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Abstract: Numerous phosphate occurrences are located in the Bohemian Cretaceous Basin (BCB) of
the Czech Republic, within the Cenomanian-Turonian sequences. Small phosphate occurrences have
been reported in the Upper Cenomanian, Lower Turonian, and Upper Turonian marine glauconitic
siliciclasts. The phosphates are generally <1 m thick, present as phosphatized hardgrounds, nodules,
coprolites, skeletal remains, phosphatized shells, peloids, sponges, and tube-fills, associated with
black mudstone and other siliciclasts. Only recently the critical elements have been highlighted in
these phosphates. The present study covers eight of these occurrences and provides information on
petrography, mineralogy, and chemical composition of major elements, trace elements, and stable
isotopes. The phosphate mineralogy is comprised of carbonate-fluorapatite, associated with quartz,
glauconite, smectite, kaolinite, and pyrite. Most of the phosphates are rich in organic matter. The
phosphate chemistry is dominated by P,Os, CaO, F, NayO, SO3, and CO,. Minor amounts of SiO,
Al O3, K70, and MgO are found, related to quartz and alumino-silicate impurities. Evidence of
fossil microbial structures is revealed. The indices derived from rare earth elements (REE) indicate
phosphogenesis at various redox conditions, ranging from anoxic to oxic, whereas the carbon stable
isotopes of the apatite suggest generally reducing conditions. The critical and other valuable elements
found in these Mid-Cretaceous phosphates include P,Os5 (18.9-26.76 wt. %), F (1.67-3.25 wt. %), REE
(325-1338 ppm), Y (74-368 ppm), and U (10.4-37.9 ppm). The investigation of the Turonian phosphate
occurrences show that those located at the base of the Bila Hora Formation (earliest Turonian) are
the most persistent in the southern margins of the BCB, and found in localities extending for about
200 km. They were developed at the onset of the Early Turonian global transgression and are
strata-bound to the base of the Bila Hora Formation. Future exploration for marine sedimentary
phosphorites should focus on thicker and better developed deposits at the base of the Turonian
sediments as the main target.

Keywords: REE; Turonian; marine phosphates; intracontinental basin; Czech Republic

1. Introduction

Phosphate resources are limited in Europe and occur as small deposits hardly suffi-
cient to meet the industrial demands of European countries. Most European Union (EU)
countries import phosphate rocks to produce phosphate fertilizers. In 2017, approximately
5.5 million tons of phosphate rocks were imported to the EU for this purpose. It is estimated
that a maximum of 334 tons of natural uranium could have theoretically been recovered
from 2017 EU phosphate rock imports, but this could satisfy only 2.1% of EU needs [1].

Moreover, it is well known that phosphate rocks are important sink for rare earths,
uranium, and many other critical and valuable elements, but little is done in the EU coun-
tries to extract these metals as by-products during fertilizers” production. The European
Commission recognizes the strategic importance of Critical Raw Materials (CRMs), which
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are particularly important for technological progress, but sees no other choice than im-
porting the ores and concentrates or the refined materials from other countries to feed its
industrial needs [2].

In the Czech Republic, small phosphate occurrences have been reported in the Mid-
Cretaceous sediments of the Bohemian Cretaceous Basin (BCB) by various authors [3-13].
Several phosphate-bearing horizons, associated with omission bioturbated surfaces, are
known in the Upper Cenomanian sequence exposed at the Pecinov quarry (Pecinov Mem-
ber of the Peruc-Korycany Formation) mostly present as scattered nodules and tube-fill
deposits at omission surfaces [6,12]. Phosphate components are reported at the base of
the Bila Hora Formation (Lower Turonian) in many locations in the southern part of the
BCB. They are present in various forms, such as phosphatized hardgrounds, nodules,
sponges, skeletal bones, shark teeth, and tube-filled deposits [3-5,9,13]. Two phosphate
marker beds are recognized at the base of the Upper Turonian Teplice Formation [7,14],
where the phosphate components are comprised of coprolites and phosphoclasts. The
phosphate occurrences of the BCB can be compared with numerous marine sedimentary
phosphate occurrences reported in the Mid-Cretaceous (Albian-Turonian) marine sedimen-
tary sequences in several European countries including Russia, France, Belgium, Germany,
Poland, Hungary, Portugal, and Spain [15,16].

The present work includes compilation and analysis of all available information
on previously and newly investigated phosphate occurrences of the BCB in the Czech
Republic. It focuses on geology, petrology, geochemistry, metallogenesis, and assessment
of the Cenomanian-Turonian phosphates in the BCB as potential resources of REE and
other critical elements and to suggest a specific stratigraphic level for future exploration.

2. Geological Setting

The BCB (Cenomanian-Santonian) is an intracontinental depositional depression that
formed by the reactivation of a fault system in the Variscan basement of the Bohemian
Massif in the Mid-Cretaceous [6,17] and acted as a seaway between the North Sea and the
Tethys Ocean. It extends from Brno in E Moravia across Bohemia to the N and W of Prague
(Figure 1). Sedimentation within the BCB began during the late Albian or the earliest Ceno-
manian [18], and experienced several phases of development. The Cenomanian-Lower
Turonian sequence in the BCB is represented by the Peruc-Korycany Formation (Cenoma-
nian) and the Bila Hora Formation (Lower Turonian). The Middle-Upper Turonian se-
quence is represented by the Jizera and Teplice formations [7,8,12,19]. The Peruc-Korycany
Formation consists of three members: Peruc and Korycany members [19] and the Pecinov
Member [20].

2.1. Lithostratigraphy of the Phosphate-Bearing Sequences

This is a summary of results obtained by various Czech geologists on the lithos-
tratigraphy of the phosphate-bearing Mid-Cretaceous units in the BCB [7,8,10,19-21]. The
Mid-Cretaceous phosphate occurrences of the BCB are mainly found in the Upper Ceno-
manian (Pecinov Member of the Peruc-Korycany Formation), Lower Turonian (Bila Hora
Formation), and Upper Turonian (Teplice Formation) (Figure 2).
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Figure 1. Map of the Bohemian Cretaceous Basin showing the location of the Cenomanian-Turonian
phosphate-bearing sections: (1) Pecinov quarry, (2) Platiany quarry, (3) Nova Ves quarry, (4) Ceska
Tiebova “Tiebovské stény”, (5) Biezinka—Chvalka, (6) Rtyné v Podkrkonosi, (7) Upohlavy quarry,
and (8) By¢kovice road-cut.
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Figure 2. Stratigraphic sequence of the Bohemian Cretaceous Basin (Adopted from Reference [22]
after References [19,20]. Arrows added to mark phosphate occurrences in the sequence.
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2.1.1. Peruc-Korycany Formation (Cenomanian)

Peruc Member: The lower part consists of fining upward cycles of gray sandstones and
conglomerates, interbedded with gray mudstones. The upper part contains gray sandstones
and conglomerates, but is dominated by mudstones with root zones and carbonaceous
plant debris. The uppermost part consists of finely laminated black mudstones with lenses
and interbeds of glauconitic siltstones and fine-grained sandstones.

Korycany Member: It consists of well-sorted fine and medium grained quartzose
sandstones and clayey sandstones. The sandstones contain locally high content of glau-
conite, thin layers of plant material, and mud drapes. The sequence suffered intensive
bioturbation. In the middle and upper parts, a thin heterolithic facies was observed and, in
some wells, a thin pebbly bed in the middle part with an erosive base is noticed.

Pecinov Member: It consists of gray-to-dark-gray glauconitic mudstones with varying
silt content, locally containing fine sand. Pyrite concretions, a few mm to 3 cm in size, and
some phosphate nodules, are scattered throughout the thickness of the unit. Uli¢ny [6]
divided the Pecinov Member into four principal units (P1-4). The units are bounded by
well-recognizable, erosional, and /or burrowed surfaces, often filled with phosphate miner-
alization.

2.1.2. Bila Hora Formation (Lower Turonian)

The open sea facies of the Early Turonian overly the Upper Cenomanian inner shelf
facies by a prominent erosive surface and gap in sedimentation, which is associated with
stratigraphic condensation, is represented by the abundant glauconite and phosphate at
the base of the Bila Hora Formation. It is comprised of dark-gray-to-gray marlstone and
limestone. Glauconite occurs at the base of the formation as thin, green, silty mudstone
(Unit BH1 at the Pecinov quarry). The basal part of the Bila Hora Formation is characterized
by abundant phosphates as dark brown nodules, skeletal clasts, sponges, and tube-fills.
In the SE part of the BCB, phosphatic bioturbated hardgrounds mark the base of the Bila
Hora Formation.

2.1.3. Jizera and Teplice Formations (Middle-Upper Turonian)

The exposed sequence of the Jizera and Teplice formations at the Upohlavy quarry
consists of marls, fossiliferous clayey limestone, and marl/limestone alternations [14].
Two phosphate coprolite-bearing marker beds with shark teeth are reported at the base
of the Teplice Formation in several localities [7,10,14]. The boundary between the Jizera
and Teplice formations is taken at the Lower Coprolite Bed, which defines the base of the
Teplice Formation. At the Upohlavy quarry, it is 20-30 cm thick, glauconitic with mm’s-
sized quartz grains, and bored phosphate clasts. The coprolite-bearing beds are overlying
an erosive base marking the upper boundary of the offshore Jizera Formation with the
hemipelagic Teplice Formation and they can be traced in neighboring localities [10]. Some
minor showings of phosphate intraclasts are found in this work in the Jizera calcareous
rocks at Rtyné v Podkrkonosi locality.

3. Samples and Methods

Eight phosphate occurrences have been studied in this work (Figure 1 and Table 1).
The phosphate occurrences are of Lower-Upper Turonian age. More than 100 samples
were collected and examined from these occurrences. The results are kept in the archives
of the Czech Geological Survey (CGS) and most of them are included in recently published
papers [11,13,23,24]. All laboratory work was performed at CGS. The samples were exam-
ined and described under a polarized-light optical microscope and their mineral phases
were determined by X-ray diffraction (XRD) following routine procedures of CGS laborato-
ries. Powder XRD patterns of whole-rock samples were collected on Bruker D8 Advance
diffractometer Bragg-Brentano geometry, using Cu Ko radiation and Lynx Eye XE detector.
Structural CO3 content in carbonate-fluorapatite was determined (as CO, wt. %) from the
XRD scans following the Gulbrandsen [25] method. Chemical analysis of major oxides was
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carried out following conventional wet chemistry procedures of CGS [26]. Trace element
concentrations were measured using an Agilent 7900 x ICPMS, housed at CGS. Basalt
BHVO-2 (USGS) and phosphate-rich sample IC10D [27] were measured for monitoring the
instrumental bias and assessing the quality control. Detailed petrographic examination and
chemical microanalyses of selected samples were carried out on carbon-coated polished
sections using an FEG-SEM Tescan MIRA 3GMU scanning electron microscope (SEM)
supplied with energy dispersive spectrometer (EDS). SEM imaging mode as well as EDS
analysis was conducted under the conditions of 20 kV accelerating voltage, 1 nA probe
current, and WD of 8 mm.

Table 1. Turonian phosphate occurrences reported in the present work.

Locality Coordinates Lithology Stratigraphy
Phosphate nodules, phosphate molds, = Lower Turonian: Base of Bila Hora
. N 50.12933 C . . .
Pecinov quarry E 13.91716 and skeletal remains in black and dark Formation overlying Pecinov
) gray glauconitic mudstone. Member.
Reworked phosphoclasts of sponges, Lower Turonian: Base of Bila Hora
N 50.05166 . ) . .
Planany quarry intraclasts, skeletal remains, sponges, Formation overlying Kutna Hora
E 15.01666 .
and tube-fills. Complex.
Phosphoclasts of shark teeth, sponges, =~ Lower Turonian: Base of Bila Hora
, N 50.05533 . . . . .
Nova Ves quarry intraclasts, and tube-fills topping Formation overlying Korycany
E 15.13183
hardground. Member.
Phosphate tube-fills and phosphate Lower Turonian: Base of Bila Hora
- J— . N 49.95933 . . . . .
Ceska Tiebova cement in varicolored bioturbated and Formation overlying Korycany
E 16.50033 L.
glauconitic silty nodular hardground. Member.
Dark brown phosphate nodules and Lower Turonian: Base of Bila Hora
.. N 49.63400 . . . .
Brezinka—Chvalka tube-fills in sandy bioturbated and Formation overlying Korycany
E 16.59017 .
glauconitic hardground. Member.
" i N 50.51450 . Dark brown angular ph0§p h.ate. Middle-Upper Turonian, Jizera
Rtyné v Podkrkonosi intraclasts and skeletal remains in silty, .
E 16.06800 . . Formation?
recrystallized limestone.
ookl N 50.46650 tugz.rflﬁiroaﬁ Egﬁiﬁgﬁt:;"g;fﬁtef; Upper Turonian: Base of Teplice
pohiavy quarty E 14.06416 - gray Formation, Lower Coprolite Bed.
lime-mudstone
Ly . N 50.55117 Phosphatic sponges, tube-fills, and Upper Turonian: Base of Teplice
Byckovice road-cut E 14.22050 intraclasts in lime-mudstone Formation.

4. Petrology
4.1. Petrography

The phosphates are associated with black glauconitic mudstone (Pecinov quarry),
reworked heterogenic intraclastic phosphatic and calcareous deposits (Planany and Nova
Ves quarries), and with dark gray glauconitic marl (Upohlavy quarry). The macro phos-
phate components are present in various forms. The most common are nodules, several
centimeters in size, usually brown in color (Figure 3A), coprolites, up to several centimeters
long and 1 cm in diameter, brown and often show convolutions (Figure 3B), tube fills,
several centimeters long, and 1-2 cm in diameter (Figure 3C) and phosphatized internal
molds of bivalves (Figure 3D).
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Figure 3. Phosphate components at the base of Bild Hora Formation. (A) Phosphate nodule and tube-fills in hardground
(Btezinka-Chvalka), (B) Phosphate coprolite (Upohlavy quarry), (C) Phosphate tube-fill (Planany quarry), and (D) Phospha-
tized bivalve mold (Pecinov quarry).

The micro-phosphate components are present as peloids, skeletal grains, fish teeth,
intraclasts, sponges, and as cementing material, mostly associated with glauconite in silici-
clastic sediments. The phosphate in the nodules and in the cement appears as cryptocrys-
talline brown material with abundant pyrite, silt-size quartz (<0.1 mm) and glauconite
grains (~0.1 mm) (Figure 4A). Phosphatized bivalve shell fragments, brown, up to 1 mm
long (Figure 4B), phosphatic angular skeletal fragments, 0.1-0.2 mm in size, and phos-
phatized sponges are common. Phosphate peloids (Figure 4C) and phosphate intraclasts
are scarce (Figure 4D). Phosphate cement is found in sandstone (Figure 4E) and in the
hardgrounds. Phosphate coprolites contain relatively less mineral impurities, but are richer
in organic matter (Figure 4F). The phosphate coprolites and nodules often show microbial
structures of <3 um in size, interpreted as phosphatized fossil bacteria [23] (Figure 5A-D).
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Figure 4. Microscopic textural components. (A) Cryptocrystalline apatite of phosphate nodule (brown) showing glauconite
pellets (Glt) with pyrite inclusions (Py) and detrital quartz (Qz), (PPL). (B) Phosphatized shell fragment (Ph) in calcareous
and fossiliferous matrix containing detrital quartz (Qz) (PPL). (C) Phosphate peloid (PPL). (D) Phosphate peloid (Pel),
phosphate intraclasts (Int), and phosphate fish teeth (Ft) in glauconitic mudstone (XN). (E) Phosphate cement (Ph) in
quartzose sandstone (Qz). (F) Fragments of phosphate coprolite (Ph) in carbonate matrix (Cb) (XN).
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Figure 5. SEM images: (A,B) Cyanobacteria in phosphate coprolites. (C,D) Sulfur-reducing bacteria
in phosphate nodules (adopted from Reference [23] with minor modification).

4.2. Mineralogy

Carbonate-fluorapatite is the major mineral in the phosphate nodules, coprolites,
and other phosphate samples, as shown in the XRD analysis (Figure 6A). Other mineral
associations identified by optical microscopy are inclusions of quartz, glauconite, and
pyrite. The CO;3 content in the carbonate-fluorapatite structure, determined from the
XRD spectra [25], is highly variable and reach up to 7.6 wt. % COj3, which is higher in
the phosphate nodules and coprolites. The mineralogy of the mudstone and sandstone
host rocks in the Pecinov Member and Bila Hora Formation are glauconite, quartz, pyrite,
smectite, and kaolinite (Figure 6B). Occasionally, K-feldspar and gypsum are found in the
siliciclasts. Calcite is found as a major mineral in the clastic components at the base of
the Bila Hora Formation in the sections of Plariany and Nova Ves quarries and as lime-
mudstone and calcareous fossil shells in the Lower Coprolite Bed of the Teplice Formation
at the Upohlavy quarry and By¢kovice road-cut sections.
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Figure 6. X-ray diffractograms of (A) phosphorite tube-fills in hardground at Ceska Tfebova locality (present work)
and (B) black mudstone (—2 um fraction) at the Cenomanian/Turonian boundary in the Pecinov quarry (adopted from

Reference [13]).

5. Chemical Composition
5.1. Major and Trace Elements

The EDS analysis of apatite (Table 2) show P05, CaO, F, SO3, Na,O, and SrO as the
major oxides with minor contents (<3.5 wt. %) of }_SiO; + Al,O3 + MgO + K,O + Fe; O3,
which are present in the quartz and glauconite micron-size inclusions. The highest P,Os
and SrO contents are found in the phosphate fish bones, coupled with the lowest F content.
The CaO content is generally uniform at about 48 wt. %. The NayO ranges between 0.65
and 0.84 wt. % and the SO3 content ranges between 1.38 and 1.68 wt. %.

The average chemical composition (wet analysis) of the phosphate samples collected
from seven localities in the BCB (Table 3) is dominated by the major components of the
apatite: CaO (29.83-51.13 wt. %), P,Os5 (18.90-26.76 wt. %), F (1.67-3.25 wt. %), Na,O
(0.12-0.88 wt. %), and SrO (0.07-0.30 wt. %). The contents of SiO,, Al,O3, Fe,O3, and K,O
reported in the phosphate analysis are present in the minute quartz and glauconite inclu-
sions common in the phosphate components. All phosphate samples contain appreciable
amounts of organic carbon (up to 0.88 wt. %) and sulfur (up to 1.29 wt. %).

The phosphate samples show a wide range of trace element concentrations (Table 4)
and they are enriched in REE (325-1338 ppm), Y, (74-368 ppm), U (10.4-37.9 ppm), and
Zn (up to 600 ppm) relative to country rocks. The concentrations of REE, Y, and Zn in
these phosphates are within the upper range reported for many giant marine sedimentary
phosphorites in the Tethyan region, e.g., Dj. Onk deposit of Algeria [28], Al-Kora phos-
phorite province in Jordan [29], and Akashat phosphorite deposit of Iraq [30], but the BCB
phosphates are comparatively depleted in uranium.
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The geochemical association of F and P,Os is controlled by the phosphate mineralogy
and is shown in the high correlation coefficient reported between the two (r = 0.9), which
is expressive of the carbonate-fluorapatite phase [13]. The geochemical affinity of REE,
Y, and U toward apatite is well established [31]. These elements substitute for calcium
(Ca?") in the apatite structure. In marine sedimentary rocks, carbonate-fluorapatite is
considered the major sink of these elements. This geochemical affinity is demonstrated
in the previous work of Al-Bassam and Magna [11] by the significant positive correlation
coefficients (r > 0.7) of REE, Y, and U with P,Os. The highest correlation coefficient of REE
is found with Y (r = 0.9), which is followed by U (r = 0.8).

Table 2. Average EDS microanalysis of the apatite in various phosphate components.

Wt. % Nodules Coprolites Cement Bioclasts
SiO; 1.96 0.82 1.37 n.a.
AlOs 0.85 0.26 0.49 0.12
Fe,O3 0.36 0.31 1.02 0.31
CaO 48.31 48.79 48.80 47.88
SrO 0.39 0.47 0.24 0.52
MgO 0.23 0.20 0.33 0.22
K;O 0.17 0.16 0.38 n.a.
Na,O 0.81 0.65 0.84 0.75
P,05 31.14 31.73 30.76 36.61
503 1.45 1.68 1.38 1.43
F 4.47 4.40 5.09 3.58

Table 3. Average major elements’ chemical composition of the Turonian phosphates.

Pecinov Quar Novi Ves Ceska Trebova Biezinka Chvalka Upohlavy Bytkovice Rtyné v
Wt. % (9 Samples) 4 Quarry s Quarry " Outcrop ) Quarry , Road-Cut1 Podkrkonoézi
(3 Samples) (2 Samples) (2 Samples) (9 Samples) (1 Sample) (1 Sample)
SiO, 13.37 9.06 20.73 37.91 2.05 6.57 17.02
TiO, 0.12 0.07 0.11 0.16 0.03 0.05 0.11
AL O3 3.01 1.59 1.14 2.30 0.78 1.52 3.47
Fe; O3 2.13 1.24 2.56 1.87 1.19 1.71 2.50
FeO 0.42 0.20 0.36 0.45 0.18 0.21 0.22
MgO 0.54 0.45 0.47 0.35 0.34 0.44 0.56
MnO 0.018 0.025 0.015 0.023 0.017 0.019 0.035
CaO 40.77 47.32 39.56 29.83 51.13 50.30 38.41
SrO 0.197 0.200 0.072 0.085 0.304 0.15 0.099
Na,O 0.88 0.59 0.12 0.32 0.52 0.47 0.21
KO 0.79 0.28 112 0.77 0.15 0.58 1.00
P,05 23.67 26.01 26.76 18.90 25.14 24.90 25.91
F 2.74 2.85 2.26 1.67 3.25 2.83 1.84
CO, 4.04 6.40 0.70 2.37 9.79 9.59 n.d.
C-organic 0.88 0.58 0.35 0.22 0.80 0.55 n.d.
S-total 1.29 0.28 0.09 0.20 1.26 0.22 n.d.
H,O* 3.56 1.70 2.18 2.15 0.40 n.d. n.d.
H,O 0.72 0.77 0.53 0.59 1.13 0.42 n.d.
-F equiv. —1.153 —1.198 —0.950 —0.703 —1.369 -1.193 —0.775
-S equiv. —0.322 —0.069 —0.023 —0.050 0.314 —0.055 -
Total 97.67 98.35 98.15 99.43 96.78 99.28 90.61

1113], 2 Present work, n.d.: not determined.
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Table 4. Average trace element concentrations of the Turonian phosphates.

pm Temmomm N T e By’ Resica rodlakonos
(3 Samples) ! (2 Samples) 2 (2 Samples) 2 (9 Samples) ! (1 Sample) ! (1 Sample) 2
Sc 12.6 5.6 10.0 4.0 9.8 24 2.3
Cr 11.6 53 10.5 35.0 1.1 4.8 23.0
Co 3.8 3.7 7.0 4.0 6.0 3.0 n.d.
Ni 18.2 13.4 12.0 6.5 26.3 113 18.2
Cu 16.6 14.5 10.5 4.0 20.1 19.8 n.d.
Zn 60.3 17.8 23.0 14.5 599.9 12.8 n.d.
Rb 11.7 8.5 48.5 n.d. 3.6 8.8 n.d.
Y 213 74 548 131 368 144 153
Zr 40.3 16.6 45.5 151 47.4 22.5 18.1
Cd 0.07 0.12 3.0 3.0 0.74 0.12 n.d.
Ba 131 279 55.0 62.5 308 512 92.5
w 1.4 0.9 115 n.d. 1.0 1.0 n.d.
Pb 13.8 16.7 12.0 10.0 26.9 22.2 n.d.
Th 8.1 1.7 35 6.0 0.8 1.0 22
18] 29.7 37.9 30.5 29.5 28.9 12.5 10.4
Y REE 873 325 1338 526 1300 529 n.d.
Ce-anomaly * 0.25 —0.06 —0.30 0.06 0.02 -0.12
Ce/La 4.84 1.58 0.84 2.58 1.88 1.28

1[11], 2 Present work, * Ce-anomaly = Log {3Cen/(2Lan + Ndy)} [32], REE normalized to Average Shale [33]. n.d.: not determined.

5.2. Critical Elements

According to the European Commission report [2], P, F, REE, and W are classified as
Critical Raw Materials among other commodities. In this work, other elements of strategic
importance are also highlighted and include U, Y, and Zr.

P,0Os5: The P,Os content of the phosphate components is found to range from 19.6 wt. %
to 26.5 wt. % in the phosphate nodules, 22.8 wt. % to 26.3 wt. % in the phosphatized
coprolites, 24.9 to 28.5 in the phosphatized sponges, up to 28.6 wt. % in the phosphate
nodules and tube-fills of hardgrounds, and up to 32.59 wt. % in the shark teeth, compared
to 30-39 wt. % P,Os in the carbonate-fluorapatite phase determined by EDS microanalysis
of some phosphate samples (Tables 2 and 3).

F: The F content varies from 2.42 to 3.18 wt. % in the phosphate nodules and 2.86 to
3.50 wt. % in the phosphate coprolites, compared to 4.2 to 4.5 wt. % in the pure carbonate-
fluorapatite, as shown in the EDS microanalysis (Table 2). The nodular phosphates in the
hardgrounds show lower F content (1.50-2.57 wt. %) (Table 3) and up to 5.7 wt. % in the
EDS analysis of the carbonate-fluorapatite (Table 2). The F content is directly proportional
to the P,O5 content with F/P,Os ratio of about 0.14, varying in a very narrow range in
most samples, except in the nodular phosphate hardgrounds, where lower F content is
noticed with the F/P,0Os ratio of about 0.10.

REE, Y, U, W, and Zr: Total REE concentration in the extracted phosphate samples
reported by Al-Bassam and Magna [11] ranges from 631 to 1132 ppm in the phosphate
nodules and 398 to 874 ppm in the phosphate coprolites. The partial analysis of REE
(La, Ce, and Nd) in the new localities (Table 4) show elevated mean concentration of
1338 ppm in the phosphate samples of the Ceska Tiebova phosphate-bearing hardground
compared to 526 ppm in the phosphate samples from the hardground at Bfezinka—Chvalka,
in contrast to }_REE of mostly <200 ppm in the associated siliciclastic samples [11]. Yttrium
concentration ranges from 159 to 267 ppm in the phosphate nodules, 75 to 437 ppm in
the phosphate hardground, and 152 to 475 ppm in the phosphate coprolites. Uranium
concentration ranges from 20 to 38 ppm in the phosphate nodules, 26 to 37 ppm in the
phosphatic hardgrounds, and 27 to 32 ppm in the phosphate coprolites. The highest U
concentration of 43 ppm is found in the phosphatized sponges at the base of Bila Hora
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Formation. Relatively high W concentration of 20 ppm is found in the phosphate sample
60A collected from the hardground at Ceska Tfebova and elevated concentrations of Zr of
103-199 ppm are found in the phosphatic hardground at Biezinka—Chvalka (Table 4).

5.3. Recovery of REE from Phosphates

The extraction of REE, U, and other valuable trace elements from phosphoric acid
is a well-known world practice carried out during fertilizers production where they are
recovered as by-products. The extraction these metals from phosphoric acid is considered
an example of conservation of natural resources. If not recovered, they will be lost forever
from the economy [34]. There is no experimental work on the recovery of REE, U, and
other valuable metals from the Czech phosphates.

The world experience in this respect show that trace elements in the phosphate rocks
are fractionated and partitioned over various products of the industrial stages of fertilizers
production including beneficiation, production of technical or green phosphoric acid,
fertilizers, and the wastes of phosphogypsum and slime [35,36]. Rare earth elements are
only trace constituents of marine apatite, but as millions of tons of such apatite are dissolved
annually to make phosphoric acid. The opportunity exists for increasing rare-earth output
as a byproduct of fertilizer production [37]. Rare earth elements recovery from phosphoric
acid was found more efficient in the HCI route of phosphoric acid production than the
H,S0O;4 route of dissolution. Up to 80% recovery of REE has been reported, in laboratory
experiments, using the former method [38]. However, it has been shown that REE in
phosphorites are not totally transferred to phosphoric acid after acid dissolution. They are
fractionated in various proportions among the main products of the fertilizer production
system, including phosphoric acid, phosphogypsum, slime, mine tailings, waste clay,
etc. [39].

6. Phosphogenesis
6.1. Main Phosphogenic Events in the BCB

The phosphate occurrences at the base of Bila Hora Formation (earliest Turonian) are
the most persistent in the BCB. They are present as a marker horizon, encountered in five
sections, extending for about 200 km in a NW-SE direction along the southern margins
of the BCB. These sections are Pecinov, Planany, Nova Ves, Ceska Ttepova, and Bfezinka—
Chvalka (Figures 1 and 7). The phosphate mineralization is found at the basal part of the
Bild Hora Formation overlying, with a gap in sedimentation, various rock units. It is found
on top of the crystalline rocks of the Kutna Hora Complex (Platiany section), Korycany
Member (Ceska Ttebova, Bfezinka—Chvalka, and Nova Ves sections), and Pecinov Member
of the Peruc-Korycany Formation (Pecinov section) (Figure 7).

The Early Turonian phosphate mineralization is present as phosphate nodules in the
Pecinov quarry, accumulation of phosphatized bivalve shells, skeletal remains, shark teeth,
and phosphatized sponges in the Plariany and Nova Ves quarries and as phosphatic and bio-
turbated hardground in the Bfezinka-Chvalka and Ceska Ttebovd sections. The phosphate
mineralization in these sections is associated with stratigraphic condensation, glauconite,
omission surface, bioturbation, and hardgrounds. The phosphogenic event marks the onset
of the Early Turonian global eustatic transgression in the BCB. The phosphate horizon at
the base of the Bila Hora Formation is thin, usually <1 m, and the lithology of the host rocks
consists of black mudstones, siltstones, quartz-sandstone, bioturbated phosphatic, and silty
mudstone hardgrounds, and/or a heterogeneous mixture of bioclasts and intraclasts. With
the exception of phosphatic hardgrounds, the other phosphate components in this part of
the sequence show evidence of reworking.

The basal part of the Teplice Formation (Upper Turonian) is marked by two remarkable
beds of phosphatic marl, holding phosphatized coprolites, sponges, skeletal remains, and
shell fragments. These basal phosphate-bearing glauconitic marl horizons are about 0.5 m
in thickness at the Upohlavy quarry and show evidence of sequence condensation. This
phosphogenic event was also recorded at the Byckovice outcrop [10] and is considered a
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marker horizon, always found at the base of the Teplice Formation marking the contact
with the Jizera Formation [7,14].
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Figure 7. Stratigraphic correlation of the investigated Early Turonian phosphate occurrences of the Bohemian Cretaceous

Basin (BCB) (See Figure 1 for geographic location).

6.2. Origin and Phosphogenic Environment

All phosphate occurrences covered by this survey are of marine sedimentary origin,
mostly found in condensed and glauconitic sequences, omission surfaces, and bioturbated
hardgrounds. The persistent phosphate mineralization at the latest Cenomanian/earliest
Turonian coincides with the most pronounced anoxic event of the Cretaceous, which is well
known as the Oceanic Anoxic Event 2 (OAE2). The initial source of phosphorus of these
deposits is continental in origin, derived from deeply weathered felsic and intermediate
igneous and older siliciclastic rocks, by rivers to the marine basin [13]. The local source
was most likely P-rich organic matter and Fe-oxyhydroxides, derived to the basin from
terreginous sources, and supplied phosphorus to the pore water environment.

Long periods of warm and humid climate during the Mid-Cretaceous, reported by
various workers [40-42], enhanced weathering intensity of source rocks, indicated by
mineralogical and geochemical criteria [13,24,43]. A warm and wet climate promotes
chemical weathering and river input of phosphorus to the sea [44] and the onset of the
C/T ocean anoxic event (OAE2) was triggered by a short-lived increase in phosphorus
burial [45]. The authigenic marine precipitation of phosphates is generally accepted to
take place in the reducing environment of the pore water, below sediment-water interface,
following the bacterially-mediated liberation of phosphorus sorbed on Fe-oxyhydroxides
and/or attached to organic matter [46-51].

A short-lived phosphogenic environment dominated the southern margins of the BCB
at the Cenomanian/Turonian (C/T) boundary, associated with condensed and starved sedi-
mentary sequence. The bio-stratigraphic hiatus at the Cenomanian/Turonian boundary has
been recently confirmed [12]. The lithological break is marked by bioturbated phosphatic
hardgrounds and/or their reworked derivatives, which are rich in glauconite and depleted
in authigenic carbonates and found in all the studied sections along the southern margins
of the BCB. Continuous subsidence of the BCB during the Cenomanian resulted in a depth
increase and, as a consequence, eutrophication of subsurface waters. The rate of subsidence
varied considerably within the BCB and was at its maximum in the N and NE parts of the
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basin (Cech, 1993, in Reference [22]). In the vicinity of the Pecinov quarry, several meters
of relatively deeper facies black and dark gray silty mudstones of the Pecinov Member
were deposited on top of the Korycany Member. The deposition of these mudstones is
restricted to the deeper, suboxic part of the BCB during Upper Cenomanian and is not
found elsewhere in the basin, where the Turonian sediments of the Bila Hora Formation
overly the Korycany Member or even the Kutna Hora crystalline complex (Figure 7).

The Cenomanian drowning in the BCB ceased due to a global sea-level fall. A sequence
boundary of latest Cenomanian age in the Pecinov section is correlated to a global sea-level
fall during the N. juddii zone [6]. This was followed by a renewed sea-level rise that
occurred during the early Turonian at the W. coloradoense zone and reached maximum
flooding during the M. nodosoides zone [6]. As a result, a firm ground was developed
and the consolidated deposits were penetrated by organisms producing Thalassinoides
traces and an omission surface with a burrow system was formed. This was followed by
hardground development, borings, and initiation of glauconitization and phosphatization
processes, which led to the formation of a composite hardground.

It is shown that glauconite is a reliable indicator of condensed sections. Abundant
glauconite may reflect marine transgression associated with sediment starvation [52,53]. It
is found in intimate association with the phosphates at the C/T boundary in the BCB [13].
Marine phosphorites, associated with black shales, are suggested to correlate among other
criteria, with the development of widespread oxygen-depleted waters induced by reduced
rates of oceanic circulation and oxygen solubility, giving rise to the formation of phosphatic
hardgrounds [54].

The phosphate deposits were reworked during a regional low-stand event of a sea
level that caused erosion and discontinuity. The early stage of the Turonian transgression
led to the reworking of these hardgrounds in many places, such as Pecinov, Planany, and
Nova Ves sections, but they are preserved in some other sections such as Biezinka—Chvalka
and Ceska Tebova sections. The phosphate nodules at the base of the Bila Hora Formation
in the Pecinov quarry section were initially precipitated in a lower stratigraphic horizon
and later reworked and accumulated in the overlying sequence [11,13].

Redox conditions during phosphogenesis, suggested by Ce-anomaly values [32],
ranged from anoxic in the NW part of the BCB (Pecinov section), dysoxic in the central
part (Nova Ves section), and variable in the SE part from oxic (Ceska Tfepova section) to
anoxic (Bfezinka—Chvalka section). Several evidences of anoxia are found in the phosphate
nodules at the Pecinov section, including a positive Ce-anomaly (0.22-0.28) and high
Ce/La ratio (3.9-5.8) [11], sulfur-reducing bacteria [23], and negative 513C values in apatite
structural CO3 (—1.23—-—0.86 %0 PDB) [24].

The clastic phosphate components, found at the base of the Bila Hora Formation in
the Nova Ves section, related to the same phosphogenic event, were deposited in dysoxic
rather than anoxic environment. They show REE indices of a transitional zone between
oxic and anoxic environments, where the Ce-anomaly mostly ranges between —0.1 and
0.0 and Ce/La ratio of ~1.6 [11]. Sponges, skeletal fragments, shark teeth, and shell
fragments were phosphatized in dysoxic conditions and later suffered reworking in a
shallow and more oxygenated marine environment that preceded the onset of the Early
Turonian transgression (base of Bila Hora Formation). On the other hand, the REE redox
indices found in the hardground phosphates indicates variable redox conditions, ranging
from oxic at Ceska Ttepova (Ce-anomaly ~—0.3 and Ce/La ratio = 0.84) and anoxic at
Brezinka—Chvalka (Ce-anomaly = 0.06 and Ce/La ratio = 2.6) (Table 4).

The Ce anomaly and Ce/La values found in the Early Turonian phosphates of the
BCB are higher than those reported for oxic, open marine seawater of —0.76 and 0.35,
respectively, [53] and suggest initial phosphate deposition in a restricted environment
below a sediment-water interface. The REE pattern of distribution in the Early Turonian
phosphate components, reported previously [11] and supported by the REE patterns of
new results, show enrichment in the light REE (LREE) and, in some samples, a hump (bell-
shape) in the middle REE (MREE). This pattern is well manifested in phosphate nodules at
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the Pecinov section and suggests deposition in suboxic conditions below a sediment-water
interface [32,55]. The intensity of the MREE enrichment correlates with the intensity of
other REE redox indices of a Ce-anomaly and Ce/La ratio (Figure 8).

The Upper Turonian coprolitic phosphates at the base of the Teplice Formation mark
another phosphogenic event that can be related to condensed sedimentation and low
sea-level stand before the following transgressive cycle and the subsequent elevation
of the sea-level [10]. The phosphate coprolites and other clastic phosphate components
encountered at the base of the Teplice Formation in the Upohlavy quarry and By¢kovice
road-cut are clearly phosphatized fecal materials [10,13]. Phosphatisation of the initial
coprolite fecal material took place under variable redox conditions, but more oxic than that
of the phosphate nodules and other Early Turonian phosphates. This is indicated by the
phototrophic type of fossil bacteria found in these coprolites [23], REE distribution pattern,
and Ce-anomaly values, falling in the anoxic—oxic transitional zone [11].

Phosphatisation of the coprolites could have started below a sediment-water interface,
where the process involved release of phosphorus entrapped in organic matter of the fecal
material under suboxic conditions and subsequent phosphatisation of the coprolites with
potential bacterial mediation [23]. The 513C values of the carbonate-fluorapatite structural
CO3, ranging from —1.68 to —1.83%. PDB, support an initial suboxic environment of
phosphatization [24]. The coprolites were reworked several times after phosphatisation
and sustained contact with seawater for extended periods of time sufficient to incorporate
higher concentrations of F, U, Y, Zn, and REE in the apatite structure.
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Figure 8. Rare earth elements distribution patterns in selected Early Turonian phosphate samples
compared to seawater pattern. Sample 17A: phosphate nodule (Pecinov), data from Reference [11],
Samples 80A and 80B: phosphate tube-fill (Bfezinka—Chvalka) (present work), Sample 52C: phos-
phatized carbonate clasts (Nova Ves), data from Reference [11], SW: seawater x 100, data from
Reference [56].

6.3. Comparable Cretaceous Phosphogenic Events in Europe

Numerous Cretaceous phosphate occurrences have been reported in Europe, ranging
in age from Albian to Maastrichtian [15]. The Late Cretaceous deposits are of the Tethyan
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upwelling type and found in some Mediterranean European countries, extending in age
from Upper Cretaceous to the Eocene. The Mid-Cretaceous phosphate deposits were
developed in epicontinental seas and are of smaller extensions and thicknesses than the
younger Tethyan deposits. The most common of these are minor phosphate occurrences
reported in the Albian, Cenomanian, and Turonian sediments, mostly associated with
discontinuity surfaces and reported in several countries of Europe.

The sequence described by Walaszczyk [57] at Annopol-on-Vistola section in Poland
is comparable in age and phosphogenic events to the sequence of the Peruc-Korycany
Formation of the BCB. The phosphate mineralization occurs at several discontinuity sur-
faces, especially at the Middle/Upper Cenomanian contact and Upper Cenomanian/Lower
Turonian contact. The former is expressed by a composite hardground horizon, up to 30-cm
thick, with glauconitic and phosphatic mineralization and may be compared with the
omission phosphatic surface separating Unit P3 from Unit P2 of the Pecinov Member in the
BCB. The latter discontinuity is reported by Walaszczyk [57] to represent a well manifested
omission surface at the top of the heavily glauconitic Upper Cenomanian marls, equivalent
in age to the omission surface between Unit P4 of the Pecinov Member (latest Cenomanian)
and Unit BH1 (earliest Turonian) of the Bila Hora Formation in the BCB.

Comparable age-equivalent phosphate occurrences are also reported in the Late
Cenomanian sediments of the Russian Craton. Ilyin [58] reported that the Mid-Cretaceous
Epicontinental sea covered the central part of the Russian Craton, which was differentiated
into syn-sedimentary highs and lows. Condensed Cenomanian sequences were deposited,
with abundant hiatuses, on the highs, crowned by an extensive phosphorite pavement,
30-50 cm thick. The phosphorite was described as a multi-layered phosphorite hardground,
built of phosphorite nodules firmly cemented by a phosphate matrix. The nodules consist
of phosphatized radiolarians, diatoms, and hexactinellid sponges [58]. Analyses show no
carbonate in excess of what is substituted for PO,3~ in the francolite structure. The delicate
balance of the Cenomanian sea-level was abruptly interrupted by a major rise of sea-level,
which happened around the Cenomanian/Turonian boundary and led to the drowning of
the phosphate platforms and deposition of chalk [58].

Glauconite—phosphate association in hardgrounds was described from the Cenoma-
nian of Devon, Southwest England [59]. The mineralization was classified into different
groups on the basis of petrography and chemical analysis. Strong association between glau-
conite and phosphate was reported on a sub-microscopic scale. Glauconite and phosphate
formation are believed to have taken place in the transitional zone between oxic and anoxic
environments (suboxic zone). Iron oxyhydroxides were reported as a potential source of
phosphorus and iron [59].

“Extensive” horizons of phosphatic rock of Turonian-Campanian age were discovered
in the uppermost 10-25 m of the Vigla Formation in Greece. Some interesting uranium-
bearing francolites have been reported in organic-rich phosphatic limestones from Greece
by references [60,61]. Nodular phosphatic beds also occur in Germany where the “most
extensive” of phosphate rocks are found in the Middle and Upper Cretaceous sediments in
Mecklenburg. Phosphate nodules in Mid-Cretaceous glauconitic marl were reported in
Hungary, extending for 43 km? [15].

7. Potential Phosphorite Exploration Targets in the BCB

The previous and new findings show that the phosphate-bearing horizon at the base
of the Bila Hora Formation, dated as Early Turonian, is encountered in all the localities
investigated along the southern margins of the BCB [3-6,8,10,13,22]. This phosphate hori-
zon is recorded in minor occurrences within a 200-km long belt extending from NW to
SE along the southern margins of the BCB (Figure 7). It appears to be the most persistent
Mid-Cretaceous marine sedimentary phosphogenic event known until now in the Czech
Republic. It is also recorded in some European countries, such as Poland [57] and Rus-
sia [58], which may suggest a regional, short-lived, Mid-Cretaceous phosphogenic event
in Europe.
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The phosphates are situated at the base of the Bila Hora Formation (Lower Turonian),
overlying unconformably various rock units and marking the Early Turonian transgressive
cycle in the BCB. However, despite the consistency of this phosphogenic event, the investi-
gated Early Turonian phosphate occurrences are present in thin horizons and cannot be
categorized as deposits in the economic sense, but, certainly, they are occurrences of great
scientific significance. Most of the extracted phosphate components contain anomalous
concentrations of REE and some other critical elements [11].

The phosphate-bearing horizons, documented until now in the Mid-Cretaceous se-
quences of the BCB, are mostly <1 m, in all the sampled localities. The bulk rock grade
is generally low, not exceeding 5 wt. % P>Os. The phosphate components, mostly with
>25 wt. % P,0s, are diluted by various lithologies of the host rocks, including mudstones,
sandstones, and carbonates. Open cast, specific mining of these phosphates is economi-
cally not feasible due to the high stripping ratio and low P,Os grade of bulk rocks, but,
when the country rocks are excavated for other purposes, such as raw material for the
cement industry (e.g., Pecinov quarry), the Early Turonian phosphates (base of Bila Hora
Formation), which are part of the overburden, can be excavated by selective mining and
concentration by physical methods. However, this does not exclude the possibility of dis-
covering thicker phosphate horizons of higher P,Os5 grade in the Early Turonian sequence
after detailed exploration.

Based on the results presented in this study, the Early Turonian phosphate-bearing
horizon can be recommended as the main exploration target for marine sedimentary phos-
phorites in the BCB. The future exploration work should focus on discovering reasonably
sizable and high-grade phosphate deposits of economic importance as source of REE
and/or other critical and valuable metals. Such targets may be found in the undisturbed
pristine phosphate hardground similar to that at Ceska Tfebova. However, large phosphate
deposits should not be expected since this interval of the Cretaceous Period (Turonian)
is not known as a large-scale phosphogenic period in the world. The giant Cretaceous
phosphorite deposits are of a younger age, spanning across the Campanian to the Maas-
trichtian and even younger to the Paleogene, and were deposited in the Neo Tethys oceanic
upwelling sedimentary regime [15,62,63].

8. Conclusions

Several short-lived phosphogenic events are recorded in the Turonian marine sedi-
ments of the BCB. They are occasionally present as pristine nodular phosphate hardground,
but more often as reworked phosphoclasts. They are associated with glauconite, condensed
sections, and suboxic environments. High concentrations of critical and other valuable
elements in the Turonian phosphates include P, F, REE, Y, U, and W. The Early Turonian
phosphate horizon is the most persistent among the Turonian phosphates. It marks the
Early Turonian global transgression, stratigraphically bound to the base of the Bild Hora
Formation and overlying, with a break in sedimentation and various geological units. This
strata-bound phosphate horizon can be recommended as a future exploration target for
marine sedimentary phosphorites in the southern margins of the BCB.
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