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Electron microprobe analyses of mineral samples from archival drilling cores from the Stara Kamienica schist belt, Western
Sudetes, were applied to help interpret cassiterite-sulphide mineralization known for centuries, but still of unclear origin. The
new data, including EMPA U-Th-total Pb dating of uraninites coeval with cassiterite-sulphide mineralization, help inform dis-
cussion of the genesis of this tin mineralization. The uraninites analyzed, scattered within micas in the schists, have homoge-
neous internal structure without any cracks and clear grain edges, which may indicate their hydrothermal origin. Results of
uraninite dating indicate two age ranges: approximately 300—-310 and 345-360 Ma, which may suggest crystallization of the
cassiterite-sulphide mineralization during hydrothermal metasomatic processes related, respectively, to regional metamor-

phism and the final emplacement of the Karkonosze granitoid intrusion.
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INTRODUCTION

Stara Kamienica schist belt in the West Sudetes, Poland,
part of the Karkonosze-Izera metamorphic unit, is built mainly of
quartz-chlorite-mica schist within which cassiterite with accom-
panying sulphide mineralization has been recognized
(Michniewicz et al., 2006). The study area saw tin ore mining
activity from the beginning of 16" century, while in the middle of
20" century two deposits of tin ore (Krobica and Gierczyn) were
documented within it and a number of prospective areas were
noted (e.g., Krobica Zachdd — Czerniawa and Przecznica;
Matek et al., 2019, with references therein).

Discussions continue about the genesis and source of min-
eralization contained in the Stara Kamienica schist belt. Elec-
tron microprobe analysis (EMPA) U-Th-total Pb dating of ac-
cessory uraninites, occurring in association with ore minerals,
has the potential to provide new data. U-Pb dating (Parrish,
1990) by EMPA can precisely date monazite
[(Ce,La,Nd,Th)PQ,] (e.g., Suzuki and Adachi, 1991a, b; Montel
etal., 1996; Cocherie et al., 1998) and also uraninite [UO;], and
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xenotime [YPQO,] (e.g., Cross et al., 2011; Ozha et al., 2017;
Griffin et al., 2020).

The age is determined by measuring U, Th, and Pb, assum-
ing that there is negligible common lead, that the isotopes of U
are present in their crustal abundances, and that elemental
concentrations have not been significantly modified by subse-
quent mass transfer (Montel et al., 1996; Cocherie et al., 1998).
This method determines the approximate age of a given grain
based on a mathematical calculation involving the UO,, ThO,
and PbO content ratios (in weight %) measured with a Cameca
SX-100 electron microprobe (Kusiak, 2007). Radiogenic Pb ac-
cumulates in uraninite and other minerals with significant Th
and/or U (e.g., thorite, monazite, xenotime).

The analysis of Th, U, and Pb in monazite by EMPA in-
volves two equally critical aspects: (a) obtaining adequate pre-
cision (sufficient counts) to achieve acceptable detection limits
and errors relative to the questions being asked and (b) obtain-
ing accurate concentrations. The first point is primarily a func-
tion of counting parameters (intensity, total acquisition time per
point, and total number of points in the analysis). The second
point is far more difficult to evaluate and is a function of many
possible analytical effects (Jercinovic and Williams, 2005; Pyle
et al., 2005; Williams et al., 2007).

EMPA dating consists of analysing multiple spots within ho-
mogeneous age domains that show sufficient compositional
variation, and then these data are used to construct a “‘pseudo-
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isochron” from which an age can be obtained via regression.
This method has the potential advantage of adequate preci-
sion, and the ability to work with minerals that have a significant
initial common Pb component. This technique can identify two
or more homogeneous domains that are separated by age
gaps smaller than the error on individual spot age analyses
(Suzuki and Kato, 2008). EMPA dating method can produce
accurate and moderately precise ages of mineral growth. It has
the advantages of being non-destructive, of high spatial resolu-
tion, achievable with widely available electron microprobe in-
struments, and is workable on minerals with less-radiogenic (or
initial) Pb contents (Suzuki and Dunkley, 2015).

The aim of using EMPA U-Th-total Pb dating method was
to determine the age of accessory uraninite within the Stara
Kamienica mica schist. The uranium mineralization within the
northern cover of the Karkonosze Granite, including schists of
the Stara Kamienica belt, has been studied by many research-
ers. Most of them attribute the formation of the uranium miner-
als to metasomatic and hydrothermal activity related to granite
intrusions and regional metamorphism (e.g., Mochnacka and
Banas, 2000 with references therein). Any new data related to
the ages of hydrothermal uranium minerals from this area could
help determine the origin, processes and geological history of
the cassiterite-sulphide mineralization within the Stara
Kamienica schist belt.

GEOLOGICAL SETTING

The West Sudetes constitute the northernmost, exposed
region of the Bohemian Massif's Saxothuringian zone (Franke
and Zelazniewicz, 2000; Konopasek et al., 2019). The southern
part of the Western Sudetes is the Karkonosze-lzera Massif,
the core of which is a granitoid complex (the protolith is early
Paleozoic in age, Borkowska et al., 1980; Kroner et al., 2001)
surrounded by metamorphosed sedimentary and volcanic
rocks (Kryza et al., 1995, 2007; Winchester et al., 1995, 2003;
Zackova et al., 2012). The geotectonic development of the area
began with the subduction of the Saxothuringian Ocean, ac-
companied by the development of high-pressure mineral asso-
ciations within both mafic and felsite rocks (Kryza et al., 1990;
Smulikowski, 1995; Zatkova et al., 2010; Majka et al., 2016).
The later stages of the region’s evolution consist of the uplift of
high-pressure subduction rocks, their extensive retrogression
in greenschist facies conditions, and post-metamorphic folding
of the rocks of the entire complex. Subsequently, around
320-312 Ma, the Karkonosze plutonic complex intruded into
the Karkonosze-lzera massif (Machowiak and Armstrong,
2007; Kryza et al., 2014; Mikulski et al., 2020).

The Karkonosze granitoid intrusion, stretching for ~70 km in
an E-W direction, is the central part of the Karkonosze-Izera
metamorphic unit, which separates the metamorphic forma-
tions into two units: the Izera metamorphic unit (northern cover
of the Karkonosze granite) and the eastern-southern
Karkonosze metamorphic unit (Smulikowski, 1972). The Izera
Metamorphic unit consists of two main rock complexes. The
first of these, predominating in terms of area, comprises the the
pre-Variscan lzera granites, gneisses and granite-gneisses.
The second complex consists of lithologically diverse schists,
whose dominant components are quartz, micas and chlorites
with variable quantitative relations. Within the gneiss-granitoid
complex, the schists form five relatively narrow, E-W-aligned
belts (Fig. 1; Oberc, 1961; Michniewicz et al., 2006). From
south to north they are: the Szklarska Poreba schist belt, the
Stara Kamienica schist belt, the Mirsk schist belt, the
Jindfichovice schist belt and the Ztotniki Lubanskie schist belt.

The origin of the schist bodies of the Izera Metamorphic unit
is considered to be the result of supracrustal metamorphism
(Oberc, 1961; Oberc-Dziedzic, 1975), while in the case of the
gneiss-granite complex, there are three main ideas regarding
its origin. The first of these suggests a metamorphosed and
transformed set of infracrustal rocks (Borkowska et al., 1980),
the second one focuses on the granitization of the supracrustal
rocks, resulting in the transition from schist through gneisses
and granitogneisses to granitoid rocks (Oberc, 1961, 1972;
Oberc-Dziedzic, 1975). The third view interprets the genesis as
from coexistence of both developmental sequences described
above, with homogenization locally causing the blurring of origi-
nal differences between the supra- and intra-crustal rocks
(Koztowska-Koch, 1965; Smulikowski, 1972; Koztowski, 1974;
Zaba, 1984; Oberc-Dziedzic, 1988; Mazur and Aleksandrowski,
2001).

Itis inferred that the schist complex of the Karkonosze-lzera
massif is of Precambrian age, this inference being based on a
number of observations and geological premises (Michniewicz
etal., 2006). Rb-Sr dating of the Izera gneiss-granitoid complex
and also U-Pb and Pb-Pb dating of zircons indicates an age
range of 452-501 Ma, i.e the Late Cambrian—Late Ordovician
stratigraphic interval (Borkowska et al., 1980, Oliver et al., 1993;
Korytowski et al., 1993; Kroner et al., 1994).

The Stara Kamienica schists are fine-grained rocks with a
granolepidoblastic structure, light grey or silvery grey in colour
(often with a greenish tint), with clearly marked foliation and
lamination (Fig. 2). Their main mineral components are musco-
vite and quartz, which are present in all lithological varieties rec-
ognized. Chlorite and biotite occur less frequently and may oc-
cur together or interchangeably. Within this rock complex there
are levels with chloritoid and garnets, which often can play a sig-
nificant role in the mineral composition of the schists. A number
of schist accessory minerals have been recognized, including
albite, staurolite, gahnite, margarite, apatite, tourmaline, zircon,
monazite, xenotime, ilmenite and others (Michniewicz et al.,
2006, with references therein). Throughout the whole schist
succession, regardless of the lithological variety and mineral
proportions, lenses, boudins and quartz folds are observed.
Lamination in the schists is made of alternating quartz- and
mica-rich layers.

THE CASSITERITE-SULPHIDE MINERALIZATION

The main tin mineral of the Stara Kamienica schists is cas-
siterite (SnO;), that forms grains <0.1 mm across (i.e.
Haranczyk and Skiba, 1961; Kowalski et al., 1978;
Wiszniewska, 1984; Bobinski, 1997; Michniewicz at al., 2006;
Mikulski et al., 2018; Matek et al., 2019). It occurs as single
grains or larger clusters in association mainly with quartz and
chlorite, and slightly less frequently with sulphides, muscovite,
chloritoid and biotite (Fig. 3). Cassiterite occurs in the schists in
two varieties, brown and colourless, usually forming aggre-
gates, lamellar or irregular clusters and also as single crystals.
Grain clusters of cassiterite are arranged parallel to the foliation
of the schists, forming pseudo-laminae and lenses.
(Siemigtkowski, 1991; Michniewicz et al., 2006, with references
therein). The cassiterite is accompanied by ore minerals: mainly
sulphides, but also oxides, sulphur salts, arsenides and native
metals (e.g., native bismuth; Matek, 2022). The most common
forms of sulphide occurrence are layers consistent with the rock
foliation (thickness up to several mm), pseudo-layers com-
posed of speckled accumulations, massive clusters, impregna-
tions emphasizing the schist foliation and fine veins transverse
to it. In total, over 50 ore minerals have been recognized; most
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Fig. 1. Schist belts within the Izera Metamorphic Complex (after Michniewicz et al., 2006, modified)
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Fig. 2. Macroscopic view of the Stara Kamienica schists: chlorite (Chl) — biotite (Bt) — muscovite (Ms) — quartz (Qz) schists
with accessory garnet (Grt)
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Fig. 3. Optical microscope images of the Stara Kamienica schists with the characteristic cassiterite mineralization

Left — brown cassiterite (older, Cst |) replaced by colourless cassiterite (younger, Cst Il) within chlorite (Chl) — quartz (Qz) schists;
right — cassiterite (Cst Il) within a chlorite lamina

of them occur sporadically in small amounts and are of only ac-
ademic significance. The dominant ore minerals recognized
within the schists along the entire width examined of the Stara
Kamienica belt are pyrrhotite, chalcopyrite, pyrite, arsenopyrite,
sphalerite, galena, ilmenite, bismuthinite as well as native bis-
muth. The observations of many researchers indicate that the
sulphide and ore mineralization superimposed on pre-existing
cassiterite mineralization, but it is impossible to distinguish clear
genetic connections between the cassiterite and sulphide min-
eralization, which do not always coexist (Michniewicz et al.,
2006, with references therein).

Researchers do not agree on the origin of cassiterite-sul-
phide mineralization in the Stara Kamienica schists. We can cur-
rently distinguish four distinct groups of views on the origin of the
mineralization, each with their own arguments. The first is in fa-
vour of a syngenetic, sedimentary genesis of the cassiterite-sul-
phide mineralization, which underwent later metamorphism (i.e.
Jaskalski, 1960, 1963; Szatamacha, 1967, 1976). The second
group of views speaks of a pre-metamorphic (pre-Variscan) hy-
drothermal genesis related to an originally igneous complex of
the lzera gneisses (i.e., Haranczyk and Skiba, 1961;
Siemigtkowski, 1986, 1988, 1989; Michniewicz, 1988, 1996;
Cook and Dudek, 1994; Bobinski, 1997; Michniewicz et al.,
2006). The third theory presents arguments for the hydrother-
mal, post-metamorphic genesis of the mineralization, which is
temporally and spatially related to the Variscan intrusion of the
Karkonosze granitoid (i.e., Jaskolski and Mochnacka, 1959;
Kowalski et al., 1978; Koztowski, 1978; Karwowski and Wtodyka,
1981; Wiszniewska, 1983, 1984; Speczik and Wiszniewska,
1984; Berendsen et al., 1987; Piestrzynski et al., 1992; Kucha
and Mochnacka, 1998). Fourthly, Mikulski et al. (2007), in rela-
tion to the As mineralization at Czarnéw, which is part of the east-
ern cover of the Karkonosze granite, built of analogous schists
containing cassiterite and sulphide mineralization, proposed a
much more complex metasomatic-hydrothermal genesis associ-
ated with multi-stage development of intrusive-metamorphic pro-
cesses of pre-Variscan and Variscan ages.

MATERIALS AND METHODS

Samples were selected from archival drilling cores from the
Stara Kamienica schist belt, the historic St. Johannes and St.
Leopold mines in Krobica, a mica schist quarry in Ortowice and
post-mining heaps in Gierczyn (Mikulski et al., 2018).

Back-scattered electron (BSE) imaging and compositional
analyses were carried out on carbon-coated thin sections using
a CAMECA SX-100 X-ray microprobe in the Micro-area Analy-
ses Laboratory at the Polish Geological Institute — National Re-
search Institute (Warszawa, Poland). Detailed observations
and analyses of chemical composition using WDS (wavelength
dispersive spectroscopy) detectors were focused on a number
of uraninite grains. The analytical conditions of the quantitative
analyses of the uraninite studied were as follows: accelerating
voltage of 15 or 20 kV, beam current of 10, 20 or 40 nA, focused
beam diameter <1 ym and acquisition time at peak position of
20 s and in background position of 10 s.

The following parameters were used for the U-Th-total Pb
dating: accelerating voltage 15 kV, current intensity in the first
column 40 nA, and in the second column 200 nA, while the fol-
lowing analytical lines were used for the readings: Ump, ThMa,
PbMB. To calibrate the analysis, a xenotime standard from
Iveland [Nor] was used with an U-Pb or Th-Pb age of 900 + 52
Ma. Mathematical calculations were performed using the
EMPA U-Th-total Pb dating software including the Age Map
conversion program included in the PEAK SIGHT package. Full
details of the EMPA analytical conditions are provided in Ap-
pendix 1.

RESULTS

Uraninite grains were recognized in two samples taken from
the archival drilling cores from Krobica (borehole K-I1/3, sample
depth 250.6 m) and Gierczyn (borehole G-1/13, sample depth
154.9 m) sited in the central part of the Stara Kamienica schist
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Ms / Chl

Fig. 4A — uraninite (Urn) intergrown with pyrrhotite (Pyh) in association with cassiterite (Cst) within a chlorite (Chl)
lamina, Krobica K-II/3 borehole, BSEI (back-scattered electron image); B — cracked uraninite grain in chlorite-quartz
(Qz) schist, Gierczyn G-1/13 borehole, BSE; C — common occurrence of uraninite in a muscovite-chlorite (Ms/Chl)

lamina, Gierczyn G-l/13 borehole, BSE

belt (Fig.1). Uraninite in these occurs as an accessory mineral,
observed in the form of small (usually up to 20 um across),
rounded xenomorphic grains, most often as inclusions in
chlorite, but also in ore minerals such as pyrrhotite, pyrite and
chalcopyrite (Fig. 4A). The uraninite grains analysed were char-
acterized by a homogeneous internal structure and clear edges
(Fig. 4C), which may indicate their hydrothermal origin. Occa-
sionally, uraninite grains with small cracks and signs of
metasomatic alternation were also found (Fig. 4B). The analy-
ses of those grains showed higher measurement errors, and for
that reason they were excluded from further consideration.

A total of 11 WDS analyses of the chemical composition of
those uraninites (Table 1) whose grain shape and form of oc-
currence could indicate a hydrothermal origin were considered
as suitable for calculating a U-Th-total Pb age. The average
content of UO; in the uraninites analysed was 88.72 wt.%, the
most significant admixtures being PbO (avg. 4.168 wt.%), FeO
(avg. 1.518 wt.%), ThO; (avg. 0.396 wt.%) and Y,O; (avg.
0.327 wt.%). Other oxides identified showed a measured aver-
age content of <0.3 wt.%. All compositional data of the EMPA
analyses together with calculated U-Th-total Pb ages are pro-
vided in Appendix 2.
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Table 1

U-Th-total Pb dating results of the uraninites

No. | Borehole / sample Age [Ma] Error + Ma (1c)
1 Kobica K-I1/3 299 7
2 Kobica K-11/3 367 8
3 Kobica K-I1/3 307 7
4 Kobica K-11/3 299 7
5 Kobica K-11/3 363 8
6 Kobica K-I1/3 365 8
7 Kobica K-I1/3 362 8
8 Gierczyn G-1/13 350 15
9 Kobica K-I1/3 351 15
10 Kobica K-11/3 349 15
11 Kobica K-I1/3 350 15

The micro-area analyses and the low measurement errors
obtained (Table 1 and Appendix 2) mean that the dating of
uraninites can be considered as reliable. The uraninite U-Th-to-
tal Pb ages obtained are clustered in two ranges: approximately
300-310 (3 results) and 345-360 Ma (8 results; Fig. 5). The
geometric mean of the uraninite ages are as follows: 301.6 £7
Ma (n = 3), 348.6 £12.5 Ma (n = 4) and 362 +8 Ma (n = 4).

DISCUSSION

The petrographic character of the uraninites studied may in-
dicate their hydrothermal origin. Given the lack of more specific
isotopic data, though, especially of common Pb in the
uraninites, their hydrothermal origin is not certain. We assume
that the crystallization ages obtained for these minerals corre-
spond to hydrothermal events that led to both the uraninite and
the cassiterite-sulphide mineralization, as their relationship was
established by mineralogical and geochemical studies: obser-
vations of mineral paragenesis and co-occurrence of ore miner-
als with REE carrier minerals, the presence of uranium admix-
tures in the ore minerals and a positive correlation of uranium
with some metals (e.g. Cu, Sn, Ag, In, Sb, W, and Bi: Matek,

2022). The dates obtained may allow reinterpretation of the ori-
gin of the cassiterite-sulphide mineralization in the Stara
Kamienica schist belt.

Microprobe U-Th-total Pb dating of uraninites has been
widely used for many years, particularly for dating hydrothermal
events. An example of such an application was provided by
Pieczonka et al. (2019), who, based on the PbO and REE con-
tents in uraninite, distinguished two generations corresponding
to separate hydrothermal events. Analyses of the chemical
composition of uraninites from the Stara Kamienica schists do
not show significant differences in Pb and REE content (PbO
content in the range of 3.43-4.50 wt.%; for comparison
Pieczonka et al. (2019) recorded PbO contents in uraninite
ranging from 0.54 to 6.80 wt.%). Despite the lack of a varied
chemical composition, of different forms of occurrence, or of re-
lationships with other minerals, the uraninites from the Stara
Kamienica schists were probably formed as a result of at least
two hydrothermal events, as indicated by the results of the
dates obtained.

The age of the Izera granite-gneiss complex is 452-501 Ma
(Borkowska et al., 1980; Oliver et al., 1993; Korytowski et al.,
1993; Kroner et al., 1994), much older than the mineral ages
obtained in this study. The rocks of the Izera complex (specifi-
cally the granitoid protolith of the Izera rocks) cannot therefore
be a source of hydrothermal solutions for the cassiterite-sul-
phide mineralization. The situation is slightly different in the
case of the Karkonosze granitoid, where dating of individual
lithological units indicate its formation in the range of
~300-330 Ma (Mikulski et al., 2020, with references therein).
The uraninite age range of 301.6 £7 Ma obtained in this study
falls within the age range of the formation of the Karkonosze
granite. The groups of uraninite dating results of 348.6
+12.5 Ma and 362 +8 Ma may indicate strong hydrothermal
metasomatic processes related to regional metamorphism.
This age is consistent with the Variscan orogeny, responsible
for the metamorphism and deformation of the Izera area. It is
probable that plutonic processes preceding the crystallization of
the Karkonosze granite led to a series of hydrothermal events
that contributed to the development of the metamorphic Izera
area and the precipitation of cassiterite and other ore minerals
within the Stara Kamienica schists, a geochemically different
medium within the Izera granite complex. Recent studies of the
Przecznica polymetallic mineralization, especially of lead iso-
topes using a Nu Plasma HR multicollector ICPMS with a laser
ablation system (LA MC-ICP-MS) on galena, yielded crystalli-
zation ages of this mineral of ~694—744 Ma. Pb-Pb ages were

uraninite U-Th-total Pb age results (n=11)
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Fig. 5. Frequency histogram of the uraninite U-Th-total Pb dates
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Fig. 6. Plot of the uraninite U-Th-total Pb dates obtained

calculated with Pblso (Armistead et al., 2021) using model pa-
rameters from Stacey and Kramers (1975) and gave
Neoproterozoic ages. This may stand for a pre-Variscan age
(and source of lead) for at least part of the Stara Kamienica
schist mineralization (Foltyn et al., 2023). On the other hand,
the results of LA-ICP-MS dating of cassiterites from the
Gierczyn-Przecznica area provided by Zygo et al. (2023) seem
to clearly correspond with EMPA U-Th-total Pb dating of
uraninites revealed in this study. Those authors determined the
ages of cassiterites as 353 +14, 360 +5 and 318 6 Ma. They in-
ferred that the first event (353 £14 and 360 +5 Ma) may be re-
lated to the regional metamorphism while the second one
(younger, 318 6 Ma) may be associated with the emplacement
of the Karkonosze Granite.

We regard our chemical U-Th-total Pb age determination
for the Stara Kamienica schist belt uraninite as possessing a
lower level of confidence than the recent LA-ICP-MS dating re-
sults (e.g., Foltyn et al., 2023; Zygo et al., 2023). Without any
control of the common Pb content of the Stara Kamienica schist
belt uraninite grains studied, our EMPA chemical U-Th-total Pb
age is best interpreted as a reconnaissance-level age determi-
nation as a prelude to more specific isotopic studies. However,
the uraninite age results obtained with the EMPA U-Th-total Pb
method correspond with the ages obtained by other authors,
especially with the LA-ICP-MS cassiterite ages provided by
Zygo et al., (2023).

Therefore, we conclude that the cassiterite-sulphide miner-
alization of the Stara Kamienica schists probably arose as a re-
sult of hydrothermal-metasomatic activity associated with the
multi-stage development of intrusive and metamorphic pro-
cesses of the Pre-Variscan and Variscan cycles leading to the
formation of the Karkonosze granite and the evolution of the
Izera massif. The U-Pb EMPA ages obtained of the hydrother-
mal uraninites, of approximately 348.6 +12.5 Ma and 362
18 Ma, can be considered as a sign of regional metamorphism
and hydrothermal activity while the younger age of 301.6 +7 Ma
may indicate later-stage hydrothermal processes associated
with the Karkonosze granite intrusion. Similar conclusions, of
complex, multi-stage genesis of polymetallic mineralization in
the Czarnéw area, occurring in analogous schists in the eastern
part of the Karkonosze granitoid cover, were described by
Mikulski et al. (2007).
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APPENDIX 1
EMPA analysis conditions

Signal(s) Used: Si Ka, Hf Ma, Al Ka, Y La, Sr La, Lu LB, Tm LB, Ho LB, Yb La, Er La, Dy La,
Fe Ka, Tb La, Gd La, Eu La, Sm La, As LB, Nd LB, P Ka, Zr La, S Ka, K Ka, Ca Ka, Th Ma,
U MB, Pb MB.

Column Conditions: 15keV, 200nA.

Analysis Parameters:

Elements| Xtal |Position| Bg+ Bg- Slope Bias Gain Dtime Blin Wind
Si Ka TAP 27740 1400 11 1312 3056 3 560
Hf Ma TAP 29320 -400 500 1300 2977 3 1586 3414
Al Ka TAP 32459 | -2400 | 2800 1313 3057 3 560
Y La LPET | 73640 | -1200 | 1200 1848 1014 3 560
SrLa LPET | 78415 1000 1 1822 595 3 459 1790
Lu Lb LLIF | 35340 -800 800 1829 425 3 1844 1968
Tm Lb LLIF | 38010 -900 600 1825 425 3 1679 1906
Ho Lb LLIF | 40870 | -1000 | 1150 1820 425 3 1531 1830
Yb La LLIF | 41475 | -1600 | 1600 1827 423 3 560
ErLa LLIF | 44290 -600 600 1820 425 3 1376 1762
Dy La LLIF | 47390 -800 1200 1839 442 3 1258 1704
Fe Ka LLIF | 48088 | -1500 | 1900 1821 426 3 560
Tb La LLIF | 49050 -400 950 1820 425 3 1201 1674
Gd La LLIF | 50800 -800 800 1850 415 3 1145 1644
EuLa LLIF | 52655 -600 500 1820 425 3 1092 1614
Sm La LLIF | 54620 -600 500 1820 425 3 1036 1588
As Lb TAP 36615 | -1000 | 2000 1314 3108 3 1097 3266
Nd Lb LLIF | 53800 -400 400 1820 425 3 1058 1600
P Ka LPET | 70360 | -2500 | 1500 1313 1033 3 526 1924
ZrLa LPET | 69390 | -1800 | 2600 1306 1059 3 530 1948
S Ka LPET | 61386 1600 1 1310 1037 3 527 2205
K Ka LPET | 42769 800 1 1313 1012 3 1014 2648
Ca Ka LPET | 38388 -700 800 1311 1042 3 560
Th Ma LPET | 47285 | -1200 800 1306 1059 3 858 2512
U Mb LPET | 42400 | -1200 800 1847 1006 3 1027 2660
Pb Mb LPET | 57975 | -1050 | 1300 1847 1006 3 588 2272

Used standard composition:

e Wollastonite = O: 41.17%, Na: 0.01%, Mg: 0.01%, Si: 23.99%, Ca: 34.17%, Ti:
0.01%, Mn: 0.49%, Fe: 0.15%

o 47-ZrO, Zirconia = O: 24.91%, Y: 14.37%, Zr: 59.17%, Hf: 1.51%

e Orthoclase = O: 46.28%, Na: 1.01%, Al: 9.82%, Si: 30.43%, K: 12.19%, Ca: 0.01%,
Ti: 0.01%, Mn: 0.01%, Fe: 0.02%, Sr: 0.04%, Ba: 0.13%

e Xenotime = O: 31.7%, Si: 0.04%, P: 15.28%, Y: 33.62%, Nd: 0.14%, Sm: 0.67%, Eu:
0.43%, Gd: 3.8%, Tb: 0.83%, Dy: 6.4%, Er: 3.42%, Yb: 3.42%, Th: 0.14%

o SrTiO; = Sr: 47.7442%, Ti: 26.1007%, O: 26.1551%

e 23 Lu-glass = 0:42.42%, Al: 6.75%, Si: 25.5%, Ca: 14.78%, Lu: 10.55%

e 21 _Tm-glass = O: 42.55%, Al: 6.75%, Si: 25.5%, Ca: 14.78%, Tm: 10.42%

e HoPO, =Ho: 63.4582%, P: 11.9174%, O: 24.6244%

e YbPO, =Yb: 64.5639%, P: 11.5568%, O: 23.8793%



e ErPO, =Er: 63.7828%, P: 11.8115%, O: 24.4056%
e DyPO,=Dy:63.1133%, P : 12.0299%, O: 24.8568%
e 34-Olivine = O: 43.89%, Mg: 30.42%, Si: 19.44%, Mn: 0.08%, Fe: 5.87%, Ni: 0.3%
o 17 _Tb_Glass = O: 42.85%, Al: 6.75%, Si: 25.5%, Ca: 14.78%, Tb: 10.12%
e GdPO, = Gd: 62.3455%, P: 12.2803%, O: 25.3742%
e EuPO, = Eu: 61.5388%, P: 12.5434%, O: 25.9178%
e SmPO,; =S8m: 61.2943%, P: 12.6231%, O: 26.0826%
o Arsenopyrite FeAsS = Fe: 34.44%, As: 44.83%, S: 20.73%
e NdPO, = Nd: 60.2976%, P: 12.9482%, O: 26.7542%
o 04-Apatite = O: 38.07%, F: 3.77%, P: 18.42%, Ca: 39.74%
o ZrSi0O4 (2) = O: 34.75%, Si: 15.24%, Zr: 49.1%, Hf: 0.91%
e BaSO,=0:27.42%, S: 13.74%, Ba: 58.84%
e 2 Orthoclase = O: 46.31%, Na: 1.01%, Al: 9.82%, Si: 30.45%, K: 12.2%, Ca: 0.01%,
Mn: 0.01%, Fe: 0.02%, Sr: 0.04%, Ba: 0.13%
e 25 Th Glass 2 = Al: 7.3826%, Si: 27.1865%, Ca: 15.7244%, Th: 5.1736%, O:

44.533%

e 26_U_Glass_2 = 0:45.002%, Al: 7.4386%, Si: 27.5911%, Ca: 16.1066%, U:

3.8618%

o 28 Crocoite = O: 19.8%, Cr: 16.09%, Pb: 64.11%

Beam Size: 1 um.

Used dating standard:

xenotime from Iveland [Nor], age = +/- 900 Ma

Weight%
Point# Si Hf Y Sr Lu Tm Ho Yb Er Dy Tb Gd Eu Sm Nd
1 1,595]0,031 | 31,341 0,006 | 1,063 | 0,293 | 0,577 | 4,639 |2,457|2,616| 0,24 |1,183|0,029 0,423 0,231
2 1,58 | 0,011 |31,241|0,002|0,939| 0,389 | 0,592 | 4,802 | 2,524 |2,594|0,243|1,217|0,017|0,382 | 0,245
3 1,573]|0,025(31,482| 0 |0,729]| 0,285 | 0,641 | 4,614 |2,485|2,643|0,207|1,197|0,022|0,401 | 0,219
4 1,585| 0,04 [31,129|0,006|0,943| 0,309 | 0,466 | 4,631 |2,547|2,603|0,268|1,182| 0,004 | 0,395 | 0,303
5 1,547]0,014| 31,66 | 0,014|0,947| 0,288 | 0,623 | 4,772 | 2,565 | 2,636 | 0,268 | 1,242 | 0,008 | 0,378 | 0,225
6 1,543]0,035(31,781|0,018| 0,93 | 0,213 | 0,655 | 4,665 |2,493|2,616|0,253|1,223| O 0,4 ]0,322
ﬁr\g.[?/\?tt%] 152 | 253 | 447,6 | 390 | 2761 | 1499,6 | 2018,2 | 1089,8 | 922,2 | 1022 | 796 |788,6|604,5|729,4| 1263
Weight%
Point# P Zr S K Ca Th U Pb 0 Total Age (Ma) Age err
1 13,256 | 0,461 | 0,103 | 0,006 | 0,015| 5,91 |1,465|0,443]|30,599 | 98,983 899 52
2 13,275]0,461 /0,109 | 0,014 | 0,019 | 5,943 | 1,483 0,448 | 30,614 | 99,147 903 52
3 13,171 0,447 | 0,11 | 0,014|0,019| 5,99 |1,502|0,455 30,474 |98,708 907 52
4 13,122 0,453| 0,1 |0,011| 0,02 | 6,168 | 1,501 | 0,467 | 30,392 | 98,653 915 52
5 13,21 | 0,446 0,111 | 0,006 | 0,011 | 5,922 | 1,486 | 0,45 | 30,598 | 99,436 906 52
6 13,167 | 0,421 0,102 | 0,006 | 0,007 | 6,088 | 1,487 | 0,461 | 30,564 | 99,45 915 52
ﬁr\g [(\j:tt_%] 102,6 | 316,2|181,6|129,4|141,6| 120 |134,8|124,6

avr. det. lim. - average detection limit.




APPENDIX 2

Summary of EMPA results for uraninites along with detection limits

Oxide [wt.%)] Total Age
UO, | PbO | FeO | ThO;| Y203 | K20 | Gd;03| SiO; | Dy203|Sm20s| CaO | Nd»Os | Euz03 | LuzOs | Cez03| P2Os (Ma)
92.335|4.452| 0.235[1.605|0.097| Bdl.| Na.| 0.086| Na. Na.| Bdl.| 0.154| Na.| Na.| 0.068| 0.011|99.106 |350 +15
93.621| 45| 1.28[0.001|0.222| Bdl.| Na.| 0.08| Na. Na.| Bdl.| 0.05| Na.| Na. | Bdl.|0.002| 99.82|351+15
94.123|4.504| 0.755| Bdl.|0.417| Bdl.| Na.| 0.087| Na. Na.| 0.017| Bdl.| Na.| Na.| 0.032| Bdl.|99.995|349 +15
91.75|4.399| 1.634| Bdl.[0.973| Bdl.| Na.| 0.133| Na. Na.| Bdl.| 0.086| Na.| Na.| 0.101| 0.01999.249 350 +15
83.885|3.422| 1.757|0.229|0.327 [ 0.293| 0.29| 0.628| 0.185| 0.174| Bdl.| 0.013| 0.033| 0.025| Na.| 0.006|91.318|299 + 7
uraninite | 88.696 | 4.468 | 1.595|0.074|0.286|0.281| 0.279| 0.463| 0.19| 0.124| Bdl.| Bdl.| 0.078| 0.041| Na.| 0.002|96.665 | 367 + 8
82.591|3.466| 3.288| 0.1]0.267|0.303| 0.283| 0.114| 0.193| 0.143| Bdl. 0.1| 0.053| 0.157| Na.| Bdl.|91.235|307+7
85.189|3.483| 2.912|0.737|0.469 | 0.273| 0.216| 0.257| 0.133| 0.13| Bdl.| 0.098| 0.063| Bdl.| Na.| 0.003|94.222|299 +7
88.116 | 4.396 | 2.407 | 0.024|0.037[0.299| 0.09| 0.167| Bdl.| 0.15| Bdl.| 0.141| 0.097| 0.014| Na.| 0.003|96.105|363 +8
87.75|4.393| 0.418| Bdl.|[0.251|0.271| 0.341| 0.028| 0.241| 0.138| Bdl.| Bdl.| 0.043| 0.042| Na.| Bdl.|93.996 365+ 8
87.876|4.362| 0.414| Bdl.|0.254|0.269| 0.295| 0.574| 0.204| 0.203| Bdl.| Bdl.| 0.094| 0.131| Na.| 0.01|94.738|362+8
[V?;’.[%] 88.721|4.168| 1.518 | 0.396 | 0.327 | 0.284 | 0.256 | 0.238 | 0.191 | 0.152 | 0.017 | 0.092 | 0.066 | 0.068 | 0.067 | 0.007 | 96.041
element u Pb Fe Th Y K Gd Si Dy Sm Ca Nd Eu Lu Ce P
avr. det.
lim 349 | 132 | 531 | 120 | 464 | 154 | 915 | 201 | 1184 | 867 | 201 | 1499 | 722 | 3154 | 1559 | 95
[ppm]

Bdl. — below detection limit; Na. — not analyzed; avr. — average (arithmetic); avr. det. lim. — average detection limit.






