big Grotto" gas vent
(Fig. 1b). Sarvodaite was discovered on the walls of a crack in burnt sandstones. The
temperature of the gas flow was in the range from 100 to 220 °C. All samples were
immediately sealed in glass tubes upon their collection to prevent any potential exposure to
the external environment. Within the Fan-Yagnob coal deposit, which spans roughly 10

hectares on both the left and right banks of the Fan Darya River, natural underground coal
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fires are common. Along with the over 200 gas vents that are currently active, there are
numerous outlets for coal combustion products, as well as new fire areas that are established
annually. The natural underground fire at Ravat is believed to have been ongoing for over
2000 years (Novikov and Suprychev, 1986). Presently, industrial coal mining is conducted on
the left river bank, while manual mining is conducted on the right side, with a length of 400
meters. Predominantly, low-temperature sublimations associated with near-surface coal fire
are observed on the left bank of the river. The primary products are sulfur, ammonia, alum,
sulfuric acid that impregnates the soil, and a variety of organic compounds with relatively
low crystallization temperatures, such as ravatite (Nasdala and Pekov, 1993), which produce
a distinctive pungent odor in sublimates. Areas on the right bank of the Fan-Darya River in
the upper reaches of the Kukhi-Malik tract are characterized by the higher sublimate
formation temperatures. Paralavas, sedimentary rock melting products, are abundant in the
Ravat area of the deposit (Sharygin et al., 2009). Numerous publications have reported the
mineralogy of sublimates from natural underground coal fires at the Fan-Yagnob deposit
(Ermakov, 1935; Novikov et al., 1979; Belakovski, 1990; Mirakov et al., 2019; Pautov et al.,
2020; Karpenko et al., 2023; Mirakov et al., 2023).

Associated minerals and physical properties

Associated minerals are anhydrite, realgar, native selenium and several unknown
phases. Sarvodaite typically occurs as white spherolites (Fig. 2a,b) of thin colorless prismatic
crystals (Fig. 2c) up to 500 pm in maximum dimension. The streak is white. The luster is
vitreous. Sarvodaite is brittle. Cleavage is perfect on {100}. The fracture is splintery.
Hardness is 1-1%. The tiny size of the crystals makes it impossible to measure the
microhardness. Tiny sarvodaite crystals display cracks that are parallel to their elongation;

these cracks may be misinterpreted as the intergrowth planes of multiple crystals or a

cleavage.
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Figure 2. White sarvodaite spherolite (field of view 1.8 mm) (a). SEM images of sarvodaite
spherolite (b) and prismatic crystals (c).

Sarvodaite is optically biaxial (-/+ unclear) (Fig. 3), a = 1.529(2), p = 1.537(2),
y(calc.) = 1.545(3) (590 nm), and the measured 2V is 90(3)°. The mineral shows straight
extinction on sections with positive elongation, while the extinction is oblique on sections
with negative elongation (C:Np, = 10°). Dispersion is weak, r > v. The mineral is non-
pleochroic under the microscope. The measured density is 2.33(2) g/cm®. The density
calculated based on the empirical formula of the holotype is 2.349 g/cm™. The Gladstone-
Dale compatibility index, 1 — (Ky/K¢) = -0.010, is superior.
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Figure 3. The optical orientation of the sarvodaite crystal. The plane of the optical axes is
depicted by the dotted line.

Infrared and Raman spectroscopy

The IR spectrum of sarvodaite (Fig. 4) was obtained from a KBr microtablet using an
FSM 2201 Fourier transform IR spectrometer (Infraspec, Russia). Four regions of bands are
observed in the IR spectra of sarvodaite:
(1) An intensive and broad absorption band with many shoulders in the 2900-3500 cm™
region corresponding to stretching vibrations of water molecules;
(2) An intense band at 1600-1700 cm™ corresponding to deformation vibrations in water
molecules;
(3) Several intensive bands in the 900-1300 cm™ range associated with stretching vibrations

of the sulfate group;
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(4) A number of bands in the 400-700 cm™ region associated with deformation vibrations of
the sulfate group, respectively. Bands at 758 and 852 cm™ may be attributed to Al-O
vibrations (Kloprogge et al., 2001; Kosek et al., 2018).

Transmittance

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm-*

Figure 4. IR spectra of sarvodaite.

The Raman spectra (Fig. 5) were obtained on a sarvodaite single crystal that was
extracted from the sample for the single-crystal X-ray study. The following are the
instruments and analysis parameters: DXR2xi Thermo Scientific Raman Imaging Microscope
in the range of 6000 cm™ to 50 cm™ using 2 cm™ resolution, 25 pm pinhole aperture, grating
of 400 lines/mm, and scan time of 0.5 s with 40 scans. In order to protect the sample from
destruction, a laser with a wavelength of 532 nm was used at 70% power at the sample (7
mW). The sample surface did not sustain any damage. Identical Raman spectra were obtained
from four different areas of the crystal surface. The Si standard was used for the calibration.
The tentative assignment of Raman bands was performed using available data for alunogen
Al»(SO4)3:17H,0 and other Al-sulfates (Frost et al., 2015; Kosek et al., 2018, 2022). Bands in
the region 3200-3450 cm™ can be assigned as O-H stretching vibrations of water molecules.
In the obtained Raman spectra, the v; and v3 sulfate modes are assigned to narrow bands in
the range 1200-1000 cm™, the v, sulfate mode is assigned to 646 cm™, and the v, modes are
assigned to a series of non-intensive bands in the range 400-500 cm™. Lattice vibrations are

responsible for weaker bands in the range of less than 400 cm™.
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Figure 5. Raman spectra of sarvodaite.

Chemistry

Crystals of sarvodaite were mounted in epoxy resin and polished. The composition of
sarvodaite (Table 1) was studied using a Superprobe JCXA-733 scanning electronic
microscope equipped with an Oxford Instruments INCA Energy Dispersive Spectrometer
(EDS) and JCXA-733 (JEOL) analyzer with a Si-(Li) detector with ATW2 ultrathin window
and INCA Energy 350 analysis system (20 kV accelerating voltage, 0.5 nA electron beam
current measured with a Faraday cup and a beam of 10 um were used for the analysis).
BaSO, (SKa), TiO; (TiKa), Fe;03 (FeKa) and Al,O3 (AlKa) were used as standards.
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The empirical formula calculated on the basis of 17 O atoms per formula unit is
(AlygsFe0.06Ti0.04)51.985301012:5H20. The simplified formula is (Al,Fe)2(SO4)3-5H,0. The
ideal formula is Alx(SO4)3-5H,0, which requires Al,03 23.59; SO3 55.57; H,0 20.84; Total
100 wt.%.

The mineral is non-soluble in water and ethanol. Sarvodaite dissolves slowly at room

temperature in HCI 1:1.
Crystallography

Powder X-ray diffraction data were collected using CrKa radiation with a V-filter in a
RKU-86 camera; Ge was used as an internal standard. The results are given in Table 2. Unit-
cell parameters refined from the powder data are as follows: monaoclinic, a = 5.48(2), b =
10.803(5), ¢ = 20.84(1) A, B = 96.42(3), V = 1227(1) A®. MID-2 software was used to refine
the unit-cell parameters.

A crystal of sarvodaite (Table 3) was mounted on a thin glass fibre for X-ray
diffraction analysis using a Rigaku Synergy S diffractometer, with a micro-focus X-ray tube
equipped with a CCD detector (MoKa radiation) operated at 50 kV and 1 mA at the
Department of Crystallography, St. Petersburg State University. More than a hemisphere of
three-dimensional XRD data was collected with 200 s count time for each frame. Fractional
atom coordinates and atomic displacement parameters are listed in Tables 4,5. Selected
interatomic distances are given in Table 6. Hydrogen bonds are provided in Table 7 and
bond-valence calculations in Table 8. The crystallographic information file has been
deposited with the Principal Editor of Mineralogical Magazine and is available as
Supplementary material (see below).

The unit-cell parameters of sarvodaite (Table 3) are nearly identical to those obtained
for the synthetic analogue in Fischer et al. (1996) (P21/n, a = 5.4843(2), b = 10.7958(3), ¢ =
20.8427(4) A, P = 96.44(8)°, V = 1226.26 A)*. As an initial structure model, the atomic
coordinates of Al, S and O atoms were taken from Fischer et al. (1996). O-H distance
restraints of 1.00 + 0.005 A were applied. The isotropic displacement parameters for
hydrogen atoms were held constant at 0.05 A% The structure of sarvodaite contains three
symmetrically independent Al sites and three S site (Fig. 6). S®* cations are tetrahedrally
coordinated by four O atoms each. Al atoms have octahedral coordination environments. All
atom is coordinated by three H,O molecules and three O atoms belonging to sulfate groups.
Al2 and Al3 atoms have similar coordination environments thus forming regular AlO4(H,0),

https://doi.org/10.1180/mgm.2025.10165 Published online by Cambridge University Press


https://doi.org/10.1180/mgm.2025.10165

octahedra. The minor amounts of Fe and Ti detected by the microprobe (see above) could not
be refined. Al-centered octahedra and sulfate groups form strongly corrugated layers stacked

along [001] and shown in Figure 7. The layers are interconnected via hydrogen bonding.

Figure 6. Coordination environments of Al and S atoms in the structure of sarvodaite.
Ellipsoids are shown at 50% probability level.

Figure 7. General projection of the crystal structure of sarvodaite (AlOg = blue, SO, =
yellow, O atoms = red balls; H atoms = grey balls) along the a axis.
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Concluding remarks

Sarvodaite, a novel aluminum sulfate pentahydrate mineral species, was discovered in
the sublimates of an underground coal fire. The mineral is believed to undergo direct
crystallization as a result of the interaction between hot aerosol (sulfuric acid with water
vapor) and the host rocks, which allows gases from the fire to escape to the surface. This is in
contrast to the pseudomorphic formation of the Aly(SO4);:5H,0 phase in the dumps of the
Annal coal mine after godovikovite (Witzke et al., 2015). The absence of any indications of
sarvodaite crystallization after any primary minerals and the automorphic form of sarvodaite
segregations (spherolites of well-formed needle-shaped crystals) support this assumption.
Crystallization of sarvodaite at Kukhi-Malik occurs in hot coal gas discharge zones where the
temperature drops below 200 °C but exceeds 100 °C. The temperature range in which
sarvodaite is formed is consistent with the readily available data on the synthesis of
Al,(S04)3-5H,0 at 180 °C (Fischer et al., 1996).
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Table 1. Chemical data (in wt %) for sarvodaite.

Constituent  Mean Range Stand. Reference Material
Dev. (o)

Al,O3 22.27 21.54-22.90 0.13 Al,O3

Fe,03 1.08 0.77-1.50 0.09 Fe,03

TiO; 0.67 0.28-1.01 0.07 TiO,

SO3 55.86 53.73-57.35 0.20 BaSO,

H,O calc.*  20.93

Total 100.81

* based on structural data.
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Table 2. X-ray powder diffraction data (d in A) for sarvodaite. Seven strongest lines are
marked in bold.

Imeas dmeas Icalc dcalc h k |
45 10.36 28 10.36 0 0 2
100 7.48 100 7.48 0 1 2
35 5.40 34 5.40 0 2 0
3 4.85 2 4.85 -1 1 1
1 4.78 2 4.79 0 2 2
43 4.64 52 4.64 1 1 1
39 4.56 49 4.53 -1 0 3
5 3.99 20 4.06 1 0 3
58 3.83 67 3.83 -1 2 1
50 3.74 0 2 4
> 374 25 3.72 1 2 1
60 3.47 -1 2 3
50 347 22 3.45 0 0 6
24 3.40 29 3.40 0 3 2
6 3.32 8 3.32 -1 1 5
6 3.29 7 3.29 0 1 6
9 3.25 10 3.25 1 2 3
35 3.15 57 3.13 1 0 5
25 2.948 32 2.95 1 3 1
7 2.908 7 291 0 2 6
4 2.821 5 2.82 -1 3 3
14 2.730 12 2.73 -1 0 7
24 2.710 19 2.71 1 2 5
3 2.677 2 2.67 -1 3 4
8 2.646 5 2.64 2 1 0
5 2.614 5 2.61 0 4 2
3 2.568 2 2.56 -2 1 3
3 2,515 3 2.52 0 4 3
5 2.438 3 2.44 -1 2 7
5 2421 4 2.42 -1 4 1
9 2.388 3 2.39 -1 1 8
3 2.346 3 2.35 -2 1 5
3 2.336 3 2.34 -1 3 6
6 2.310 8 2.31 2 0 4
6 2.267 9 2.27 -2 0 6
2 2.230 3 2.23 -1 2 8
2 2.183 2 2.18 -2 3 1
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Table 3. Crystallographic data and refinement parameters for sarvodaite.

Crystal data

Formula Al;S3017H10

Crystal system Monoclinic

Space group P21/n (no. 14)

Unit cell dimensions a, b, ¢ (A): 5.4862(4), 10.8029(8), 20.8413(15)
B (©) 96.416(7)

Unit-cell volume (A% 1227.46(16)

VA 4

Absorption coefficient (mm™) 0.851

Crystal size (mm) 0.01x0.01x0.07

Data collection

Temperature (K) 150

Radiation, wavelength (A) MoK, 0.71073

6 range (°) 3.502-27.999

h, k, | ranges =77, -14—14, 2727
Total reflections collected 11826

Unique reflections (Rint) 2946 (0.07)

Unique reflections F > 44(F) 2053

F(000) 880

Structure refinement

Refinement method

Weighting coefficients a, b
Data/restraints/parameters

Ri1 [F > 40(F)], WRz [F > 40(F)]
Ry all, wR; all

Gof on F?

Largest diff. peak and hole (e A™)

Full-matrix least-squares on F*
0.0660, 2.5563

2946 /10/232

0.0615, 0.1378

0.0947, 0.1498

1.053

0.824, —0.643
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Table 4. Coordinates, equivalent isotropic (Ueg) and isotropic (Uiso)
displacement parameters (A%) of atoms in sarvodaite.

Atom  Wyck. x y Z Ueg/Uiso™
All 4e -0.0880(2) -0.23870(13) 0.81354(6) 0.0109(3)
Al2 2d ) 0 0 0.0090(4)
Al3 2b Yo Yo 0 0.0095(4)
S1 4e 0.20804(19) 0.00761(10) 0.85975(5) 0.0109(3)
S2 4e -0.2703(2)  -0.24667(10) 0.95270(5) 0.0105(3)
S3 4e 0.1588(2) -0.49418(11) 0.86657(5) 0.0117(3)
o1 4e 0.1578(6) -0.1214(3) 0.84042(17) 0.0183(7)
02 4e 0.0030(6) 0.0886(3) 0.83920(16) 0.0184(8)
03 4e -0.4555(6) -0.1678(3) 0.97788(16) 0.0152(7)
04 4e 0.4325(6) 0.0451(3) 0.83216(16) 0.0182(7)
05 4e 0.2537(6) 0.0131(3) 0.93067(15) 0.0160(7)
06 4e -0.2550(6)  -0.2088(3) 0.88521(16) 0.0174(7)
o7 4e -0.3590(6)  -0.3754(3) 0.95105(15) 0.0159(7)
08 4e -0.0358(6)  -0.2351(3) 0.99099(17) 0.0205(8)
09 4e 0.1143(6) -0.3605(3) 0.85452(17) 0.0186(8)
010 4e 0.3534(6) -0.5348(3) 0.82929(18) 0.0223(8)
Ol1l1 4e -0.0667(6)  -0.5655(3) 0.85057(16) 0.0166(7)
012 4e 0.2297(6) -0.5090(3) 0.93667(16) 0.0176(7)
Owl3 4e -0.3204(7)  -0.3611(3) 0.78262(17) 0.0197(8)
Owl4 4e -0.7462(6)  -0.0536(3) 0.04872(16) 0.0162(7)
Owl5 4e -0.6733(6) -0.3827(3) 0.04510(16) 0.0154(7)
Owl6 4e -0.2974(6)  -0.1165(3) 0.77258(16) 0.0184(8)
Owl7 4e 0.0498(7) -0.2499(3) 0.73456(17) 0.0218(8)
H1 4e -0.846(11)  -0.121(5) 0.034(3) 0.050*

H2 4e -0.416(11)  -0.403(6) 0.808(3) 0.050*

H3 4e -0.805(10)  -0.344(6) 0.020(3) 0.050*

H4 4e 0.070(12) -0.311(6) 0.705(3) 0.050*

H5 4e -0.327(12)  -0.106(7) 0.728(2) 0.050*

H6 4e -0.393(12) -0.371(7) 0.741(2) 0.050*

H7 4e -0.401(11) -0.064(6) 0.794(3) 0.050*

H8 4e -0.733(12)  -0.386(7) 0.084(2) 0.050*

H9 4e -0.727(12)  -0.064(7) 0.094(2) 0.050*

H10 4e 0.110(12) -0.185(5) 0.711(3) 0.050*

*fixed during the refinement
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Table 5. Anisotropic displacement parameters (A?) of atoms in sarvodaite.

Atom Ull U22 U33 U23 Ul3 U12

Al 0.0138(7) 0.0075(7) 0.0114(7) -0.0002(5) 0.0013(5)  -0.0005(5)
A2 0.0085(9) 0.0085(9) 0.0097(9) -0.0016(7) -0.0006(7) 0.0014(7)
Al3  0.0103(9) 0.0063(9) 0.0116(9) 0.0013(7)  -0.0010(7) -0.0019(7)
S1  0.0116(5) 0.0086(5) 0.0124(5) 0.0003(4)  0.0006(4) 0.0002(4)
S2  0.0120(5) 0.0063(5) 0.0131(5) 0.0004(4)  0.0011(4) _ -0.0008(4)
S3  0.0129(5) 0.0087(5) 0.0132(5) 0.0002(4)  -0.0002(4)  0.0001(4)
O1  0.0188(18) 0.0105(17) 0.0246(19) -0.0012(14) -0.0019(14) -0.0008(14)
02  0.0177(18) 0.0197(19) 0.0168(17) 0.0022(14) -0.0026(14) 0.0072(14)
03  0.0139(16) 0.0088(17) 0.0238(18) -0.0019(13) 0.0055(14)  -0.0011(12)
04  0.0175(17) 0.0156(18) 0.0227(18) 0.0023(14) < 0.0084(14) -0.0011(14)
O5  0.0118(16) 0.0186(18) 0.0173(17) 0.0005(14) 0.0006(13) 0.0005(14)
06  0.0219(18) 0.0140(17) 0.0173(17) 0.0026(13) 0.0068(14) 0.0048(14)
07  0.0224(18) 0.0069(16) 0.0187(17) -0.0004(13) 0.0037(14) -0.0003(13)
08  0.0162(18) 0.0152(18) 0.028(2)  -0.0004(15) -0.0040(15) -0.0007(14)
09  0.0195(18) 0.0036(16) 0.032(2)  0.0029(14) -0.0020(15) 0.0030(13)
010  0.0252(19) 0.0133(18) 0.030(2)  -0.0037(15) 0.0122(16) 0.0011(14)
011 0.0186(17) 0.0145(17) 0.0158(17) 0.0001(13) -0.0023(13) -0.0054(14)
012  0.0169(17) 0.0181(18) 0.0171(17) 0.0007(14) -0.0020(13) -0.0041(14)
Owl3 0.0235(19) 0.0170(18) 0.0176(18) 0.0012(14) -0.0018(14) -0.0081(15)
Owl4 0.0163(18) 0.0177(18) 0.0154(17) -0.0012(14) 0.0050(14) -0.0054(14)
Owl5 0.0190(18) 0.0091(16) 0.0185(18) 0.0015(13) 0.0039(14) 0.0024(13)
Owl16 0.0248(19) 0.0175(19) 0.0127(17) 0.0036(14) 0.0017(14) 0.0097(14)
Owl7 0.033(2) 0.0124(18) 0.0214(19) -0.0037(15) 0.0120(16) -0.0014(16)
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Table 6. Selected interatomic distances (A) in sarvodaite.

Al1-09 1.865(3)  S1-02 1451(3) Owl3-H2 0.91(4)

Al1-O6 1.866(4)  S1-O1 1.468(3) Owl3-H6 0.91(4)

Al1-O1 1.890(4)  S1-05 1.473(3) Owld-H1 0.94(4)

Al1-016 1.890(4)  S1-04 1.473(3) Owl4-H9  0.94(4)

AlI1-017 1.890(4) Owl15-H3  0.93(4)

Al1-013 1.899(4)  S2-08 1.441(3) Owl5-H8 0.91(4)
S2-03  1.467(3) Owl6-H5 0.93(4)

AI2-014 1.870(3)x2 S2-07 1.473(3) Owl6-H7  0.95(4)

AI2-O5 1.870(3)x2 S2-06 1.476(3) Owl7-H4  0.92(4)

AI2-03  1.893(3) x2 Ow17-H10 0.94(4)
$3-010 1.456(4)

Al3-012 1.875(3) x2 S3-011 1.464(3)

Al3-015 1.895(3) x2 S3-012 1.478(3)

Al3-07 1.904(3)x2 S3-09  1.482(3)

Table 7. Hydrogen bonds (D = donor, A = acceptor) in the structure
of sarvodaite.

DH---A d(D-H) d(H--A) <DHA d(D---A)
Owl4-H1---08  0.94(4) 1.79(4) 168(4) 2.718(4)
Owl13-H2---010 0.91(4) 1.98(4) 155(4) 2.838(4)
Owl15-H3---08  0.93(4) 1.79(4) 163(4) 2.696(4)
Owl7-H4---04  0.92(4) 1.73(4) 162(4) 2.622(4)
Owl16-H5---011 0.93(4) 1.73(4) 167(4) 2.649(4)
Owl13-H6---02 ~ 0.91(4) 1.77(4) 171(4) 2.679(4)
Ow16-H7:--04 0.95(4) 1.74(4) 174(4) 2.683(4)
Owl15-H8---011  0.91(4) 1.92(4) 160(4) 2.787(4)
Owl4-H9---02  0.94(4) 2.19(4) 130(4) 2.885(4)
Owl14-H9:--04  0.94(4) 2.1294) 135(4) 2.860(4)
Owl17-H10---010 0.94(4) 1.84(4) 163(4) 2.759(4)
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Table 8. Bond-valence analysis* (in valence units = v.u.) for the crystal structure of sarvodaite.

Ol | O2 O3 04 05 06 o7 08 | 09 | 010 | 011 012 Owl3 | Owl4 Owl5 | Owl6 | Owl7 | >
All | 0.52 0.55 0.55 0.51 052 | 052 |3.17
Al2 0.51x2— 0.55x2— 0.55x2— 3.22
Al3 0.50x2— 0.54x2— 0.51x2— 3.10
S1 | 152|158 1.50 1.50 6.10
S2 1.52 1.49 1.50 1.62 6.13
S3 1.46 | 1.56 | 1.53 1.48 6.03

0.19 H1 0.81 1.00
0.13 H2 | 0.87 1.00
0.19 H3 0.81 1.00
0.22 H4 0.78 | 1.00
0.22 H5 0.78 1.00
0.20 H6 | 0.80 1.00
0.21 H7 0.79 1.00
0.15 H8 0.85 1.00
0.09 0.10 H9 0.81 1.00
0.17 H10 0.83 | 1.00
> 12041187 2.03 2.03 2.05 2.04 2.00 2.00 | 201 | 1.86 | 1.90 2.02 2.18 2.17 2.17 2.09 2.13

*B.v.s. were calculated using the parameters from Gagné and Hawthorne, 2015.
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