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Abstract

Three oxide minerals belonging to the columbite group, including columbite—(Mn) (MnNb,Oy), columbite—(Fe) (FeNb,Oy),
and fersmite (CaNb,Oy), were found in specimens from gem placers in Ratnapura district, Sri Lanka. We present results
of chemical, structural and spectroscopic analyses, including the first Raman spectrum for natural fersmite. For colum-
bite—<(Mn) and columbite—(Fe), analytical results obtained before and after dry annealing in air indicate low degrees of
accumulated self-irradiation damage, which corresponds well with low actinide concentrations.

Keywords Columbite—(Mn) - Columbite—(Fe) - Fersmite - EPMA chemical analysis - Single-crystal X-ray diffraction -

Raman spectroscopy

Introduction

The minerals columbite—(Mn), MnNb,Oy, columbite—(Fe),
FeNb,Oy, and fersmite, CaNb,Oy, are orthorhombic (space
group Pbcn; Hess and Trumpour 1959; Wenger et al. 1991;
Tarantino and Zema 2005). They are members of the colum-
bite group, which in turn belongs to the columbite super-
group (Chukanov et al. 2023). Columbite—(Fe) forms a solid
solution with columbite—(Mn). The latter has wide Nb-Ta
miscibility and forms a solid solution with tantalite—(Mn),
MnTa,Oq (Ercit et al. 1995). In contrast, there is no com-
plete solid solution with, but an extended two-phase region
towards FeTa,O,, which prefers the tetragonal trirutile (tap-
iolite) structure (Cerny et al. 1992; Ercit et al. 1995). The
columbite structure can—greatly simplified— be derived from
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the ixiolite-type unit cell [(A,B)O,] by triplication along the
a axis resulting from cation ordering [AB,O¢] (Chukanov
et al. 2023). Among columbite-group minerals, a structural
peculiarity of fersmite is that the A site, occupied by the
comparably large Ca®", is 8-coordinated, whereas Mn*" in
columbite—(Mn) and Fe’" in columbite—(Fe) are sixfold
coordinated. Fersmite is dimorphous with the aeschynite-
group mineral vigezzite, CaNb,O4, whose structure has
been described in the orthorhombic space group Pnmb
(Giuseppetti and Tadini 1990).

Prior to the introduction and international acceptance
of suffix terminology for minerals that are group members
(Burke 2008), columbite—(Mn) was named manganocolum-
bite and columbite—(Fe) was named ferrocolumbite, refer-
ring to the dominating A-site cation and the relationship
to other mineral species of the columbite group. The term
columbite, in turn, goes back to “columbium”, an ancient
name for the element Nb (named by Hatchett 1802; after
the discoverer of America, Christophorus Columbus).
Columbite-group minerals typically occur in—often highly
fractionated—granites and granitic pegmatites (Kristiansen
1994; Baumgartner et al. 2006; Linnen et al. 2012; Melcher
et al. 2015; Feng et al. 2020).

The discovery of Sri Lankan columbite—«(Mn) actu-
ally goes back to the 1990s, when a dark pebble (ca. 32 g;
2.8x2.3x1.6 cm®) was found in the heavy-mineral frac-
tion—often referred to as “katta”— derived from an eluvial
gem mine in the Karapincha-Paradise area in Kuruwita,
located about 9 km north-northwest of Ratnapura. The
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specimen (Fig. la) had a water-worn shape. Initially the
pebble was believed to consist of thorianite. It was sent by
the owner for identification to the Department of Geology
and Geophysics, Rice University, Houston, Texas. There it
was subjected to chemical analysis using a CAMECA SX50
instrument (15 kV; 15 nA). Complete analytical details
cannot be retraced anymore. In the mineral identification
report (issued on 2 November 1998 by electron microprobe
technician Milton L. Pierson), the mineral was identified
as “mildly radioactive manganocolumbite”. Also, it was
stated that observation under the optical microscope did not
reveal any inclusions or features that would indicate a syn-
thetic origin for the stone. The report, however, remained
undisclosed to the public. In the meantime, the sample was
cut into three pieces that were then ground and polished as
gemmy cabochons (Fig. 1b).

Much more recently, in 2021, another pebble of similar
appearance (Fig. 1¢) was collected from “katta” in a placer
gem mine in Dodampe, 9 km northwest of Ratnapura. This
dark grey to black sample had an irregular to rounded shape
and weighed about 11 g (2.8x2.0x0.5 cm® size). Prelimi-
nary spectroscopic analyses indicated a columbite-group
mineral as well.

To the best of our knowledge, there is no mention in the
literature or on the internet of any occurrence of columbite-
group minerals in Sri Lanka. We have therefore revisited the
Kuruwita specimen, and also included the Dodampe peb-
ble, in a combined electron probe micro-analyser (EPMA),
single-crystal X-ray diffraction and Raman spectroscopic
study. Results are presented in the present brief report.

Materials and methods

From both samples under investigation, large specimens
(one cabochon made from the Kuruwita specimen, and the
initial Dodampe specimen) were provided to us on loan by
the owners, for taking photographs and determination of the

specific gravity (SG). This parameter was measured hydro-
statically, by weighing samples in distilled water (to reduce
surface tension, a drop of detergent was added) and in air.
The procedure was repeated three times.

In addition, we received a few large fragments (several
mm size) per sample for analysis. To reconstitute struc-
tural disturbance— possibly due to primary incorporation
of non-formula constituents, primary cation disorder, and/
or secondary self-irradiation damage— two small chips of
each sample were subjected to annealing in air at 1100 °C
for 48 h (for further details of the procedure see Erlacher et
al. 2021). Both un-annealed and annealed chips were then
embedded in araldite epoxy, with random orientation, and
ground and polished to reveal internal features. Prior to
back-scattered electron (BSE) imaging and EPMA chemi-
cal analysis, the sample mount was coated with carbon for
electric conductivity.

Reflected-light images of polished grains were taken
using a Keyence VHX-7100 digital microscope. Back-
scattered electron images of un-annealed fragments were
obtained in a Tescan Vega 4 scanning electron microscope
(SEM), at 15 kV and 10 nA. With the same SEM, qualitative
X-ray element-distribution maps were obtained at 20 kV
and 6 nA, using an Oxford instruments Xplore30 energy-
dispersive detector.

Chemical analyses by means of wavelength-dispersive
X-ray spectrometry were conducted using a CAMECA
SX100 EPMA. The system was operated at 15 kV and
20 nA, and the focal-spot diameter of the electron beam
was 5 um. Synthetic and natural reference materials used
for calibration included the following (analysed X-ray lines
and peak counting times are quoted in brackets; background
counting times were half of the respective peak counting
time): topaz (FKa; 40 s), albite (NaKa; 20 s), Mg,SiO,
(MgKa; 40 s), almandine (AlKa and SiKa; 40 s); wollaston-
ite (CaKa; 20 s), anatase (TiKo; 20 s), ScVO, (ScKa; 40 s),
Mn,SiO, (MnKa; 20 s), columbite—(Fe) from Ivigtut (FeKa
and NbLa; 20 s), gahnite (ZnKa; 40 s), YAG (YLa; 40 s),

Fig. 1 (a) This low-quality image was scanned from the 1998 report
of Rice University. It is the only still available picture of the original
Kuruwita specimen (largest dimension 2.8 cm). (b) Two photographs
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showing the polished front and the unpolished rear side of one of the
cabochons (ca. 11 ct) produced from the Kuruwita specimen. (¢) Pho-
tograph of the original Dodampe specimen
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zircon (ZrLa; 40 s), Sn metal (SnLa; 40 s), Sb metal (SbL;
40 s), CrTa,O4 (TaMa; 20 s), CaWO, (WLa; 40 s), anglesite
(PbMa; 40 s), Bi metal (BiMB; 40 s), ThO, (ThMa; 40 s) and
U metal (UMP; 40 s). Matrix correction was made using the
XPhi routine (Merlet 1994), and detection limits (Table 1)
were calculated using the Peaksight software provided by
CAMECA, which is based on Ziebold (1967). For further
EPMA experimental details, readers are referred to Loun et
al. (2018).

Unit-cell parameters of un-annealed and annealed colum-
bite—(Mn) and columbite—(Fe) were determined at 23 °C
on a Nonius KappaCCD single-crystal X-ray diffractom-
eter with charge-coupled device (CCD) area detector using
graphite-monochromatised MoKa radiation. The data were
extracted from full-sphere data collections up to 80° 20, and
refined using the program DENZO-SMN (Nonius 1998).

Raman spectra (un-annealed and annealed chips) and
hyperspectral Raman maps [un-annealed chips of colum-
bite—(Fe) only] were obtained using a Horiba LabRAM
HR Evolution spectrometer equipped with Olympus BX-
series microscope, a grating with 1800 grooves per mm in
the optical pathway, Peltier-cooled CCD detector and soft-
ware-controlled x-y(-z) sample stage. Spectra were excited
with the 632.8 nm emission of a He-Ne laser (10 mW at
the sample surface). The laser light was focused, and the
scattered light was collected, with a 50x objective (numeri-
cal aperture 0.55). A 100x objective was not used, in order
to decrease the laser-power density across the focal-spot
area (to avoid thermal decomposition of the analysed area)
without the need to decrease the absolute laser power. The
Rayleigh line was used to do wavenumber calibration. The

spectral resolution was ca. 0.8 cm™'. For further details see
Zeug et al. (2018).

Results and discussion
General characterisation

Specific gravities of the natural samples, herein reported
as mass densities, were determined at 6.00 + 0.01 g/cm?
(Kuruwita specimen) and 6.22 + 0.01 g/cm® (Dodampe
specimen). Reflected-light and BSE images are presented
in Fig. 2. The Kuruwita sample (Fig. 2a) appears widely
homogeneous. The Dodampe specimen (Fig. 2b—d), in con-
trast, shows distinct zoning and heterogeneity. Some grains
consist of two domains that differ significantly in terms of
their BSE intensity; both of them show notable internal
zoning. In contrast to the Kuruwita sample, the Dodampe
specimen is intergrown with porous patches of another min-
eral (which is identified as the columbite-group mineral
fersmite; see below). Also, the Dodampe specimen is fairly
rich in small inclusions and voids. Inclusions, identified by
Raman spectroscopy, are predominantly rutile and rarely
idiomorphic zircon.

Chemical composition
Results of EPMA chemical analyses are presented in

Table 1. The Kuruwita sample is columbite—(Mn) with the
mean chemical formula:

Table 1 Mean chemical compositions (EPMA results; wt%) of the three columbite-group minerals

Kuruwita sample: Dodampe sample:

Detection limit

Columbite—(Mn) Columbite—(Fe) (bright BSE) Columbite—(Fe) (dark BSE) Fersmite

Constituent* (n=8) (n=11) (n=6) (n=2)

F bdl bdl bdl 0.37+0.01 0.05
MgO bdl bdl 0.10+0.04 bdl 0.03
SiO, bdl bdl bdl 0.38 +£0.04 0.07
CaO bdl bdl bdl 13.43+0.13 0.05
TiO, 0.87+0.02 0.92 +£0.09 1.78 £ 0.48 1.31+£0.06 0.07
MnO 13.64+0.10 6.97+0.13 6.57+1.28 0.50 +0.23 0.06
FeO 4.53+0.04 10.81 +£0.29 12.08 +1.14 0.36 =0.07 0.07
Zr0, 0.23 +0.03 0.30 +0.05 0.15+0.09 0.23+0.04 0.12
Nb,Os 49.64 +0.13 42.81 £3.52 51.22+21.87 36.57+0.28 0.14
Ta,05 30.20+0.24 37.90+3.52 2791+ 1.47 4428 +0.17 0.11
WO, 0.31+0.18 bdl bdl bdl 0.16
uo, 0.29+0.12 bdl bdl bdl 0.24
Total 99.75 99.82 99.95 97.59

Notes: All errors are quoted at the 2s level. Na (0.05), Al (0.03), Sc (0.06), Zn (0.14), Y (0.09), Sn (0.08), Sb (0.27), Bi (0.18) and Th (0.12) were
analysed as well and yielded means below the respective detection limit (values in brackets; in wt%) in all phases. BSE images with EPMA

analysis points are provided in the ESM
* Total Mn is quoted as MnO and total Fe is quoted as FeO
bdl=mean below the respective EPMA detection limit
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Fig. 2 Reflected light (RL) and BSE photomicrographs of polished
grains of the two samples. (a) The Kuruwita sample yielded fairly uni-
form BSE intensity. (b) In reflected light, this grain of the Dodampe
sample shows irregular patches of a lower-reflectance Ca-Nb phase
(arrow) and numerous tiny inclusions and pores. The apparently
homogeneous host phase reveals strong zoning when observed in BSE
mode. Note that both the upper left, bright-BSE domain (showing
straight growth banding) and the lower right, dark-BSE domain (show-
ing rather complex zoning) are columbite—(Fe). (¢) Pair of images of

(Mng,74Feq.24Z10.01) (Nb1.43Ta0.52Ti0.04) Og

(calculated based on the assumption of 6 O atoms per for-
mula unit). Variations among individual analysis results are
small (Fig. 3), supporting the material’s homogeneity. In
accordance to its heterogeneous appearance, the Dodampe
sample yielded varying chemical compositions; neverthe-
less both of the major domains belong to columbite—(Fe)
(see also Fig. 3):

(Feo.60Mng.39Zr0.01) (Nby.27Tag 68 Tio.05) O (bright - BSE domain)
(Fel).(i:{h'llll),ZSSZr().[)lhlg(].()l) (Nb1.45Tao.4stiu.()x) Os (d'dl'k - BSE dOIﬂ‘diH)-
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another bright-BSE columbite—(Fe) grain from Dodampe containing
a large bunch of irregularly shaped patches of the (strongly porous)
Ca-Nb phase. (d) BSE image of another columbite—(Fe) grain from
Dodampe, revealing complex internal zoning and heterogeneity, and
the extensive presence of inclusions and pores (both are seen as black
patches). Samples shown in a and b were analysed by EPMA; images
with marked locations of analysis spots are provided in the electronic
supplementary material (ESM)

Bright- and dark-BSE domains differ predominantly in their
Nb/Ta ratios (Fig. 3). Zoning within the dark-BSE domain
is driven by variable Mn/Fe ratios whereas the bright-BSE
domain is fairly uniform in Mn/Fe but has significant vari-
ation in Nb/Ta that correlate with the BSE intensity. The
latter observation explains BSE differences as Z (average
atomic number) contrast (compare Hall and Lloyd 1981):
Elevated amounts of Ta accompanied by lower amounts of
Nb lead to higher Z and, with that, increased ) (back-scatter
coefficient; fraction of primary electrons that are deflected
through an angle of >90°) due to the higher number of
charge carriers of higher-Z elements (Donovan et al. 2003).

Mulja et al. (1996) found that in pegmatitic columbite-
group species, Ta/(Ta+Nb) and Mn/(Mn+Fe) correlate
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Fig. 3 Compositions of the Kuruwita and Dodample specimens. Blue,
columbite—(Mn) (n=38); dark red, dark-BSE columbite—(Fe) (n=6);
bright red, bright-BSE columbite—(Fe) (n=11)

Table 2 Unit-cell parameters (determined by single-crystal X-ray dif-
fraction)

Sample a(A) b (A) c(A) vV (A%
Columbite—(Mn) 14.292(4) 5.749(2) 5.136(1) 421.93(24)
Columbite—(Mn); 14.388(3) 5.755(1) 5.083(1) 420.92(15)
annealed

Columbite—(Fe) 14.297(3) 5.740(1) 5.094(1) 418.09(21)
Columbite—(Fe); 14.292(3) 5.736(1) 5.066(1) 415.34(15)

annealed
Note: Errors are quoted at the 2s level

positively with the degree of pegmatite evolution. However,
pegmatitic evolution does not seem to be the only feature in
control of the chemical composition of columbite—(Fe): In
the Dodampe sample, the highest-Ta growth zone (bright-
est-BSE zone in Fig. 2b) is sandwiched between lower-Ta
growth zones, and these are discordantly overgrown by a
low-BSE domain with even lower Ta/(Ta+Nb).

Single-crystal X-ray diffraction studies of Mn-Fe
columbites

Single-crystal X-ray analyses of un-annealed and annealed
chips of the two samples validated the orthorhombic space
group Pbcn. Unit-cell parameters are listed in Table 2.
Both samples experienced comparably moderate, anneal-
ing-induced volume shrinking of the unit cell, with some-
what deviating trends that nevertheless correspond well
with earlier observations (Fig. 4; Ercit et al. 1995; Mulja
et al. 1996; Balassone et al. 2015). The size of unit cell of

5.05

14.30
a [A]

Fig. 4 Plot of unit-cell parameters ¢ versus a. (redrawn after Ercit
et al. 1995), visualising parameter changes upon annealing-induced
cation ordering. The dashed line at the top represents the anticipated
upper limit for (fully) disordered samples, and dotted lines represent
heating paths for unheated and heated pairs, with unheated samples
plotting at the upper left end of each path and heated samples at the
lower right end (both from Ercit et al. 1995). Blue circles, columbite—
(Mn) from Kuruwita; red circles, columbite—(Fe) from Dodampe. Full
circles, natural samples; open circles, annealed samples. Analogously
coloured diamond symbols represent unit-cell parameters of synthetic,
fully ordered end-members (Tealdi et al. 2004)

columbite—(Mn) was reduced by only 0.24 vol%, caused by
expansion along ¢ and contraction along @ (with insignifi-
cant change of parameter b). The unit cell of columbite—(Fe)
shrank by 0.66 vol%, mainly because of reduction along c.
For both samples, the decidedly minor volume decrease
upon annealing indicates that (i) samples were affected by
moderate (primary) cation disorder and (ii) specimens had
stored, if at all, only minor amounts of radiation damage.
This is also supported by the observation of fairly sharp
X-ray diffraction maxima. The more significant ¢ versus a
change of the columbite—(Mn) (Fig. 4) points to a higher
extent of initial cation disorder (that is, Mn at the Nb site
and vice versa) in this sample (compare Ercit et al. 1995;
Balassone et al. 2015).

Raman spectroscopy of Mn-Fe columbites

Raman spectra of columbite—(Mn) and columbite—(Fe)
are presented in Fig. 5. The general fingerprints are simi-
lar to each other — both are dominated by a main band at
around 877 cm ' and correspond reasonably well with
published spectra of natural “manganocolumbite” (Moreira
et al. 2010a), synthetic MnNb,O4 (Husson et al. 1977a) and
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Fig. 5 Raman spectra of the three columbite-group minerals. For
columbite—(Mn) and columbite—(Fe), a spectrum after annealing at
1100 °C (dotted, grey) is shown in addition. Spectra are shown with
vertical offset for clarity. Note that differences in relative band intensi-
ties are due to random sample orientations with respect to laser-light
polarisation

synthetic FeNb,O, (Kumari et al. 2014), respectively. How-
ever, whereas the columbite—(Mn) yielded widely uniform
spectra, the Raman spectra obtained from columbite—(Fe)
showed moderate differences in band position and broaden-
ing. This observation seems to correspond to the observation
of nearly uniform BSE of columbite—(Mn) but heteroge-
neous BSE of columbite—(Fe), and to the more extensive
chemical variations of the latter (Table 1).

The main Raman band of columbite—(Mn) was described
to have a Raman shift of ca. 880 cm™! (877 cm ! according
to Husson et al. 1977a; and 882 cm! according to Moreira
et al. 2010a). It is relatively narrow with a full width at half
maximum (FWHM) of ca. 12 cm ™' (Moreira et al. 2010a).
This band is assigned to symmetric stretching vibrations
(4, mode) of NbO, polyhedrons (Husson et al. 1977b). In a
study of variably radiation-damaged columbite—(Mn) from
rare-metal pegmatites in Xinjiang, China, Hao et al. (2023)
found that at elevated stages of radiation-damage accu-
mulation, the main A, band of this mineral shifts down to
<855 cm™! and broadens considerably (FWHM>50 cm™).

@ Springer

We obtained the main Raman band of the Kuruwita colum-
bite—(Mn) at 871 cm™' (FWHM 22 cm™!). In spite of poten-
tially significant effects of the chemical composition on
Raman spectra (especially “chemical band broadening”;
see for instance Ruschel et al. 2012), our spectrum points
to rather moderate structural disorder and hence a fairly
low degree of radiation damage, thus supporting the single-
crystal X-ray results. This is also confirmed by the observa-
tion of moderate sharpening of the Raman spectrum upon
annealing/heating; the main 4, band is now at 830 cm!
(FWHM 11 cm™). In addition, it needs to be considered that
not all structural disorder in the un-annealed sample can be
assigned to radiation damage. It is well known that cation
disorder (which is also reduced or even eliminated upon
annealing at 950-1000 °C or above; dos Santos et al. 2001)
may affect notably the unit-cell parameters of columbite-
group minerals (Ercit et al. 1995; Balassone et al. 2015).
Analogous effects of cation order/disorder on the Raman
spectrum of columbite-group minerals have, to the best of
our knowledge, not been studied thus far.

We are not aware of any detailed Raman study of colum-
bite—(Fe), therefore we merely present our spectroscopic
results without the option to discuss them considering the
literature. For columbite—(Fe), we observed the main band
at 869-872 cm™! (FWHM 22-25 cm™") before and 878 cm™
(FWHM 17 cm™) after annealing. The significantly lower
difference between data for un-annealed sample and its
annealed counterpart, compared to that of the Kuruwita
sample, indicate an even lower degree of structural distur-
bance (primary cation disorder and/or secondary radiation
damage) in the Dodampe sample, which is also supported
by particularly low U and Th contents below the EPMA
detection limits (Table 1). It is interesting to note that the
larger FWHM observed after annealing seems to indicate
more extensive “chemical band broadening” (Ruschel et al.
2012), compared to the columbite—(Mn) sample, in spite
of rather similar contents of non-formula elements. On
the other hand, the observation may also be caused by the
annealed chip’s random orientation in the mount: Moreira
et al. (2010a) found the FWHM of the main Raman band
to depend notably on crystal orientation with respect to
the polarisation of the laser beam. A detailed explanation
of the (apparent or actual?) higher FWHM of the annealed
Dodampe columbite—(Fe) cannot be given at the present
state.

The discovery of fersmite

Few EPMA analyses of the patchy phase within the
Dodampe columbite—(Fe) (Table 1) yielded a Ca-Nb oxide
[approximately (Cay 9sMny 3Fe€) 02210 01) (Nby 19Tag0) Og
with traces of Si and F]. The chemical composition appears
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Fig. 6 Distribution of fersmite in columbite—(Fe) from Dodampe. (a)
Detail enlargement of the BSE image shown in Fig. 2b. The red rect-
angle marks the area subjected to mappings. (b) Array of Raman and
three X-ray maps. The hyperspectral Raman map (291 x 185=53835
analyses; step width 1.5 um) shows colour-coded the 904 cm™ /
871 cm™' band intensity ratio. Red (>1)="fersmite; blue (<1)=host
columbite—(Fe)

to correspond to that of the dimorphous CaNb,O4 miner-
als fersmite and vigezzite. This porous phase (Fig. 2c)
emanates from fractures in the columbite—(Fe) (Fig. 6). It
therefore seems to be the product of (Fe, Mn) — Ca replace-
ment upon secondary, fluid driven alteration of the primary
host columbite—(Fe).

The Raman spectrum of the CaNb,Og4 phase it shown
in Fig. 5. It is similar to the principal band patterns of
columbite—(Mn) and columbite—(Fe), with somewhat
higher Raman shifts; the comparably narrow (FWHM
10 cm™) main band lies at 904 cm™'. Identification of
this spectrum was not straightforward, as it does not
match with the reference spectra of both of the dimor-
phous CaNb,O4 minerals (fersmite and vigezzite) in the
RRUFF database (https://rruff.info/; accessed 08 Novem-
ber 2024). However, we found that the RRUFF entry for
fersmite (file R060717 containing the remark “identifica-
tion of this mineral is not yet confirmed”) is incorrect;
it rather seems to belong to a Mn-Fe columbite. Our
spectrum (Fig. 5) corresponds to published Raman spec-
tra of the synthetic analogue of fersmite, that is, Pbcn-
structured CaNb,O4 (Husson et al. 1977a; Moreira et al.
2010b), allowing us to identify the Ca-Nb phase inside
the Dodampe columbite—(Fe) as the columbite-group
mineral fersmite.

Conclusions

Dark heavy minerals recovered as by-products in Sri
Lankan gem mines do not receive much attention. The
present and other recent studies of such species has led to
the discovery of minerals from Sri Lanka that either were
merely mentioned in earlier publications but have never
been properly studied (Prame et al. 2014; Erlacher et al.
2021; Nasdala et al. 2023), or minerals that were fully
unknown thus far to occur in Sri Lanka (present study). It
appears most worthwhile to subject especially the heavy-
mineral fraction in “katta”, but also similar species
originating from pegmatites and other primary sources,
to more detailed investigation. A project addressing this
topic will be undertaken during the next four years, as
co-operation between University of Vienna, Austria, and
the Geological Survey and Mines Bureau, Sri Jayawarde-
nepura Kotte, Sri Lanka.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00710-0
25-00936-y.
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