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Serbia

CHRISTOPHER J. STANLEY ' #, GARY C. JONES'. MICHAEL S. RUMSEY'. CHRISTOPHER BLAKE-,
ANDREW C. ROBERTS®. JOHN A.R. STIRLING®. GRAHAM J.C. CARPE_NTER{ PAMELA S. WHITFIELD?,
JOEL D. GRICE® and YvON LEPAGE’®

" Department of Mineralogy. Natural History Museum. London SW7 5BD. UK
*Corresponding author, e-mail: ¢.stanley @nhm.ac.uk
* Rio Tinto. Unit 34 Hither Green Ind. Est., Clevedon. North Somerset. BS21 6XU. UK
* Geological Survey of Canada, 601 Booth Street. Ottawa. Ontario, K1A OE8. Canada
* Materials Technology Laboratories. Natural Resources Canada. 568 Booth Street, Ottawa., Ontario. K1A 0G 1. Canada
3 Institute for Chemical Process and Environmental Technology. National Research Council Canada.
1200 Montreal Road. Ottawa, Ontario, K1A OR6. Canada
o Canadian Museum of Nature, P.O. Box 3443, Station “D”, Ottawa, Ontario, K 1P 6P4, Canada

Abstract: Jadarite, ideally LiNaSiB3;0;(OH), is a new mineral species [rom the Jadar Basin, Serbia. It occurs as massive white
aggregates, several metres thick. and is relatively free from inclusions and intergrowths: however, individual subhedral (tabular,
elongate) to anhedral crystals rarely exceed 5-10 pm in size. 1t is associated with caleite, dolomite. K-feldspar. rutile, albite,
menite, pyrite. and fne-gramned muscovite. Searlesite. analcime. chlorite. and quartz have also been identified. Jadarite is translu-
cent (opaque in masses) with a porcellanous lustre (masses), possesses a white streak, is brittle with a platy habit and has an uneven
to conchoidal fracture. VHNagg is 390 (range 343-426) kg/mm”. Mohs’ hardness is 4-5. It shows weak pink-orange fluorescence
under both short- and long-wave ultraviolet radiation. An infra-red adsorption spectrum is given and shows strong. sharp peaks
at 3490 and 3418 em™! which indicates that water is present as (OH) only. Peaks at 1409 and 1335 em ™! indicate the presence
of BO; groups, and between 900 and 1180 cm™' the probable presence of BO,. In transmitted light, plates and grains of jadarite
show twinning in some crystallites and for .t 590 nm n, = 1.536(x0.001) and 5, = 1.563(+0.001). 1t is non-pleochroic. biaxial.
and does not show parallel extinction. In plane-polanzed reflected light. the mineral is dark grey with weak bireflectince. it is non-
pleochroic and has abundant white internal reflections. Wet chemical analysis combined with CHN analyzer gave the following
aggregate composition: Li;O 7.3, Nu, O 15.0, S10, 26,4, B2O3 47.2. H,O 4.3, total 100.2 wi.%. The empirical formula, based on 3
B atoms per formula unit (apfio). is: Liy gsNay 07815 97B30g 90t OH) | 6. Jadarite is monoclinic (P2 /m) with a 6.818(2), b 13.794(2),
¢ 6.756(2) A, £ 111.10(2) V 592.8(2) A(Z=4, alternatively (P2, /c) with a 6.756(3), b 13.794(2), ¢ 7.680(3) .-'i.ﬁ 124.07(3) .
V 592.9(4) A and Z = 4. The measured density (Berman Balance) is 2.45 g/em™: calculated density is 2.46 g/em” (on the basis
of the empirical formula and unit-cell parameters refined from powder data). The six strongest X-ray powder-diflraction lines
[d in ACD(hED | are: 4666 (62) (120, 021), 3.180 (82) (200), 3.152 (74) (002), 3.027 (40) (2219, 2.946 (100) (131). 2.241 (74)
(3 11.151). The mineral name is for the locality in Serbia where it was discovered during mineral exploration of the Jadar Basin.

Key-words: jadarite. new mineral species, lithium sodium borosilicate hydroxide, Jadar Basin, Serbia, chemical duta, infra-red
absorption spectrum. X-ray powder-ditfraction data.

Introduction tion (CNMNC), International Mincralogical Association

(2006-36). Holotype material is deposited at the Natural

History Museum. London. UK as BM 2006. 16. Parts of
Jadarite 1s a new lithium sodium borosilicate mineral which  the holotype are housed within the Systematic Reference
was discovered in drill core from a borehole in the Jadar  Series of the National Mineral Collection of Canada. Ge-
Basin. Serbia (44"32° N, 19"18JdaapThe name is after  ological Survey of Canada. Ottawa under catalogue num-
the Ifigaapty: in Serbian Cyrillic: . in Russian Cyril-  ber NMCC 068101, and cotype fragments have also been
lic: . hence the pronunciation is YADARITE. The  donated to the Natural History Muscum. Budapest. Hun-
mineral and mineral name were approved by the Com-  gary and to the Belgrade Natural History Museum, Bel-
mision on New Minerals, Nomenclature and Classifica-  grade. Serbia.
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Fig. 1. A sccondary-electron image illustrating the nature of jadarite
(various grey shades). The new mineral exhibits a relatively tabular
nature and discrete crystallites rarely exceed 3 gm in size. Note the
presence of small cavities between the crystallites that give ita pitted
appearance when examined in polished section. Width of view is
12 pom.

Occurrence

The Jadar Basin is composed of a sequence of oil-shales,
dolomicrites and pyroclastic deposits of Neogene (Early
to Middle Miocene) age. and includes evaporites which
formed during the development of the intramontane lacus-
trine sedimentary basin (Obradovic er «l.. 1997). Jadarite
occurs as massive white aggregates (several metres thick
in drill core) that are relatively free from inclusions and
intergrowths. It also occurs as millimetre-sized nodular
aggregates within the fine-grained carbonate and mica-
rich matrix. Detailed examination of the fine-grained ma-
trix associated with jadarite revealed the presence of cal-
cite. dolomite. K-feldspar. rutile, albite. ilmenite, pyrite,
and tine-grained muscovite. Minor amounts of searlesite
[ideally NaBSi;Os(OH)-| are also often intergrown with
jadarite. Analcime [ideally NaAlSi,Og.(H-O)]. chlorite.
and quartz have also been identified.

Physical properties

Jadarite occurs as minute (5-10 pgm) subhedral (tabu-
lar, elongate) to anhedral grains (Fig. 1). Aggregates of
Jadarite in hand specimen have a porceellanous lustre and
give a white streak. Jadarite is brittle with an uneven
to conchoidal fracture and a platy habit. Aggregates of
crystallites exhibit a degree of porosity (Fig. 2). Indenta-
tion hardness measurements gave VHNoy = 390 (range
343-426) kg/mm”. which is in good agreement with the
Mohs™ hardness of 4-5 determined on the basis that
Jadarite aggregates scratch fuorite and are scratched by ap-
atite. The density was obtained using a Berman Balance
and an average of ten measurements gave a measured den-
sity of 2.45 g/fem® which is in good agreement with the cal-
culated density of 2.46 g/cm’ obtained from the empirical
tormula and unit-cell parameters retined from powder data.
Jadarite shows weak pink-orange fluorescence under both
short- and long-wave ultraviolet radiation.

seariesite

jadarite

250pm

Fig. 2. A backscattered-electron  image illustrating  the  pres-
ence of searlesite (medium grey) that is closely associated with
jadante (dark grey) and fine-grined matnx (light grey). Note the
porous/pitted nature of jadarite. Width of view is | mm.

Optical properties

Jadarite was crushed and then microscopically examined
in transmitted light before determination of refractive in-
dices with refractive index liguids. The plates and grains of
about 5 gm showed twinning in some crystallites with ex-
tinction at 8 either side of the twin plane. Jadarite is non-
pleochroic and does not show parallel extinction. It is bi-
axial, in agreement with its monoclinic symmetry. and has
for 4590 nm n, = 1.536(=0.001) and n, = 1.563(+0.001).

The sumple containing jadarite was prepared for reflected
light optical investigation and reflectance measurement us-
ing standard diamond polishing techniques (e.g. Stanley &
Laflamme. 1998). In order to minimize any internal reflec-
tions which might alfect the quantitative reflectance mea-
surcments, the jadarite specimen was cut and then mounted
in the form of a wedge with sharp angle about 20", In plane-
polarized reflected light (from an unfillered quartz-halogen
lamp at about 3100 K). jadarite is dark-grey in colour. with
weak bireflectance, no observable pleochroism. and any
possible anisotropy masked by abundant white internal re-
flections.

Reflectance measurements were made with a Zeiss
microspectrophotometer relative 10 a cubic zirconia re-
flectance standard. using the equipment and procedures re-
ported by Criddle in Berlepsch et al., (2003). Measure-
ments were made over an area of about 400 pm” and are
thus an average of many grains in difTerent orientations, At
A = 589 nm, the refractive index. calculated from the Fres-
nel equation (assuming & is 0).1s 1.54. which is in reason-
able agreement with the results i transmitted light given
above.

Infra-red spectroscopy

The infra-red absorption spectrum is given in Fig. 3.
The sumple was run “as received”™ (not dried in order to
avoid possible dehydration) in @ KBr disk using a Perkin
Elmer Spectrum One FTIR instrument. The complexity
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Fig. 3. Infra-red absorption spectrum lor jadarite.

and sharpness of the spectrum is typical of borosilicates.
The strong. sharp peaks at 3490 and 3418 em™' indicate
that water is present as (OH) only. Peaks at 1409 and
1335 ¢em™ ! indicate the presence of BO; groups, L.e.. trig-
onal boron (given the absence of carbonate). Absorptions
in the 900-1180 cm™" region may indicate the presence
of BOy groups. i.e.. tetrahedral boron. but the complexity
of the spectrum below 1200 cm™ " makes peak assignment
difficult. The ™tentative™ peak assignments in Table | were
suggested by an anonymous reviewer of the CNMNC sub-
mission.

Chemical composition

Material for analysis was dred at 110 C for one
hour, Wet chemical analyses were performed on solu-
tions from lithium metaborate fusions for Na, Si and
other cations, plus sodium carbonate fusions for Li and
B. The analyses were carried out by inductively coupled
plasma atomic emission spectrophotometry (ICPAES) us-
g a Varan VistaPro (axial) instrument combined with
a4 CHNS (combustion) analyzer (Thermo Finnigan Flash
EAT12) for carbon and water, and gave the following ag-
gregate composition: Li>O 7.3, Na O 15.0. Si10, 264,
B.O; 47.2. H-0 4.3, total 100.2 wt.%. The empirical
formula based on 3 B atoms per formula unit (apfir).
(i Li|_|_}:,Ni]L_(nSin_‘;?B_‘.Oh_\m(()H]|_(|[,. 'I—llL' Silﬂi\li[icd rUl'-
mula is LiNaSiB3;0;(OH) which requires: Li>O 6.81.
Na:O 14,12, Si0, 27.38. B;0; 47.59. H,O 4.11, towul
100.01 wi.%. Jadarite 15 casily soluble in cold dilute (ap-
prox 0.5 M) mineral acids. e.g.. HCl, HNO; and H-SO4. It
appears to be insoluble in water.

Table 1. Infra-red absorption data for jadarite.

Wavenumbers Tentative assignment

tem™)
3480 OH (literature suggests BIOH)). valence
3418 N B h o "
1409 trigonal borate group. valence
1335 B-OH. deformation or trigonal borate. valunce
1138
990 Si0,/BO,. valance
943
843 B-OH. defonnation?
803 tetrahedral borate group, valence
748 W o i i
681 B(OH),. deformation?
641
600
551
482
464 trigonal and tetrahedral borate. deformation
420 " " : ) "
379
358
340 "
270 "

X-ray diffraction and TEM studies
X-ray powder diffraction

A CoKa Bruker D8 Advance powder diffractometer was
used to obtain the fully-indexed X-ray powder data
presented in Table 2. This was indexed on a primi-
tive monoclinic unit cell of a 6.818(2), b 13.794(2).



=
~
o

C.I Stanley et al.

Table 2. X-ray powder-difiraction data for jadarite.

Ly dhgioe Ry W OBE T dAaen  dReems hkl Wkl
3 6889 6897 020 020 7 1.912 1911 033 333
6 5.731 5733 01 T1L 16 1.896 1.897 341 142
=14 5502 5597 Tol 10 1.894 T62 J61
3 5.182 sas6 TI11100 9 1.884 1.883 T43 342
4676 1200 021 #20  1.850 1.849 22 324
62 14.666 4.653 021 T21 =13 1.827 1.827 342 241
30 4343 4346 121 1200 3 1.807 1.806 340 043
2 3840 339 101 102 2 1.775 1.776 362 260
=39 3716 3715 031 T3I 8 1.753 1.753 171 172
30 3447 3449 040 040 I 1.724 1.724 080 080
*2] 3.355 3355 121 T2 #12 L6% 1.693 331 134
=82 3080 3ASOD 200 002 £ 15 1.6X3 1.685 133 k|
74 3152 3052 002 T02 F10 0 1664 1.663 081 181
9 3.099 3099 210 012 18 1647 1.648 181 180
=24 3.073 3072 02 212 4 1.630 1.629 T24 123
40 3.027 3027 221 121 3 1.609 1.608 163 362
2280 3000 008 7122 221 =16 1573 1.573 181 182
100 2946 2947 131 Ta2 1.548 271 173
S0 2867 2866 022 T2 4 1.546 1545 353072 350.273
8 2.798 2798 202 200 1.536 024 324
4 2.704 2704 T32 231 2 1.535 1.535 381 181
il 2,600 2600 032 332 1.532 182 781
4 2.530 2531 150 051 6 1.520 1.520 351 T54
1 2461 2460 211 T13 1.516 280 082
1 2.390 2390 232 230 14 1.514 1.514 J42 42
12 2338 2338 240 042 1.513 082 382
1 2.29% 2209 060 060 3 1.504 1.503 130 034
=36 2.272 2272 301 102 1.491 034 T34
# 3R 2.252 2251 T03 302 8 1490 ].489 091 TYl
2242 311112 ;5 1468 1468 782 280
74 2.241 2240 151 152 7 1.445 1444 440 044
2 2191 2.189 32 333 5 1.423 1.422 163 364
2162 160 06l 3 1.421 1420 281 T83
12 2.160) 2160 061 161 4 1.400 1.399 To4 400
12 213 2134 251 151 6 1.393 1.392 T4 410
9 2.078 2076 052 313 1.378 450 054
15 2.047 2047 323 321 10 1.376 1.375 72 374
2024 241 743 3 1.356 1355 164373 363370
2 2022 2019 142 243 4 1.345 1.344 501 104
=11 1.972 1972 161 162 7 1.339 1339 TI01334 1100430
7 1.951 1951 332 231 2 1.326 1.325 T15 514
* 1] 1.943 1943 733 331
1925 330 033
1 1.923 1920 202 Jod4

Bruker DS Advance powder diffractometer using Co rudiation (.8 CoKa; = 178892 A). External Si standard with variable divergence and
antiscattering slits. Sample mun from 2 to 86720 with a step size of 0.01° and a time per step of 5 s *: Lines used for unit-cell relinement.
Indexed on a 6.818(2). b 13.7942), ¢ 6.756(2) A, 111.1002)° for space group P2, /m). ' = P2, /e monodlinic indexing of Whitlield ef al.
(2007); indexed on a 6.756(3). b 13.794(2). ¢ 7.680(3) A, f# 124.07(3)".
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¢ 6.756(2) A, £ 111.10(2)" and possible space group P2,/n.
The cell volume is 592.8(2) A* and Z = 4.

Jadarite “crystals™ are much too small to even attempt
single-crystal studies by classical methods. Hence, the X-
ray powder-diffraction data collected on the Bruker diffrac-
tometer was run through a series of auto-indexing programs
which collectively constitute the CRYSFIRE suite (Shirley,
2002). A possible primitive monoclinic cell with a high
Figure of Merit (FOM) was encountered using Dicvol91
(Boultif & Louér, 1991); this potential cell indexed all the
observed reflections and, in addition, had a unit-cell vol-
ume (592 A%) appreciably lower than any of the other
potential candidates. Subsequently, pure jadarite material
was selected for TEM electron-difftaction studies using
selected-area (SAED) and convergent-beam (CBED) tech-
niques by one of us (GJICC) Three different zones were ex-
amined and a primitive unit-cell volume of approximately
576 A% was determined from various convergent beam pat-
terns on two different zones using the method of LePage
& Downham (1991). This CBED-determined cell volume
is consistent with that calculated by the Dicvol91 auto-
indexing program and strongly supports our assignment of
the primitive monoclinic cell.

Additional pure material was given to one of us (PSW)
who has successfully determined the structure of jadarite
by indexing, simulated annealing and Rietveld refinement
of data from a separate capillary sample on a CuKa
Bruker D8 diffractometer. The jadarite structure was re-
fined in monoclinic P2,/c with @ 6.7620(1). b 13.8016(3).
¢ 7.6878(2) A, g 124.0894(9)° (Whitfield er al., 2007)),
which is the Parthé convention setting of the P2,/n cell.
Details of the structure have been published clsewhere and
are illustrated in Fig. 4. The structure contains a layer of
comer-sharing. tetrahedrally coordinated Li, Si. B which
form an unbranched vierer single layer that is. in turn. dec-
orated with triangular BOs groups. The Na atom is situ-
ated between the tetrahedral layers in a distorted octahedral
site. Re-indexing of the powder data in Table 2 has led to
the following refined unit-cell paramelters [or space group
P2 /e a6.756(3). b 13.794(2), ¢ 7.680(3) A. 5 124.07(3) .
V 592.9(4) A? with Z = 4. The usc of the Parthé cell with
the ¢ glide plane as opposed to the cell metric with the
n glide plane simplified the description of the jadarite crys-
tal structure. The P2, /c is changed to the P2, /n setting by
applying the matrix transformation (101, 010, 100) to the
P2/ccell.

Transmission Electron Microscopy

Specimens were prepared by grinding a small piece of the
mineral to form a fine powder, which was then supported
on a holey carbon film. Individual crystallites were selected
to be tilted onto a prominent zone axis and diffraction pat-
terns were recorded using both selected-area diffraction
and convergent beam micro-diffraction. A polycrystalline
gold specimen was used to calibrate the microscope in
diffraction mode. This should result in d-spacing errors to
be no worse than 1 ~ 2 %. The errors in angles are esli-
mated to be good o +/ — | degree.

Fig. 4. View of the P2,/c jadarite structure along the 010 plane.
showing the borosilicate layers bound together with the triangular
coordinated BO« and octahedral NaOg. Although not easily visible.
the hydrogen is bound to one of the oxygen atoms at the apex of the
BO. groups.

The mineral was fairly resistant to the 200 kV electron
beam. as long as a high beam intensity was not used. Above
a critical beam intensity. typically with the beam focused
Lo a fine spot, the mineral quickly became amorphous and
hole drilling occurred.

Discussion

Sodium-lithium borosilicate-glass frits are used in nuclear-
industry vitrification  processes  for  high-level  waste
(Roderick er al., 2000). The relationship of jadarite to these
(if any) is not clear at present. However, jadarite may well
be one of the decomposition products of such glass frits on
devitrification and hydration.
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