
Rare earth elements (REE; La–Lu) are considered an 
important tool in studies of sedimentary rocks where 
they may indicate environmental conditions and track the 
ultimate source rocks. They have commonly been used to 
investigate redox conditions of the environment (Elderfield 
& Pagett 1986, Wright et al. 1987, Shields & Stille 2001), 
record sea-level fluctuations (Wilde et al. 1996), and 
track the sources of REE input into marine environment 
(Martin et al. 1976, Elderfield & Greaves 1982, Hoyle 
et al. 1984, Goldstein & Jacobsen 1988, Elderfield et al. 
1990, Mitra et al. 1994). Rare earth elements are found in 
all types of sedimentary rocks, but they are in particular 
present in high concentrations in marine phosphorites 

which are considered by some as a potential alternative 
source for the conventional natural REE resources 
(Altschuler et al. 1967, British Geological Survey 2011,  
Emsbo et al. 2015). They are also concentrated in  
Fe- and Mn-oxyhydroxide precipitates, which are taken 
as an efficient trap for REE in fresh-water and marine 
environments (Fleet 1984, Ruhlin & Owen 1986).

REE in seawater

There was a general agreement in the early studies that 
rivers are the dominant source of REE in seawater deriving 
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their REE budget from weathering of continental rocks 
(Piper 1974), with additional input of REE by Aeolian 
transport, aluminosilicates and Fe–Mn oxyhydroxides 
(Windom 1969), submarine volcanism (Piper et al. 
1975), and by submarine hydrothermal systems (Fleet 
1984, Goldstein & Jacobsen 1988, Olivarez & Owen 
1991). However, subsequent investigations indicated 
that fluvial input is more complex; field and laboratory 
studies (Martin et al. 1976, Hoyle et al. 1984, Goldstein 
& Jacobsen 1988) have shown that a significant portion 
of REE in river waters is removed in estuaries, probably 
through a combination of sorption and co-precipitation 
reactions (Fleet 1984). As a consequence, adsorptive 
scavenging by Fe–Mn oxyhydroxides is thought to limit 
the REE budget in seawater and REE are supplied to the 
ocean mainly as particulate material of which very little 
is dissolved (Sholkovitz et al. 1994). It should be noted 
that the dissolution of Fe–Mn oxyhydroxides in dysoxic 
and anoxic marine environments can locally increase REE  
concentrations in seawater by an order of magnitude (Ger- 
man et al. 1991) and REE concentrations more than two 
orders of magnitude higher than in seawater in shallow sub- 
surface pore fluids were also reported (Abbott et al. 2015).

Seawater exhibits progressive enrichment of heavy 
rare earth elements (HREE) relative to light rare earth 
elements (LREE) paralleled by negative Ce-anomaly 
(Høgdahl et al. 1968). This depletion in Ce reflects its 
oxidation to the strongly insoluble Ce4+ under oxic to 
suboxic conditions in the modern open ocean (Piper & 
Bau 2013), while preferential removal of Ce and LREE by 
Fe–Mn-oxyhydroxide particles appears to be responsible 
for the characteristic REE pattern of modern seawater 
(Sholkovitz 1994). Elderfield & Pagett (1986) have set the 
Ce-anomaly (defined as log [3 × CeN/(2 × LaN + NdN]; 
normalized to North American Shale Composite (NASC) 
of Haskin & Haskin 1966) divide between oxic and anoxic 
conditions at zero. Wright et al. (1987) applied the same 
definition of Ce-anomaly, but used the boundary value 
of −0.1 to define the oxic/anoxic boundary, which would 
account for the mixing effect resulting from vertical 
diffusion or horizontal transfer of anoxic signatures and 
the existence of a transition zone. The Ce-anomaly in the 
Atlantic seawater was found to range from −0.74 to −0.22 
(Høgdahl et al. 1968, Elderfield & Greaves 1982, De Baar 
et al. 1983) with more negative values found in deeper 
parts of the ocean.

REE in marine sediments

The REE patterns of open marine sediments are similar 
to that of seawater with negative Ce-anomaly and HREE 
enrichments but are markedly different from those of 
rivers, hydrothermal, Aeolian and diagenetically-modified 

patterns of marine sediments, which are characterized 
by LREE and middle rare earth elements (MREE) 
enrichment, and the absence of Ce-anomaly (Elderfield 
& Greaves 1982, Elderfield et al. 1990, Mitra et al. 
1994). The REE patterns of modern marine authigenic 
carbonates, barytes and phosphates show a close similarity 
to REE patterns of seawater (Shields & Stille 1998), and 
all marine sedimentary phosphorites formed in marine 
upwelling systems mimic REE pattern of open seawater 
(Altschuler et al. 1967, McArthur & Walsh 1984, Jarvis 
et al. 1994, Ilyin 1998, Shields & Stille 2001, Shields 
& Webb 2004, Aba-Hussain et al. 2010, Emsbo et al. 
2015, Abed et al. 2016). Shale-normalized REE patterns 
in marine sediments that resemble modern seawater 
patterns are mostly interpreted as a primary signature 
and reflecting deep marine sources of REE (Elderfield & 
Pagett 1986, Wright et al. 1987, Piper et al. 1988, Picard 
et al. 2002, Martin & Scher 2004). Deviations from the 
seawater pattern are considered by some researchers to 
record post depositional alteration, where redistribution of 
REE among detrital and authigenic phases occurs during 
diagenetic equilibration of phosphate phases with pore 
water (McArthur & Walsh 1984, Ilyin 1998, Shields & 
Stille 2001, Shields & Webb 2004, Bright et al. 2009). 
The anomalous departures of REE patterns in marine 
sediments from seawater pattern, mostly demonstrated 
by Ce-anomaly, are thought by many authors to reflect 
the paleoredox conditions of primary deposition of these 
sediments (Morad & Felitsyn 2001). However, the Ce-
anomaly appears to be more diverse in its origin and may 
be distorted by late diagenesis. Holserab (1997) argued 
that under reducing conditions Ce3+ is adsorbed on Fe–Mn  
oxyhydroxides or organic particulate matter and the 
remaining solution tends to show a negative Ce-anomaly, 
but any such primary record may be overprinted by late 
diagenetic alteration.

The REE patterns and elemental ratios in sediments 
are commonly used to predict depositional environment. 
For example, depletion of Ce relative to its neighbors 
associated with HREE enrichments, which are typical 
of seawater pattern, are considered strong indicators of 
an oxic depositional environment (Sarkar et al. 2003) 
attributed to open ocean environment and formation of 
authigenic minerals under oxic conditions (Kidder et al. 
2003). The depletion in HREE associated with a bell-
shaped MREE pattern and slight Ce-depletion may 
indicate suboxic conditions (German et al. 1995, Morad 
& Felitsyn 2001, Shields & Stille 2001). In contrast, the 
lack of Ce depletion, or even excess Ce, associated with 
LREE- to MREE-enriched patterns, would indicate anoxic 
conditions (Patrick et al. 2004, Ounis et al. 2008, Bright et 
al. 2009, Fadel et al. 2015). The Ce-anomalies in apatite 
have been used for the purpose of reconstruction of redox 
conditions; positive Ce anomalies in biogenic apatites have 
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been considered to lend support to oceanic anoxia (Wright 
et al. 1987, Morad & Felitsyn 2001).  This is underscored 
by variations in Ce/La ratios which may reflect oxygen-
poor to oxygen-rich environment. For example, Ce/
La of ~0.35 and ~0.78 has been established for open 
seawater (Høgdahl et al. 1968) and marine upwelling-type 
phosphorites (Altstchuler 1980), respectively, while it is 
~2.0 in average world shales (Haskin & Haskin 1966). 
These interpretations, however, should be considered 
with caution when constructing paleoenvironmental 
models, because Ce concentrations may reflect solely the 
pore water anoxia (Kemp & Trueman 2003). The redox 
mobilization of Ce in pore waters has been shown to be 
almost identical to its behavior in anoxic basins where 
high dissolved Ce3+ concentrations are expected in anoxic 
pore waters. The removal of dissolved Ce in pore water 
environments takes place by adsorptive scavenging and/or 
incorporation in rapidly settling large particles like fecal 
pellets (De Baar 1983).

The occurrence of phosphates in the Bohemian 
Cretaceous Basin was reported by many authors (Uličný 
et al. 1996, 1997; Žítt et al. 1998; Wiese et al. 2004; Vod- 
rážka et al. 2009). However, the REE systematics in the 
Cenomanian and Turonian sedimentary sequences of the 
Bohemian Cretaceous Basin were rarely investigated. 
Uličný et al. (1997) reported on elevated concentrations 
of some REE in phosphorites relative to the coexisting 
marlstones and/or mudstones. Dobeš et al. (1987) have 
found similar REE enrichments in Turonian phosphorites 
of the Bohemian Cretaceous Basin and explained the 
observed enrichment by REE incorporation into apatite. 
However, a vertical stratigraphy profile of REE abundance 
and systematics across the Cenomanian–Turonian boundary  
in the Bohemian Cretaceous Basin has not yet been made.

Here, new REE–Y–U abundance data is presented 
for samples collected from the mudstones of the Pecínov 
Member of the late Cenomanian Peruc-Korycany 
Formation, the lowermost part of the Bílá Hora Formation 
(upper Cenomanian–lower Turonian), phosphate nodules, 
coprolites, sponges and tubular structures (burrows) 
from the Pecínov Member, Bílá Hora and Teplice 
formations, respectively, with the aim to (i) investigate 
the geochemical association and patterns of distribution 
of REE, and (ii) show their significance as indicators of 
source rocks and depositional environment with special 
emphasis on the phosphogenic processes and the anoxic 
event at the Cenomanian–Turonian boundary. 

Geological setting

The Bohemian Cretaceous Basin (BCB) (Cenomanian–
Santonian) is an intracontinental depositional de- 
pression that formed by the reactivation of a fault system 

in the Variscan basement of the Bohemian Massif in 
the mid-Cretaceous (Uličný 1997, 2001) and acted as 
a seaway between the North Sea and the Tethys Ocean. 
Sedimentation within the BCB began during the late 
Albian or the earliest Cenomanian (Valečka & Skoček 
1991), with displaced fault zones creating topographical 
lows adjacent to erosional source areas. The oldest 
sediments in the BCB are of fresh water origin and were 
deposited in the most depressed areas (Žítt et al. 1998). 
The Cenomanian–lower Turonian sequence is represented 
by the Peruc-Korycany Formation (Cenomanian) and 
the Bílá Hora Formation (uppermost Cenomanian–lower 
Turonian) (Čech et al. 2005, Košťák et al. 2018). The 
Peruc-Korycany Formation consists of three members: 
Peruc, Korycany (Čech et al. 1980), and Pecínov (Uličný 
1997). The upper Turonian sequence in the BCB is 
represented by the Jizera and Teplice formations (Čech et 
al. 1980, Wiesse et al. 2004).

The Pecínov Member at Pecínov quarry was sub- 
divided by Uličný et al. (1997) and Košťák et al. (2018) 
into four principal units P1–P4, which are bounded by 
well-recognizable, erosional and/or burrowed surfaces. 
The sequence description has recently been updated by 
Košťák et al. (2018). Unit P1 is placed at a major erosional 

Figure 1. A – distribution of Cretaceous rocks (in gray) in the Czech 
Republic. • B – Bohemian Cretaceous Basin showing sampling sites:  
1 – Pecínov quarry; 2 – Úpohlavy quarry; 3 – Plaňany quarry; 4 – Nová 
Ves quarry; 5 – Borehole RP-32; 6 – Borehole RP-40; 7 – Borehole 
4270-01W; 8 – Borehole 4530-A.

A

B
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surface, overlain by a poorly-sorted, silty to gravelly 
sandstone, with abundant charcoal clasts and, locally, 
oyster moulds. The main body of P1 is comprised of 1.2 m 
thick succession of silty to sandy, bioturbated mudstones. 
Unit P2 is marked at the base by a sharp surface overlain by 
a glauconite-rich sandy siltstone. This bed is then overlain 
by a succession of 1.9 m of bioturbated, silty mudstones 
showing an alternation of dark- and light-colored beds. 
The base of unit P3 is marked by a prominent white to 
pale gray mudstone layer resting on a burrowed surface. 
This layer is overlain by cyclic sedimentation marked by 
changes in the content of organic matter and fine-grained 
siliciclasts. Unit P4 rests on a sharp surface on top of P3. Its 
base is marked by a sharp contrast between the extensively 
burrowed glauconite-rich, gray, silty mudstone and the 
dark gray to black, clay-rich mudstone of the base of unit 
P4. At the top of P4, medium-grey bed is characterized by 
wide-spread bioturbation with pale grey infill and almost 
zero faunal and plant remains.

The Bílá Hora Formation at Pecínov quarry was 
described by Uličný et al. (1997). A more detailed 
description of the basal portion of the Bílá Hora Formation 
is presented by Košťák et al. (2018). Unit BH 1 is 
0.6 m thick, comprised of strongly glauconitic, grain- to 
matrix-supported quartz siltstone that rests on a strongly 
bioturbated, irregular surface. The bioturbation reaches as 
much as 40 cm below the contact. This unit is considerably 
rich in phosphate nodules and clasts. The boundary 
between units BH 1 and BH 2 is developed as a burrowed, 
phosphatized erosive surface. Unit BH 2 is a gray, 
calcareous, glauconitic claystone to siltstone with sand 
admixture. Units BH 2 and BH 3 are separated by a thin, 
bioturbated level enriched in fine-grained quartz and 
glauconite sand. Unit BH 3 is a 60–70 cm thick succession 
of strongly bioturbated, gray marlstones with high content 
of fish bones and shark teeth. Oysters and brachiopods 
are present. Unit BH 4 constitutes the main body of the 
Bílá Hora Formation at Pecínov quarry. The base of unit 
BH 4 is a strongly bioturbated, fossiliferous marlstone. It 
defines the base of a succession of rhythmically bedded, 
foraminiferal marlstones and clayey foraminiferal 
limestones.

At Plaňany quarry the Cretaceous sequence is com- 
prised of Korycany Member of the Peruc-Korycany 
Formation and the Bílá Hora Formation. The sediments 
cover the weathered crystalline rock massif. The depth of 
weathering reaches 5 meters; burrows more than 80 cm 
deep are common on surface of these rocks. The base of 
the Bílá Hora Formation is represented here by reworked 
poorly sorted carbonate clasts, shell fragments, sponges, 
phosphoclasts, etc. Some clasts are coated or filled with 
glauconite (Žítt et al. 2010). The overlying unit is a friable 
glauconite sandstone bed, about 0.5m thick, topped by 
a dark gray 0.3–0.5 m thick claystone bed.

At Úpohlavy quarry the upper Turonian sequence 
is comprised of 27 m thick marls, fossiliferous clayey 
limestone and marl/limestone alternations (Wiese et al. 
2004). It consists of two sedimentary units; Jizera and 
Teplice Formation, respectively. Two coprolitic beds are 
recognized in the basal part of the Teplice Formation; the 
boundary between the Jizera and Teplice formations is 
taken at the Lower Coprolite Bed (Čech et al. 1996). It 
is 20–30 cm thick, glauconitic bed with mm-sized quartz 
grains and bioturbated phosphate clasts, overlying an 
erosive base and grading upward into dark marl. An Upper 
Coprolite Bed occurs overlying another erosive surface at 
the top of the dark marl (Wiese et al. 2004).

Material and methods

Samples 

Most samples (see Fig. 1 for geographic location) for this 
study come from the upper part of Pecínov Member (unit 
P3; about 2 m thick and unit P4; about 1 m thick) and the 
lowermost part of the Bílá Hora Formation (unit BH 1; 
0.6 m thick) exposed at Pecínov quarry (see Uličný et al. 
1997 and Košťák et al. 2018 for units terminology and 
stratigraphic location), and the Lower Coprolite Bed of  
the Teplice Formation at Úpohlavy quarry (see Wiese et al.  
2004 for stratigraphic location). Several samples were also 
collected from the basal part of the Bílá Hora Formation 
(Plaňany quarry), Teplice Formation (Nová Ves quarry 
and Býčkovice roadcut; Vodrážka et al. 2009). In addition, 
some samples from subsurface sections of drilled wells 
were also included. Sampling at Pecínov quarry covered 
the base of the N. juddii Zone at the base of unit P3 (sensu 
Košťák et al. 2018), mid-Cenomanian, Pecínov Member, 
Peruc-Korycany Formation and the upper contact of the N. 
juddii Zone with the W. devonese Zone at unit BH 1 (sensu 
Košťák et al. 2018), earliest Turonian, Bílá Hora Formation.

Subsurface. – Samples  no. 1A & 2: Glauconitic sand-
stone and siltstone, near upper contact of Pecínov Member 
with the Bílá Hora Formation, BH RP-40, depth 202.7 m 
and BH 4530-A, depth 81.8 m respectively. Samples 
no .  3A & 4A:  Glauconitic sandstone and siltstone, 
Bílá Hora Formation, near the lower contact with Pecínov 
Member, BH RP-32, depth 425.4 m and BH 4270-01W, 
depth 292.8 m, respectively.

Pecínov quarry. – Samples no. 6A, 7A, 22, 23 & 24A:  
Glauconitic grayish green mudstones, unit P3; Pecínov 
Member (samples from top to bottom at 40–50 cm 
interval). S a m p l e s  no. 5A, 8A, 9A, 10A & 11A: 
Glauconitic dark greenish gray mudstones, unit P4, 
Pecínov Member (samples from top to bottom at ca. 20 cm 
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intervals). Sample no. 23A: Phosphatic glauconitic silty 
tubular structure at the erosive and burrowed contact 
between unit P3 and unit P2, base of unit P3, Pecínov 
Member. Samples  no. 12C, 13, 14, 16G, 17F, 18B,  
19C & 20E: Glauconitic, phosphatic greenish gray silty 
mudstones, unit BH 1, Bílá Hora Formation. Samples 
no. 13A, 14A, 15A, 16A, 17A, 17E, 18A and 19A:  
Phosphate nodules distributed in unit BH 1, Bílá Hora 
Formation. Sample no. 20A: Phosphate mold of bivalve, 
associated with phosphate nodules in unit BH 1, Bílá Hora 
Formation (unit numbers after Košťák et al. 2018).

Úpohlavy quarry. – Samples no. 28A, 30A, 31A, 39A &  
41C: Phosphate coprolites, Lower Coprolite Bed, Teplice 
Formation. Sample no. 38A: Phosphatic tube-fill, Base 
of Lower Coprolite Bed, Teplice Formation.

Plaňany quarry. – Sample no. 42A: Calcareous sponge, 
base of the Bílá Hora Formation (eastern side of the 
quarry). Sample no.  48: Calcareous tubular structure, 
base of the Bílá Hora Formation (western side). Sample 
no. 50A: Glauconite bed overlying the clastic basal part 
of the Bílá Hora Formation (western side). Sample no. 
51A: Dark gray claystone bed overlying the glauconite 
sandstone bed (western side).

Nová Ves quarry. – Sample no. 52A: Phosphatic sponge,  
base of the Bílá Hora Formation. Sample  no .  52C: 

Phosphatic limestone fragment, base of the Bílá Hora 
Formation.

Býčkovice roadcut. – Sample no. 53: Phosphatic sponge, 
Teplice Formation.

Methods

Petrology. – All samples were examined under the optical 
polarized microscope. Selected samples were analyzed 
by X-ray diffractometry (CGS laboratories); the powder 
X-ray diffraction patterns of whole-rock samples were 
collected in the Bragg-Brentano geometry on a Bruker D8 
Advance diffractometer, using CuKα radiation and Lynx 
Eye XE detector.

Chemical analysis. – Samples were treated with con- 
centrated HF and HClO4 and evaporated to dryness. 

Figure 2. Sum REE vs. P2O5 contents in the analyzed samples. Mean 
values and one sigma uncertainty are plotted for coprolites (save for 
REE-rich sample 28A) and phosphate nodules. Mudstones with < 1.0 
wt % and > 1.0 wt % P2O5 are plotted as separate groups. The ‘Other’ 
group includes sandstones, siltstones, glauconite bed and kaolinitic 
claystone bed. Other samples are plotted individually.

Figure 3.  Shale-normalized REE distribution pattern of (A) Pecínov 
Member mudstones with sandstone and siltstone, and (B) Bílá Hora 
mudstones with sandstone and siltstone. Two REE-enriched Bílá Hora 
mudstones with a pronounced bell-shaped REE pattern are plotted 
individually (13, 20E).
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Lithium metaborate (Li2B4O7) and Na2CO3 (1:1) were 
added to dried residues and the mixture was fused in  
Pt beakers at 1050 °C. The resulting material was finally 
dissolved in 7M HNO3. Trace element concentrations 
were measured using an Agilent 7900x ICPMS, housed 
at the Czech Geological Survey. Basalt BHVO-2 (USGS) 
and REE-rich phosphate sample IC10D (Ackerman et al. 
2017) were measured for monitoring the instrumental bias 
and assessing the quality control. The results for BHVO-2 
and IC10D are listed in Table 1 and are within the ranges 
reported by Jochum et al. (2005) and Ackerman et al. 
(2017), respectively.

Data processing. – REE data were normalized to average 
world shale of Piper (1974) based on values of Haskin &  
Haskin (1966). REE in main groups of samples were 
normalized to CI chondrite of Anders & Grevesse (1989) 
and compared to REE contents in average granite (Taylor 
& McLennan 1985), basalt (Frey & Haskin 1964), shale 
(Haskin & Haskin 1966) and seawater (Høgdahl et al. 

1968). The Ce-anomaly was calculated according to 
Wright et al. (1987) as: log [3 × CeN/(2 × LaN + NdN)], 
where normalizing values were those of the North 
American Shale Composite (NASC) of Haskin & Haskin 
(1966). Significant ratios of REE to P2O5, Y and U were 
calculated for all samples together with Ce/La ratio and 
La/Yb ratio of NASC-normalized values. Statistical 
processing of analytical data was performed to extract 
correlation coefficients, using Spearman method, and 
factor analysis, using Principal Component Analysis 
(PCA) Varimax Rotation method.

Results

Petrographic description 

Samples of Pecínov Member (units P3 and P4 at Pecínov 
quarry) are dark gray to black silty to sandy mudstones, 
rich in quartz and glauconite with occasional sand-size 

Table 1. Rare earth elements, P2O5, Y and U concentrations, Ce-anomaly and significant ratios in the studied samples (sample description and location 
are outlined in the text).

22 23 24A 6A 7A 8A 9A 10A 11A 5A 1A 2 BHVO-2 IC10D

La 26.5 29.0 30.9 27.5 24.9 24.2 25.2 27.3 27.6 23.9 11.4 21.0 14.8 410

Ce 62.5 67.6 60.5 62.8 58.7 55.1 57.8 60.8 60.6 51.4 24.5 58.8 39.9 975

Pr 6.6 7.0 7.4 6.7 6.0 5.6 6.0 6.3 6.3 5.5 2.5 4.9 5.26 115

Nd 24.7 26.6 27.8 24.1 22.1 20.6 21.7 22.6 23.1 19.7 9.1 18.4 24.2 476

Sm 5.2 5.5 5.9 4.9 4.5 4.1 4.3 4.3 4.5 3.9 1.8 3.4 6.10 84.8

Eu 0.94 1.2 1.2 1.0 0.90 0.87 0.82 0.95 0.97 0.88 0.30 0.65 2.05 21.9

Gd 4.6 5.0 5.3 4.7 4.2 3.6 3.7 3.8 3.8 3.3 1.6 3.1 6.25 69.2

Tb 0.71 0.79 0.78 0.78 0.71 0.6 0.59 0.59 0.56 0.54 0.26 0.50 0.95 7.5

Dy 4.4 4.5 4.5 4.4 4.1 3.3 3.5 3.3 3.1 2.8 1.4 3.0 5.25 33.2

Ho 0.87 0.92 0.8 0.91 0.86 0.70 0.71 0.64 0.59 0.57 0.28 0.62 0.99 4.8

Er 2.6 2.8 2.2 2.5 2.4 1.9 2.0 1.7 1.7 1.5 0.8 1.8 2.51 10.1

Tm 0.34 0.35 0.26 0.36 0.34 0.26 0.28 0.25 0.23 0.24 0.12 0.23 0.32 0.92

Yb 2.8 2.6 2.0 2.4 2.3 1.8 2.0 1.8 1.7 1.5 0.84 1.9 2.01 5.4

Lu 0.41 0.39 0.28 0.39 0.37 0.28 0.3 0.26 0.25 0.25 0.14 0.28 0.30 0.66

ΣREE 142.93 154.12 149.76 143.34 132.42 123.01 128.64 134.5 135 115.89 55.04 118.5

Y 23.4 24.8 19.4 25.4 24.4 19.5 20.3 18.1 15.9 14.2 7.7 15.8 25.2 113

U 11.0 3.4 3.9 3.2 3.3 2.6 2.7 2.7 2.7 2.5 1.6 2.4 16.7 15.8

P2O5 (%) 0.27 0.14 0.08 0.05 0.14 0.07 0.08 0.08 0.07 0.09 0.15 0.03

ΣREE/ P2O5 × 100 5.37 11.01 17.83 31.16 9.39 17.08 15.88 17.93 18.75 13.63 3.64 34.85

ΣREE/Y 6.1 6.22 7.71 5.65 5.43 6.3 6.35 7.45 8.47 8.16 7.13 7.49

ΣREE/U 12.96 50.7 38.1 44.79 40.62 48.05 47.12 49.45 49.63 45.63 35.28 48.97

Ce/La 2.36 2.33 1.96 2.28 2.35 2.27 2.29 2.23 2.19 2.15 2.15 2.81

LaN/YbN 0.83 0.96 1.34 0.99 0.92 1.13 1.09 1.34 1.4 1.38 1.17 0.98

Ce-anomaly 0.07 0.06 –0.01 0.06 0.07 0.06 0.07 0.04 0.05 0.04 0.04 0.08
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phosphate clasts. They are devoid of carbonates and 
when present they are merely reworked intraclasts. Pyrite 
nodules and pyritized bivalve shells are common. In the 
studied subsurface sections the mudstones are sandier; 
sand-size quartz and rock fragments constitute most of the 
framework together with glauconite pellets. The matrix 
consists mainly of clay minerals and organic matter.

The samples of the Bílá Hora Formation (unit BH 1 
at Pecínov quarry) consist of gray glauconitic quartz 
siltstone and silty mudstones rich in organic matter 
and contain exotic brown phosphate nodules, several 
centimeters in size, rich in organic residues and pyrite. In 
subsurface sections this unit is more sandy and glauconitic 
with plenty of sand-size phosphate clasts. At Plaňany 
quarry, the basal part of the Bílá Hora Formation consists 
of reworked and brecciated calcareous and phosphatic 
poorly sorted friable clasts with abundant phosphatic 
sponges and rock fragments of metamorphic origin.

At Úpohlavy quarry, the coprolite samples, collected 
from the Lower Coprolite Bed, are brown, cylindrical 

with spindle shape, possessing typical shark morphology. 
They are embedded in dark gray marl and limestone, rich 
in benthic, planktonic and nektonic fauna. The coprolites 
are rich in organic matter and pyrite, but devoid of any 
carbonates.

X-ray diffraction analysis 

The mineralogy of the mudstones in the Pecínov Member 
and the Bílá Hora Formation is dominated by quartz, 
glauconite and kaolinite. Minor amounts of apatite, pyrite, 
smectite and feldspar are present. The phosphate nodules, 
coprolites and sponges are dominated by carbonate-
fluorapatite with minor amounts of glauconite, quartz and 
pyrite. Calcite was detected in the coprolites samples, as 
impurities from host rocks attached to the outer surface 
only. At Plaňany quarry, the dark gray claystone bed is 
dominated by kaolinite whereas the underlying sandstone 
bed is dominated by glauconite.

Table 2. Rare earth elements, P2O5, Y and U concentrations, Ce-anomaly and significant ratios in the studied samples from the Bílá Hora Formation 
(unit BH 1; sample description and location are outlined in the text).

12C 13 14 16G 17F 18B                19C 20E 3A 4A

La 21.9 38.7 20.2 24.7 22.5 28.8 30.2 25.7 12.0 13.8

Ce 47.6 152.1 54.2 55.5 51.6 62.2 66.9 89.3 27.0 29.7

Pr 5.0 14.3 5.5 5.7 5.3 6.5 7.0 8.4 3.1 3.3

Nd 18.4 62.7 21.5 20.8 19.8 23.8 25.4 35.9 11.5 12.1

Sm 3.5 15.1 4.6 4.0 4.0 4.8 5.1 8.5 2.4 2.5

Eu 0.74 3.6 0.90 0.91 0.86 1.0 1.1 2.0 0.61 0.59

Gd 3.0 15.4 4.4 3.6 3.5 4.0 4.3 8.4 2.2 2.3

Tb 0.46 2.3 0.64 0.52 0.54 0.6 0.61 1.3 0.46 0.40

Dy 2.7 12.3 3.7 2.9 3.0 3.4 3.6 7.0 2.0 1.9

Ho 0.52 2.3 0.72 0.57 0.6 0.66 0.66 1.3 0.45 0.42

Er 1.5 5.5 2.0 1.6 1.7 1.9 1.9 3.6 1.0 1.0

Tm 0.20 0.59 0.26 0.21 0.22 0.25 0.25 0.39 0.22 0.19

Yb 1.6 3.6 1.9 1.5 1.7 1.8 1.8 2.6 0.89 0.98

Lu 0.23 0.5 0.28 0.22 0.24 0.26 0.27 0.39 0.21 0.19

ΣREE 107.36 328.98 120.71 122.68 115.67 140.01 149.03 194.88 64.12 69.44

Y 14.2 70.4 21.0 15.0 15.5 17.4 17.7 38.8 11.5 11.4

U 2.5 13.5 37.1 2.7 2.6 2.2 3.0 7.1 1.3 1.1

P2O5 (%) 0.12 6.0 1.2 0.15 0.15 0.16 0.12 2.3 0.32 0.22

ΣREE/ P2O5 × 100 8.73 0.55 0.98 8.29 7.82 8.86 12.42 0.85 2.02 3.16

ΣREE/Y 7.58 4.67 5.75 8.16 7.47 8.07 8.44 5.03 5.56 6.09

ΣREE/U 43.12 24.33 3.25 46.12 44.83 63.07 49.68 27.49 49.71 61.45

Ce/La 2.17 3.93 2.68 2.25 2.29 2.16 2.21 3.48 2.24 2.15

LaN/YbN 1.2 0.93 0.89 1.36 1.12 1.43 1.42 0.84 1.16 1.29

Ce-anomaly 0.05 0.19 0.1 0.06 0.06 0.05 0.05 0.17 0.04 0.03
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Chemical analysis

The results of chemical analysis are listed in Tables 1–5. 
The samples show a range of total REE contents from 35 
to 3,544 ppm. The lowest concentrations are found in the 
sandstones (subsurface sections) while the highest ΣREE 

were measured for the phosphatic tube-fills (Fig. 2). The 
non-phosphatic mudstones of Pecínov Member (units P3 
and P4) and Bílá Hora (unit BH 1) have relatively low 
ΣREE concentrations of 107–154 ppm which is lower 
than the ΣREE = 204 ppm for average shale of Haskin & 
Haskin (1966). The phosphate-rich components (nodules, 
coprolites, molds, sponges and tubular structures) are 
REE-enriched relative to their corresponding host rocks in 
the Pecínov, Bílá Hora and Teplice rock units. The nodules 
have a mean content of 897 ppm REE (631–1,133 ppm), 
and the coprolites contain on average 851 ppm REE (399–
1,748 ppm). Tube-fills have the highest concentrations 
of REE; a phosphate tube-fill sample 38 in the Teplice 
Formation contains 3,544 ppm and apatite-bearing tube-fill 
sample 23A in Pecínov Member has 2,496 ppm REE. Two 
phosphate sponges, sample 52A (Bílá Hora Formation) 
and sample 53 (Teplice Formation), contain 490 and 528 
ppm ΣREE, respectively, compared to ΣREE = 36 ppm  
in non-phosphatic sponge sample 42A (Bílá Hora 
Formation). A phosphatized bivalve mold sample 20A has 
ΣREE = 682 ppm.

The glauconitic mudstones of Pecínov Member and 
the Bílá Hora Formation have low P2O5 contents, ranging 
from 0.03 to 0.27 wt % in the former and 0.12 to 6.0 wt % 
in the latter. Unit P3 of Pecínov Member has a mean P2O5 
content roughly twice that of Unit P4. The highest P2O5 
contents are found in the nodules, sponges and bivalve mold  
of the Bílá Hora Formation (19.6–26.5 wt %) and the 
coprolites of the Teplice Formation (22.8–28.4 wt %). The 
tube-fills show highly variable P2O5 content (0.38–28.5 
wt %) (Fig. 2).

Figure 4. Shale-normalized REE distribution pattern of (A) Bílá Hora 
phosphate nodules, (B) Teplice Formation coprolites, and (C) calcareous 
and phosphate sponges. Note a pronounced Tb depletion in all samples. 

Figure 5. Shale-normalized REE distribution patterns of phosphate 
tube-fill samples (23A, 38) and other samples from Plaňany quarry. 
Seawater REE pattern is plotted for comparison; see secondary y axis for 
values (REE concentrations are taken from Høgdahl et al. 1968).
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Yttrium and U, like REE, generally follow phosphorus 
in their behavior with some exceptions (Tabs 1–4). They 
are low in the mudstones of Pecínov Member and the Bílá 
Hora Formation; ranging 7.7–24.4 ppm Y and 1.6–11.0 
ppm U in the former, and from 11.4 to 70.4 ppm Y and 1.1 
to 37.1 ppm U in the latter. Unit P3 of Pecínov Member has 
higher Y and U concentrations than unit P4 and the Bílá 
Hora samples with >1 wt % P2O5 contain up to six times 
more Y than those with < 1 wt % P2O5 (Table 5). Much 
higher Y and U concentrations are found in the nodules 
(173–269 ppm Y and 19.5–37.1 ppm U) and coprolites 
(152–476 ppm Y and 26.8–31.5 ppm U). Sponges show 
variable concentrations of Y and U, generally following  
phosphorus have, whereby the highest U content was 
measured in a phosphatic sponge sample 52A (43.3 ppm). 
On the other hand, the highest Y contents were found 
in tube-fill samples 23A and 38A (864 and 871 ppm, 
respectively). These anomalous Y concentrations are 
associated with the highest REE contents of 2,496 ppm 
and 3,545 ppm, respectively, but not with U contents, 
which exhibit an intermediate concentration range  
(0.69–28.2 ppm). Low Y and U concentrations are found 
in the glauconite and claystone beds of the Bílá Hora 
Formation (Plaňany quarry), approaching those in the Bílá 
Hora Formation samples at Pecínov quarry.

The sums of shale-normalized LREE values (La, Ce, 
Pr, Nd, Sm), MREE (Eu, Gd, Tb, Dy) and HREE (Ho, Er, 
Tm, Yb, Lu) were calculated to detect possible MREE 
enrichments (Tab. 5). The results show significant MREE 
enrichments in the mudstones of the Bílá Hora Formation 
containing >1.0 wt % P2O5, as well as in the phosphate 
nodules, phosphate coprolites, and phosphatic tube-fills. 
A slight enrichment of MREE is noticed in Unit P3 of the 
Pecínov Member, but none has been revealed in Unit P4 

Figure 7. Frequency distribution plot of Ce/La ratios in individual 
sample groups and some individual samples compared to average 
shale (Haskin & Haskin 1966), average upwelling marine phosphorites 
(Altschuler 1980) and seawater (Høgdahl et al. 1968).

Figure 6. CI chondrite-normalized (Anders & Grevesse 1989) REE 
patterns of major sample groups compared to those of average granite 
(Taylor & McLennan 1985), average mid-ocean ridge basalt (MORB) 
(Frey & Haskin 1964) and average shale (Haskin & Haskin 1966).
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mudstones of the Bílá Hora Formation containing <1.0 
wt % P2O5, sponges, glauconite sandstone, and claystone 
beds.

Distribution patterns

The shale-normalized (Haskin & Haskin 1966) REE 
patterns are plotted in Figures 3–5 and compared to 
average seawater of Høgdahl et al. (1968). All samples are 
enriched in LREE (except sample 48A). The phosphate 
components show pronounced enrichments in LREE, 
a typical “bell-shape” in the MREE and a well-developed 
positive Ce-anomaly. The samples of the Pecínov Member 
and the Bílá Hora Formation show less pronounced or 
absent Ce-anomaly and generally semi-flat patterns with 
relative LREE enrichments (Fig. 3).

The chondrite-normalized patterns of main groups of 
samples including mudstones of Pecínov Member and the 
Bílá Hora Formation, phosphate nodules and coprolites, 

phosphatic sponges and tube-fill show a consistent 
decrease in the HREE values, paralleled by a pronounced 
Eu depletion (Fig. 6). All patterns generally resemble that 
of granite and average world shale with some variations. 

Geochemical ratios

The REE/P2O5 (the values hereafter expressed as REE/
P2O5 × 100) may reflect contact duration between 
phosphate components and seawater (Wright et al. 
1987); higher ratios may reflect longer contact time with 
seawater. The REE/P2O5 ratios are more uniform in the 
phosphate nodules than in the coprolites (0.24–0.44, mean 
0.38; versus 0.14–0.77, mean 0.34), respectively. The 
tube-fills (samples 23A and 38A) show REE/P2O5 ratios 
of 3.57 and 1.30, respectively. In the phosphate sponges 
REE/P2O5 ranges from 0.17 to 0.21. Other geochemical 
ratios were also calculated to show the variation in U and 
Y concentrations relative to REE (Tabs 1–5).

Table 3. Rare earth elements, P2O5, Y and U concentrations, Ce-anomaly and significant ratios in phosphate nodules and bivalve mold (unit BH 1, Bílá 
Hora Formation; sample description and location are outlined in the text).

13A 14A 15A 16A 17A                           17E                                       18A             19A            20A

La 93.6 87.3 79.7 87.3 93.5 74.0 87.8 102 66.0

Ce 413 392 309 485 540 377 409 499 322

Pr 36.4 33.0 24.4 40.4 45.8 32.4 33.8 42.9 27.9

Nd 165 147 107 191 216 150 154 199 128

Sm 39.7 34.9 24.2 52.1 58.2 39.9 38.0 52.3 33.6

Eu 9.7 8.7 6.0 13.0 14.3 9.7 9.5 12.9 8.3

Gd 41.5 38.4 28.0 55.2 60.2 40.8 41.6 55.1 34.2

Tb 6.0 5.7 4.1 8.5 9.2 6.3 6.3 8.3 5.2

Dy 33.0 31.8 23.8 46.1 50.0 33.9 35.2 46.3 28.8

Ho 6.0 6.0 4.7 8.5 9.0 6.2 6.6 8.6 5.3

Er 14.2 14.5 11.6 20.2 21.2 14.9 16.0 20.9 12.8

Tm 1.4 1.5 1.2 2.0 2.1 1.5 1.7 2.1 1.3

Yb 7.8 8.4 6.8 12.0 12.1 9.1 9.4 12.5 7.4

Lu 1.0 1.1 0.93 1.6 1.6 1.2 1.3 1.7 1.0

ΣREE 868.06 810.56 631.16 1022.69 1132.7 796.56 849.9 1063.46 681.91

Y 200 198 178 261 269 173 209 267 159

U 37.1 32.7 26.7 21.8 19.5 27.9 28.7 34.7 38.0

P2O5 (%) 23.0 23.2 26.5 25.9 26.1 19.6 23.2 24.2 21.4

ΣREE/ P2O5 × 100 0.38 0.35 0.24 0.39 0.43 0.41 0.37 0.44 0.32

ΣREE/Y 4.33 4.09 3.56 3.92 4.22 4.61 4.07 3.98 4.3

ΣREE/U 23.39 24.81 23.63 47.02 58.06 28.58 29.6 30.69 17.97

Ce/La 4.42 4.5 3.88 5.55 5.78 5.09 4.66 4.88 4.87

LaN/YbN 1.03 0.89 1.01 0.63 0.67 0.7 0.8 0.7 0.77

Ce-anomaly 0.23 0.24 0.22 0.28 0.28 0.26 0.25 0.25 0.25
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The frequency histogram of Ce/La ratios is plotted in 
Fig. 7 and compared to seawater (Høgdahl et al. 1968), 
average phosphorites (Altschuler 1980) and average shale 
(Haskin & Haskin 1966). The distribution of Ce/La ratios 
in the samples shows distinctive variability among sample 
groups. The Ce/La ratios range from 2.15 to 3.92 in the 
Bílá Hora silty mudstones of unit BH 1 (mean 2.56), 
while they vary between 1.96 and 2.8 in the Pecínov 
mudstones (mean 2.28; Tabs 1–4). Both mean values 
are slightly higher than that of average world shale at  
~2 (Haskin & Haskin 1966). The tube-fill sample 23A at 
the base of Unit P3 (Pecínov Member) shows anomalous 
Ce/La = 7.02. In the phosphate nodules of the Bílá Hora 
Formation (Unit BH 1), Ce/La is elevated and ranges from 
3.88 to 5.78 (mean 4.85). The phosphate coprolites in 
basal part of the Teplice Formation show relatively low 
Ce/La ratios ranging from 1.44 to 2.51 with mean Ce/La =  
1.88, which is below that of average shale. Phosphatic 
sponges (samples 52A and 53) show lower Ce/La ratios 
(mean 1.40) than calcareous sponges (sample 42A) with  

Ce/La = 1.84. The glauconite bed of the Bílá Hora 
Formation at Plaňany quarry has Ce/La = 2.32 compared 
to Ce/La = 1.98 in the overlying claystone bed. All 
samples fall into the anoxic field of redox conditions of 
the environment and slow sedimentation rate estimated 
from the Ce-anomaly versus Nd abundance plot following 
Wright et al. (1987), with the exception of sponges 
(phosphatic and calcareous) which fall into the transitional 
zone (Fig. 8).

Unit P3 samples (Pecínov Member) show shale-
normalized (La/Yb)N <  1.0 [except sample 24A with  
(La/Yb)N = 1.34], whereas samples of unit P4 show  
(La/Yb)N  > 1.0. The (La/Yb)N = 0.22 for tube-fill 23A at 
the base of unit P3. The Bílá Hora Formation samples of 
unit 1 show variable (La/Yb)N ratios ranging from 0.46 to 
1.43 with the mean (La/Yb)N = 1.09. At Plaňany quarry the  
(La/Yb)N = 1.47 in the kaolinitic claystone bed and it is 1.06 
in the glauconite sandstone bed. In the phosphate nodules 
LREE are significantly enriched relative to HREE with  
(La/Yb)N  > 1.7 and mean (La/Yb)N = 1.75. Only sample 13A 

Table 4. Rare earth elements, P2O5, Y and U concentrations, Ce-anomaly and significant ratios in phosphate coprolites (Teplice Formation), tube-fills, 
sponges and other samples (sample description and location are outlined in the text).

28A 30A 31A 39A 41C 42A 52A 53 23A 38A 48A 50A 51A 52C

La 364 166 116 109 228 8.0 131 160 124 637 7.9 10.2 28.7 38.6

Ce 750 288 226 157 362 14.8 199 205 873 1602 20.9 23.6 57.0 63.5

Pr 72.2 26.3 22.1 14.3 31.9 1.6 19.8 19.7 101 156 2.1 2.5 6.0 7.0

Nd    300 107 91.8 56.7 127 6.4 75.0 75.0 557 610 9.1 9.3 21.1 26.7

Sm 54.1 18.8 17.2 9.4 21.8 1.2 13.5 13.1 198 108 2.7 1.8 3.9 4.7

Eu 13.3 4.9 4.3 2.5 5.6 0.28 2.9 3.1 50.5 28.0 0.83 0.31 0.78 1.0

Gd 69.4 26.4 22.7 14.8 31.5 1.2 15.3 17.9 205 155 3.3 1.5 3.1 5.2

Tb 9.1 3.6 3.1 2.0 4.2 0.17 2.3 2.4 33.5 20.6 0.62 0.23 0.47 0.77

Dy 52.3 21.3 18.6 12.8 25.6 0.94 13.9 14.4 179 115 4.4 1.4 2.8 4.8

Ho 10.8 4.7 4.0 2.9 5.6 0.19 2.9 3.1 31.8 22.2 0.91 0.27 0.54 0.95

Er 28.6 13.0 10.9 8.4 15.9 0.55 7.9 8.3 77.0 53.6 2.8 0.81 1.5 2.7

Tm 3.0 1.5 1.2 0.97 1.8 0.06 0.87 0.83 8.2 5.2 0.37 0.1 0.2 0.31

Yb 18.3 9.4 7.7 6.5 11.7 0.49 5.2 4.8 49.6 27.6 2.7 0.82 1.7 2.0

Lu 2.6 1.4 1.1 1.0 1.8 0.07 0.69 0.67 6.5 3.6 0.38 0.12 0.23 0.28

ΣREE 1747.87 692.25 546.57 398.89 874.16 35.98 490.12 528.84 2495.61 3544.5 59.00 52.87 128.94 158.62

Y 475 233 183 152 293 7.1 113 144 864 871 20.8 7.7 13.2 34.2

U 28.1 31.5 30.4 28.2 26.8 0.81 43.3 12.5 20.7 28.2 0.69 1.2 19.7 32.5

P2O5 (%) 22.8 22.9 23.4 28.4 26.3 0.38 28.5 24.9 7.0 27.2 0.06 0.07 0.09 16.9

ΣREE/ P2O5 × 100 0.77 0.3 0.23 0.14 0.33 0.94 0.17 0.21 3.57 1.3 9.22 7.34 14.33 0.09

ΣREE/Y 3.67 2.97 2.99 2.63 2.98 5.1 4.36 3.67 2.89 4.07 2.84 6.88 9.74 4.64

ΣREE/U 62.29 21.95 17.96 14.16 32.64 44.42 11.32 42.17 120.62 125.65 85.51 43.69 6.53 4.88

Ce/La 2.06 1.74 1.94 1.44 1.58 1.84 1.51 1.28 7.02 2.51 2.67 2.32 1.98 1.65

LaN/YbN 1.72 1.52 1.3 1.46 1.68 1.43 2.16 2.85 0.22 1.99 0.25 1.09 1.46 1.59

Ce-anomaly 0.02 –0.02 0.004 0.08 –0.04 –0.02 –0.07 –0.12 0.18 0.09 0.08 0.06 0.02 –0.05
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has (La/Yb)N = 1.03. Phosphate coprolites have (La/Yb)N  
of 1.30–1.99 (mean 1.61) and the sponges have (La/Yb)N  
of 1.43 in the calcareous sponge (sample 42A) and > 2 in 
the phosphatic sponges (Tabs 3, 4). The shale-normalized 
(La/Sm)N ratio in the phosphate components is the lowest 
in the phosphate nodules (mean 0.38) and tube-fill deposits 
(mean 0.46) and the highest in the coprolites (mean 1.48) 
and the sponges (mean 2.01). 

Statistical processing

Phosphorus, Y and U are positively correlated with the 
total REE content of the analyzed samples (Tab. 6). 
The correlation coefficients are 0.74, 0.95 and 0.80, 

respectively. A trend in the correlation coefficients of 
P2O5 and U vs. REE is apparent, slightly increasing from 
HREE to LREE, whereas the opposite trend is found in 
the case of Y. Despite the fact that there are wide ranges 
in ΣREE of the samples, the plot of ΣREE vs. P2O5  
(Fig. 2) shows a linear positive correlation between mean 
concentration values of main sample groups including 
non-phosphatic samples of Pecínov Member (units P3 
and P4) and the Bílá Hora Formation (unit BH 1), slightly 
phosphatic samples of the Bílá Hora Formation (unit 
BH 1), phosphate nodules, mold, and coprolites. The 
phosphatic tube-fill samples, showing REE enrichment, 
and phosphatic sponges, showing REE depletion relative 
to P2O5, highlight deviations from the general correlation 
line.

Table 5. Mean REE, P2O5, Y and U concentrations, Ce-anomaly and significant geochemical ratios of main sample groups.

Pecínov 
Member 

Bílá Hora 
Formation phosphate phosphate phosphatic phosphatic

unit P3 unit P4 mean < 1% P2O5 >1% P2O5 mean nodules coprolites sponges tube–fills

La 27.8 25.6 26.7 25.6 28.2 26.6 88.2 197 146 381

Ce 62.4 57.1 59.8 56.8 98.6 72.4 428 357 202 1237

Pr 6.7 5.9 6.3 5.9 9.4 7.1 36.1 33.3 19.8 128

Nd 25.1 21.5 23.3 21.6 40.0 28.5 165 137 75 584

Sm 5.2 4.2 4.7 4.3 9.4 6.2 42.4 24.3 13.3 153

Eu 1.1 0.90 0.97 0.93 2.2 1.4 10.5 6.1 3.0 39.2

Gd 4.8 3.6 4.2 3.7 9.4 5.8 45.1 33.0 16.6 180

Tb 0.75 0.58 0.67 0.55 1.4 0.87 6.8 4.4 2.4 27.0

Dy 4.4 3.2 3.8 3.1 7.7 4.8 37.5 26.1 14.1 147

Ho 0.87 0.64 0.76 0.60 1.4 0.92 6.9 5.6 3.0 27.0

Er 2.5 1.8 2.1 1.7 3.7 2.5 16.7 15.3 8.1 65.3

Tm 0.33 0.25 0.29 0.23 0.41 0.3 1.7 1.7 0.85 6.7

Yb 2.4 1.8 2.1 1.7 2.7 2.1 9.8 10.7 5.0 38.6

Lu 0.37 0.27 0.32 0.24 0.39 0.3 1.3 1.6 0.68 5.1

ΣREE 144.52 127.41 136 126.95 214.85 159.91 896.89 851.96 509.83 3020.06

Y 23.5 17.6 20.5 15.9 43.4 26.2 219 267 128 867

U 5.0 2.7 3.8 2.6 19.2 8.8 28.6 29.0 27.9 24.5

P2O5 (%) 0.14 0.08 0.11 0.14 3.2 1.3 24.0 24.8 26.7 17.1

ΣREE/ P2O5 × 100 10.71 16.55 12.83 9.07 0.68 1.25 0.38 0.34 0.19 3.44

ΣREE/Y 6.16 7.24 6.62 7.96 4.95 6.09 4.08 3.19 4.02 3.48

ΣREE/U 29.14 48.08 35.69 49.02 11.17 18.11 30.86 29.38 26.75 123.14

Ce/La 2.25 2.23 2.24 2.22 3.5 2.72 4.86 1.81 1.4 4.77

LaN/YbN 1 1.26 1.1 1.31 0.91 1.12 0.78 1.58 2.5 1.11

Ce-anomaly 0.05 0.05 0.05 0.05 0.17 0.1 0.25 0.05 –0.1 0.14

Mean ΣLREE 0.69 0.59 0.64 0.59 0.98 0.74 3.84 3.73 2.31 14.46

Mean ΣMREE 0.7 0.55 0.63 0.55 1.34 0.5 6.32 4.33 2.24 25.38

Mean ΣHREE 0.62 0.46 0.54 0.43 0.82 0.58 3.34 3.32 1.92 13.48
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Factor analysis shows three statistically-deduced 
factors influencing the concentrations of the analyzed 
elements (Tab. 6). Factor 1 explains ~75% of the variance 
and includes all REE with a mean correlation coefficient 
of > 0.8, except La which shows a weaker correlation 
of 0.52, increasing to 0.8 and 0.84 for Ce and Pr 
respectively, compared to > 0.9 for all other REE. Factor 
2 explains ~12% of variance and positively influences the 
concentrations of P2O5 and U. Factor 3 explains ~6% of 
variance and mainly influences La and, to a lesser extent, 
Ce and Pr.

Discussion

Source of REE

Several major sources of REE in the marine sedimentary 
environment are available: (i) deep ocean waters brought 
to shelf areas by upwelling currents together with P 
and Si, (ii) marine pore fluids which may represent the 
major REE input into oceans (Sholkovitz et al. 1989, 

Table 6. Statistical analysis.

Correlation coefficients                  Factor analysis

Y U P2O5 La F1 (75%) F2 (12%) F3 (6%)

La 0.87 0.76 0.76 La 0.52 0.35 0.77

Ce 0.94 0.78 0.73 0.92 Ce 0.8 0.36 0.42

Pr 0.94 0.8 0.73 0.93 Pr 0.84 0.3 0.41

Nd 0.94 0.81 0.74 0.92 Nd 0.91 0.29 0.27

Sm 0.95 0.8 0.73 0.9 Sm 0.98 0.21 –0.03

Eu 0.94 0.77 0.72 0.9 Eu 0.98 0.2 –0.02

Gd 0.97 0.81 0.74 0.89 Gd 0.96 0.23 0.12

Tb 0.98 0.78 0.72 0.86 Tb 0.98 0.21 0.03

Dy 0.98 0.76 0.72 0.86 Dy 0.97 0.22 0.05

Ho 0.99 0.78 0.72 0.85 Ho 0.96 0.25 0.1

Er 0.99 0.77 0.72 0.85 Er 0.96 0.26 0.12

Tm 0.99 0.75 0.71 0.85 Tm 0.96 0.24 0.1

Yb 0.99 0.76 0.71 0.85 Yb 0.95 0.24 0.07

Lu 0.99 0.75 0.7 0.86 Lu 0.94 0.25 0.08

ΣREE 0.95 0.8 0.74 0.94 ΣREE 0.85 0.33 0.39

Y 0.79 0.74 0.87 Y 0.89 0.32 0.31

U 0.73 0.79 U 0.22 0.9 0.05

P2O5 0.76 P2O5 0.25 0.88 0.23

Ce/La 0.35 0.17 0.06 0 Ce/La 0.64 0.27 0.58

ΣREE/ P2O5 –0.15 –0.78 0.01

ΣREE/Y –0.34 –0.75 –0.05

ΣREE/U 0.71 –0.49 0.29

Figure 8. Ce-anomaly versus Nd contents in samples from this study. 
Mean values and one sigma uncertainties are plotted for mudstones 
(Pecínov, Bílá Hora), phosphate nodules, phosphate coprolites (save 
for Nd-rich sample 28A), and phosphate sponges. Nd-rich phosphate 
fill-tube samples 23A and 38 are plotted separately. See symbols in 
Fig. 3 for other samples. General sedimentation rates are depicted with 
arrows. Redox boundaries are after Wright et al. (1987). The range of 
Ce-anomaly in seawater is from Høgdahl et al. (1968); average Nd 
concentration and Ce-anomaly value of upwelling marine phosphorites 
is from Altschuler (1980). See main text for Ce-anomaly calculation.                                                                                                                                   
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Haley & Klinkhammer 2003, Abbott et al. 2015), and 
(iii) continental detritus (Martin et al. 1976, Greaves et 
al. 1994) brought by rivers to the depositional marine 
environment sorbed on Fe–Mn oxyhydroxides and/or 
organic matter, and desorbed back into ocean water under 
anoxic sedimentary conditions. Each of these alternatives 
holds its specific pattern of distribution.

The deep ocean water in shelf areas should mimic the 
REE pattern of seawater; having a distinctly negative Ce 
anomaly, paralleled by general enrichments in HREE. 
The continental source should reflect the REE distribution 
pattern of source rocks and their weathering derivatives, 
with or without a positive Ce-anomaly and/or enrichment 
in LREE. Rare earth elements derived from pore water 
sources usually show patterns influenced by diagenetic 
REE fractionation, controlled by local geochemical 
parameters such as redox potential. All trends are subject 
to alteration according to local sedimentary conditions 
and later diagenetic modifications (McArthur & Walsh 
1984, Ilyin 1998, Shields & Stille 2001, Shields & Webb 
2004, Bright et al. 2009).

The shale-normalized patterns of almost all the 
samples do not resemble that of open seawater (except 
sample 48A). They do not have a negative Ce-anomaly 
typical of seawater and are enriched in the LREE, unlike 
seawater (Figs 3–6). The shale-normalized REE patterns 
of phosphate nodules show a positive Ce-anomaly and 
enrichment in the MREE producing a “bell-shaped” 
pattern. The mudstones of Pecínov Member (units P3 
and P4) show generally flat patterns with slight LREE 
enrichments. Similar REE patterns are observed in the 
samples of the Bílá Hora Formation (unit BH 1), with 
the exception of those containing minor amounts of 
phosphate. In such a case they tend to show positive 
Ce-anomaly and the “bell-shaped” REE pattern. This is 
particularly apparent for the phosphatic tube-fill samples 
23A and 38A (Figs 2, 5). The coprolites show identical 
patterns without Ce-anomaly and with less pronounced 
MREE enrichments (Fig. 4B).

The REE distribution observed in samples from this 
study suggests that the source of REE in the Cenomanian 
and Turonian sequences is not deep oceanic water and, by 
inference, deep oceanic upwelling currents. Perhaps the 
only exception to this is calcareous tube-fill sample 48A, 
showing enrichment in HREE, similar to open marine 
REE patterns, but without negative Ce-anomaly (Fig. 5). 
The source of REE in this sample could have been derived 
from open sea sources. Most REE in other samples are 
suggested to originate from terrigenous material derived 
from the extensively weathered rocks of the Bohemian 
Massif (dominated by felsic compositions) and transported 
by rivers to the sedimentary basin. All samples follow, to 
varying degrees, the pattern of granite and shale derived 
from felsic rocks, exhibiting Eu depletion and LREE 

enrichments (Fig. 6). The “bell-shaped” pattern, noted 
in the phosphate nodules and some phosphate-bearing 
tube-fills, could have been due to local variations in redox 
conditions, preferential substitutions in the apatite phase 
and/or later diagenetic processes, rather than by source 
rock composition.

Depositional environment

Cerium anomaly

Following the continental input to the marine environ- 
ment, REE are further fractionated to varying degrees 
by local depositional environments. The diverse shapes 
of REE patterns have been interpreted as indicators of 
varying paleoenvironmental conditions (Lécuyer et al. 
2004, Patrick et al. 2004, Fadel et al. 2015): the LREE-
enriched patterns are typical of coastal environments, 
the MREE-enriched patterns are indicative of estuarine 
or closed marine conditions, and the HREE-enriched 
patterns correspond to open marine conditions. This 
simple generalization is not fully acceptable in this study 
as the samples studied here come from various sequences 
deposited in different sedimentary environments ranging 
from shallow marine (Plaňany quarry) to deep marine 
(Pecínov and Úpohlavy quarries) environment, but only 
the phosphatic samples exhibit the MREE-enriched “bell-
shape” pattern. This suggests that MREE enrichment 
can be connected with phosphogenesis which took place 
in closed or semi-closed suboxic marine environments 
below sediment–water interface.

It was noted that the redox mobilization of Ce in pore 
waters is almost identical to its behavior in anoxic basins 
(De Baar 1983) and that the elevated Ce3+ concentrations 
expected in anoxic pore water environment can be 
removed by incorporation in authigenic minerals (such as 
apatite and glauconite) and/or by adsorptive scavenging. 
Trivalent Ce is rendered soluble in reducing environments. 
Most samples from this study show a variable extent of Ce-
anomaly in the anoxic field of Wright et al. (1987). The 
Ce-anomaly values of Pecínov Member mudstones (units 
P3 and P4 at Pecínov quarry; Tab. 1) vary within a range 
of 0.04–0.08 which suggests poorly oxygenated conditions. 
The relatively poor oxygenation of the sedimentary 
environment indicated by the Ce-anomaly for units P3 and 
P4 is in agreement with the findings of Uličný et al. (1997) 
who suggested anaerobic conditions in the upper parts of 
the Pecínov Member (units P3 and P4). The mudstone 
samples from the overlying unit BH 1 of the Bílá Hora 
Formation show highly variable values of Ce-anomaly 
(Table 1) being higher in samples with > 1 wt % P2O5 
than those with < 1 wt % P2O5 suggesting greater oxygen 
deficiency associated with the presence of phosphates. 
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The phosphate nodules, mechanically emplaced within 
unit BH 1 of the Bílá Hora Formation, have the largest and 
most uniform extent of Ce-anomaly among all samples, 
suggesting that they were originally formed in more 
pronounced conditions of anoxia compared to the samples 
of Pecínov and Bílá Hora siliciclasts, and even more than 
conditions of formation of the phosphate coprolites. These 
nodules appear to have witnessed the same depositional 
history, probably as wide spread phosphatic deposits 
formed in anoxic conditions below sediment–water 
interface, and were later reworked into younger and more 
oxygenated sediments.  

The Ce-anomaly in the coprolites ranges from slightly 
positive to slightly negative values, but, as a bulk, they 
fall within the transitional field of Wright et al. (1987). 
The sponges show the most negative Ce-anomaly of the 
entire suite and fall in the transitional zone, approaching 
the boundary with the oxic field. The glauconite sandstone 
and kaolinitic claystone beds show positive Ce-anomaly 
and fall in the anoxic field.

In addition, Ce/La ratio is considered as an indicator 
of redox conditions of the aqueous environment so that 
the higher the Ce/La ratio the more oxygen-depleted the 
environment. This is well illustrated by the difference 
in Ce/La ~ 0.35 in open seawater (Høgdahl et al. 1968) 
versus Ce/La ~ 2 in average world shale (Haskin & Haskin 
1966). The histogram of Ce/La ratios for samples from 
this study shows a distinctive variability among individual 
groups but Ce/La ratios are >1.3 in the entire suite, well 
above seawater and phosphorites (Fig. 7). The results of 
this study collectively suggest that phosphogenesis during 
the latest Cenomanian/earliest Turonian took place under 
the most pronounced anoxic conditions recorded in the 
sequence. This is underscored by generally high mean 
Ce/La values for all groups in this study, including the 
siliciclasts of the Bílá Hora Formation (unit BH 1; mean 
Ce/La = 2.65), and the Pecínov member (units P3 and P4; 
mean Ce/La = 2.24), averaging higher than that of average 
world shale of ~ 2 (Haskin & Haskin 1966).

The (La/Sm)N ratio of <  0.35 was used by Morad & 
Felitsyn (2001) to characterize precipitation of apatite 
from suboxic to anoxic marine pore waters at shallow 
depth below sediment–water interface. The nearest to this 
value is found in the phosphate nodules and phosphatic 
tube fills with mean (La/Sm)N ratios of 0.38 and 0.46, 
respectively, whereas the highest (La/Sm)N ratios are found 
in the phosphate sponges with a mean (La/Sm)N = 2.01, 
suggesting suboxic conditions for the former and more 
oxygenated environment for the latter. This indicates that 
the phosphate coprolites, with a mean La/SmN = 1.48, were  
phosphatized in a more oxic environment than the nodules.

Neodymium concentration was used as a gauge of 
sedimentation rate (Wright et al. 1987), given the relatively 
short residence time of Nd in marine environment, 

estimated at 3 × 102 yr, compared to 6.1 × 103 yr for Ce and 
1.1 × 104 yr for La (Goldberg et al. 1963). The plot of Nd 
vs. Ce-anomaly (Fig. 8) shows that most samples from this 
study fall in the anoxic field of Wright et al. (1987), except 
the phosphatic sponges which fall in the transitional field 
suggesting mixed environments during phosphatisation. 
Sedimentation rate (based on Nd concentration) decreases 
progressively from the calcareous sponges, through the 
glauconitic sandstones of Pecínov Member and the Bílá 
Hora Formation in subsurface sections to their equivalent 
mudstones in the sampled exposures, phosphate nodules, 
coprolites and sponges. From Nd concentration data the 
tube-fill samples (samples 23A and 38) should have 
witnessed the lowest sedimentation rate. However, this 
trend may also be influenced by the variations in the 
proximity of REE source area to the depositional site and/
or input rate to the basin leading to variations in bulk REE 
concentrations (including Nd) in these units and not merely 
the sedimentation rate as proposed by Wright et al. (1987).

Trace element constraints

Wright et al. (1987) have shown that biologic apatite 
debris exposed at or near the sediment-water interface 
for a long period of time in deep water sediments of 
the Atlantic and Pacific basins, where sedimentation 
rates are low, continue to accumulate REE to very high 
concentration levels. In contrast, lower concentrations 
of REE in apatite were observed in shallow water 
environments, where sedimentation rates are faster. Higher 
REE/P2O5 ratios are thus suggested here to indicate lower 
sedimentation rates and, by inference, extended period of 
time for contact of the mineral phases with seawater. The 
uniform REE/P2O5, REE/Y, REE/U and Ce/La ratios in 
the phosphate nodules support our suggestion that they 
were the result of breakdown of larger phosphate bodies 
that witnessed identical geochemical conditions during 
phosphate deposition and diagenesis. The REE/P2O5 
ratios are variable in the phosphate coprolites suggesting 
variable phosphatisation and diagenetic history. In the 
Pecínov Member at Pecínov quarry, higher ratios of 
REE/P2O5, REE/U and REE/Y have been found in unit 
P4 relative to samples from unit P3, suggesting either 
higher mobilization rate of REE (relative to phosphorus) 
from their continental hosts (organic matter and Fe 
oxyhydroxides) or longer contact with seawater caused by 
lower sedimentation rate in unit P4.

This is underscored by the analyzed samples. Both 
depletion and enrichment in ΣREE relative to P2O5 in 
the sponges and in the phosphatic tube-fill deposits, 
respectively, mark deviation from the uniform positive 
correlation between REE and P2O5 found in the other 
samples (Fig. 2). The phosphatic sponges were deposited 
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in a shallow marine environment and experienced a limited 
contact with seawater prior to burial, which resulted in 
lower amounts of REE incorporated in the apatite phase. 
The phosphate nodules and coprolites were in contact with 
seawater for an extended period of time to accommodate 
more REE, suggesting slow deposition. The anomalous 
REE enrichment in samples of phosphate-bearing tube-
fill deposits, which are found at well-recognizable 
erosional and/or burrowed surfaces, may reflect, among 
other factors, higher terrigenous input of REE-bearing 
compounds to the depositional realm during extreme 
shallowing events induced by closer proximity to the 
continental source area during sea regression and seaward 
advance of the shoreline. Seawater consistently exhibits 
a positive Gd anomaly and negative Tb anomaly which 
were considered by De Baar et al. (1985a, b) compatible 
with the predicted speciation of REE3+ in seawater, in 
combination with scavenging as the dominant control on 
REE distribution in the oceans. It has been noted that the 
behavior of Gd appears always to be anomalous when 
compared to its neighbors Eu and Tb in the REE analysis 
of seawater of the Atlantic and Pacific oceans (Elderfield 
& Greaves 1982; De Baar et al. 1983, 1985b). Also, 
source rocks may generally influence Gd abundance; Gd 
is usually enriched (relative to shale) in granites and in 
river waters (Piper 1974). The REE patterns of chondrite-
normalized felsic rocks (granites) show a distinctive 
trend of high LREE/HREE ratios with a pronounced Eu-
negative anomaly whereas those of mid-oceanic ridge 
basalts show depletion in LREE and almost flat, but 
elevated MREE and HREE values without Eu depletion 
(Piper 1974). Shale-normalized patterns of almost all 
samples show elevated Gd concentrations relative to Tb. 
All samples and sample groups (normalized to chondrites) 
show a negative Eu-anomaly, similar in extent to that 
found in granites and shales derived from weathering of 
felsic rocks (Fig. 6). The negative Eu-anomaly, noticed in 
the phosphatic and non-phosphatic samples, can represent 
a signature inherited from source rocks of the Bohemian 
Massif. Hence, the REE transported in various forms to 
the sedimentary environment could have already been 
depleted in Eu leading to Eu-depleted bottom waters and 
the presence of Eu anomalies observed in the apatite and 
siliciclasts. It may also imply local reducing conditions, 
most likely caused by the microbial decomposition of 
organic matter as suggested by Trueman et al. (2003).

Further geochemical corollaries

Several hosts can accommodate REE in the non-phos- 
phatic mudstones and sandstones, including glauconite, 
kaolinite, smectite and organic matter. The variation in  
REE/P2O5, REE/Y and REE/U ratios in various strati- 

graphic units and phosphate components can be explained 
by their relative concentrations in the terrigenous input, 
sedimentation rate, duration of exchange with sea- or 
porewater, post depositional alteration and geochemical 
affinity towards various mineral hosts. Uranium and Y,  
like REE, are capable to replace Ca2+ in the apatite 
structure. The variation and occasional anomalous ratios 
of REE/Y and REE/U may indicate alternative sources 
or parent materials leading to different concentrations 
of these elements in the depositional and/or diagenetic 
environment. The non-phosphatic glauconitic siliciclasts 
of all the studied units are poor in REE; they contain  
107–154 ppm ΣREE and are slightly enriched in LREE, 
but without the “bell-shaped” pattern. Glauconites are 
usually enriched in LREE relative to HREE and most 
REE in glauconite are thought to come from terrigenous 
material rather than from deep oceanic sources (Fleet et al. 
1980). The organic phases present in most samples may 
represent another host for REE in these rocks (Goldberg et 
al. 1963). The glauconitic mudstones of Pecínov Member 
and the Bílá Hora Formation encountered in subsurface 
sections have the lowest REE concentrations among all 
samples studied, due to their dominant quartz content and 
also due to higher sedimentation rate.

Rare earth elements are known to occur in trace to 
minor amounts in the structure of marine sedimentary 
carbonate-fluorapatite, which is the key mineral of 
phosphorites. The occurrence of REE in apatite is con- 
sidered an example of coupled substitutions in which the 
replacement of divalent Ca by a trivalent rare earth is 
electrostatically balanced by the replacement of another 
Ca2+ ion by Na+ ion or by substitution of SiO4

4− for 
PO4

3− (Altschuler et al. 1967, Fleet & Pan 1995). Such 
a substitution is expected as a consequence of similar 
ionic radii of Ca and REE, ranging from 0.86 to 1.04Å 
for REE3+ and 0.99Å for Ca2+ (Ilyin & Ratnikova 1976, 
McLennan et al. 1979, Elderfield et al. 1981, Fleet & 
Pan 1995). However, the amount of REE incorporated in 
the apatite structure can vary to a great extent depending 
on their ionic concentration in the depositional and/
or diagenetic environment and the contact time of the 
phosphate phase with sea- or pore water before burial.  

In phosphate-bearing samples, carbonate-fluorapatite 
is the main host of REE. The new data from this study 
shows a positive covariation between REE and P2O5 
contents (Fig. 2). The high correlation coefficient values 
between ΣREE, Y and U with P2O5 (0.74, 0.95 and 0.80, 
respectively) (Table 6), suggest apatite as the major host 
controlling the variations of these elements in the sam- 
ples. However, the statistically-derived factors (Tab. 6)  
suggest that ΣREE and Y are controlled by a single factor 
which explains 75% of variance and demonstrates both 
a possible similar source material and strong geochemical 
affinity of Y to the REE group in the sedimentary 
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cycle. Factor 2 explains 12% of variance and controls 
the concentration variations of P2O5 and U, which  
demonstrates strong geochemical affinity of U to 
phosphate minerals in marine phosphorites, independent 
of that expressed by REE. It could also indicate redox 
control and source material variations. Within the REE 
group, La shows stronger correlation with a subordinate 
Factor 3, paralleled, to a lesser extent, by correlation 
with Ce and Pr. The assembly of these three REE in one 
factor may be explained in a way that La to Pr have the 
largest ionic radii in the group which may lead to some 
limitations in the structural substitutions for the smaller 
Ca2+ in apatite, the major REE host in these samples.

The relative MREE enrichment is linked with the 
highest abundance in the phosphate components, which 
are located in various stratigraphic horizons in the 
studied sequence and were deposited in various marine 
environments. This may suggest selective fractionation of 
MREE in the apatite due to crystal structural control. Such 
an elemental fractionation may be enhanced by anoxic 
to suboxic conditions of pore waters during precipitation 
of apatite and may have continued during the diagenesis. 
Preferential substitution may explain the enrichment of 
MREE in the studied phosphate nodules, coprolites, 
bivalve-mold and tube-fill samples and its absence in the 
non-phosphatic samples. The enrichment in MREE, or the 
so-called “bell-shaped” pattern may reflect equilibrium 
fractionation between the apatite phase and the slightly 
anoxic or suboxic seawater or pore water (Fadel et al. 
2015). Middle REE are more suitable for such substitution, 
having more similar ionic radii to that of Ca2+.

However, preferential substitution of MREE in the 
apatite structure is not conclusively confirmed in the 
statistical analysis obtained in this study because cor- 
relation coefficients between P2O5 and MREE are not  
particularly significant. Several other factors may in- 
fluence the concentration and pattern of REE distribution 
in marine sedimentary apatites. These include the original 
REE concentration and fractionation in the source rocks 
and their weathering products, geochemical processes 
during weathering and fluvial transport (such as sorption, 
co-precipitation and selective fractionation; Martin et al. 
1976, Fleet 1984, Hoyle et al. 1984, Goldstein & Jacob- 
sen 1988), and mechanism and environment of phospho- 
genic processes. Other factors were suggested including 
the presence of biogenic mediation in the phosphogenic 
system, duration of contact with seawater, post depos- 
itional alteration, diagenetic modifications and texture of 
phosphate components (Wright et al. 1984, Ilyin 1998, 
Shields & Stille 2001, Zanin & Zamirailova 2009).

The “bell-shaped” REE patterns have also been ex- 
plained as the effect of extensive late diagenetic recrys- 
tallization (Lécuyer et al. 2004), where REE uptake has 
been dominated by substitution in the apatite phase. The 

REE patterns showing enrichments in MREE reported in 
fossil apatites by Reynard et al. (1999) were explained 
as due to the fractionation caused by substitution 
mechanisms in the apatite structure, which can take place 
during diagenesis. Therefore, it is not necessarily an 
environmental indicator of primary deposition. However, 
the REE pattern still has the potential to reflect the 
original early burial conditions and, by inference, the REE 
composition of the sediment surface or near-surface fluids, 
as suggested by many authors (cf. Morad & Felitsyn 2001, 
Fadel et al. 2015).

REE and the anoxic peaks of the OAE2 
at the Pecínov quarry section

The large positive δ13C excursion spanning the Ceno- 
manian–Turonian boundary is considered one of the 
largest and best documented carbon isotope excursion 
events in the geological record, called Ocean Anoxia 
Event 2 (OAE2) (e.g., Jenkyns et al. 1994, Hasegawa 
1997, Jarvis et al. 2006, Gambacorta et al. 2015) and was 
conventionally interpreted as being related to accelerated 
burial of marine organic matter (Arthur et al. 1990). 
Among all analyzed samples the tube-fill sample 23A at 
the base of the unit P3 and all phosphate nodule samples 
collected from the unit BH 1 in the Pecínov quarry section 
exhibit the highest incompatible REE indices of anoxia, 
such as Ce/La and the extent of Ce-anomaly. The Ce/La is  
7.02 in the former sample and ranges from 3.88 to 5.78 
in the latter group of samples, whereas the Ce-anomaly  
is 0.18 and 0.22–0.28, respectively (Tabs 3, 4). The 
highest values of REE-based indices of anoxia found 
in sample 23A conform to the maximum δ13Corg values 
recorded at the base of the unit P3, which was interpreted 
by Košťák et al. (2018) as the “b” peak of the carbon 
isotope excursion of the OAE2 (sensu Jarvis et al. 2006). 
The abrupt drop in δ13Corg values at the base of the unit 
BH 1 is thought to have been associated with the hiatus 
and reworking of the condensed “green sand” bed (Košťák 
et al. 2018). On the other hand, the elevated REE-based 
indicators of anoxia recorded in the phosphate nodules are 
interpreted here to be related to the “c” peak recorded by 
Jarvis et al. (2006) in the Culver Cliff (Isle of Wight) and 
Dover sections and reported missing at the Pecínov quarry 
section by Košťák et al. (2018). The phosphate nodules 
found in the unit BH 1 (earliest Turonian) are reworked 
products of the underlying missing part of the sequence. 
Therefore, they should have originally formed within that 
part of the sequence carrying the peak δ13C excursion at 
the Cenomanian–Turonian boundary, identified by Jarvis 
et al. (2006) as the “c” peak of the OAE2, and these 
phosphate nodules carry the original REE signature of this 
anomalous anoxic event.



Conclusions

The dominant proportion of REE load in the studied 
samples appears to come from terrigenous material of the 
highly weathered crystalline rocks of the Bohemian Massif 
and their derivatives (dominated by felsic composition), 
which were transported by rivers to the basin. The 
composition of source rocks has left their fingerprint in 
the relative enrichment of LREE over HREE, shown in 
shale- and chondrite-normalized patterns, paralleled by 
significant negative Eu-anomaly in the latter. The “bell-
shaped” pattern, noticed specifically in the phosphate-
bearing samples, is not entirely related to source rocks; 
it seems to have been produced mainly by local redox 
conditions (increased oxygen deficiency) promoting 
REE fractionation and REE composition of pore water. 
Preferential substitutions of MREE in the apatite phase 
and/or later diagenetic enrichment may have had some 
role in producing this pattern. The “bell-shaped” pattern is 
typical of phosphate-bearing units and components in the 
studied Cenomanian–Turonian sequence. 

Based on the REE behavior shown in this study, all 
investigated units were deposited under various degrees 
of suboxic to anoxic conditions. The phosphate nodules 
show elevated levels of REE proxies for anoxia among 
the analyzed samples and can be related to the δ13C peak 
“c” of the OAE2. Unit P4 of Pecínov Member at Pecínov 
quarry was deposited under greater oxygen deficiency than 
the underlying unit P3. The tube-fill at the base of the unit 
P3 exhibits very high Ce/La and pronounced Ce-anomaly, 
indicative of anoxia which conforms to the δ13C peak “b” 
of the OAE2. The phosphate-bearing silty mudstones at 
the base of unit BH 1 of the Bílá Hora Formation were 
deposited in less oxygenated environment than the non-
phosphatic counterparts. The phosphatic coprolites of 
the Teplice Formation were deposited under moderately 
suboxic conditions. 

Carbonate-fluorapatite is the major host of REE in 
the studied Cenomanian–Turonian sequence. Rare earth 
elements are most probably introduced via substitution for 
Ca in the apatite structure and are enriched over variable 
contact time with seawater and/or pore fluids before 
burial. Among the phosphate components, the phosphate 
nodules and coprolites appear to have spent longer time in 
contact with seawater, sufficient to accommodate higher 
levels of REE, suggesting slow deposition. Further REE 
enrichment in these phosphates could have taken place 
during later reworking. The phosphate sponges were 
phosphatized in shallow marine environment and had 
a more limited contact time with seawater prior to burial. 
Hence, lesser amounts of REE were incorporated in the 
apatite phase. The anomalously high concentrations of 
REE in the phosphatic tube-fill deposits cannot be fully 
attributed to extended time of contact with seawater. They 

may reflect higher terrigenous input of REE-rich materials 
during episodes of low sea levels and seaward advance of 
the shoreline where most REE could have been trapped in 
these tubes after mobilization. Local variations in redox 
conditions and later diagenetic processes could have 
also contributed to the REE enrichment in these tube 
sediments.
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