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The Giftkies mine is the only known locality of rutherfordine within the Jachymov ore district s.1., which is famous for
the occurrence of many uranyl carbonates. Uranyl monocarbonate rutherfordine, UO,(CO,), investigated in this study, has
been found in significant amounts in the abandoned arsenic mine at Giftkies site (Jachymov, Czech Republic), together
with other uranyl carbonates, common liebigite and scarce agricolaite. The possible specific conditions of rutherfordine
formation prompted the detailed study with the following analytical methods. XRD methods helped identify above
mentioned minerals as well as other secondary minerals reported from this site, 31 minerals in total. The mineralization
sequence was investigated and determined by both optical and scanning electron microscopy to be: quartz — early siderite
— late siderite — pyrite — iron oxyhydroxides — rutherfordine. This microscale investigation of textural features and
element admixtures helped to create above mentioned paragenetic scheme. Further on alpha spectrometry and radiometric
dating of rutherfordine helped to build a timeframe. A daughter deficiency method using °Th/?%U isotopic pair provides
late Holocene ages and suggests at least two rutherfordine formation episodes (4600—2600 years BP and 1350-300 years
BP respectively). According to data, we claim that supergene processes that lead to rutherfordine crystallization at the

site started at the beginning of the Subboreal period and lasted until nowadays.
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1. Introduction

Carbonate minerals containing hexavalent U as the
uranyl ion (UO,)*, are common alteration products of
uraninite weathering under oxidizing conditions (Finch
and Murakami 1999; Krivovichev and Plasil 2013).
Uranyl carbonates are usually relatively soluble in aque-
ous solutions; aqueous uranyl-carbonate complexes are
thermodynamically stable, and they are responsible for
the migration of uranium in the environment on a large
scale under low temperatures (Langmuir 1978; Clark
et al. 1995). The most abundant complexes are uranyl
monocarbonate, [(UO,)(CO,)]° uranyl dicarbonate,
[(UO,)(CO,),]* and uranyl tricarbonate, [(UO,)(CO,),]*,
with pKa values of 5.5, 7, and 9, respectively (Langmuir
1978). The most common uranyl carbonate minerals are
those with a UO,:CO, ratio of 1:3, which crystallize
from solutions of a relatively high range of pH, from neu-
tral to alkaline. The most common are uranyl tricarbon-
ates, such as schrockingeriteNaCa,[(UO,)(CO,),](SO,)
F-10H,0 (Mereiter 1986; O’Brien and Williams 1983)

and liebigite Ca,[(UO,)(CO,),]-11H,0 (Frost et al. 2005).
On the other hand, uranyl monocarbonates are not so
abundant. Nevertheless, up to date, few monocarbonates
have been reported as minerals: rutherfordine, UO,(CO,)
(Marckwald 1906), blatonite, (UO,)(CO,)(H,0) (Vochten
and Deliens 1998), and joliotite, (UO,)(CO,)(H,0),
(Walenta 1976). The most common is rutherfordine,
which has been reported from more than 60 localities
worldwide (Mindat 2022). However, there are only a few
sites where it has been found in significant quantities, as
one of the major constituents of the oxidized portion of
the ore: at Shinkolobwe (Kambove Territory, Democratic
Republic of Congo), Krunkelbach (Black Forest Moun-
tains, Germany) and Jachymov (Krusné Hory Mountains,
Czech Republic).

In this work, we have investigated uranyl carbonates
(rutherfordine, liebigite, and agricolaite) found within
ore stope of the second level of the Giftkies mine, sub-
locality of Jachymov ore district s.l. Other secondary
minerals found at Giftkies mine are summarized in
Tab. 1.
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Tab. 1 Secondary minerals reported from the Giftkies mine, Jachymov (Czech Republic).

Carbonates Uranyl oxides

agricolaite K,(UO,)(CO,), becquerelite Ca[(UO,),0,(OH),]-8H,0
azurite Cu,(OH),(CO,), compreignacite K,[(UO,),0,(0OH),],-7H,0
liebigite Ca(UO,)(CO,)," 11H,0 paulscherrerite (UO,)(OH),

malachite Cu,(OH),CO, masuyite Pb[(UO,),0,(OH),]-3H,0

metazellerite

Ca(U0,)(CO,),’3H,0

metaschoepite

(UO );0,(OH) ,-10H,0

UM1997-23-CO:CaCuHU"  Ca,Cu(UO,),(CO,),(OH),.4 H,O vandendriesscheite Pb, .[(UO,),O,(OH), ]-11H,0
rutherfordine (U0,)(CO,) schoepite (UO0,),0,(OH) ,"12H,0
zellerite Ca(U0,)(CO,),"5H.0

Arsenates Silicates

geminite Cu(AsO,OH)-H,0 cuprosklodowskite Cu(U0,),(Si0,0H],-6H,0
metazeunerite Cu(UO,),(AsO,), 8H,0 soddyite Mg(UO,),(Si0,0H),-6H,0
slavkovite Cu,(AsO,)(AsO,0OH),-23H,0 uranophane Ca(U0,),(Si0,0H),-5H,0
yvonite Cu(AsO,OH)-2H,0 kasolite Pb(UO,)[SiO,] - H,0
Sulfates

antlerite Cu,SO,(OH),

brochantite Cu,SO,(OH),

jarosite KFe,(SO,),(OH),

posnjakite Cu,SO,(OH),-H,0

rabejacite Ca,[(UO,),0,(80,),]-8H,0

uranopilite [(UO,),(50,)0,(0OH)(H,0)]-8H,0

cyanotrichite Cu,ALSO,(OH),,-2H,0

chalcophyllite
beudantite

Cu Al (AsO,),(SO,),(OH),,~36H,0

PbFe,(AsO,)(SO,)(OH),

‘related to paddlewheelite MgCa,Cu,[(UO,)(CO,),],-33H,0 (Olds et al. 2018), from older literaturealso known as “Pseudo-voglite” (Ondrus et al. 1997).
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2. Geological settings and exploration
history

The western part of Krusné Hory Mountains is repre-
sented by the Krusné Hory Crystalline Complex, which
consists of various granite bodies of Variscan age over-
laid by gneisses and mica schists of the Klinovec group
(Chlupac et al. 2011). The Jdachymov ore district s.s.
represents a classic example of five-element associa-
tion (Ag—Ni—Co-Bi—As) and it is also one of the most
world-recognized U hydrothermal deposits (Ondrus et
al. 2003b), which is tectonically strictly separated from
the other ore districts in the region (Ondrus et al. 2003a).
Giftkies mine is located in the valley of Vesetice Creek
(Elbecken or Olbecken valley in archive materials), in the
two upper Giftkies adits (Fig. 1). There are sharply devel-
oped subvertical ore veins of variable thickness ranging
15-30 c¢m, with transitions into metasomatic body of
intensive silicification in the mica schist, following an
E-W trending vein, approximately 150 m above under-
lying granite intrusion. Both historical adits follow this
complex structure. The subvertical metasomatic body is
1.5 to 4 meters thick and approximately 15 to 20 meters
long in a vertical section. Both vein and the metasomatic
body are intensively mineralized by arsenopyrite, chal-
copyrite and tennantite. Also, clusters of oxide minerals,
represented mainly by large idiomorphic crystals of
anatase (up to 2 mm) and dark blue cloud-like structured
hematite, were observed locally in silicified host rock.
The vein and the metasomatic body steeply inclined to
the south, mineralized section generally inclined about
40° to the west. Sulfide mineralization was the subject
of historical arsenic mining, which started at this site in
the early 17" century. The ore deposit was opened from
the surface by three adits, one above another. Two up-
per adits were excavated between 1618 and 1771, while
the lowest adit was excavated during the exploration
for uranium during the 1950’s (Kofan and Mriia 1967).
Attempts to excavate uranium mineralization are still
apparent in the mine, sparse blasting works were done
in rather uncomfortable and unsuitable conditions of
very narrow mining stopes and galleries. The difficul-
ties connected with transportation of material from the
underground and overall low-grade of uranium ore most
probably stopped any other prospection works. Uranium
mineralization formed cluster of ore lenses, those are not
regularly developed, they have variable thickness, gangue
is dominantly represented by quartz (of the amethyst to
morion varieties), carbonates (dolomite and siderite) ap-

&
Fig. 1 Giftkies mine, Jachymov, underground map and the longitudinal
projection. The mineralization is hosted in the gneisses and mica schists.
Mapping was carried out between the years 2017-2019 by Lukas Fal-
teisek and Mari MikSanikova, adjusted by Viktor Golias.

pear sporadically on microscale and they are mineralized
by uraninite.

3. Materials and methods

3.1. Optical and electron microscopy

Three polished and three glass-covered thin sections
were prepared from a gneiss sample. Thin sections were
oriented in two mutually perpendicular directions, both
perpendicular to metamorphic foliation. Thin sections
were studied first by optical polarizing microscope Leica
DLMP (magnification up to 1000, photo-documentation
by digital camera Jenoptik ProgRes® C5), both in trans-
mitted and reflected light). Detailed mineralogy was stud-
ied using a TESCAN Vega scanning electron microscope
equipped with an energy dispersive spectrometer (EDS
detector X-Max 50 from Oxford Instruments) hosted at
the Institute of Petrology and Structural Geology, Faculty
of Science, Charles University. Operating conditions:
15 kV acceleration voltage, 1.5 nA beam current, focused
beam diameter approx. 600 nm, live time acquisition
100 s, using an INCA data acquisition and processing
software (Oxford Instruments).

3.2. X-ray diffraction

All secondary minerals listed in Tab. 1 were identified
by powder X-ray diffraction (PXRD). For these analy-
ses, a PANalytical Empyrean diffractometer (Institute of
Physics, Czech Academy of Science) was employed using
CuKo radiation in the range from 3° 20 to 70° 20 at room
temperature. The integrated step size was set to 0.015° 20
and dwelltime to 3 s per step. Only kasolite and urano-
phane were identified by powder X-ray microdiffraction
technique (u-PXRD) on the PANalytical X Pert PRO
diffractometer (Faculty of Science, Charles University in
Prague) was employed using CuKo radiation in the range
from 3° 20 to 80° 20 at room temperature. The integrated
step size was set to 0.05° 26, virtual counting time 2 000
s and 800 um capillary optic was used. Both methods
used HighScore Plus software.

3.3. Alpha spectrometry

Non-destructive alpha spectrometry was utilized for the
determination of radionuclides and the type of radioactive
equilibrium. Data were collected on a CANBERRA PIPS
450 mm? semiconductor detector with an ORTEC 142A
pre-amplifier and CANBERRA 10 SERIES Plus multi-
channel analyzer controlled by GENIE2000 software.
Samples were separately powdered in an agate bowl with
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distilled water. Each powdered sample was deposited
from the water suspension onto a polished stainless steel
disc (22 mm in diameter), those were heated to dryness
and then weighed. This non-destructive method (P1asil et
al. 2010) has been modified after Killeen and Carmichael
(1976). Obtained data were used for the evaluation of
suitability for age determination via destructive alpha
spectrometry. We assumed the Quaternary ages of col-
lected minerals. In this regard, the 2°Th/?**U method was
chosen. Suitable samples were treated with the following
procedure for uranium and thorium separation introduced
by Horowitz et al. (1992) further developed by Maxwell
(1998), Carter et al. (1999), Skinner and Knight (2016)
and appropriately adjusted by authors. The sample was
dissolved in 65% HNO, (subsequently purified by sub-
boiling distillation) having an aliquot activity of 1 Bq
and spiked by the *U/**Th (Harwell spike) of an equal
activity. The sample was evaporated close to dryness,
dissolved in 0.5M AI(NO,), in 4M HNO, and adsorbed
onto activated UTEVA® chromatographic resin. The
thorium fraction was stripped by 5 ml of 6M HCI and
then the uranium fraction by 15 ml of 0.02M HCI. Each
fraction was evaporated and diluted in 0.3M Na SO, in
H,SO, buffered at pH 1.6. Thorium and uranium targets
were prepared by electrodeposition in teflon cell using
Pt—Ir cathode (Crespo 2012) and polished stainless steel
discs, which served as anode and bottom of the cell (us-
ing a current density of 0.22 A-cm™ for uranium and
0.34 A-cm™ for thorium). Newly prepared targets were
sealed with ammonium solution, dried and subsequently
measured by alpha spectrometry. For the analytic evalu-
ation, an in-house standard: PU-1 (Pfibram uraninite,
Variscan pitchblende) (Feigl 2003) was used instead of
scarce HU-1 (Harwell uraninite). This reference material
provided following equilibrium: »**U/*¥U=0.998+0.008,
and 2Th/?*U=0.991+0.054 (10).

4. Results

4.1. Description of uranyl carbonates

Agricolaite, K,(UO,)(CO,), is a scarce mineral, first
described from the Giftkies site by Skala et al. (2011). It
has been found only in several specimens worldwide, in-
cluding the one investigated in this paper. Mostly it forms
an aggregate of irregular monoclinic crystals of yellow
colour and vitreous luster. Agricolaite crystals cover the
surface of the vein material, consisting of dominantly
quartz gangue (including dark varieties), mica schists
fragments, and hematite.

Liebigite, Ca,(UO,)(CO,),"11H,0 occurs within the
anthropogenic debris at the floor of gallery, cementing
the fragments or overgrowing the surface of rock frag-

Fig. 2 Spherical aggregates of rutherfordine with common overgrowths,
and an example of goethite core (left upper part of the photo), field of
view 2.1 mm, photo: L. Vrtiska.

ments, where it forms well-developed euhedral crystals
of the yellow—greenish color and their aggregates cover
areas up to the first tens of cm?. Among other uranyl
minerals described from the debris, liebigite is relatively
less abundant. The specimen investigated in this study
was discovered approximately at 10 to 15 cm below the
surface of the ground floor and apparently, the horizon
has not suffered from the previous digging for a relatively
long time (based on the character of the debris and the
degree of compaction).

Rutherfordine, (UO,)(CO,) was found both on the
rock wall near the primary mineralization and within the
anthropogenic debris. Mineral precipitated within tiny
open fractures and cavities almost perpendicular to a
metamorphic foliation. Mineral forms mostly spherical
aggregates consisting of a core and outer rutherfordine
shell, with common overgrowths (Fig. 2). Core is either
iron oxyhydroxide phase (most likely goethite) or free
space. The most suitable hypothesis for the missing solid
core could be the presence of iron oxyhodroxide gel,
which was overgrown by rutherfordine. Gel crystalized

Fig. 3 Thin, radial, plate-like crystals of rutherfordine with visible
prismatic texture, underlined with carbonate, field of view 4.3 mm,
photo: L. Vrtiska.
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later to solid phase (most likely goethite again), and it
was ripped off from the outer ruthefordine shell due to a
volume contraction (water loss). Rutherfordine also forms
radially plate-like aggregates, parallel with metamorphic
foliation (Fig. 3). Fissures are locally coated by carbon-
ates (mostly siderite). Rutherfordine crystals are mostly
of pale yellow colour, only seldom of the bright yellow
color that is more apparent, with individual reach up to
2 mm in diameter. Nevertheless, these aggregates form
clusters, which may cover large areas of the quartz fis-
sures and thin veinlets, up to dozens of cm?. Among those
three, only rutherfordine was suitable for radiometric
dating (according to non-destructive alpha spectrometry).

4.2. Paragenetic relationships and EDS analysis

EDS-analysis of the polished thin-sections confirmed that

most of the rutherfordine occurrences are related to tiny

fractures (veins) and cavities (intra-vein cavities; Fig. 4a)
that crosscut the metamorphic foliation at a high angle

(Fig. 4b). Five separate episodes of mineral formation

were identified in total (from oldest to youngest). Episodes

(1-2) represent the main stage of hydrothermal evolution,

episode (3) may represent a vanishing phase of previous

hydrothermal activity (1-2), or a new one in time separated
hydrothermal phase/input. Episode (4) by its oxygenated
nature very likely indicates the onset of the supergene

stage, followed by the formation of rutherfodine (5).

1) Quartz gangue locally with enclosed gneiss and mica
fragments (Fig. 4b) most likely hydrothermal origin
(analogy with Jachymov ore district s.s.).

2) sideritic gangue, coarse-grained, locally with euhedral
crystals, open cavities and gneiss and mica fragments
(Fig. 4c). Two siderite generations systematically
occurred in all thin sections, both exhibiting growth
zoning (Fig. 4c—f) due to minor to moderate variati-
ons in Fe/Ca/Mn proportions. Subhedral to euhedral
grains of the early siderite (Sd-1) contain numerous
empty growth-like zones (Fig. 4f), the thickness of
which is the same as that of siderite-filled growth
zones. We were not able to prove if the empty zones
were primary in nature, or if they contained a mineral
phase that had been leached out. Late siderite (Sd-2)
overgrows the early one, there is no visible evidence
that any mineral phase would precipitate in between
the two. Two prominent features are associated with
the Sd-2: a) absence of “empty” growth zones in Sd-
2; b) clear evidence of corrosion of several outermost
growth zones of Sd-2 (Fig. 4c) and formation of open
irregular microfractures (wedge-like; Fig. 4f). Both
phenomena (corrosion and fractures) occurred prior
to the onset of rutherfordine crystallization.

3) Rounded, concentric grains of pyrite (Py) locally over-
grow the corroded or non-corroded surface of Sd-2

(Fig. 4c—d). The two phases (Sd-2, Py) therefore did
not crystallize from the same fluid.

4) Iron oxyhydroxides (most probably goethite) contain
a non-negligible admixture of uranium (1.9-5.3 wt. %
UO,), copper (1.3 to 5.0 wt. % CuO), zinc (1.0 to 2.2
wt. % ZnO) and occasionally also arsenic (0.6—1.2
wt. % As,O,). Iron oxyhydroxides generally postdate
the siderite and most of pyrite grains were converted
to pseudomorphs of goethite after pyrite (Fig. 4g—h).
These are further overgrown by a thin continuous
layer of iron oxyhydroxides, locally with an inter-
-layer, which is also enriched in copper, zinc (up
to 2 wt. % each). Some parts of the siderite filling,
typically the Sd-1, were transformed into a mixture of
Sd-1 relics (complete or incomplete pseudomorphs of
iron oxyhydroxides after Sd-1; Fig. Sa—b and Fig. 5c)
intergrown with chemically homogenous (i.e. unzoned
at BSE photos) anhedral siderite grains. This siderite
(possibly Sd-2) lacks any evidence of corrosion or
oxidation. We may speculate that postdates the for-
mation of iron oxyhydroxides, or that formed prior
to them; however, the fluid was not able to dissolve/
corrode it.

5) Rutherfodine occurs as a) radial crust overgrowing the
Sd-2 crystals (with or without overgrowing pyrite) in
open cavities in the siderite gangue (Fig. 4a, c—e) and
can contain micron-sized (1-20 um) sheet-like par-
ticles (Figs 4d, 5d) of phyllosilicates (most likely ka-
olinite, dickite or some micas and eventually their oxi-
dized products), containing mainly silica (15-43 wt. %
SiO,), alumina (11-35 wt. % Al O,), iron (4.1-15.6
wt. % Fe O,), potassium (1.4-6.8 wt. % K,0), coupled
with traces of magnesium (0.8-2.4 wt. % MgO), ura-
nium (9-48 wt. % UO,), copper (0.3-1.8 wt. % CuO)
and sometimes also sulfur (0.7-1.0 wt. % SO,). They
formed during the early stage of rutherfordine preci-
pitation (i.e., occur in the core of radial rutherfordine
aggregates, while are missing in their peripheral zo-
nes). Locally, the multilayer rutherfordine aggregates
(4c) are overlain by thin iron oxyhydroxide coating
(Fig. 4h); b) thicker multilayer aggregates (Fig. Sc,
e—f) with numerous concentrically-zoned botryoidal
aggregates of iron oxyhydroxides (in thin section).
Although enclosed in rutherfordine, we suggest they
represent spurs of underlying iron oxyhydroxide layer
and precipitated prior to rutherfordine. Some of the
latter grains can also contain phyllosilicates (proba-
bly dickite or kaolinite infill or altered gneiss/mica
fragments in their cores, Fig. 5f); and c) separate thin
veinlets (ranging from 50 to 100 pm), usually mono-
mineral, that crosscut the quartz gangue (Fig. 4b), the
siderite gangue and the host-gneiss. The orientation of
some veinlets turns from almost perpendicular into a
metamorphic foliation parallel arrangement (Fig. 4b).
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Fig. 4 Documentation of textural rela-
tions in the sample with rutherfordine
(BSE photos of a thin polished section):
a — an overview of vein margin with
siderite infill and a cavity incompletely
filled in with rutherfordine (Rth); b —a
general overview of the sample. The
outlines of the composite quartz-side-
rite-rutherfordine vein are highlighted
by dotted yellow lines. Rutherfordine
veinlets and coatings are white, mostly
parallel with vein margins, but also
parallel with metamorphic foliation;
¢ — detail of siderite infill overgrown
by rutherfordine. The red arrows mark
fracturing and/or corrosion of siderite
(Sd-2) prior to rutherfordine crystalliza-
tion. A thin dotted red line outlines the
hypothetical extent of siderite crystal
before its corrosion; d — detail of the
corroded surface of Sd-2 overgrown
by pyrite (Py) and rutherfordine. Note
the presence of tiny phyllosilicates
most likely mica/clay phases (fmc) in
the core of rutherfordine aggregate; e
— corroded surface (red arrow) of Sd-2
overgrown by rutherfordine; f — detail
from d of growth zones in Sd-1 and
Sd-2. The black zones in the Sd-1 are
empty; g — rutherfordine overgrowing
the siderite (Sd-2). Note the presence of
a thin continuous layer of iron oxyhyd-
roxides (Gt) in between rutherfodine
and siderite; h — detail view of the iron
oxyhydroxide layer from the previous
photo.

=
Fig. 5 Documentation of textural rela-
tions in the sample with rutherfordine
(BSE images): a — pseudomorphs of
iron oxyhydroxides after early siderite
(Sd-1) intergrown with late siderite
(Sd-2?); b —) similar situation as the
previous photo, except for rutherfordine
(white) filling in void space between
the outermost layers of iron oxyhyd-
roxides. Empty space is black; ¢ — an
overview of the sample margin with
a mixture of siderite (Sd) intergrown
with iron oxyhydroxides, most likely
goethite (Gt), both phases overgrown
by rutherfordine; d — detail view of iron
oxyhydroxides particles (Gt, medium
grey) from the core of rutherfordine
aggregate; e — massive rutherfordi-
ne aggregate overgrowing rim of the
sample. It contains numerous iron
oxyhydroxide aggregates (Gt, dark
grey); f — detail of the previous photo,
botryoidal iron oxyhydroxide aggrega-
tes (light grey) with cores filled in with
phyllosilicates (most likely micas).
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4.3. Rutherfordine ages

The ratio of 2°Th/?*U and 2c¢ values also 2*U/***U
ratio and 2¢ values were calculated from activity mea-
sured by alpha spectrometry, using a set of equations
presented by Majer (1981). For an age determination,
the initial 2*U/**U ratio was estimated and the age of
the mineral was calculated iteratively. A corresponding
initial 24U/?*%U ratio was simultaneously calculated via
an Excel spreadsheet and subsequently replacing the
original estimation for this age. After this readjustment,
all calculations were repeated in the same way to obtain
a more precise age. Six ages calculated for rutherfordine
together with activity ratios for other minerals studied in
this work are shown in Tab. 2.

Although all samples were collected with the highest
emphasis on the crystals' integrity and purity, rutherford-
ine no. 3 exhibits extremely large age tolerance, for that
could be several possible reasons: accidentally picking
up a conglomerate crystal or crystal with incremental
zones both can cause a “mixture of ages”, contamination
with some unwanted material (e.g. siderite) or affected
by imperfect uranium and thorium separation. Either
way sample is misleading, therefore it will be excluded
from further interpretation. Other uranyl carbonates (ag-
ricolaite and liebigite) were also excluded from further
interpretation due to very young age (we assume first
decades to first hundreds of years).

5. Discussion

5.1. Age interpretation

At this moment, we are not able to firmly prove how
many generations of rutherfordine are present at the site
in total, but according to radiometric data, we can assume
the presence of at least two generations of rutherfordine.
The upper border of “older” generation is calculated as

Tab. 2 Results of alpha spectrometry of radionuclides in the studied samples from Giftkies mine, Jachymov.

age of rutherfordine no. 1 plus its tolerance, lower border
is calculated as the age of rutherfordine no. 2 minus its
tolerance (values were rounded if appropriate), therefore
we obtained two possible intervals: 2¢ interval (95.4%
of certainty) 4600-2600 years and tighter 1o interval
(68.2% of certainty) 4150-3020 years. The other interval
was calculated by the same principles from rutherfordine
no. 5 and 6, 2c interval is 1350-300 years and 1o inter-
val is 1180—450 years, but with regard to other samples
(other uranyl carbonates) and other supergene processes,
which can be spotted at the site. It is possible that this
interval can be semi-closed (1350—present, 1180—present
respectively). Rutherfordine no. 4 even though it overlaps
both interval was set aside as a separate analysis due to
uncertainty. With all the above mentioned, we believe
that rutherfordine formation started at the very begin-
ning of the Subboreal period (or at least not significantly
earlier) and lasts till nowadays. We also assume that
one of the main factors which led to the crystallization
of rutherfordine was fluctuations in underground water
level, which was most likely caused (periodically) by
significant deforestation. This process has been linked to
mining and smelting activities that took place in Krusné
Hory Mountains since the Bronze Age till the late Medi-
eval (Bodalkova et al. 2018).

5.2. Indirect evidence for the origin of
rutherfordine

The following observations are crucial for the discussion
of rutherfordine origin/nature. 1) Textural relations indi-
cate the unambiguously very late formation of rutherford-
ine. We did not identify any mineral phase overgrowing
it. 2) No elements other than uranium were identified, by
the SEM-EDS analyses, in the rutherfordine; 3) micron-
sized phyllosilicates enclosed in the core rutherfordine
radial aggregates (Figs 4d, 5d) always contain an ad-
mixture of uranium (9-48 wt. % UO,) and copper (0.3
to 1.8 wt. % CuO). While the
highest admixture of uranium

Activity ratios

Calculated age may be affected by partial irra-

sample

B34y 2387 230Th/234U B.P. diation of the enclosing ruther-
rutherfordine 1 0.990 + 0.022 0.034 £ 0.007 3725 + 845 fordine, the admixture of copper
rutherfordine 2 0.938 + 0.021 0.031 + 0.008 3 470 + 900 clearly must be of other origins.
rutherfordine 3 1.105 + 0.154 0.021 +0.019 2335+2 185 4) Pseudomorphs of iron oxy-
rutherfordine 4 0.989 + 0.011 0.023 £ 0.010 2550+ 1130 hydroxides after early siderite
rutherfordine 5 0.897 £0.012 0.009 + 0.003 1010 + 340 (Sd-1; Fig. Sa—c) suggest an
rutherfordine 6 0.972 + 0.005 0.006 +£0.004 635 + 375 influx of oxidized acidic waters
agricolaite 0.405 £ 0.010%** N/A <1 000 into the gangue before the pre-
liebigite 1 1.116 + 0.269 0.003 + 0,006 <1 000%* cipitation of the rutherfordine. A
liebigite 2 1.065 + 0.022%* N/A <1 000

* Outside of the dating range, the theoretical age calculated is 280 years.
** Theoretical ratio, undirectly calculated from non-destructive alpha-spectrometry measurement.
N/A — Not available, due to very young age, samples were not investigated by destructive alpha-spectro-

metry, therefore 2°Th/**U values are not available.

collateral admixture of copper,
zinc, arsenic and uranium in
these iron oxyhydroxides and
those underlying rutherfordine
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aggregates (Fig. 4g—h) testifies for the supergene origin
of acidic waters (i.c., cold and descending) and for leach-
ing of hydrothermal ores, probably uraninite-bearing,
located in between the surface and the sample site. 5)
The contrast between the massive destruction of early
siderite (Sd-1) in some parts of the gangue (Fig. 5a), and
only subtle corrosion of some tips of the late siderite
(Sd-2; Fig. 4c) may indicate either two separate phases
of acidic corrosion or two-stage precipitation of siderite.
7) Precipitation of rutherfordine itself, suggests neutral
to weakly alkaline fluid (Hazen et al. 2009; Antoniou et
al. 2009; Szecsody et al. 2013).

6. Conclusions

The appearance of rutherfordine investigated in this study
is quite unique, this mineral is often associated with ura-
nyl silicates (uranophane, kasolite, cuprosklodowskite)
and some other secondary uranyl minerals such as scho-
epite or phosphuranylite, but in this case, rutherfordine
stands alone, even though some above mentioned miner-
als and numerous more supergene minerals listed in Tab.
1 were reported from the site, none of them is closely
associated with this mineral.

Chemical composition of rutherfordine is also sur-
prising. Despite the primary ores are source of arsenic,
copper and zinc, as directly evidenced from iron oxyhy-
droxides enriched with these elements, yet rutherfordine
contains only uranium. Therefore, we assume that the
solutions from which rutherfordine was formed must
have been highly depleted in all those elements except
uranium.

Mineralization most probably evolved through a wide
span of pH conditions, from highly acidic (iron oxy-
hydroxides) to highly alkaline (siderite, pyrite), which
can be partially explained by climatic fluctuations of
groundwater level. We claim that from the beginning of
Subboreal period (probable onset of rutherfordine crys-
talization) till nowadays, pH conditions must have been
stable and close to neutral, thus rutherfordine as other
uranyl monocarbonates has only a narrow window of
precipitation, pH ranging roughly from 4.9 to 6.1, in this
narrow section also completely dominates over generally
more abundant uranyl tricarbonates which are precipitat-
ing mostly in alkaline conditions (pH from 6.0 to 9.5).
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