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ABSTRACT

In phosphorites, the content and distribution of rare earth elements are
linked to the environment of phosphogenesis. This paper focuses on the
question of sources and processes controlling the rare earth element content
of apatite from Belgian phosphorites formed during three major phospho-
genic events in the Lower Palaeozoic, Late Cretaceous and Cenozoic. To con-
strain sources and processes, new data include petrological, mineralogical
(including cathodoluminescence and Raman spectroscopy) and in situ trace
element and Sr and O isotope analyses of apatite. Fluorapatite from Lower
Palaeozoic P-rich conglomerates has the greatest rare earth element enrich-
ment. It is affected by metamorphism that led to deformation of apatite nod-
ules and formation of garnet porphyroblast inclusions. The role of Fe-
oxyhydroxides in element scavenging is highlighted by some apatite nodules
that maintain their primary middle rare earth element enrichment, while
others are characterized by altered rare earth element patterns resulting from
competition for these elements between co-crystallizing minerals during
deformation. A systematic shift towards lower §'°0 and radiogenic Sr isoto-
pic composition compared to contemporaneous seawater indicate interaction
with '®0-depleted meteoric fluids and a crustal component. By contrast,
carbonate-rich fluorapatite from the Late Cretaceous phosphatic chalk mostly
keeps its primary trace element and isotopic signatures (close to seawater),
although an external rare earth element addition is noted, as well as rare
earth element redistribution induced by diagenetic alteration. Cenozoic car-
bonate fluorapatite nodules mostly present flat rare earth element patterns
that are indicative of a detrital influence. Slight changes in rare earth ele-
ment distribution are assigned to post-depositional alteration, which also led
to an increase in radiogenic Sr, with unchanged §'®0 compared to seawater.
The methodology followed here efficiently helps in deciphering the pro-
cesses that modified the chemistry of apatite in the frame of major phospho-

genic events.

© 2023 International Association of Sedimentologists.
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INTRODUCTION

Sedimentary phosphate deposits and occur-
rences are widely distributed in Europe (e.g.
Decrée et al., 2017). However, most of these
deposits have not been reconsidered carefully
for a few decades, especially regarding their geo-
chemistry. However, the latter provides crucial
information about the conditions that control
the genesis of these deposits and helps to better
constrain the sedimentological palaeoceano-
graphic settings in which phosphorite forms.
The rare earth element (REE) content and
distribution in apatite give information about
the environment during early diagenesis, which
would be the preferential time for REE uptake of
francolite (e.g. Jarvis, 1994; Shields & Stille,
2001; Chen et al., 2015). Newly developed tools
— such as in situ O and Sr isotope mea-
surements on apatite — are helpful to decipher
the complex history of phosphogenesis and con-
strain the post-depositional history of the
phosphate deposit (i.e. interaction with diage-
netic, meteoric or hydrothermal fluids or influ-
ence of metamorphic overprint; e.g. McArthur &
Herczeg, 1990; Jarvis, 1994; Trappe, 2001; Brand
et al., 2011; Pufahl & Groat, 2017). Late diagene-
sis, metamorphism and epigenesis (for example,
alteration) can affect the distribution of REE in
apatite, which can complicate the interpretation
of the REE signature.

This paper presents a petrographic and geochem-
ical investigation of apatite from sedimentary and
metasedimentary phosphate rocks of different ages,
ranging from the Middle Cambrian to the Middle
Miocene in Belgium. These case studies offer a
unique opportunity to consider three major phos-
phogenic episodes occurring during the Lower
Palaeozoic, the Late Cretaceous and the Cenozoic
(e.g. Balson, 1980; Brasier, 1980; Notholt & Bra-
sier, 1986; Parrish, 1990; Jarvis, 1992, 2006).

Cambrian (and late Precambrian) phosphorites
are widespread on all continents, being generally
associated with structural highs and periods of
sea-level fluctuations. They likely testify to the
greatest global phosphogenic episode in geologi-
cal records (Notholt & Sheldon, 1986). Phospho-
rites of this age are commonly associated with
glauconite, cherts, (pyrite-bearing) black shales

and other lithologies suggesting anoxia and the
presence of upwelling zones (e.g. Brasier, 1980;
Parrish et al., 1986; Alvaro et al., 2016). The high
organic productivity of upwelled waters would
have been a probable source of phosphorus for
these phosphorites (e.g. Alvaro et al., 2016). In the
Lower and Middle Cambrian, major phosphogenic
cycles are typically associated with the early stage
of a transgression, which is followed by a high-
stand or regression phase (e.g. Notholt & Bra-
sier, 1986; Alvaro et al., 2016). Reworking of
primary phosphorites as turbidites would have
led to phosphate concentration in cratonic basins
along the Avalon Platform (e.g. Brasier, 1980).

The Late Cretaceous phosphogenic episode is
well-expressed in the Tethyan series (Lucas &
Prévot-Lucas, 1995; Pufahl & Groat, 2017). The
phosphorites of this age typically correspond to
condensed sedimentation with periods of
sediment starvation leading to the development of
bioturbation and hardgrounds (Lucas & Prévot-
Lucas, 1995). The involvement of upwelled waters
especially rich in P are thought to be one of the
key factors leading to phosphogenesis (Pufahl &
Groat, 2017). Among these Tethyan phosphorites,
the Santonian-Lower Campanian and Lower
Maastrichtian phosphatic chalk in Belgium, north-
ern France and southern England appear to be
somewhat disconnected from the South Tethyan
phosphorite province. These phosphatic chalk
deposits, which are the largest in size in Europe
after the Lower Palaeozoic deposits in Estonia
(Decrée et al., 2017), accumulated on the shelving
margins of basins along the London-Brabant
Massif. Their formation would have benefited from
unique sedimentological and palaeoecological con-
ditions (Jarvis, 1992). The most striking difference
with other deposits of the same age is that no major
influence of upwelling was invoked (Jarvis, 1992).
These deposits represent lowstand to early trans-
gressive deposits after significant sea-level fall.
They formed in a well-oxygenated, current-swept
environment, and in a water depth between 70 m
and a few hundred metres (Jarvis, 2006). Minerali-
zation would have been a post-oxic process (Jar-
vis, 1992), with mixed redox conditions at a small
scale (Jarvis, 1992).

The major episodes of phosphogenesis during
the Neogene produced extensive phosphorites in
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Controls on REE distribution in sedimentary apatite 3

the Mediterranean area, the Middle East and
South America, and during the Palaeogene on the
eastern and western coast of North America, in
Peru, South Africa and New Zealand (Riggs &
Sheldon, 1990). They correlate with high
sea-levels and largely testify to upwelling in mar-
ginal basins, with favourable sedimentological
controls in these zones (Pufahl & Groat, 2017).
The Palaeogene deposits are found in the inner
continental shelf or in an epeiric sea setting (Par-
rish, 1990; Trappe, 2001) and their genesis can
largely be compared to the Late Cretaceous phos-
phogenesis (Lucas & Prévot-Lucas, 1995). Phos-
phogenesis during the Neogene presents however
specificities. It took place in the context of a lower
sea-level, compared with the earlier episodes of
phosphogenesis. Nevertheless, the sea-level was
probably high enough to enable currents with
high productivities, due to cool temperature at the
time and favourable continental positions (Par-
rish, 1990). The genesis of a few Miocene
deposits, as the giant deposits of the south-eastern
US continental shelf-coastal plain, is hardly rec-
oncilable with the involvement of upwelled
waters, and would relate to fluctuations of the
eustatic sea-level, with change in climate and
the Gulf Stream dynamics (Riggs, 1984).

Before performing in situ analyses — in order to
investigate the composition of apatite from phos-
phorites formed during these events — petro-
graphic observations using scanning electron
microscope (SEM), cathodoluminescence (CL)
and mineralogical characterization (Raman spec-
troscopy) were performed to highlight heterogene-
ities in phosphorites. In situ chemical and
isotopic  characterization include electron
microprobe analyses (EMPA), laser ablation -
inductively coupled plasma — mass spectrometry
(LA-ICP-MS) to get in situ REE content and sec-
ondary ion mass spectrometry (SIMS) for O and Sr
isotopic compositions. Although these isotope
data provide essential information about sedimen-
tary apatite deposition (e.g. Jarvis, 1994; Trappe,
2001), they have so far been scarcely used,
whether for igneous or on sedimentary apatite
(e.g. Emo et al., 2018; Li et al., 2018; Yang et al.,
2018; Decrée et al., 2020a, 2022a,b, for Sr isotopic
composition; and Zigaité & Whitehouse, 2014;
Chen et al., 2016; Sun et al., 2016; Zeng et al.,
2016; Wotte et al., 2019; Yang et al., 2020; Decrée
et al., 2020a; Edwards et al., 2022, for O isotopic
composition). By combining high spatial resolu-
tion trace element, O and Sr isotopic analyses, the
processes involved in apatite formation (and
the changes regarding its mineralogy and

chemistry related to later processes) were investi-
gated with unmatched precision.

GEOLOGICAL SETTING OF THE
STUDIED PHOSPHORITES AND
PHOSPHORUS-RICH ROCKS

This study aims to investigate phosphate depos-
its/occurrences representative of major phospho-
genic events. Their distinct geological settings
are detailed hereafter (see location in Fig. 1A).

The Early-Middle Cambrian phosphorites con-
stitute the majority of phosphorites in Europe.
They testify to the presence of a phosphogenic
province connected to the Avalon and Baltic Plat-
forms (Brasier, 1980; Notholt & Brasier, 1986).
This province has been related to upwelling (and
subsequent input of nutrients) along the western
margin of Gondwana (Alvaro et al., 2016). In Bel-
gium, most of the phosphorites related to this
event are located in the southern part of the Stave-
lot Massif. They are well-represented in the Grand
Halleux borehole (Fig. 1B), in which Middle Cam-
brian rocks host at least 20 centimetric to deci-
metric (up to 20 cm thick) beds enriched in
phosphate nodules (Revinian Rv1-2; Verniers
et al., 2001). The host rocks are made of an alterna-
tion of slaty quartzites and fine-grained slates/sha-
les/schists containing organic matter (Franssen &
Michot, 1969; Graulich, 1980; Verniers et al.,
2001). Interstratified volcanic tuffs are also present
(Graulich, 1980; Geukens, 1999). Tholeiitic mafic
dykes that are Ordovician to Silurian in age are
also described in the series (Herbosch et al., 2020).
The P-rich beds are considered to represent con-
glomerate beds at the base of an arenaceous turbi-
ditic sequence deposited in a pelitic environment,
which developed in cratonic basins flanking the
Avalon Platform (e.g. Brasier, 1980; Michot, 1980;
Herbosch et al., 2016). The sediments would origi-
nate from areas that are higher in terms of eleva-
tion where the detritic material was already
sorted, and then transferred into areas of low
topography (Michot, 1980). The Stavelot Massif
was affected first by the Mid-Ordovician Caledo-
nian and then by the Upper Carboniferous Varis-
can orogenies (Herbosch, 2021; and references
therein). Taken as a whole, the epizonal peak
metamorphic conditions estimated at the south-
ernmost part of the Massif were between 300 to
400°C, and 100 to 200 MPa (data in Fielitz &
Mansy, 1999).

Apart from the Lower Palaeozoic phosphorites
of the Stavelot Massif, Middle Ordovician P-rich
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Controls on REE distribution in sedimentary apatite 5

formations occur in the Brabant Massif (locality
of Thy; Herbosch & Verniers, 2011; Fig. 1A),
where a 2 m thick phosphatic and manganifer-
ous conglomerate is interstratified with quartzite
(de Magnée & Lambeau, 1965). In the conglomer-
ate, black sub-rounded to ellipsoidal black nod-
ules of phosphates are dominant. Other
abundant non-sorted clasts made of siltstone to
sandstone similar to the surrounding beds sug-
gest the intraformational origin or proximal
source for the conglomerate (de Magnée & Lam-
beau, 1965; Herbosch & Verniers, 2014). They
are considered debris-flow deposits, considering
the slump-related deformation features (pre-
cleavage folds and faults) described by Debacker
et al. (2009). Further analyses show that a
south-dipping palaeoslope of regional extent
should have been present during the Middle
Ordovician in the southern part of the Brabant
Massif (Debacker et al., 2009). The rocks pertain-
ing to the Brabant Massif show the overprint of
a progressive and diachronous (ca 420 to
390 Ma; e.g. Debacker et al., 2002; Linnemann
et al, 2012) low-grade metamorphism that
ranges from epizone in the core to anchizone
and diagenesis at the rim (Van Grootel et al.,
1997; Linnemann et al., 2012). Most of this
metamorphism can be related to a pre-kinematic
burial, though a syn-kinematic contribution
would explain the higher metamorphic degree
observed (Debacker et al., 2005).

An important sedimentary phosphate unit of
Late Cretaceous age occurs throughout the Paris
and Mons Basin (France and Belgium, respec-
tively). It corresponds to a phosphogenic episode
that prevailed at that time on the north-eastern
margins of the Anglo-Paris Basin (Jarvis, 1992).
The Mons Basin is the most significant phos-
phate deposit of this age, with estimates of the
Maastrichtian Ciply Phosphatic Chalk Formation
(CPC) resources reaching 960 million tons at a
grade between 5% and 10% P,05 (Robaszynski &
Martin, 1988). This formation is a light brown
phosphatic calcarenite that was deposited during
the Middle-Late Cretaceous (Robaszynski & Mar-
tin, 1988). It forms a lens-shaped body with a
thickness that varies from several metres at the
southern margin to more than 70 m at the centre
of the lens (Fig. 1B and C). It is marked at its base
by a conglomeratic bed containing phosphatic
pebbles (the Cuesmes Conglomerate) on the mar-
gin of the basin (Robaszynski & Martin, 1988).
The phosphatic calcarenite of the Mons Basin
represents a cycle of transgression-regression in
an epicontinental sea, where phosphates would

form during transgressive episodes followed by
reworking/winnowing driven by sea-level fluctu-
ation (Jarvis, 1992; Jacquemin, 2020). A recent
Quaternary weathering process was responsible
for the development of cryptodolines at La Mal-
ogne (western margin of the Mons Basin;
Fig. 1B). The latter is controlled both by the
regional tectonic setting and the characteristics
(lithology and thickness) of the sedimentary
cover overlying the calcarenites (De Putter
et al.,, 1999). Their infillings are enriched in
phosphates compared to the host rock and relate
to the selective dissolution of carbonates during
the Quaternary (Quinif et al., 1997; De Putter
et al., 1999).

Last major phosphogenic events occurred dur-
ing the Cenozoic. In the North Sea, these episodes
of phosphogenesis correspond to times of high
sea-level in a period of eustatic sea-level fluctua-
tion (Balson, 1980). Phosphates have been depos-
ited during all major transgressions, likely in
connection with regional subsidence. During the
Eocene and the Oligocene, eustatic rise of the sea-
level resulted in increasing exchange between the
North Sea and oceanic waters, with subsequent
increasing influence of upwelling on biological
productivity (Lovell, 1986). High productivity
under shallow marine conditions in an environ-
ment connected with the Atlantic Ocean is also
evoked during the Miocene of the North Sea (Van
den Bosch et al., 1975; Louwye, 2005). However, a
significant influence of upwelling on phosphogen-
esis is debated, considering the relative (too)
shallow marine conditions (e.g. Riggs &
Sheldon, 1990). In this context, even the role of
upwelled waters in the genesis of several larger
Cenozoic phosphorites is questioned (Riggs, 1984;
Trappe, 2001). One of the most obvious effects of
rising sea-level on phosphogenesis is observed in
the Late Palaeocene-Early Eocene (Balson, 1980).
In Belgium, this event is highlighted by an Early
Ypresian phosphate nodule bed (Balson, 1980)
that is widespread throughout East and West
Flanders (as in Marke and Moen which are shown
in Fig. 1; Van Marcke et al., 2005). Another phos-
phogenic event is emphasized by a Middle Oligo-
cene phosphorite bed of about 25 to 30 cm,
occurring ca 3 m below the base of the Boom Clay
Formation (as at St Niklaas; Fig. 1). Its lateral
extent is very limited, being smaller than 5 km
(Marquet & Herman, 2012). Abundant phospho-
rite concretions are observed in the North Sea area
(Balson, 1980), as exemplified by the phosphatic
bed encountered in the Middle Miocene Antwer-
pen Sands (as in Berchem, Fig. 1; Louwye, 2002).
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6 S. Decrée et al.

Table 1. Succinct description of the examined P-rich rocks from Belgium.

Sample
Locality Age name Macroscopic description
Grand Halleux Middle GH2457 Phosphate nodules (millimetre-size) in slate—quartzite
(boring) Cambrian intercalations
(Series 3)
GH2666 Phosphate nodules (millimetre-size) in slate—quartzite
intercalations
GH2743 Phosphate nodules (millimetre-size) in a silty porphyroclast
comprised in slate—quartzite intercalations
GH2952 Deformed/elongated phosphate nodules (millimetre-size) and
thin P-rich laminae in slate-quartzite intercalations
Thy-le-Chateau Middle THY1 Conglomeratic bed: phosphate nodules (millimetre-size) with
Ordovician inclusions of garnet in a silty matrix
THY2 Conglomeratic bed: phosphate nodules (millimetre-size) with
inclusions of garnet in a silty matrix, stained with Fe-oxides
Hyon (boring) Late Hb56.76 Matrix-supported carbonate rock with silt-sized and sand-
Cretaceous sized peloidal phosphatic grains
Hb79.06 Matrix-supported carbonate rock with silt-sized and sand-
sized peloidal phosphatic grains
Hb90.2  Grain-supported carbonate rock with peloidal phosphatic
grains
La Malogne Late LM1 Matrix-supported carbonate rock with silt-sized and sand-
Cretaceous sized peloidal phosphatic grains
LM4 Weakly consolidated conglomeratic carbonate rock with
abundant phosphatic pebbles
Quaternary LM3 Unconsolidated to very weakly consolidated silt-sized and
sand-sized peloidal phosphatic grains
Marke, Kockelberg Early Eocene MA Centimetre-size phosphate nodule in a glauconitic bed
Moen, Bossuit Canaal MO Centimetre-size phosphate nodule in a glauconitic bed
Sint Niklaas Lower STN1 Centimetre-size phosphate nodule in the ‘Boom clay’
Oligocene
STN2 Centimetre-size phosphate nodule in the ‘Boom clay’
Berchem Middle BERCH1 Centimetre-size phosphate nodule in the ‘Sables d’Anvers’,
Miocene Berchem Formation
BERCH2 Centimetre-size phosphate nodule in the ‘Sables d’Anvers’,

Berchem Formation

MATERIAL AND METHODS

(RBINS) and from the Hyon borehole (Fig. 1) that
is part of the University of Mons (UMONS) collec-

Thirty samples have been investigated from a pet-
rographic and mineralogical point of view for this
study (Table 1). A selection of these specimens is
presented in Fig. 2. Most of the samples come
from the Grand Halleux borehole (171 W276;
Fig. 1) stored at the Geological Survey of Belgium
(GSB), Royal Belgian Institute of Natural Sciences

tions. Lower Oligocene P-rich rocks were also
found in the RBINS collections, whereas Middle
Ordovician, Early Eocene and Middle Miocene
apatite nodules were collected in the field by
S. Decrée, E. Steurbaut (RBINS) and O. Lambert
(RBINS), respectively. Phosphate-rich rocks from
the La Malogne quarry (Fig. 1) were collected in
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Controls on REE distribution in sedimentary apatite 7

the field. The petrographic analysis (Figs 3 and 4)
was based on optical microscopy and scanning
electron microscopy (SEM) using a Quanta 20
ESEM (FEI, Hillsboro, OR, USA), with energy-
dispersive spectroscopy (Apollo 10 Silicon Drift
EDS (energy dispersive spectroscopy) detector;
EDAX, Pleasanton, CA, USA) at RBINS. Cathodo-
luminescence (CL) studies (Figs 3, 4 and 5) were
performed at UMONS using a cold-cathode CL
unit model Mk5 operated at 15 kV beam voltage
and 500 pA current (Cambridge Image Technol-
ogy Limited, Hatfield, UK). The surface of the
unfocused electron beam on the sample was
12 x 4 mm, resulting in a current density of
about 10 pA/mm?. CL spectra were recorded with
a CITL optical spectrometer model OSA2 (Cam-
bridge Image Technology Limited) allowing
acquisition from 350 to 1100 nm at 3.7 nm
spectral resolution. Spectra were acquired
and processed using Spectragryph optical spec-
troscopy software (https://www.effemm2.de/
spectragryph/). A dark spectrum, i.e. a spectrum
of the stray light in the CL chamber, was systemat-
ically subtracted from the experimental spectrum.
Spectral CL images of the Nd** emission were col-
lected by inserting in the light path an
optical bandpass filter with a transmission curve
centred at 880 nm and 50 nm wide (full width
at half maximum). Such spectral CL imaging
enhances the details of the distribution of the apa-
tite activated by light REE (LREE), which is espe-
cially useful when apatite luminescence
is overwhelmed by the intense luminescence of
calcite and feldspars. In addition, Nd3?** emits in
the near infrared region of the spectrum and is
therefore not visible in colour CL images. Raman
spectroscopy was performed at RBINS to investi-
gate the fluorescence induced by the REE. A
532 nm (green) laser Raman spectrometer (Sen-
terra, Bruker, Billerica, MA, USA; Olympus
BX51, Olympus, Tokyo, Japan) was used. The
spectra were acquired using a 2 mW excitation
power, 5 x 30 s integration time and with a
50 um spectrometer slit. They were processed
using Spectragryph optical spectroscopy soft-
ware. X-ray diffraction (XRD) was performed at
RBINS. The powdered samples were analysed
using a diffractometer PANanalytical Empyrean
(copper anode with CuKo A: 15418 A, a nickel fil-
ter, 45 kV and 40 mA detector X’Celerator;
Malvern Panalytical, Malvern, UK). The sample
powders are first loaded in a steel holder and
measured in a Bragg-Brantano configuration. The
studied angles were between 6 and 69 degrees 20.

The semi-quantitative interpretation is done
using Visual Crystal 6 software.

The main results of the petrographic and miner-
alogical investigations are presented in Table S1.
Where possible, different types of analyses [elec-
tron micro-probe analysis (EMPA) and laser
ablation — inductively coupled plasma — mass spec-
trometry (LA-ICP-MS)] have been performed on
the same spot or in very close proximity to that
spot. Quantitative micro-analysis of major ele-
ments (Table S2) was performed using a JXA
8800 L electron microprobe (JEOL Limited, Tokyo,
Japan) at the Institute of Geography and Geology,
University of Wiirzburg (Germany). It was operated
at 15 kV and 20 nA, with a beam diameter of
10 pm. This microprobe is equipped with four
wavelength-dispersive (WDS) spectrometers and
standard LDE1, TAP, PET and LIF crystals. The fol-
lowing standards were used for calibration of the
EPMA: LiF for F; Fe,O5 for Fe; SrSO, for Sr;
MnTiO; for Mn; MgO for Mg; BaSO, for S and Ba;
albite for Na; vanadinite for Cl; apatite for P and
Ca; and andradite for Si. The Lo line was used for
the measurements of Sr and Ba, and the Ka line
for all other elements. The lower limit of detection
is typically better than 0.05 wt.%. For each analyti-
cal spot, the relatively mobile elements F and Na
were analysed first in order to prevent their poten-
tial loss in the course of the analysis. A correction
for excess F due to third-order interference of P Ko
on F Ko was applied. Excess F was estimated at
about 0.35% based on 15 measurements of F Ko in
a phosphate that does not contain F (reference
monazite at University of Wiirzburg). The measure-
ments yielded a mean of 0.040% ‘fake’ F per % P.
A similar value (0.045%) was obtained by Potts &
Tindle (1989). Note that grain orientation and
anisotropic ion diffusion can also have a substan-
tial influence on the measurement of F with the
electron microprobe (e.g. Stormer et al., 1993;
Goldoff et al., 2012).

Laser ablation — inductively coupled — mass
spectrometry was performed at GeoRessources
(Nancy, France), with a ESI NWR193 excimer
laser (ArF, 193 nm; Kenelec Scientific, Mitcham,
Australia) coupled to a: (i) primary viewing sys-
tem, full HD 1080p digital camera with 15x to
60x objective to camera magnification; (ii) sec-
ondary viewing system, 25 mm field of view for
macro navigation; (iii) three high-intensity, LED
light sources (coaxial, ring and transmitted) for
sample observation and laser beam focusing onto
the sample; and (iv) an Agilent 8900 triple
quadrupole ICP-MS wused in no-gas mode
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(Agilent Technologies, Santa Clara, CA, USA).
These data are presented in Table S3. The LA-
ICP-MS system was optimized to have the high-
est sensitivity for all elements (from “Li to **°U),
ThO/Th ratio <0.4% and Th/U ratio of ca 1 by
ablating the NIST standards. Samples were
ablated with a laser spot size of 30 um to avoid
mixing between the different zones observed in
the apatite crystals. A fluence of ca 6 J/cm?® and
a repetition rate of 5 Hz were used. The carrier
gas used was helium (0.45 l/min), which was
mixed to argon (0.65 l/min) gas before entering
the ICP-MS. The ICP-MS settings were; ICP RF
Power at 1550 W, cooling gas (Ar) at 15 1/min,
auxiliary gas (Ar) at 0.7 l/min, make-up gas (Ar)
at 0.5 I/min and dual detector mode used. For
each analysis, acquisition time was 30 s for back-
ground, 40 s for external standards [NIST SRM
610, NIST SRM 612 and NIST SRM 614 silicate
glasses (see Jochum et al., 2011 for concentra-
tions)] and 40 to 50 s for apatite. The analytical
procedure for the two analytical sessions was as
follows; two analyses of NIST SRM 614, two
analyses of NIST SRM 612, two analyses of NIST
SRM 610, analyses of the apatites (series of ca 20
analyses separated by the analysis of a series of
one NIST SRM 614, one NIST SRM 612 and one
NIST SRM 610), two analyses of NIST SRM 614,
two analyses of NIST SRM 612 and two analyses
of NIST SRM 610. The external standard was
NIST SRM 610 and **Ca was used as an internal
standard. NIST SRM 614 and NIST SRM 612 sil-
icate glasses were analysed and considered as
cross-calibration samples to control the quality
of the analyses (precision, accuracy and repeat-
ability) and to correct the possible drift during
the analytical session. Calcium contents in apa-
tite were measured before LA-ICP-MS analyses
using an electron microprobe (JEOL JXA 8800 L)
at the University of Wirzburg, Germany, to
check the overall homogeneity of the apatite
grains. The Ca concentration used for internal
standardization was the content measured using
the electron microprobe presented in Table S2.
Consequently, 12 Ca concentrations have been
used. The following isotopes were measured:
ZQSL 44Ca, 458C, 51V’ 85Rb, SBSI', BQY’ QOZI,, QSNb,
137Ba, 139La, 140(38, 141PI', 146Nd, 147Sm, 153Eu,
157Gd, ngTb, 163Dy, 165HO, 166EI‘, 169Tm, 172Yb,
175, V78HE, 81Ta, 2%Ph, 232Th and 2*®U. Acqui-
sition times were 0.01 s for all isotopes except
rare earth elements, which were measured with
0.02 s. Total cycle time was 531 ms. The preci-
sions were better than 10% for all rare earth ele-
ments. Data treatment was completed using the

software ‘Iolite’ (Paton et al., 2011), following
Longerich et al. (1996) for data reduction.
Oxygen (O) and strontium (Sr) isotope compo-
sitions were obtained using a IMS 1280 HR2 ion
microprobe (Cameca, Gennevilliers, France)
(secondary-ion mass spectrometry, SIMS) at
CRPG Nancy (data presented in Table S4). Oxy-
gen isotopic ratios were measured with a
Cs + primary ion beam of 3.5 nA focused on
a 15 pm diameter area and with the electron gun
used for the charge compensation. The negative
secondary ions were measured with a mass reso-
lution of 3000 (M/AM) with an energy slit of
35 eV. Before each measurement, the sample was
pre-sputtered for 90 s with a beam rastering on
15 pm to clean up the sample surface, then the
secondary beam was automatically centred in the
field aperture and contrast aperture. The measure-
ments were made on Faraday collectors in multi-
collection mode with a counting time of 150 s,
with an internal precision of about 0.19,. The
instrumental mass fractionation was determined
on the reference apatite Durango (5'°0 = 9.49%;
Trotter et al., 2008), measured before and after
each sample. Durango apatite is a fluorapatite
with a composition overall similar to the mea-
sured samples (Marks et al., 2012). The external
1o precision on the reference material ranges in
between 0.15%, and 0.20%,, with an instrumental
isotopic fractionation on the '®0/*°Q ratio ranging
in between 3%, and 4%,. The reported errors are
the quadratic sum of the internal error and of the
reference material external error. The measured
ratios are expressed in §'°0 values relative to the
Standard Mean Ocean Water (SMOW) value.
The Sr isotope ratios were measured with the
radio-frequency (RF) plasma source producing an
O-primary beam accelerated at 13 kV and focused
on the sample surface to produce a 10 pm spot
with an intensity between 10 nA and 40 nA,
depending on the Sr content of the samples. Posi-
tive secondary ions were extracted with a 10 kV
potential. The positive secondary ions were mea-
sured at a mass resolution of 20 000 (M/AM), to
remove almost all of the isobaric interference on
the Sr isotopes. Indeed, at this mass resolution,
all of the major Ca*" overlapping masses are
resolved, except for ®’Rb overlapping on ®”Sr, that
needs to be corrected. The measurements were
performed in mono-collection in ion counting
mode, by peak switching over the masses 83.7 for
the background measurement, ®*Sr, #*Ca®", ®*Rb,
868r, 87Sr and ®®Sr, with counting time of 3 s, 3 s,
8s, 16 s, 16 s and 8 s, respectively. Each mea-
surement consisted of 24 to 30 cycles (30 to
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40 mn). The secondary ion intensity on *Sr was
set in between 10° to 3 x 10° by adjusting the pri-
mary ion beam intensity. The instrumental mass
fractionation between Sr isotopes was corrected
for a ®°Sr/®®Sr ratio of 0.1194. The ®’Rb isobaric
interference on ®’Sr was corrected for the mea-
sured 2°Rb count rate, a 2’ Rb/2°Rb ratio of 0.3825,
and the instrumental mass fractionation mea-
sured for Sr. The reported errors include the
errors on the measured ®”Sr/®°Sr, ®°Sr/**Sr and
8Rb/®°Sr ratios. The errors range from 0.3 to
2.0%, (10), depending on the Sr and Rb contents.
The Sr contents were calculated by using the
measured ®°Sr/**Ca®" ratio and the Durango apa-
tite (°7Sr/%®Sr = 0.7063; Yang et al., 2014) as a ref-
erence material. The initial isotopic ratios have
been calculated on the basis of the estimated for-
mation age of the phosphorite (Table S4).

RESULTS

Brief macroscopic and mineralogical
description

In the Middle Cambrian phosphorite beds (sam-
ples GH2457, GH2666, GH2743 and GH2952),
the dark grey sub-rounded to ellipsoidal apatite
nodules are found in association with black
quartz nodules in  sulphide-rich  pluri-
centimetric beds hosted in a shale matrix made
of chlorite and quartz with minor carbonates
(see XRD; Table S1). The nodules, which reach
a few millimetres in size (Fig. 2A and B), are
variably deformed (elongated/flattened) and
commonly broken. Locally, the P-rich silty beds
themselves are fissured/brecciated (upper part in
Fig. 2B). In the most extreme cases, these beds
can even be reworked as sub-rounded litho-
clasts, as shown in Fig. 2B (lower part). In these
lithoclasts, the apatite nodules seem to be less
deformed than the other facies. In the most
deformed samples, apatite locally forms thin
lenses/layers (white arrows in Fig. 2A). In the
Middle Ordovician matrix-supported phosphate-
rich beds, apatite occurs as black sub-rounded
ellipsoidal nodules that are typically <1 cm
in length and commonly brecciated/reworked
(Fig. 2C; samples THY1 and THY?2).

The Late Cretaceous Phosphatic Chalk Forma-
tion is a phosphatic calcarenite, the colour of
which is directly related to the phosphate content
(the darker brownish colour, the higher the phos-
phate concentration; Fig. 2D; samples Hb56.76,
Hb79.06, Hb90.2, LM1). The apatite content

varies distinctly from a few percent to about 10%
in the richer formations (see XRD data, Table S1).
At the margin of the basin (La Malogne locality), a
weakly consolidated conglomerate with abundant
phosphatic pebbles and calcareous cement is also
encountered (Fig. 2E, sample LM4). Phosphate-
enriched karstic pockets (cryptodolines) are also
present in the same zone. They are made of silt-
sized and sand-sized peloidal phosphatic grains.
Carbonates are almost totally absent in these
pockets due to karstic processes (leaching). Instead,
they are enriched in phosphates, Fe-oxides and
clays (sample LM3; XRD data, Table S2).

In the phosphate-rich beds of the Early Eocene
(samples MA and MO), the Lower Oligocene (sam-
ples STN1 and STN2) and the Middle Miocene
(samples BERCH1 and BERCH2), the brown to
black apatite nodules investigated (Fig. 2F and G)
are mostly centimetric in size and sub-rounded to
angular (some of them are seemingly brecciated).
Phosphatic concretions also fill fossil moulds
(Fig. 2F). These Cenozoic apatite concretions con-
tain numerous inclusions that are predominantly
made of quartz, glauconite and feldspar (XRD data,
Table S1). The host rocks of the apatite nodules
have not been investigated for the present study,
but concise descriptions are given by other authors.
According to Van Marcke et al. (2005), the Early
Eocene phosphorite is made of a very fine silty clay,
rich in pyrite with isolated apatite and carbonate
nodules. The Lower Oligocene P-rich layer com-
prises coarse sand with phosphatic nodules, peb-
bles, grains or concretions (indurated burrows
among others) (Marquet & Herman, 2012), whereas
the Middle Miocene phosphatic bed consists of
sands with apatite nodules, bones and shark teeth
(Louwye et al., 2010).

Petrography and mineralogy

Middle Cambrian and Middle Ordovician
phosphorus-rich rocks

In the Middle Cambrian turbiditic horizons, apa-
tite occurs as isolated sub-rounded to ellipsoidal
nodules from a few hundreds of micrometres to
a few millimetres long (Fig. 3A to C). They are
commonly slightly deformed, flattened and
show evidence of brecciation. The nodules are
heterogenous and predominantly contain inclu-
sions, such as chlorite flakes and quartz grains.
The presence of highly deformed thin wavy
layers of apatite (up to a few hundreds of micro-
metres in thickness; Fig. 3C to E), which exhibit
some kind of laminated textures and no remain-
ing porosity (Fig. 3C), can be observed in several
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samples. Deformed flattened rhombic shaped
inclusions (Fig. 3D and E; feldspar relicts
replaced by quartz?) are present in these layer-
s/lenses. Besides apatite nodules, other nodules
of the Middle Cambrian rocks are made of
quartz grains, phyllites or deformed lenses
of pyrrhotite. They are all set in a matrix of
chlorite, muscovite, pyrrhotite and minor calcite
(Fig. 3A to E). Deformation in the studied sam-
ples is also evidenced by pressure shadows,
which are common around quartz or sulphide
grains, and crenulation cleavage that locally
develops in the shales (as described by Piessens
& Sintubin, 1997). Pluri-micrometric monazite,
xenotime and allanite assemblages are rather fre-
quently found at the rim of the apatite nodules,
in contact with sulphides (Fig. 3F), or as tiny
grains in the nodules (Fig. 3E). Other REE-
minerals (bastnaesite) are present as vein infill-
ings in association with calcite. In the Middle
Ordovician silty conglomerates that are predom-
inantly made of quartz and chlorite (Fig. 3G),
apatite nodules present an ellipsoidal/elongated
shape (from 1.5 mm to a few millimetres long;
Fig. 3G and H). They are homogeneous, without
any remaining porosity, but are brecciated. The
most striking feature of these nodules is the
presence of spessartine porphyroblasts that are
typically up to 200 pm in size (Fig. 3G and H).
Regarding their luminescence and Raman spec-
tra, apatite nodules in Middle Cambrian and Mid-
dle Ordovician formations share many similarities.
First, the bright green luminescence of apatite is
dominant in these facies (Fig. 3B, D and H). The
link between the CL colour and activation by a
specific element can be deduced from cathodolu-
minescence spectra (Fig. 5A). The green shades are
induced by Dy*" (for the Middle Cambrian sam-
ples GH2743 and GH2952) and Mn*" (particularly
for the Middle Ordovician sample THY). The REE
and Mn are elements that are typically responsible
for the green CL of apatite (e.g. Waychunas, 2002;
Baele et al., 2019). A contribution of Sm®" is also
noted in the spectra, although it usually induces
reddish shades (Waychunas, 2002). Another dis-
tinctive feature of the Middle Cambrian and Mid-
dle Ordovician apatite is the well-defined peaks in
the Raman spectra. Complementary data relating
to the photoluminescence are revealed by these
spectra, when the Raman shift is converted back to
the absolute emission wavelength (Fig. 5B) (Decrée
et al., 2016, 2020b). Beside the peaks that are typi-
cal of the vibrational mode of the PO,*" in apatite
(v1 at around 963 cm™ ', v2 mode at ca 430 cm™?,
v4 centred on ca 590 cm '; Penel et al.,, 1997;

Antonakos et al.,, 2007), there are other well-
defined peaks that are mostly related to MREE-
induced fluorescence (Sm®‘, Eu®" and Dy*";
Kempe & Gotze, 2002) and to the presence/abun-
dance of these elements in the apatite (Fig. 5B).
Overall, there is a good consistency between the
CL and Raman spectra, with both the Cambrian
and Ordovician apatites exhibiting clear REE emis-
sion lines while other apatites show a broadband
emission centred on 575 to 580 nm interpreted as
Mn?"-activated. In Ordovician apatite, REE emis-
sion lines are weaker than in the Cambrian apatite
and overwhelmed by a strong Mn*" luminescence.
Although visible, these REE lines cannot be fully
resolved in the CL spectrum because of the poor
spectral resolution of the CL spectrometer.

Late Cretaceous phosphorites
The Maastrichtian phosphatic calcarenite is
mostly composed of coarse silt-sized and very
fine sand-sized brownish phosphatic grains/pe-
loids, embedded in a chalky matrix that also con-
tains quartz, calcite and glauconite grains
(Fig. 4A and B). The chalk matrix is rich in fora-
minifera bioclasts (Fig. 4B), although coccoliths
are also present. All of these particles are loosely
packed together due to the scarcity of calcitic
cement. Consequently, much of the porosity is
preserved. The phosphatic peloids form the
exceeding majority of the phosphatic grains fol-
lowed by marginal bones and teeth fragments.
They present various degrees of phosphatization
and they are commonly truncated/brecciated.
Some of them are deposited in sediment that
experienced additional phosphatization stages.
These features have been carefully described by
Jacquemin (2020). In the La Malogne quarry (at
the edge of the Mons Basin), the conglomeratic
beds are rich in rounded, intensely and homoge-
neously phosphatized pebbles embedded in a
moderately phosphatized matrix that is still rich
in calcite (Fig. 4C and D; sample LM4). Some of
the phosphate pebbles are heavily perforated by
multiple microborings of 1 mm or less in diame-
ter filled mainly by carbonate-rich materials.
Sand-sized grains of glauconite can be found in
these pebbles, as well as phosphatic granules
formed earlier on. The ‘phosphatic sands’ filling
karstic pockets resulting from the dissolution of
the host rock at La Malogne (sample LM3) pre-
sent very distinctive features. Only little of the
original carbonate matrix has been preserved in
some highly phosphatized grains.

The CL emission of the phosphatic grains is
overwhelmed by the strong yellow-brown
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emission from the calcite cement and inclusions
(Fig. 5A). A few grains show a faint, but distinct
bluish-violet CL colour, which suggests REE acti-
vation. However, REE lines are difficult to observe
in CL spectra mainly because of the strong Mn*"
emission of calcite. REE activation in Maastrich-
tian apatite can be better evidenced by spectral
imaging of the Nd®*" emission (Fig. 5D) around
875 nm, which suppresses the intense Mn*"
luminescence from calcite. This technique also
reveals phosphatic grains that were not visible at
all using colour CL imaging because of their weak
CL emission. Phosphatic grains with very differ-
ent intensity of the Nd emission coexist, which
suggests that these grains were reworked from
sources with different phosphatization and/or
REE enrichment stages. The Raman spectra are
characterized by a broadband fluorescence, with-
out any peak (Fig. 5C).

Cenozoic apatite nodules
The apatite nodules in Cenozoic P-rich rocks are
made of quartz, glauconite and K-feldspar sub-
angular to sub-rounded reworked grains embed-
ded in an apatite matrix (Fig. 4E to G). In the Early
Eocene nodules, the size of the silicate grains
(mostly non-luminescent glauconite and violet-
luminescent quartz; Fig. 4E) is typically about a
few tens of microns. By contrast, in the Lower Oli-
gocene and Middle Miocene nodules and concre-
tions, the size of the grains ranges commonly
between 200 pm and >1 mm in size (Fig. 4F
and G). Quartz is dominant over glauconite
(which has a dull blue-violet luminescence) and
K-feldspar (bright blue under CL) as inclusions.
Apatite’s luminescence is greenish-brown in
these Cenozoic apatite nodules (Fig. 4B, D, F, H
and J). It is likely due to activation by Mn*", as
suggested from cathodoluminescence spectra
(Fig. 5A). As for the Late Cretaceous apatite, the
Raman spectra of Cenozoic apatite are domi-
nated by a broadband emission (Fig. 5C).

Chemistry of apatite

Apatite from the studied phosphate samples
shows a large range of CaO contents (48.27 to
55.14 wt.%). It is also characterized by two differ-
ent ranges of P,Os concentrations. Apatite from
the Middle Cambrian and Middle Ordovician for-
mations shows P,Os contents that vary between
38.91 wt.% and 41.80 wt.%, whereas Late Creta-
ceous and Cenozoic apatite exhibits lower phos-
phate contents, between 29.96 wt.% and
32.83 wt.% P,0s;. The latter correspond to a deficit

at the P site (Table S2), which is easily explained by
substituting CO3*~ at this site in francolite. Apart
from the Lower Palaeozoic apatite (that contains
from 2.68 to 3.77 wt.% F), the analyses indicate an
excess in fluorine in the mineral structure (with
contents between 3.42 and 4.57 wt.% F). Chlorine
concentration is usually below the detection limit;
SO; content is substantial only in the youngest apa-
tite (Late Cretaceous—Middle Miocene), ranging
between 1.28 wt.% and 1.99 wt.%. SiO, concentra-
tions are low in apatite from the Middle Cambrian,
Middle Ordovician and Late Cretaceous rocks (up
to 0.30 wt.%), whereas they are higher in the Ceno-
zoic apatite (from 1.12 to 3.09 wt.% SiO,). FeO and
Na,O contents are moderate in most apatites (below
1.09 wt.% and 1.21 wt.%, respectively), though
FeO content reaches 3.95 wt.% in the Middle Ordo-
vician sample. MnO contents are low (<0.19 wt.%)
but reaches 3.29 wt.% in Middle Miocene apatite.
Low to moderate contents are also observed for SrO
(from 0.07 to 0.37 wt.%) and MgO (up to
0.25 wt.%). BaO content is above the detection
limit in only two samples (0.05 wt.% and
0.06 wt.% BaO).

The post-Archean Australian shales (PAAS;
Condie, 1993) normalized REE patterns of apatite
from Middle Cambrian rocks (Fig. 6A) display a
bell-shaped pattern, with (La/Sm)y and (Gd/Yb)y
ratios varying from 0.07 to 0.21 and from 4.4 to
21, respectively (see Table S3). The range of REE
contents is lower in highly deformed lense-
s/layers (XREE = 677 and 886) than in ellipsoidal
nodules (968 < XREE < 1706). Europium anom-
aly is different in these two concretion types,
being positive in deformed lenses/layers
(Eu/Eu* = 2.2) and negative in ellipsoidal nod-
ules (Eu/Eu* = 0.63 to 0.71), whereas no Ce
anomaly is noticeable in either type (Fig. 6A).
Rare earth element content of apatite from the
Middle Ordovician formation is higher than in
Middle Cambrian apatite (SREE = 2408 ppm and
3890 ppm), with an enrichment in LREE
(Lan/Yby = 6.4 and 8.2), a slightly negative Ce
anomaly (Ce/Ce* = 0.94 and 0.95) and a distinc-
tive positive Eu anomaly (Eu/Eu* = 2.2)
(Fig. 6A).

Late Cretaceous apatite is either depleted in
REE compared to the PAAS (ZREE = 20 ppm and
21 ppm) when forming phosphatic pebbles in the
conglomerate, or slightly to moderately enriched
in REE (170 < XREE < 466 ppm) when apatite is
present as grains/cement in the phosphatic calcar-
enite (Fig. 6B). The latter is characterized by a
slight enrichment in LREE (Layn/Yby between 1.1
and 1.4), whereas apatite from phosphatic pebbles
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Fig. 2. Selected macrophotographs and field pictures of phosphate-rich samples from Belgium. (A) Apatite as
nodules and highly deformed lenses/layers (highlighted by white arrows) in intercalated slates and quartzites.
Middle Cambrian formations (sample GH2952). (B) Brecciated phosphate-rich siltite bed (sample GH2946, upper
figure) and porphyroclast of slaty quartzite containing ellipsoidal apatite nodules (a few nodules are indicated by
white arrows, sample GH2743, lower figure) of the Middle Cambrian formations. (C) Apatite nodules (black or
dark grey, indicated by the white arrows) in a Middle Ordovician conglomerate bed (silty matrix; sample THY1).
(D) Phosphatic calcarenite with high content of brownish phosphatic particles (mainly peloids); high grade sec-
tion of the Late Cretaceous Ciply Phosphatic Chalk Formation (sample Hb79.06). (E) Conglomeratic bed/lens (Late
Cretaceous in age) with high concentration of phosphatic grains of the La Malogne underground quarry. No strati-
fication is present in the phosphatic chalk enclosing this conglomeratic bed. Hammer for scale is 33 cm long. (F)
Lower Oligocene apatite nodules in the Boom Clay Formation (internal mould of a gastropod; sample STN1). (G)
Early Eocene (sample MO, upper figure) and Middle Miocene (samples BERCH1, lower figure) apatite nodules.

is somewhat enriched in HREE (Layn/Yby = 0.94).
A distinctive negative Ce anomaly (Ce/Ce* = 0.18
to 0.28) is systematically present. No significant
Eu anomaly is reported (Eu/Eu* =094 to 1.1,
Eu/Eu* = 0.81 for sample LM4-2).

Rare earth element patterns of Early Eocene
apatite are somewhat similar to those of the Late
Cretaceous apatite, with a slight enrichment in
REE (426 < ZREE < 88 ppm) and a slight deple-
tion in LREE (Lan/Yby 2 0.69 to 0.81). A major
discrepancy is the lack of Ce anomaly
(0.89 < Ce/Ce* < 1.1) in Early Eocene apatite
compared to Late Cretaceous apatite. Lower
Oligocene apatite is depleted in REE
(XREE = 37 ppm and 72 ppm). The correspond-
ing REE patterns are flat or somewhat concave
downward, with a slight enrichment in LREE

[(La/Sm)yn = 29]. Only slight negative Ce anoma-
lies are noted (Ce/Ce* = 0.73 and 0.87). The
Middle Miocene apatite is neither significantly
enriched nor depleted compared to the PAAS
(XREE = 369 ppm and 370 ppm). The patterns
are  slightly = concave-downward  shaped
[(La/Sm)yn = 0.60; (Gd/Yb)y = 2.1], but not frac-
tionated otherwise [(La/Yb)x = 1.2 to 1.3]. These
patterns are also characterized by a positive Ge
anomaly (Ce/Ce* = 1.6), without any significant
Eu anomaly (Eu/Eu* = 1.1).

Oxygen and strontium isotopic compositions
of apatite

The O isotopic compositions of apatite are given
in Table S4 (10 < 0.2) and shown in Fig. 7. The
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Fig. 4. Late Cretaceous phosphorites of the Mons Basin (A) to (D), Early Eocene apatite nodule (E), Lower Oligo-
cene apatite nodules (F) and Middle Miocene apatite nodules (G) from Belgium. Backscattered electron (A), (C)
and (F) and cathodoluminescence (B), (D), (E) and (G) micrographs. (A) and (B) Brown-luminescent phosphatic
grains in the Ciply Phosphatic Chalk Formation, which consists of numerous orange-luminescent calcitic debris,
bioclasts such as foraminifera, coccoliths and other shells (sample Hb79.06). (C) and (D) Phosphatic pebble
enclosed in calcitic — and partly phosphatized — cement from a conglomeratic bed of the La Malogne underground
quarry. Apatite exhibits a greenish-brown luminescence (sample LM4). (E) Apatite nodule in which small quartz
and glauconite grains are cemented by greenish-luminescent apatite (sample MO). (F) and (G). Quartz, K-feldspar
and glauconite grains cemented by greenish-brown luminescent apatite [sample STN1 for (F) and BERCH2 for
(G)]. A, apatite; Cal, calcite; Glt, glauconite; Kfs, K-feldspar; Qz, quartz.

8'%0 values can be different from one sample to
another in a formation of the same age, and even
intra-nodule variation can be considerable. In
the Middle Cambrian phosphorites, apatite from
the most deformed phosphate layers/lenses
(sample GH2952) shows &'®0 values between
7.3%, and 9.4%, whereas these values range
from 10.9 to 11.59%, for apatite from ellipsoidal
nodules that are hosted in the sample that
appears the least deformed (apatite nodules
embedded in lithoclasts of siltite; sample
GH2743). In the Middle Ordovician rocks, the
8'%0 ratios of apatite vary from 7.6 to 9.6%,. The
3'®0 values of apatite from the Late Cretaceous
phosphatic calcarenite and conglomerates are
heavier and fall within the range 18.5 to 22.39%,.
The O isotope composition of apatite in Early
Eocene formations ranges between 18.6%, and
20.5%,, whereas the §'°0 values of apatite in

Lower Oligocene and Middle Miocene forma-
tions vary from 20.5 to 24.1%, and from 21.6 to
23.69%,, respectively.

The Sr isotope compositions of the studied
apatites are presented in Table S4 and Fig. 8.
The initial isotopic ratios have been calculated
based on their emplacement age (see Table S4).
As for the O isotope composition, the variations
in initial ®”Sr/®°Sr ratios (Sry) can be significant
in a single formation or even within a single
nodule. The Sr;) of apatite from Middle Cam-
brian  formations  varies  from  0.7052
(1o = 0.0715) to 0.7538 (1o = 0.0362). The low
precision of the measured Sr isotopic ratios for
these samples is linked to their high Rb content,
and the errors of the ®’Rb correction on ®’Sr.
The initial ®”Sr/®°Sr ratios of the Middle Ordovi-
cian rocks are similar, ranging from 0.7186
(16 = 0.0011) to 0.7234 (1o = 0.0009). Apatite
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Fig. 6. Rare earth element (REE) patterns of apatite in
the different P-rich rocks investigated [laser ablation —
inductively coupled plasma — mass spectrometry
(LA-ICP-MS) analyses]. REE patterns are normalized
to the Post Archean Australian Shales (PAAS;
Condie, 1993).

from the Late Cretaceous phosphatic chalk is
less radiogenic, with values between 0.7067
(16 = 0.0005) and 0.7087 (1o = 0.0013). The
87Sr/%°Sr ratios of apatite from one of the Early
Eocene samples (sample MA) range between
0.7093 (1o = 0.0007) and 0.7097 (1o = 0.0009),
whereas the Sr;) of apatite hosted by the other
sample (sample MO) fluctuates within a wide
range from 0.7071 (1o = 0.0008) and 0.7129
(1o = 0.0037). The Sr; of apatite from Lower
Oligocene formations varies from 0.7049 to
0.7077 (in one sample; STN2). Apatite from the
Middle Miocene formations yielded initial
87Sr/®°Sr ratios in the same compositional range
[Sri from 0.7088 (1o =0.0008) to 0.7126
(10 = 0.0032)].

DISCUSSION

Mineralogical and petrological investigation of
sedimentary P-rich rocks from the Middle Cam-
brian to the Middle Miocene makes it possible
to discriminate several apatite types with dis-
tinct morphotypes, mineralogical characteristics
(Raman spectra, CL) and geochemical attributes.
This information provides interesting insights
into specific phosphogenesis, diagenesis and
metamorphism affecting apatite.

Insights into phosphogenesis at a
regional scale

Textural and mineralogical features evidence
various depositional settings and different ways
and intensities the apatite concretions were
affected by post-depositional alteration, includ-
ing metamorphism.

Middle Cambrian and Middle Ordovician
apatite nodules

The Lower Palaeozoic apatite differs from the
younger apatite by: (i) its bright green cathodolu-
minescence; (ii) its Raman spectra that exhibit

© 2023 International Association of Sedimentologists, Sedimentology
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Fig. 7. In situ 5'®0 for apatite hosted in the different P-rich rocks from Belgium; data from the literature are given
for comparison. The references are indicated between brackets, as follows: (1) Wotte et al. (2019); (2) Elrick
et al. (2011); (3) Bassett et al. (2007); (4) Quinton et al. (2017); (5) Longinelli et al. (2002); (6) Kocsis et al. (2009a);
(7) Lécuyer et al. (1993); (8) Ounis et al. (2008); (9) Kocsis et al. (2009b).
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Fig. 8. In situ %7Sr/®Sr; (initial isotopic ratios recalculated based on their formation age) for apatite hosted in
the P-rich rock investigated. Data from the literature (seawater Sr isotope composition) are given for comparison.
The references are indicated between brackets, as follows: (1) Denison et al. (1998); (2) Hannisdal & Peters (2011);
(3) Veizer et al. (1999); (4) Burke et al. (1982); (5) Koepnick et al. (1985); and (6) Jarvis (1994).

well-defined Raman peaks and suggest a well-
organized crystallographic structure of apatite
(e.g. Tuschel, 2017); and (iii) its composition,
which proves to be fluorapatite (see EMPA ana-
lyses, Table S2). These characteristics testify to
the transformation of the primary poorly-
crystallized carbonate fluorapatite — which is pri-
marily formed during phosphogenesis (e.g.
McArthur, 1985; Trappe, 2001) - to a
well-crystallized fluorapatite. It is known that
compaction, deep-burial diagenesis and meta-
morphism alter the composition of primary car-
bonate fluorapatite towards a more stable
fluorapatite (McArthur, 1985; McClellan & Van
Kauwenbergh, 1991; Jarvis, 1994), which is

dominant in all metamorphic facies compared to
carbonate fluorapatite (Spear & Pyle, 2002).

The impact of metamorphism is obvious in
the rocks considered. The Middle Cambrian
P-rich rocks come from the southern part of the
Stavelot Massif, which has undergone two meta-
morphic events. These rocks are deformed, with
a crenulation cleavage in some of the shaliest
samples, and locally brecciated and reworked,
up to form sub-rounded porphyroclasts embed-
ded in more shaly layers (Fig. 2B). Apatite (and
sulphide) concretions in these P-rich rocks are
commonly deformed and recrystallized (Fig. 3).
The intensity of the deformation and recrystalli-
zation of apatite likely depends on the dominant
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lithology. For instance, apatite nodules that are
transferred to the deeper part of the basin as
inclusions in siltite lithoclasts (as illustrated in
the lower part of Fig. 2B) would have been less
exposed to the mechanical effects of burial meta-
morphism and experienced limited stretching
and flattening (Fig. 3A and B). By contrast,
highly elongated and flattened apatite lenses
are observed in more shaly rocks (Figs 2A, 3C
and 3D). Whether the apatite concretions are
slightly or significantly deformed, newly formed
REE-bearing minerals (monazite, xenotime and
allanite) are commonly observed within the con-
cretions or at their immediate vicinity. Besides,
bastnaesite (REE-fluorocarbonate) occurs in fis-
sures induced by the Variscan orogeny. This
would attest for a mobilization and reprecipita-
tion of REE during deformation (see Further
investigations  about  sources and  post-
depositional processes section).

The investigated Middle Ordovician P-rich
rocks are in a part of the Brabant Massif that is
characterized by an epizonal metamorphic grade
(Debacker et al., 2002). The influence of the meta-
morphism in these samples is obvious. Spessar-
tine porphyroblasts co-crystallized with apatite in
nodules that are homogeneous and without any
other inclusion or remaining porosity otherwise.
This suggests an intense recrystallization of
the primary carbonate fluorapatite, due to meta-
morphism reaching the grade corresponding to
the formation of spessartine. The latter would
form through the diffusion of Mn** in amorphous
phosphate (de Magnée & Lambeau, 1965). The
coeval recrystallization of apatite and formation
of spessartine porphyroblasts through Mn diffu-
sion is further supported by the strong bright
green CL activation of apatite by Mn** (as shown
in the CL spectrum; Fig. 5A). As suggested for the
coticule of the Stavelot Massif (Schreyer
et al., 1992; Herbosch et al., 2016), Mn?' could
originate from Mn-rich shales, and have migrated
into turbiditic limy mud beds through diffusion
during early diagenesis. Spessartine would then
result from the reaction of aluminosilicate from a
P-rich mud with Mn-carbonates in epizonal areas.
Such Mn-rich mud should have existed in the
Brabant Massif, since a few horizons enriched in
spessartine have been described in the Upper
Cambrian formations (Assise de Mousty;
Michot, 1980).

Apart from the metamorphism, the Middle
Cambrian and Middle Ordovician P-rich rocks are
strongly reworked. The Middle Cambrian apatite
nodules locally host inclusions that clearly do not

originate from the host rock (for example, large
quartz inclusions in apatite nodules, the latter
being embedded in a carbonate-rich shaly matrix).
This indicates that apatite nodules came from
another depositional environment. The structure-
less, rounded to sub-rounded textures of apatite
nodules (Fig. 3) further support the allochthonous
character of the nodules and reinforce the idea of
mechanical transport of the phosphatic material,
at least over short distances. Therefore, these nod-
ules can be regarded as phoslithoclasts (as defined
by Trappe, 2001). In the Middle Cambrian of the
Stavelot Massif, the conglomerate beds rich in
phosphate nodules are thought to mark the base of
a turbiditic sequence deposited in a deep pelitic
environment, associated with hemipelagite
(Michot, 1980; von Hoegen et al., 1985; Herbosch
et al., 2016). Such turbidite basins flanking the
Avalon Platform were inferred by Brasier (1980).
The phosphate nodules would have been primar-
ily formed on the inner shelf, in phyllitic or silici-
clastic material, probably at the favour of the
Lower-Middle Cambrian transgression. The latter
is responsible for the remarkable phosphogenic
Cambrian event in the Avalon and Baltic region
(Brasier, 1980; Notholt & Brasier, 1986).

Although a dominantly allochthonous origin
of the apatite nodule is inferred, the nature of
the highly deformed apatite lenses/layers remains
uncertain. The compaction of these layers is dis-
tinct, as emphasized by the presence of recrys-
tallized inclusions presenting a flattened
rhombic shape. Nevertheless, the roughly lami-
nated structure could represent a phosphatic
bindstone that formed once the turbidite was
deposited, probably as a result from microbial
mat phosphatization when the rock was not lith-
ified yet (e.g. Krajewski et al., 1994; Follmi, 1996;
Pufahl & Groat, 2017). Even if two different
phosphatization periods — before and after turbi-
dite deposition — could be considered, all of the
Middle Cambrian apatite concretions largely
share common mineralogical and geochemical
features (see above and also Lower Palaeozoic
apatite nodules and Further investigations about
sources and post-depositional processes sec-
tions) and can be regarded as belonging to the
same big phosphogenic event.

In the Middle Ordovician conglomerate of the
Brabant Massif remains, the abundance of silt-
stone to sandstone clasts showing the same lithol-
ogy than the host formations of the conglomerate,
and the absence of sorting among these clasts
argue for a proximal source for the source material
of the clasts (de Magnée & Lambeau, 1965), which
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would have been located to the north of the pre-
sent position of the conglomerate (considering the
slump transport directions; Debacker et al., 2009).
The source of the phosphatic nodules should orig-
inate from the same area, further north compared
to the location of the conglomerates.

Late Cretaceous phosphorites and Cenozoic
apatite nodules

By contrast with the Lower Palaeozoic apatite
nodules, the Late Cretaceous and Cenozoic con-
cretions show a greenish-brown luminescence
(Fig. 4). This apatite also presents a carbonate
fluorapatite composition, and a strong broadband
fluorescence in the Raman spectra, which is
likely related to the cryptocrystalline to micro-
crystalline texture of carbonate fluorapatite in
sediments (e.g. Notholt, 1980; Trappe, 2001).
The lack of spatial order in such material
explains the absence of well-defined peaks in
the Raman spectra (Tuschel, 2017). The shift of
the CL colour due to Mn*" activation from green
in Lower Palaeozoic apatite to more brownish
shades in Cenozoic apatite could be explained
by a lower ordering and/or a different composi-
tion of apatite, especially a higher carbonate con-
tent (the CL colour of Late Cretaceous apatite is
not observable because it is masked by the
intense yellow-orange luminescence of calcite).
Note that comparable shades of brownish CL col-
ours were observed in apatite from Quaternary
fossil bones and carbonate content in apatite was
mentioned as a possible cause for the brownish
CL colours that are strikingly different from the
green CL colour in ancient Mn*'-activated apa-
tite (Baele et al., 2011).

Although these concretions were apparently
less exposed to late diagenesis/alteration, they
can however record multiple phosphatization
events and reworking/winnowing. For instance,
in the conglomeratic bed of the Mons Basin,
intensely phosphatized pebbles, which are also
marked by the dissolution of calcite, are set in a
moderately phosphatized cement. This testifies
to the polyphase-character of the phosphatiza-
tion. Other evidence can be found in the chalk
series, where: (i) broken phosphatized grains are
coated by a new generation of apatite; and (ii)
grains showing significantly different intensity
of phosphatization are found close to one
another, as well-expressed using a Nd** emis-
sion filter in CL images (Fig. 5D). The latter
reveals the presence of peloids (arrows) charac-
terized by various intensity of phosphatization
(emphasized by different colours), which is

hardly discernible in simple CL images (inset in
Fig. 5D; modified after Jacquemin, 2020). Most
of the Cenozoic phosphorites possess a conglom-
eratic nature and include a variety of sub-
rounded phosphate concretions (grains, nodules
and pebbles) and fossils, like fish/shark teeth
and bone fragments (Louwye et al., 2010; Mar-
quet & Herman, 2012). This would argue for
reworking processes/winnowing of the sedi-
ments, probably through wave action during
storms or sea-level variations, which are well-
documented in these Cenozoic rocks (e.g.
Balson, 1980; Louwye, 2005; De Man, 2006; Iser-
byt & De Schutter, 2012).

Phosphogenesis from the Late Cretaceous
onward was likely associated with a transgressive
event and occurred in an epicontinental sea. It
was also likely related to low oxygen bottom water
and abundance of decaying organisms during the
Eocene (Steurbaut, 1986; Iserbyt & De Schut-
ter, 2012), Oligocene (Vandenberghe et al., 2003;
De Man, 2006) and Miocene (Louwye, 2005; Lou-
wye et al., 2010).

Phosphogenesis combined with intense rework-
ing during major transgressive events are also
invoked for the Middle Cambrian and Middle
Ordovician P-rich rocks, as stated above. This
would be the most efficient way to form large and
economically interesting sedimentary phosphate
deposits (Follmi, 1996: Pufahl & Groat, 2017).
This is clearly the case for the phosphatic calcare-
nite of the Mons Basin, which is one of the largest
sedimentary phosphorite formations occurring in
Europe, representing about 47 Mt of P,0O5 (Robas-
zynski & Martin, 1988) with an estimate of ca
0.4 Mt of REE oxides (Jacquemin, 2020; Decrée
etal., 2022a,b).

Depositional conditions investigated using
rare earth element signatures

Rare earth elements in apatite constitute a proxy
of ancient pore water chemistry and, to some
extent, of ancient seawater. This can be investi-
gated through the examination of their REE pat-
terns, trace element ratios and comparison of
Ce, Pr and Eu anomalies (Fig. 9A, B, C and D)
(e.g. McArthur & Walsh, 1984; Shields &
Stille, 2001; Kidder et al., 2003; Zhu
et al, 2014; Chen et al, 2015; Alvaro
et al., 2016), which are helpful in deciphering
depositional conditions and subsequent early
diagenesis. The REE signatures of apatite are
considered according to the age of phosphate
deposit.
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Fig. 9. (A) Distinction of the La and Ce anomalies of all the apatite laser ablation — inductively coupled plasma —
mass spectrometry (LA-ICP-MS) analyses, based on the plot of Bau & Dulski (1996), where the fields are as fol-
lows: 1 — neither Ce nor La anomaly; 2a — positive La, no Ce anomaly; 2b — negative La, no Ce anomaly; 3a — posi-
tive Ce and negative La anomaly; 3b — negative Ce and positive La anomaly; 4a — negative Ce and negative La
anomaly; 4b — positive Ce and positive La anomaly. Data of the modern seawater are reported for comparison pur-
poses (Herwartz et al., 2013; adapted from Nothdurft et al., 2004). (B) to (D) Correlations for LA-ICP-MS analyses
between Ce and Eu anomalies. Field for bottom seawater from Shields & Stille (2001) and Chen et al. (2009) (B),
Y/Ho and ¥REE/Th ratios. Curves, fields and components taken from Chen et al. (2009) (C), and Ce anomalies and
total REE contents. Field for bottom seawater from Shields & Stille (2001) (D).

Lower Palaeozoic apatite nodules

The Middle Cambrian apatite presents PAAS-
normalized REE patterns that are characterized by
an enrichment in MREE, a lack of significant Ce
anomaly, and Eu anomalies that are negative
for ellipsoidal nodules and positive for
sub-continuous lenses/layers. The MREE enrich-
ment is a common feature of phosphorites associ-
ated with Lower-Middle Palaeozoic shales (e.g.
Jarvis, 1994; Shields & Stille, 2001; Emsbo

et al., 2015; Alvaro et al., 2016). It is related to
the formation of apatite nodules in sediments
enriched in Fe-oxyhydroxide and organic matter
(e.g. Elderfield et al., 1990; Kidder et al., 2003).
The MREE adsorbed onto these phases are trans-
ferred to the pore water during changes of redox
conditions and subsequent breakdown of these
phases (e.g. Jarvis, 1994; Chen et al., 2015; Alvaro
et al., 2016). As suggested by Brasier (1980), dark
Middle Cambrian sediments associated with
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phosphorites on the marginal basins of the Ava-
lon platform, which is the setting of the Lower
Palaeozoic Belgian phosphorites, argue for euxi-
nic conditions. Besides, it is known that the
MREE are preferentially removed from solution
when phosphates and REE compounds are
co-precipitated (Byrne et al., 1996). The lack of
significant Ce anomalies in the REE patterns
(Fig. 6A) suggests that the release of Ce from the
Fe-oxyhydroxides occurred in anoxic water, pre-
venting Ce®" from being oxidized into insoluble
Ce*" and then adsorbed onto/co-precipitated with
oxyhydroxides (e.g. Chen et al, 2015; Alvaro
et al., 2016; Gao et al., 2018). Regarding the nega-
tive Eu/Eu*paas (from 0.63 to 0.72) observed in
the less deformed ellipsoidal apatite nodules, it
is commonly ascribed to an Eu-depleted source
(e.g. Elderfield & Greaves, 1982; McArthur &
Walsh, 1984; Shields & Stille, 2001; Kidder et al.,
2003) and interaction with low temperature solu-
tions. The latter are typically characterized by
negative Eu anomalies in the absence of chloride
in the fluid (e.g. Bach & Irber, 1998; Shibata et al.,
2006).

In contrast, apatite from the lenses/layers that
are believed to be impacted by a stronger meta-
morphic overprint is characterized by distinct
positive Eu* (from 2.2 to 2.5). The latter is com-
monly explained by a higher REE input from
hydrothermal solutions (Bau & Dulski, 1999).
Bivalent europium (Eu®") that is dominant in
reducing and slightly acidic solutions with tem-
perature exceeding 200°C would preferentially
partition into the dissolved phase relative to the
trivalent REE, explaining the development of a
positive Eu anomaly for apatite formed from these
fluids (e.g. Bau et al., 2010). A positive Eu anom-
aly can also develop in a closed reducing system,
as the result of addition of Eu®" (originating ulti-
mately from the host rock) to the Eu®" initially
present in apatite structure (MacRae et al., 1992;
Kidder et al., 2003). The slightly negative Eu
anomalies reported in the reducing sediments of
the Grand Halleux borehole (Burnotte et al., 1989)
could argue for this hypothesis.

The main differences in terms of geochemistry
between ellipsoidal nodules and highly
deformed layers/lenses (Eu anomalies and behav-
iour in the Ce/Ce* versus XREE diagram; Fig. 9B
and D) are likely explained by an increasing
effect of the deformation. It is recognized that
the REE budget in apatite increases with progres-
sive metamorphism (Henrichs et al., 2019). Nev-
ertheless, slight discrepancies regarding apatite
chemistry are common in this kind of system,

due to small-scale geochemical variations — nota-
bly regarding the redox conditions and element
abundance — in pore water (Bau & Dulski, 1999;
Shields & Stille, 2001; Kidder et al., 2003). Con-
sidering that the most deformed lenses could be
bindstone, one could also consider a different
REE uptake due to microbial activity for the
latter. However, studies show that there is no
‘bacterial pumping’ of REE from the pore water,
as it is for P (Schulz & Schulz, 2005; Lumiste
et al., 2019).

By contrast with the Middle Cambrian phos-
phate nodules and lenses, the Middle Ordovician
apatite is characterized by an enrichment in
LREE. Although the latter is frequently encoun-
tered in magmatic alkaline contexts (e.g. Belou-
sova et al., 2002; Chakhmouradian et al., 2017), it
is less common in apatite forming sedimentary
phosphorites. Here, the enrichment in LREE
could be explained by the redistribution of REE
during metamorphism and the preferential uptake
of HREE by garnet (e.g. Grauch, 1989), which is
overall coeval with apatite (cf. Middle Cambrian
and Middle Ordovician apatite nodules section)
and competes for the same REE reservoir (i.e. REE
from the primary apatite with a possible REE con-
tribution from metamorphic fluids). As for Middle
Cambrian apatite, the presence of a positive Eu
anomaly in the REE pattern (Eu/Eu* = 2.2) would
highlight the contribution from a hydrothermal
fluid (Bau et al., 2010; see discussion above)
and/or indicate highly reducing conditions (e.g.
Kidder et al., 2003).

Late Cretaceous phosphorites

The shape of the REE patterns of apatite from
the Late Cretaceous phosphatic calcarenite is
commonly observed among sedimentary phos-
phorites and shares similarities with the signa-
ture of open ocean seawater (e.g. McArthur &
Walsh, 1984; Shields & Stille, 2001; Lécuyer
et al., 2004; Emsbo et al., 2015; see also Fig. 9A
and B for comparison of Ce, Pr and Eu anoma-
lies). These patterns are even closer to the signa-
ture of pore water at the bottom seawater—
sediment interface, which is supposed to experi-
ence suboxic conditions (Chen et al., 2015). This
is consistent with the hypothesis proposed by
Jarvis (1992) that mineralization is dominantly a
post-oxic process, with alternating/mixed redox
conditions. The preservation of a prominent true
negative Ce anomaly (Fig. 9A) demonstrates that
oxygenated seawater has influenced the sedi-
ments where apatite formed to some extent (e.g.
McArthur & Walsh, 1984; Ye et al., 2020). At a
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larger scale, the involvement of oxygenated and
P-rich waters is invoked to explain the genesis
of the Cretaceous phosphatic chalk on the north-
eastern margins of the Anglo-Paris Basin (Jar-
vis, 1992; Jacquemin, 2020). A major difference
between apatite from the Mons Basin and apa-
tite from seawater and other phosphorites of the
same age (even those occurring in the adjacent
Paris Basin; Jarvis, 1994) is the lack of HREE
enrichment in the former. Since the HREE-
enriched patterns tend to develop whenever
REE distributions are dominated by seawater
(Chen et al., 2015), this suggests that other
sources are involved. According to Shields &
Webb (2004), HREE depletion and other
unseawater-like REE patterns in ancient phos-
phorites are likely to be related to post-
depositional processes. Further discussion is
provided below (see Further investigations about
sources and  post-depositional  processes
section).

Compared to apatite from the phosphatic cal-
carenite, apatite forming the pebbles in the con-
glomerates on the edge of the basin are
significantly depleted in REE (although the
depletion in HREE is less pronounced). These
pebbles are also more intensely phosphatized
(with a brighter CL) than the apatite concretions
in the phosphatic calcarenite. These pebbles
likely represent a slightly earlier stage of phos-
phatization, the product of which was reworked
in deeper parts of the basin (Jarvis, 1992; Jacque-
min, 2020). These pebbles would keep a more
pristine REE signature, closer to the Cretaceous
seawater, with low REE contents (cf. Shields &
Stille, 2001). The enrichment in (L)REE would
have been limited due to reworking and their
transport a long way from their primary deposi-
tional/diagenetic environment.

Cenozoic apatite nodules

The Cenozoic apatite is characterized by an
overall flat, shale-like pattern that can be
slightly enriched or depleted in REE. Apatite
from the Early Eocene and Middle Miocene
phosphorites shows resemblance with apatite of
the same age described by Shields & Stille (2001)
and Ounis et al. (2008). This kind of pattern is
thought to reflect detrital influence (e.g. Flico-
teaux & Trompette, 1998; Kidder et al., 2003),
which is likely considering the high SiO, con-
tent of the Cenozoic apatite (from 1.12 to
3.09 wt.% SiO,). The flat-distribution pattern
without Ce anomaly is commonly assigned to
their deposition in oxic to suboxic zone during

early diagenesis (Chen et al, 2015). Benthic
fauna associated with these phosphates suggest
that the sea bed was oxic (Balson, 1980). By con-
trast, the positive Ce anomaly observed for the
Middle Miocene apatite would relate near-
surface reducing near-shore/coastal sediments
(e.g. Sholkovitz et al., 1989).

Slight LREE/MREE depletion (for Early Eocene
and Lower Oligocene apatite, respectively) and
MREE enrichment (for Middle Miocene apatite)
are observed and likely relate to post-depositional
alteration of apatite. Preferential removal of LREE
and MREE would be induced by weathering (as
described by McArthur & Walsh, 1984), whereas
slight MREE enrichment of the Middle Miocene
apatite would involve Fe-oxides and changes of
redox conditions. The abundance of glauconite in
the Middle Miocene P-rich rocks would confirm
at least temporary reducing conditions and the
presence of suboxic pore water at the sea bottom
(Balson, 1980). These conditions commonly lead
to a positive Ce anomaly and the breakdown of
Fe-oxyhydroxide that releases phosphate into the
system (e.g. Elderfield et al., 1990; Kidder et al.,
2003; Pufahl & Grimm, 2003).

Further investigations about sources and
post-depositional processes

It appears from the mineralogical and REE pat-
tern study that the investigated apatite displays
evidence of post-depositional processes. These
can be further deciphered by a set of other geo-
chemical parameters (i.e. EREE, ¥REE/Th and
Y/Ho ratios), which also give clues about
sources for apatite-forming elements in these
systems (e.g. Chen et al., 2015; Gao et al., 2018;
Fig. 9C and D).

Apatite from the Middle Cambrian, Middle
Ordovician and Middle Miocene conglomerates
plots in the ‘detrital component’ field of the Y/Ho
versus XREE/Th diagram, suggesting that most of
the REE originates from this reservoir. By contrast,
the Late Cretaceous, Early Eocene and Lower Oli-
gocene apatite is characterized by Y/Ho ratios that
are intermediate between a hydrogenous and detri-
tal component, highlighting a contribution from
both reservoirs for the REE. The Lower Oligocene
apatite plots close to the ideal hydrogenous-terrig-
enous trend in the Y/Ho versus REE/Th diagrams
(Fig. 9C). By opposition, the Late Cretaceous and
Early Eocene apatite plots off this trend. This sug-
gests an external addition of REE to the system that
likely relates to the release of REE scavenged by
Fe-oxyhydroxides (or other minerals) in pore water
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and their subsequent incorporation into apatite
during diagenesis (as proposed for other P-rich sys-
tems; e.g. Chen et al., 2015; Gao et al., 2018; Decrée
et al., 2022b). Such a ‘third’ component (i.e.
chemically-modified pore water) could also be con-
sidered for the Middle Cambrian, Middle Ordovi-
cian and Middle Miocene apatite, which shifts
from the Upper Continental Crust end-member,
although still showing a detrital signature (Fig. 9C).
Besides, the Late Cretaceous apatite defines an
additional trend that could emphasize the diage-
netic alteration of the samples (as described by
Chen et al., 2015), the lower XREE/Th values
reflecting increasing alteration and the preferential
diagenetic enrichment of Th relative to REEs (Chen
et al., 2015). The positive correlation between
Ce/Ce* and the total REE content of apatite
(Fig. 9D), also supports such post-depositional
alteration, which typically tends to increase REE
contents and reverses Ce depletion (McArthur &
Walsh, 1984; Shields & Stille, 2001). In this dia-
gram presenting Ce anomaly versus the total REE
content (Fig. 9D), it also appears that the REE con-
tent of Middle Cambrian apatite decreases with
increasing deformation (from the ellipsoidal nod-
ules to the highly deformed lenses/layers). This
would suggest that part of the REE is lost during
dissolution and regrowth of apatite throughout
progressive metamorphism. This loss is likely due
to competition for REE with minerals like allanite,
monazite and xenotime (as documented by Nut-
man, 2007), which may form at low-grade meta-
morphism (e.g. Harlov & Forster, 2003) and are
found at the vicinity of (or even within) phosphate
nodules/lenses (see Fig. 3E).

Contribution of the Sr and O isotope
compositions to the understanding of
phosphogenesis and later processes

It is accepted that the O and Sr isotopic composi-
tions of ancient apatite represents the seawater
isotopic compositions at the time (e.g. Jarvis, 1994;
Martin & Haley, 2000; Kohn & Cerling, 2002;
Longinelli et al., 2002; Quinton et al., 2017). Devi-
ation from these values would thus help to con-
strain the post-depositional history of apatite and
give clues about processes such as (burial) diagen-
esis, weathering or involvement of hydrothermal
fluids (Jarvis, 1994; Trappe, 2001; Brand
et al., 2011; Drummond et al., 2015; Pufahl &
Groat, 2017).

The initial #”Sr/®®Sr ratios of the studied apatite
are commonly higher than the Sr isotope

composition of the corresponding seawater
(Fig. 8). This shift towards more radiogenic values
is typical of weathering, diagenetic and metamor-
phic processes (McArthur et al., 1986; McArthur
& Herczeg, 1990). The highest Srj; are observed
for the Middle Cambrian and Middle Ordovician
apatite. In these cases, the values are likely related
to metamorphism that led to partial recrystalliza-
tion of apatite (and trace element redistribution).
Metamorphic fluids in contact with crustal rocks
are likely enriched in radiogenic Sr that will con-
sistently modify the composition of apatite recrys-
tallized during metamorphism. The Cenozoic
apatite shows Sr(; values that partly overlap or are
higher than the seawater composition at the time
(except for one measurement obtained on the
Lower Oligocene sample STN2). These more
radiogenic compositions could be due to the
involvement of the third component as shown in
Fig. 9C. This component would relate to trace ele-
ments released from Fe-oxyhydroxides — and
other minerals constituting the sediment where
apatite formed — to pore water. It is possible that
these minerals possess a more crustal signature
and therefore would have contributed with a more
radiogenic Sr composition to the system during
apatite formation (early diagenesis). The Sr iso-
tope composition of apatite from the Late Creta-
ceous phosphatic calcarenite largely overlaps the
range of contemporaneous seawater. The more
radiogenic compositions — that are somewhat
higher than seawater — were measured on pebbles
that are inherited from slightly earlier (and possi-
bly incomplete) phosphatization processes.

By contrast with most of their Sr isotope compo-
sitions, the O isotope signature of the Late Creta-
ceous and Cenozoic apatite overlaps with the
seawater composition range. Similarly, their §'°0
is similar to contemporaneous phosphorites,
marine fossils or fish debris and teeth that are not
modified by late diagenetic alteration or weather-
ing (see Fig. 7). This suggests that the investigated
Late Cretaceous and Cenozoic apatite was not re-
equilibrated isotopically with the interstitial
water oxygen during diagenesis (e.g. McArthur
et al., 1986; Kastner et al., 1990; Sharp et al., 2000;
Brand et al., 2011) or modified by meteoric
or hydrothermal waters/fluids (e.g. Longinelli
et al., 2002). Indeed, such processes would lead to
a decrease in 5'®0. By opposition, the O isotope
composition of apatite from the Middle Cambrian
deformed lenses/layers and Middle Ordovician
nodules exhibits a shift towards lighter '®0 com-
positions. This highlights the re-equilibration of
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Fig. 10. Correlation between ®”Sr/®®Sry;) and §'®0 for apatite hosted in the different P-rich rocks from Belgium.

apatite with "®O-depleted meteoric fluids circulat-
ing during or after the metamorphism. Interest-
ingly, the O isotope composition of apatite from
the Middle Cambrian ellipsoidal nodules, which
are less affected by the deformation, is similar to
the signature of apatite of the same age that are
only altered by diagenetic processes (see data pre-
sented for comparison purposes, Fig. 7).

Considering both isotope systems and the previ-
ously considered geochemical features (see Figs 6
and 9; see sections Late Cretaceous phosphorites
and Further investigations about sources and
post-depositional processes), it appears that the
Late Cretaceous apatite from the phosphatic chalk
of the Mons Basin keeps the most pristine signa-
ture amidst the samples investigated. Cenozoic
apatite records a slight shift in Sr isotope compo-
sition that would be related to pore water chemis-
try evolution during diagenesis (for instance, due
to destabilization of aluminosilicates), as also
attested to by the moderate modification of the
REE patterns, and Ho/Y and XREE/Th ratios.
The O isotope composition of this apatite is not
modified. By contrast, apatite from the Middle
Cambrian and Middle Ordovician P-rich rocks tes-
tify well to increasing effects of the metamor-
phism, considering both its Sr and O isotope
compositions and its REE and trace element signa-
tures (Figs 6 and 10).

SUMMARY AND CONCLUSIONS

This petrological, mineralogical, chemical and in
situ isotope (Sr and O) study focused on phospho-
genesis and processes leading to rare earth ele-
ment (REE) concentration and (re-)distribution in
apatite from P-rich rocks that are representative of
major phosphogenic provinces dated to the Lower
Palaeozoic, the Late Cretaceous and the Cenozoic.
The chosen Belgian phosphate occurrences/depo-
sits offer the opportunity to investigate the envi-
ronment prevailing at the time of phosphogenesis,
but also the importance of processes that con-
trolled the chemistry of apatite after its deposition
(and transport), as (late-)diagenesis and
metamorphism.

In the Middle Cambrian turbiditic beds, fluor-
apatite [as confirmed by Raman spectra and
electron micro-probe analyses (EMPA)] is pre-
sent as ellipsoidal nodules or highly deformed
layers/lenses, testifying to metamorphism and
deformation. The less-deformed ellipsoidal nod-
ules are characterized by a middle rare earth ele-
ment (MREE) bulge in their REE patterns, which
suggests the involvement of Fe-oxyhydroxides
that retain or release trace elements to the pore
water due to redox variations. A suboxic envi-
ronment is inferred from these variations and is
further confirmed by the lack of significant Ce
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and Eu anomalies. Comparatively, in the more
deformed lenses/layers, the REE patterns exhibit
a loss in light rare earth elements (LREE) and
heavy rare earth elements (HREE) and a marked
positive Eu anomaly. The loss in REE is likely
due to apatite recrystallization during deforma-
tion, and competition for REE with coeval mona-
zite, xenotime and allanite. The positive Eu
anomaly would indicate the influence of hydro-
thermal fluids in the system. Such a positive Eu
anomaly is also observed in the REE patterns of
fluorapatite from the Middle Ordovician con-
glomerate. It would similarly suggest the
involvement of hot fluids during the metamor-
phism, which is obvious in these rocks where
spessartine porphyroblasts are found as inclu-
sions in fluorapatite. This is further supported
by the very light oxygen isotopes measured on
this apatite. By contrast with the Middle Cam-
brian apatite, the REE pattern of the Middle
Ordovician apatite shows LREE enrichment,
which could result from the recrystallization of
apatite in parallel with the neoformation
of spessartine, which is supposedly HREE-rich
(Grauch, 1989). Preferential uptake of HREE in
garnet would have left a fluid apparently
enriched in LREE when apatite crystallized.
Spessartine would form through the diffusion of
Mn*" in a primary P-rich mud. The involvement
of a Mn*"-enriched fluid is further supported by
the bright green cathodoluminescence (CL) of
apatite, the activation of which is related to
divalent manganese (as shown in the CL spec-
trum). The shift towards lower §'®0 and radio-
genic Sr-enriched isotope composition of Lower
Palaeozoic apatite highlights interaction with
5'®0-depleted meteoric fluids and a crustal com-
ponent during the deformation phase. The latter
is responsible for the variably intense recrystalli-
zation of apatite associated with a redistribution
of the REE.

The phosphate grains and peloids of the Late
Cretaceous phosphatic calcarenite from the
Mons Basin are made of carbonate fluorapatite,
as deduced from Raman spectra, EMPA ana-
lyses and CL. They present REE characteristics
that are very close to the signature of the pore
water at the bottom seawater-sediment inter-
face, which is supposed to have experienced
suboxic conditions. One of the most notable
features of the REE patterns is the strong nega-
tive Ce anomaly that highlights the influence
of oxygenated seawater. Although apatite pre-
sents a signature close to seawater, it is never-
theless affected by external addition of REE

into the system and also a late diagenetic over-
print that induced modification of the REE dis-
tribution. Conglomeratic beds at the edge of
the Mons Basin contain carbonate fluorapatite
pebbles that are more intensely phosphatized
than the grains in the phosphatized calcareous
matrix. This suggests multiple phosphogenic
events and reworking/winnowing. Compara-
tively to the apatite grains in phosphatic cal-
carenite, the REE patterns of apatite pebbles
show a one order of magnitude lower REE con-
tent and even more in MREE [attested by the
higher (La/Sm)y and lower  (Gd/Yb)y,
Table S3], which could indicate reworking
from a source where phosphatization and/or
REE enrichment was incomplete. The O and Sr
isotope data acquired on Late Cretaceous apa-
tite, whether it is in peloids or pebbles, largely
overlap with the signature of the contempora-
neous seawater.

The Cenozoic sub-rounded apatite nodules,
reworked from P-rich beds, are made of carbon-
ate fluorapatite, as confirmed by EMPA, CL and
inferred from the absence of distinct peaks in
the Raman spectra. Cenozoic apatite mostly pre-
sents flat REE patterns without any significant
Ce and Eu anomalies. These features reflect a
likely detrital influence and phosphogenesis in
the oxic to suboxic zone during early diagenesis.
Slight changes in REE distribution are assigned
to post-depositional alteration. Contribution
from pore water can also lead to a shift towards
more radiogenic Sr isotope composition com-
pared to seawater (with no significant shift in O
isotope ratio with respect to seawater). This is
likely if the pore water chemistry was previ-
ously modified by the destabilization of alumi-
nosilicates during early diagenesis.

Combined Raman spectroscopy, cathodolumi-
nescence, laser ablation — inductively coupled
plasma — mass spectrometry (LA-ICP-MS) and
in situ O and Sr isotope compositions are help-
ful to: (i) decipher the nature of apatite (here,
crystalline fluorapatite versus crypto/micro-
crystalline carbonate fluorapatite); (ii) under-
stand the succession of geological processes
that led to the deposition of phosphate deposits
and subsequently modify the chemistry (REE
enrichment and distribution) of apatite; and
(iii) gain more insight into the issue of ele-
ment/fluid source in various settings of phos-
phogenesis. Oxygen isotope signature is
seemingly more robust and less affected by
(late) diagenetic alteration compared to Sr iso-
tope ratios. In the future, it would be worth
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using these tools more systematically to study
apatite in phosphorites and investigate the gen-
esis and possible potential regarding the REE of
these deposits.
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Table S1. Detailed description of the examined P-rich
rocks from Belgium.

Table S2. Representative microprobe analyses (oxides
in wt.%) of apatite from the P-rich rocks. The consid-
ered detection limit is 0.05 wt.%; (=) in the table cor-
respond to analyses below detection limit. The
formulae are calculated to 12.5 O.

Table S3. Rare earth element (REE) and trace element
contents (in ppm), ZREE contents, (La/Sm)y,
(Gd/Yb)y, (La/Yb)y, Ce/Ce*, Eu*/Eu and Pr/Pr* ratios
of apatite from the P-rich rocks (LA-ICP-MS analyses).

Table S4. Sr and O isotopic data of apatite from the
studied P-rich rocks (SIMS analyses).
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