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Reassessment of France’s rare earth element (REE) potential led us to investigate REE behaviour in the black
shales of the Middle Ordovician Angers-Traveusot Formation in central Brittany (France). This study focuses on
the distribution of nodular grey monazite (up to 200 g/t) within the shales, which formed in response to the
diagenetic and low-grade metamorphic evolution of the studied area. Whole rock geochemistry, rock-eval py-
rolysis and evolution of clay mineral crystallinity were firstly used to determine temperature and mass transfer
conditions in the black shales. Then, monazite texture, composition and U-Pb in-situ dates were determined, and
correlated with the diagenetic/anchimetamorphic conditions. Nodular monazite appears in the Ordovician black
shales at the transition between high-grade diagenesis and the anchizone metamorphic facies, in response to
processes controlled by competing influences such as organic matter maturation, Fe oxide/hydroxide reduction
and clay transformation with accompanying fluid release. Monazite occurs mainly as elongated nodules, up to 2
mm in diameter that are characterised by their grey colour caused by an abundance of host-rock mineral in-
clusions. Monazite nodule compositions are zoned with Nd and middle REE-rich cores surrounded by Ce-rich
rims, with no evidence of inherited domains. Ce-monazite also occurs as a replacement of nodular monazite
or in late-stage fractures. Zoned nodular grey monazites were dated at ca. 403.6 & 2.9 Ma, which is proposed to
record the high heat flux that led to the anchimetamorphic conditions found at the base of the Angers-Traveusot
formation, prior to the Variscan deformation. Crystallisation of the metamorphic Ce-monazite occurred at two
periods, dated at 382.6 + 2.9 Ma and 349.6 + 6 Ma, which correspond to pre-collisional and collisional tectono-
metamorphic stages respectively. Nodular grey monazite constitutes an interesting alternative economic solution
because of its very low content in both Th (X=2160 ppm) and U (X=145 ppm) and negligible radiological impact
if mined. However, placers currently display a limited economical interest.

REE geochemistry comes from their chemical properties that often leads
to fractionation in geochemical systems (Henderson, 1984). The REE are
a group of 15 chemical metallic elements that are coherent in terms of

1. Introduction

The rare earth elements (REE) are trace elements found in most

geological settings, and are particularly useful for understanding a wide
variety of geological processes because of their specific properties. For
example, the solubility and mineral properties of REE make these ele-
ments excellent probes of low temperature geochemical reactions and
processes (Johannesson et al., 1997; Michard, 1989; Noack et al., 2014;
Pourret and Tuduri, 2017; Rillard et al., 2019; Wood, 1990). Interest in
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ionic radius, charge (generally occurring in the trivalent oxidation state)
and mineral site coordination (Henderson, 1984; Jones et al., 1996;
Lipin and McKay, 1989). They include the whole lanthanide group (from
La to Lu). Depending on the specific configuration of electrons within
each atom, REE are also commonly split into light rare earth elements
(LREE: La-Nd), middle rare earth elements (MREE; Sm-Tb) and heavy
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rare earth elements (HREE; Dy-Lu). Because the transition metal yttrium
(Y) is chemically similar to elements in the lanthanide group, it is
included in the HREE subgroup. Indeed, Y and Ho are referred to as
geochemical twins in many geochemical processes.

Monazite [(LREE to MREE, Ca, Th, Y)PO4] is one of the most sig-
nificant REE minerals in terms of geochemistry and geochronology (Bea,
1996; Engi, 2017; Montel et al., 1996; Parrish, 1990; Poitrasson et al.,
1996). It is a common accessory mineral found in a wide variety of
metamorphic and magmatic rock types and is stable from greenschist
metamorphic facies up to the highest metamorphic conditions (e.g.
Spear and Pyle, 2002). Monazite is resistant to weathering at the Earth’s
surface, as shown by its widespread occurrence as a detrital mineral in
sands and sandstones. Under greenschist and more general low tem-
perature conditions, fluids play a major role in monazite reactivity
during both prograde and/or retrograde metamorphic conditions
(Janots et al., 2011; Janots et al., 2008; Rasmussen and Muhling, 2007;
Read et al., 2002; Seydoux-Guillaume et al., 2012). However, monazite
can occur in low-grade metamorphic and diagenetic conditions, where
its origin is as yet unresolved. It has variously been interpreted as
detrital, diagenetic or anchizonal (Copjakova et al., 2011; Evans and
Zalasiewicz, 1996; Milodowski and Zalasiewicz, 1991; Rosenblum and
Mosier, 1983; Wilby et al., 2007). This is especially true for the enig-
matic crystallisation of nodular monazite found in shales, which become
further concentrated in palaeoplacer and placer deposits in France,
Belgium, Portugal, Siberia, Spain, Taiwan, USA, United Kingdom, Iran
and a number of African countries (Alipour-Asll et al., 2012; Burnotte
etal., 1989; Charles et al., 2022; Cooper et al., 1983; Donnot et al., 1973;
Garcia-Tenorio et al., 2018; Milodowski and Zalasiewicz, 1991; Read
et al.,, 1987; Rosenblum and Mosier, 1983; Salgueiro et al., 2020).
Published results on the origin of nodular monazite are largely based on
the structure and chemistry of nodules recovered from placers (Cobert
et al., 2015; Cooper et al., 1983; Donnot et al., 1973; Milodowski and
Zalasiewicz, 1991; Read et al., 1987; Rosenblum and Mosier, 1983).
Nodular monazite corresponds to millimetric grains that are grey to
almost black due to the abundance of micro-inclusions mostly carbo-
naceous, and commonly exhibit a nodular ellipsoidal morphology. With
regard to its chemical composition, nodular monazite is usually enriched
in MREE (mostly Eu-Gd) and low in Th and U (Alipour-Asll et al., 2012;
Donnot et al., 1973; Rosenblum and Mosier, 1983). These specific
characteristics make nodular grey monazite (NGM) of particular interest
in mineral exploration and exploitation, because of their low radioactive
content, and for the REE + Y which are a critical commodity now widely
used in green technologies (Charles et al., 2022; Guyonnet et al., 2016;
Lee et al., 2020).

The origin of NGM is still debated, and may be associated with
compactional dewatering during sedimentation or low-grade regional
metamorphism (Burnotte et al., 1989; Copjakova et al., 2011; Evans and
Zalasiewicz, 1996; Milodowski and Zalasiewicz, 1991). The source of
the REE incorporated during NGM crystallisation is also unclear. It may
be related to the desorption of REE adsorbed on the surface of clay
minerals or Fe oxides/hydroxides, the degradation of organic matter
(OM), or the dissolution of detrital REE minerals including monazite, as
described for greenschist-facies metasediments (Evans and Zalasiewicz,
1996; Janots et al., 2008; Lev et al., 1998; Milodowski and Zalasiewicz,
1991; Pourret and Tuduri, 2017; Rasmussen and Muhling, 2007).
Nevertheless, common features highlight the lack of crustal thickening
and prograde metamorphism where NGM occurs and crystallisation
temperatures ranging from 200 to 350 °C (ie. very low grade to low
grade metamorphic conditions, see references above).

In contrast, studies focusing on the distribution of NGM in sedi-
mentary formations and their links with basin thermicity, fluid gener-
ation and tectonic setting are lacking. The aim of this study is therefore
to present and discuss the formation of NGM in the light of their dis-
tribution within the context of the tectono-metamorphic evolution of the
geological domain in which they occur in order to provide mineral
exploration strategies. Taking into account mineral and rock
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geochemistry, quantification of the diagenetic to metamorphic condi-
tions using illite crystallinity, geochronological constraints, together
with deformation gradient, a model for the formation of NGM is thus
proposed and discussed in light of their implications concerning REE
behaviour during diagenesis and low-grade metamorphism.

2. Geological setting

The Armorican Massif (Fig. 1), part of the Ibero-Armorican arc in the
late Palaeozoic Variscan belt of Western Europe, comprises three main
domains: the Northern, Central and Southern Armorican domains. These
domains have different tectonic and metamorphic histories and are
bounded by two major dextral shear zones: the North and South
Armorican Shear Zones (Ballevre et al., 2009; Gumiaux et al., 2004;
Jégouzo, 1980). Deformation in the Northern Armorican Domain mainly
occurred in the Neoproterozoic; this domain was part of the upper brittle
crust during the Variscan orogeny (Brun et al., 2001). The Central
Armorican Domain, in which NGM are widespread (Fig. 1), is mostly
composed of an upper Neoproterozoic to lower Cambrian shale and
greywacke basement covered by Palaeozoic siliciclastic sedimentary
rocks (Ballevre et al., 2009). The Southern Armorican domain corre-
sponds to the internal metamorphic zones of the Variscan belt (Ballevre
et al., 2009). The Variscan orogeny developed in the same way in the
Central and Southern domains (Ballevre et al., 2009; Ballevre et al.,
2012; Ballevre et al., 2013; Paquette et al., 2017). Firstly an oceanic
subduction stage took place during the Middle Devonian (ca. 380 Ma).
This evolved during the late Devonian-early Carboniferous (early
Mississippian) into a continental subduction stage (ca. 355 Ma) then into
a crustal thickening stage (ca. 350-340 Ma), during the early and middle
Mississippian, followed by an extensional period with numerous leu-
cogranite injections at the Mississippian — Pennsylvanian (late Carbon-
iferous) boundary (ca. 330-310 Ma). Both the extension and pluton
emplacement were coeval with strike-slip along the South Armorican
Shear Zone (Gapais et al., 2015). In the Central Armorican Domain,
Palaeozoic rocks, mostly Ordovician in age, were emplaced in response
to the opening of the Rheic Ocean between Avalonia and Gondwana
from about the late Cambrian (Ballevre et al., 2009; Nance et al., 2012).

In the study area (Figs. 1-3), the “Initial Red Beds” (Pont-Réan
Formation) give way to the Gres Armoricain Formation dated as Floian
(early Ordovician), and overlie the Neoproterozoic basement uncon-
formably (Robardet et al., 1994). The formations are made up of quartz-
arenites, although the upper part of the formation contains larger silty-
clay intercalations (Fig. 3). They record a major marine transgression
with significant thickness variations (up to 700 m) reflecting the tectonic
effects from continental rifting. They were emplaced in an alluvial to
deltaic environment evolving in a shelf depositional setting with pro-
tection from storm and tidal effects by barriers (Durand and Noblet,
1986; Guillocheau and Rolet, 1982; Suire et al., 1991). From the Middle
Ordovician (Dapingian and Darriwilian) and up to the Sandbian (base of
the Upper Ordovician), the overlying Angers-Traveusot shales
(400-500 m) were deposited, consisting predominantly of silt- and
mudstone, including black shales with some intercalations of sand-
stones, and/or the occurrence of phosphate nodules in the outer shelf
sequences (Dabard and Loi, 2012). The Middle Ordovician Angers-
Traveusot Formation was deposited in an open-marine storm-domi-
nated shelf environment controlled by more uniform subsidence pat-
terns suggestive of a post-rift setting (Dabard et al., 2007). The
geographic distribution of these Middle (Dapingian, Darriwilian) to
Upper Ordovician (Sandbian) shelf deposits and associated faunas in-
dicates an increasing depth of water southwards, from near-shore en-
vironments to more distal and deeper environments which correspond
to the study area (Henry, 1989; Robardet et al., 1994). Following a
major fall in sea-level, sedimentation continued during the late Ordo-
vician with the Katian terrigenous facies and the Hirnantian glacio-
marine facies (Dabard et al., 2015; Robardet and Doré, 1988). Although
a stratigraphic gap has been identified during the early Silurian
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Armorican Shear Zone.

(Llandovery), marine sedimentary conditions prevailed up to the base of
the Lower Devonian (Lochkovian) giving rise to organic-rich shales.
From the Pragian to Emsian (Lower Devonian), sedimentary deposits are
made up of siliciclastic facies with some intercalated carbonate reefs.
Movement along the crustal shear zones bordering the Central Armor-
ican Domain (i.e. the North and South Armorican Shear Zones), created
Middle Devonian to upper Carboniferous terrigenous and marine
depocentres within separate pull-apart basins (e.g. Laval and Chateaulin
basins).

Squeezed between these two major structures, the Central Armorican
Domain underwent regionally pervasive N120-125-striking dextral
deformation that produced upright folds with E-W sub-horizontal axes
and sub-vertical axial planes during the Variscan orogeny (Gapais and Le
Corre, 1980; Gumiaux et al., 2004). From macro- to microscopic scale,
the Central Armorican Domain is affected by marked vertical fracturing

(strike-slip faults and extensional fractures) with a dominant N160°E
orientation oblique to fold axes (Fig. 4a). Choukroune et al. (1983)
demonstrated that this fracturing was compatible and coeval with
Carboniferous dextral strike-slip that occurred throughout the Central
Armorican Domain via successive incremental deformation during
clockwise rotation of the principal strain axes. Strain intensity within the
Central Armorican Domain is weak and increases to the north and south,
i.e. towards the North and South Armorican Shear Zones. In the study
area, this regional strain gradient is assumed to be associated with an
increase in metamorphism towards the south, i.e. both the northern and
the southern branch of the South Armorican Shear Zone, with local
concentrations due to Variscan granite emplacement (Le Corre, 1975; Le
Corre and Le Theoff, 1976). As a consequence, Tartese et al. (2015)
demonstrated using in-situ U-Pb geochronology on both xenotime and
monazite that successive hydrothermal events over about 90 Ma, from
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ca. 420 to 330 Ma occurred in the Central Armorican Domain: a time
interval that encompasses most of the pre-orogenic and Variscan
orogenic phases present in Brittany.

Although several NGM placer deposits have been discovered across
the Armorican Massif related to pre-Pennsylvanian sequences (Guigues
and Devismes, 1969), only the eastern Central Armorican Domain to the
south of Rennes has both numerous placers and authigenic deposits at
the same location (Figs. 1 and 2). These NGM occurrences were found
during exploratory work by the French Geological Survey (BRGM) in the
Middle Ordovician Angers-Traveusot Formation close to Grand-
Fougeray (Donnot et al., 1973; Guigues and Devismes, 1969; Guigues
and Sapinart, 1967). They are related to low-grade metamorphosed
black shales (also named the Angers-Traveusot Formation or Post-
olonnec Formation) which are characterized by small grains of quartz,
sericite, illite, kaolinite, chlorite and chloritoid that occur together with
graphite, pyrite and iron oxides (Donnot et al., 1973), and rarer ilmenite
and rutile. Monazite is represented by microcrystalline grey nodules (0.1
to 2.0 mm in size) disseminated throughout the shales. Monazite nod-
ules have been subsequently concentrated in proximal alluvial placers
by weathering processes. Within the Ordovician sequence (Figs. 2 and
3), the NGM bearing shales (Angers-Traveusot Formation) overlie oolitic
iron formations and sandstones (the Lower Ordovician Grés Armoricain)
that are enriched in detrital rutile, ilmenite, zircon and rare monazite
(Donnot et al., 1973; Gloaguen et al., 2007; Moélo et al., 2008). The
silty-clay beds of the upper part of the Gres Armoricain Formation at Le
Pont d’Aron also host NGM. Donnot et al. (1973) proposed that early
diagenesis was of prime importance in the formation of the grey
monazite, suggesting the following evolution: (i) precipitation of
amorphous REE phosphate in marine silts; (ii) crystallisation into fibrous
nodules of rhabdophane; (iii) replacement of rhabdophane by grey
monazite-(MREE).

3. Materials and methods

3.1. Sampling

Although the study area comprises mainly lowland fields with very
poor outcrop conditions, small abandoned quarries in the area made it
possible to establish a sampling strategy. The objective was to evaluate
the distribution of NGM grains throughout the Angers-Traveusot For-
mation and the effects of metamorphism and the deformation gradient.
Samples from this formation were therefore collected from 36 outcrops
(Fig. 2). Note that three outcrops from the upper part of the Gres
Armoricain Formation were sampled as well (Fig. 3). They come from Le
Pont d’Aron and La Monnerie areas (Figs. 2 and 3). Heavy NGM con-
centrates were also sampled from the La Monnerie placer deposit, cor-
responding to the site of the former BRGM exploration in the 1960s.

3.2. 3D modelling of the Middle Ordovician Angers-Traveusot Formation
folds

The pattern of repeated bedding in the Angers-Traveusot Formation
created by the intersection of 3D plunging fold features with the surface
topography has been divided into stratigraphic sequences of 30 m in
thickness (n = 18) according to the potential-field interpolation method
implemented in the 3D GeoModeller software (see Calcagno et al. 2008
for method).

3.3. X-ray diffraction analysis and Kiibler index

Major mineral assemblages (quartz, feldspars, oxides and sheet sili-
cates) were characterized optically using thin sections under the optical
microscope and by X-ray diffraction (XRD) analysis. XRD analysis was
carried out on representative crushed rock samples at the UniLaSalle
Institute using a D8-Advance Bruker-AXS diffractometer (Siemens).
Twenty-one samples of the Angers-Traveusot Formation (Grand
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Fougeray area) and eight samples from the upper part of the Gres
Armoricain silty-clay Formation (Le Pont d’Aron area, Fig. 2b, 3 and 5)
were selected for calculation of their Kiibler-Index (KI) and Arkai-Index
(AD) from the full width at half maximum of illite/muscovite and chlorite
on the air-dry powder diagram respectively. Full operating conditions
and data are reported in Supplementary Appendix 1 and 2 respectively.

3.4. Whole rock analyses

Whole-rock chemical analyses were performed on crushed and

pulverized shale samples at the Bureau Veritas Laboratories (Vancouver,
Canada, formerly Acme Analytical Laboratories). Major oxides and trace
elements were determined using ICP-MS. Loss on ignition (LOI) was
calculated by weight difference after ignition at 1000 °C. Total abun-
dances of the major oxides and several minor elements are given for a
0.2 g sample analysed by ICP Emission Spectrometry following lithium
metaborate/tetraborate fusion and dilute nitric digestion. Rare earth
and refractory elements were determined by ICP Mass Spectrometry
(ICP-MS) following lithium metaborate/tetraborate fusion and dilute
nitric digestion of a 0.2 g sample. Total carbon was determined using
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LECO. Data are reported in Supplementary Appendix 3.
3.5. Analysis of carbonaceous materials

Rock Eval 6 pyrolysis (Vinci Technologies®) was performed at the
ISTO laboratory (CNRS / University of Orléans, France) under standard
conditions with a linear temperature increase program of 30 °C min?
(Lafargue et al., 1998). The final temperature reached in the pyrolysis
oven was 650 °C, and 750 °C in the oxidation oven. This analysis pro-
vides the following parameters: Total Organic Carbon (TOC, expressed
in wt. %), the temperature at which the maximum rate of hydrocarbon
(HC) generation occurs in a kerogen sample during the pyrolysis analysis
(Tmax, expressed in °C), the Hydrogen Index (HI, expressed in mg HC/g
TOC), the Oxygen Index (O, expressed in mg COy/g TOC) and the S2
peak parameter (expressed in mg HC/g rock). Data are reported in
Supplementary Appendix 4.

3.6. Scanning electron microscopy, cathodoluminescence and electron
probe microanalysis

Monazite grains were studied in detail at the ISTO-BRGM laboratory
in Orléans using a Tescan Mira 3 XMU (Tescan, Brno, Czech Republic)
scanning electron microscope (SEM) along with optical reflected and
transmitted light imaging. The SEM is coupled to a back-scattered
electron (BSE) and a panchromatic cathodoluminescence (CL) detector
(350-650 nm, TESCAN BSE/CL detector) to produce images for the
assessment of compositional variation and textures. Additional SEM-
EDX information about mineral inclusions was determined as well.

Monazite and xenotime compositions were determined using the
Cameca SX50 electron probe micro-analyser (EPMA) at the ISTO-BRGM
laboratory in Orléans. Over 200 analyses were performed but only 119
are used here. An accelerating voltage of 20 kV, a beam current of 100
nA and a 1-2 um beam width were employed for measurement. La Lo, Ce
La, Th Ma, Ca Ka were analysed using a PET (Pentaerythritol) crystal. Pr
LB, Nd La, Sm Lo, Eu LB, Gd L, Fe Ka were analysed using a LiF (Lithium
fluoride) crystal, whereas P Ka, Si Ko and Y La were analysed using a
TAP (Thallium acid phthalate) crystal. X-ray elemental maps were also
recorded with an accelerating voltage of 20 kV and beam current of 100
nA, using the wavelength dispersive spectrometers. Standards used
included both well-characterized natural minerals (Durango apatite for
Ca, Amelia albite for Na) and synthetic phases for other elements (Fe;O3
for Fe, LaPO4 for La, CePO4 for Ce, PrPO4 for Pr, NdPO4 for both Nd and
P, SmPO4 for Sm, EuPO4 for Eu, GdPO4 for Gd, YPO,4 for Y and ThO,, for
Th). Counting times were 40 s for each element. For all the chemical
compositions, only the significant values with an accuracy of 95%
[(peak-background) x counting time > 2><\/ (background x counting
time)] were retained. The EPMA analysis of Eu was made very difficult
due to the existence of several interferences with other lanthanides. In
particular, the La and Lf emission peaks (and the corresponding back-
ground measurements) are likely to interfere with several Nd, Sm or Gd
L peaks. Thus, Eu analyses were discarded. Although HREE are not
analysable using EPMA, this method was chosen since a characteristic of
NGM is their huge abundance of micro-inclusions which restricts the use
of the large sampling volume of laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS). Thus, due to its better spatial
resolution, we consider EPMA to be a reliable in-situ method for
obtaining quantitative data of monazite. However, because HREE, Th, U
and Pb concentrations are very low or undetectable, average values for
these trace elements as well as their interrelationships were further
evaluated using LA-ICP-MS. Full operating conditions and results are
reported in Supplementary Appendix 1 and 5 respectively.

3.7. U-Th-Pb geochronology

Two different analytical protocols were used for both heavy NGM
grains from the La Monnerie placer deposit, and the monazite specimens
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observed in polished thin sections. Grains were imaged using SEM BSE-
CL and all in-situ LA-ICP-MS analyses were carried out at laboratory
facilities in Orléans (France).

i) Heavy monazite grains from concentrate were hand-picked under a
binocular microscope, then mounted in epoxy resin and subse-
quently ground and polished until the crystal centres of the grains
were exposed along a flat surface. In-situ LA-ICP-MS analyses
werecarried out at the French Geological Survey (BRGM) laboratory
in Orléans (France). Polished sections were analysed using an ICP-
MS X series II spectrometer (Thermofisher) set up in Xs lens, coupled
with a Cetac Excite 193 nm laser system. Samples were placed in a
dual-volume laser ablation cell.

For polished thin sections, dating was carried out at the ISTO labo-
ratory (CNRS / University of Orléans, France). Monazite grains were
analysed using an ICP-MS 8900 (Agilent) coupled to a laser asi®
RESOLution Excite 193 nm. LA-ICP-MS U-Pb geochronology of large
monazite grains mounted on the polished section was carried out
with a nominal spot diameter of 15 ym whereas smaller monazite
grains in thin section were analysed with a nominal spot diameter of
10 um for higher resolution analysis.

ii

=

Analyses were standardised with respect to the Trebilcock monazite
(272 + 2 Ma, Tomascak et al., 1996). Reproducibility and accuracy of
the corrections were controlled through repeated measurements of the
Madmon (523 + 12 Ma, Schulz et al., 2007) and Namaqualand (1033
Ma, Knoper et al., 2000) monazites. Data reduction was carried out
using Glitter® software and no common lead correction was applied.
The results were generated using IsoplotR by Vermeesch (2018) at 95%
confidence and 2c errors. Note that electron microprobe monazite
geochronology was not carried out given the strong concentration of
common Pb in these NGM grains.

The same monazites selected for U-Th-Pb dating were analysed in-
situ in polished sections and polished thin sections for REE concentra-
tions. Monazite trace-element concentrations were acquired on a Agilent
8900® quadrupole-ICP-MS, coupled with a laser ablation system
(CETAC Excite 193 nm) at the BRGM laboratory. The detailed analytical
parameters for the ICP-MS and the laser ablation system are listed in
Supplementary Appendix 1. Laser spots for REE-analysis were sited next
to the pits formed during the U-Th-Pb analyses. Data reduction was
carried out with the Glitter software. The Madmon Monazite standard
(Schulz et al., 2007) was used as external calibration standard for
instrumental drift correction, and phosphorus contents obtained by
EPMA were used as internal standard for quantification. Running con-
ditions and data tables are documented in Supplementary Appendix 1
and 6 respectively, whereas Appendix 7 shows the location of the LA-
ICP-MS U-Pb analyses.

4. Results
4.1. Field constraints

In the eastern Central Armorican Domain, south of Rennes (Fig. 2),
Palaeozoic sedimentary rocks are mainly exposed in small relatively
well preserved quarries. The Angers-Traveusot Formation is mainly
composed of black shales (Fig. 3), oxidised in places, and contains
numerous siliceous nodules and fossils of graptolites, conodonts and
trilobites. As described in the literature (Ballevre et al., 2009; Gapais and
Le Corre, 1980; Gumiaux et al., 2004; Jégouzo, 1980; Le Corre et al.,
1991; Le Corre and Le Theoff, 1976), the strata have an uniform ESE
strike with a broad low dip toward both the north (22°) and south (17°)
suggesting an upright fold system with a ca. N110°E-trending fold axis
(Fig. 4a, b, ). The strikes and/or dip directions are disturbed locally by
an asymmetric plunging fold geometry (the north-directed limb is
moderately inclined: ca. 30-50°), periclinal endings, or tilting along
NW-SE vertical faults (Fig. 2b, 4b). Folds are associated with an axial-
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plane slaty cleavage that is roughly vertical with an E-W to N110°E
strike (Fig. 4d). The strike of the cleavage is deflected locally along NW-
SE-trending faults (Fig. 4d). A discrete sub-horizontal stretching linea-
tion is observed, which is more clearly visible south of the town of Grand
Fougeray, in the vicinity of the northern branch of the South Armorican
Shear Zone, suggesting that deformation increases southward and rea-
ches a maximum along the South Armorican Shear Zones (Fig. 1).

4.2. Mineral characterisation, Kiibler and Arkai-Indexes

The Angers-Traveusot shale beds appear to be generally uniform,
although occasional silty lenses or beds are intercalated over a thickness
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of a few meters. The rocks are made up of varying modal proportions of

quartz (from 26 to 65 %, with mean - X - and standard deviation of 46 %

=+ 11), with some feldspar mostly plagioclase (3 to 39 %, X = 11.4 % +

11), in a clay mineral matrix (13 to 69 %, X 42.5 % =+ 12) consisting of a
very fine-grained mixture of kaolinite, interstratified illite/smectite,
chlorite (chamosite-clinochlore and rare corrensite) and sericite. Ac-
cording to the potential-field interpolation method, the illite/smectite
ratio is higher in the lower part of the Angers-Traveusot Formation. Note
there is no clear correlation between the distribution and modal pro-
portion of chlorite and the strain gradient, and that sericite may be
detrital flakes of 2 M; muscovite or an authigenic illite/muscovite
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Fig. 5. a) Distribution pattern of Kiibler Index (KI) for samples from the Angers-Traveusot and the upper part of the Grés Armoricain Formations in the Grand
Fougeray area as a function of their position in the modelled stratigraphic sequences. (b) Correlation between KI (10 A) and AI (7 A) values. Data with probable
biotite interference have been excluded from the calculated correlation coefficient. ¢) Distribution of metamorphic grades based on KI values overlaid onto a
simplified geological map of the Grand Fougeray area. The diagenetic and lower anchizone domains are modelled within the Angers-Traveusot Formation according
to the potential-field interpolation method. Location of the upper anchizone and epizone domains in the Lower Ordovician sequences and older units is inferred from
data observed in Le Pont d’Aron area and from Le Corre (1975). Metamorphic zone boundaries for KI values are from Warr and Ferreiro Mahlmann (2015).

Palaeotemperature estimation for KI are from Zhu et al. (2016).
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assemblage. Biotite is scarce, although most frequent in the upper part of
the Gres Armoricain silty-clay Formation of Le Pont d’Aron. Opaque
minerals (pyrite, iron oxides), apatite, rutile, titanite and zircon, with
grey monazite are common accessories. Note that pyrite is frequently
oxidised and replaced by iron oxides.

The KI values determined for the Angers-Traveusot and the upper
part of the Gres Armoricain formations range from 0.80 to 0.25 A°20,
corresponding to metamorphic grades evolving downwards through the
stratigraphic sequences from diagenetic to the anchizone and epizone
transition respectively (Fig. 5a; Supplementary Appendix 2). The cor-
relation between the KI and AI shows some outliers (Fig. 5b), mostly in
the anchizone domain, which are attributed to possible interferences
from chloritised biotite, and/or differences in successive chlorite crys-
tallisation with different compositions (i.e. clinoclore vs. chamosite).
When the outlier data is excluded, correlation is good ®R? = 0.68,
Pearson’s r = 0.83), with both indexes showing concomitant evolution
with increasing metamorphism (Fig. 5b).

In terms of the distribution of metamorphic grades (Fig. 5a), KI
values tend to decrease from the upper part of the Angers-Traveusot
Formation to the Gres Armoricain boundary where high-grade anchi-
zonal and probable epizonal metamorphic conditions are reached in Le
Pont d’Aron area. Indeed, very low-grade metamorphic conditions with
the highest KI values (diagenesis) are mostly located in the upper two-
thirds of the Angers-Traveusot Formation, whereas lower anchizone

Ore Geology Reviews 160 (2023) 105583

conditions are more prevalent in the lower third of this formation. It
should be noted that KI values from Saint Sulpice des Landes are low
with respect to its position in the upper part of the stratigraphic
sequence. This might be the result of local geological features (e.g. un-
identified faults concentrating fluid circulation that altered the rocks) or
analytical bias. Analytical bias may also explain the unusually high KI
value for La Praie. This result is consistent with Le Corre (1975), and
helps us infer the distribution of the upper anchizone and epizone do-
mains in the Lower Ordovician sequences and older units (Fig. 5¢). The
potential-field interpolation method integrating the KI values highlights
the upright folds with E-W sub-horizontal axes and suggests an increase
in metamorphic grade downwards through the stratigraphic sequence
(Fig. 5¢). There is no relationship between the metamorphic conditions
and the position in the sequence to the northern branch of the South
Armorican Shear Zone.

4.3. Geochemical features of the Middle Ordovician Angers-Traveusot
Formation

Whole rock geochemistry of black shale samples (Supplementary
Appendix 3) from 35 localities (Fig. 2b) shows a relatively uniform
chemical composition in terms of both major and trace elements. Using
the KI distribution pattern from the potential-field interpolation
method, we have adopted the following colour-code in subsequent
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figures: in red, samples belonging to the high-grade anchizone/epizone
domain (i.e. the upper part of the Gres Armoricain Formation); in or-
ange, samples from the low-grade anchizone domain of the Angers-
Traveusot Formation; and in green, samples from the high-grade
diagenetic domain of the same formation.
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4.3.1. Major element geochemistry

The bulk chemical composition of the formation is slightly hetero-
geneous, although consistent with known shale compositions (Fig. 6a).
SiO, (from 42.1 to 68.3 wt%, X = 51.6 + 4.6 wt%) and Al,O3 (from 13 to

28.3 wt%, X = 24.1 4+ 2.4 wt%) are the dominant constituents in the
majority of the samples. Because these oxides are negatively correlated,

SOOE T T ‘,o] T T n T T T T T T T T T T T T T T
i $
450 ,ﬂ,!’qrg evolvedi 8 q(;,f’ E = 3 10
4 0 0 E r iflitic shales é‘Q E E 3
E o |® High-grade diagenesis | ] i
350 S it § Low-grade anchizone [ 8
@ 300 y ilite W High-grade anchizone | [ S
< 4 smectite Y’ NASC L Q2
250 . Least . I E o)
X7 ogo - L =
200 shale. Py Iy 2215 "2 2 .84 ] E
s = _ HEmT Pearson’s = 0.92 5 [+
150 [ ] ’TL-J'—T;’T T~ 1Le Pont d'Aron/La Monnerie E N »n
- i al L
1004 H > 3 - ~\ High-grade diagenesis (MOAT formation)
. : Trend of altered shales | |
501 Flfjld of Holocene & +  from hydrothermal fluids 3
Pleistocene muds '
O T T . T T T ) 1 T 1 ) 1 T 1 T L] T ] L] L] L] 0'1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 LaCe PrNdSmEuGdTbDy Y Ho ErTmYb Lu
K/Al
O O
(DJ o
3 S
2 2
3 3 3
© L ©
72] r 72]
. Low-grade anchizone (MOAT formation) | | | Low-grade anchizone (Le Pont d’Aron, UPLO formation) L
-\ High-grade anchizone (Le Pont d’Aron, UPLO formation)
01 ) L) T L] T L] T ) T T 1 T L) T T ! Ll LI L Ll ' Ll LI L) ) T ) T ) L) 01
LaCe PrNdSmEuGd TbDy Y HoErTmYb Lu LaCe PrNdSmEuGd TbDy Y Ho ErTmYb Lu
.« Total Carbon (wt. %)
0,0 0,102030405060,70809101,112
Q 1 8 [ B B P B B B S B R T | 1 8
(=]
= L
16 : : : L 16
| a = 2 » Haute Cavausais m High-grade dlaggness |
14 4 || qu-grade anchlzone .14
. 1 waem » Saint Sulpice des Landes W High-grade anchizone L
5 12- 12
E-} ) .
3 1 u A e » La Primaudais -
2 104 mos e » Villeray 10
[} 4 e —a— » Chére / La Praie 3
g 8- 8
El 1 mnpEEES— e » Cherhal / Hotel Ferré / La Coquinais / Villeray ]
2 64 ==, » Gras Richomme / Cherhal / La Glévardais L6
Py 1 I HEE A i b » Branfeul / La Bréharais / La Derré / La Grée Fossé -
'.g_ 44 Al » Gras Richomme -4
[ 2 1 —|m— » Branfeul / La Glévardais - 5
=) p 5
E 1 Es=pm————m » La Monnerie / Le Moulin de Cherhal / Le Pont des fles 3
7] 0+ || IEAL—_I_‘ || | » L e Pont d’Aron -0

200 400 600 800 1000 1200
muw X REE+Y (g/t)

Fig. 7. a) K/Rb versus K/Al for muds and shales from van de Kamp, (2016). Most detrital clays plot within the range of 0.0 < K/Al < 0.25 and 0 < K/Rb < 220.
Diagenetically modified shales with additional K and Rb commonly form a distinct field outside this range. UCC-normalised REE patterns in samples from b) the
diagenetic domain c) the lower anchizone domain, and d) the upper anchizone domain. UCC values are from McLennan (2001). e) Distribution pattern of SREE + Y

concentrations (square) and total carbon (triangle) in rocks from the Grand Fouge

ray area as a function of their position in the modelled stratigraphic sequence (using

the same key as in Fig. 5b). Total carbon is shown as the mean (black triangle) with the standard deviation (solid black line). Data are presented with respect to their
provenance in the Middle Ordovician Angers-Traveusot (MOAT) and the upper part of the Lower Ordovician — Grés Armoricain (UPLO) formations.

10



J. Tuduri et al.

the considerable increase in SiOy content shown by the Angers-
Traveusot Formation highlights the lithological heterogeneity, and
represents a quartz-enriched end member. The FeOr content is hetero-
geneous and varies from 2.9 to 18.8 wt% (X=8.6 + 0.26 wt%). The FeOt
appears to be slightly enriched with respect to the Upper Continental
Crust composition (UCC; McLennan, 2001), but while samples from the
diagenetic domain (i.e. the upper part of the Angers-Traveusot Forma-
tion) are homogeneous, the ones from the anchizone domain are more
heterogeneous (Fig. 6a). In contrast, the CaO content (from 0 to 1.8 wt%,
X = 0.23 + 0.3 wt%) is very low with a moderate to strong depletion
compared to UCC. The samples from the anchizone domain (i.e. the
lower part of the Angers-Traveusot Formation) are, on average, the most
depleted in CaO, MgO and also NayO, but they are enriched in KO
(Fig. 6a). Conversely, the P,Os content is variable and displays both
positive and negative anomalies: the diagenetic samples are similar to
UCC compositon in terms of P content, while samples from the lower
anchizone domain are depleted, and samples from the high-grade
anchizone are enriched (Fig. 6a).

Variations in Al;03, K20 and Nay;O may indicate either the presence
of feldspar in high-SiO, samples (silty layers), or phyllosilicates (illite,
chlorite and detrital muscovite). On a Al,03, K20 and Fe;O3 + MgO
ternary diagram (Fig. 6b), the data plot between the chlorite — phengite/
sericite endmembers, suggesting that the rock-forming minerals are
controlled by aluminous phases, in particular illite-smectite and chlo-
rite. In the Angers-Traveusot Formation, PoOs and CaO are very highly
correlated (R% = 0.9, Pearson’s r = 0.95, Fig. 6¢), with a CaO/P20s5 ratio
of about 1.2. This may indicate the presence of apatite (Cas(PO4)3(OH,
F, C1) which has a CaO/P50s of about 1.3. Note that this is not true of the
upper anchizone domain, i.e. rocks belonging to the underlying upper
part of the Gres Armoricain silty-clay Formation, where CaO is very low.
This precludes the occurrence of any carbonate such as calcite in the two
units. Based on the geochemical classification of terrigenous sandstones
and shales (Herron, 1988), and given most samples have 0.2 < Log
(Si02/A1503) < 0.6 and —0.4 < Log(Feo03/A1503) < 1.3, the samples in
this study consist of shales and Fe-shales (Fig. 6d). Iron-shales are mostly
observed in the upper part of the Angers-Traveusot Formation (i.e. the
diagenetic domain, Fig. 5). Wackes are scarce (1 sample), found only in
La Monnerie area, i.e. the upper part of the Gres Armoricain Formation.

4.3.2. Trace element geochemistry

The plot of K/Rb versus K/Al (Fig. 7a) shows a field for modern
sediments (muds). During burial, such sediments are transformed into
shales, which then undergo progressive mineralogical changes including
phyllic paragenesis in which Al-rich phases such as kaolinite and
smectite evolve into K-enriched phases such as illite, muscovite/biotite
and K-feldspar. The sediments may also undergo hydrothermal alter-
ation in open system conditions. By analysing the K/Rb ratio, it is
possible to use both K and Rb as proxies for metasomatic processes
during diagenesis (van de Kamp, 2016). The K/Rb versus K/Al plot for
the Angers-Traveusot and the underlying upper part of the Gres
Armoricain silty-clay formations, shows a trend with strong positive
correlations (R? = 0.84 and Pearson’s r = 0.92) suggesting a slight K
enrichment particularly for samples from the high-grade anchizone
(Fig. 7a).

The REE + Y distribution highlights key features concerning the
origin of the samples with respect to their position in the sequence and
the metamorphic grade distribution. For instance, differentiation can be
observed in the REE + Y patterns for samples from the diagenetic
(Fig. 7b) and low-grade anchizone metamorphic grades (Fig. 7c), which
show MREE enrichment. More precisely, there is either a Eu and a Dy
positive anomaly (Fig. 7b-c). These patterns exhibiting a slight to
moderate downward concavity with an apex at Gd may be enriched by
up to one order of magnitude relative to the UCC values. In contrast, the
REE + Y patterns for the upper anchizone domain are slightly to highly
enriched in LREE sometimes accompanied by a slight negative Ce
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anomaly (Fig. 7d) and occasional slight enrichment in MREE. Except for
some REE + Y enrichment in the upper part of the Gres Armoricain, the
>"REE + Y distribution in rocks is generally homogeneous in the Angers-
Traveusot Formation (Fig. 7e). The Y _REE + Y concentrations vary from
177 to 1195 g/t (X=365 + 133 g/1).

4.3.3. Total carbon and total organic carbon

Whole rock total carbon and total organic carbon concentrations are
given in Supplementary Appendixes 3 and 4. Total carbon (TC) content
ranges from 0.13 to 1.2 wt% (X=037 =+ 0.2 wt% TC), while TOC content
ranges from 0.1 to 1.1 wt% (X=0.4 + 0.2 wt% TOC). TOC and TC show a
high positive correlation R?= 0.93, Pearson’s r = 0.97, Fig. 8a), with a
slope of about 0.93. This confirms that the amount of inorganic carbon,
e.g. in a carbonate phase, is very low, calculated at between 0 and 0.15
wt%. Therefore, almost all the C in the Angers-Traveusot Formation is
organic in origin.

In the >_REE + Y versus TC graph, most samples plot along a positive
slope suggesting a possible evolution of REE + Y with increasing organic
carbon (Fig. 8b). The marked scattering along the y axis may be inter-
preted as pore fluid migration according to Rasmussen et al. (1998).
Although pore fluid migration does not seem to be a common process
(Fig. 8b), the Pont d’Aron and Saint Sulpice des Landes samples which
have been affected by K-metasomatism, are also preferentially affected
by pore fluid migration processes (Fig. 7a). With a mean of 0.37 wt% for
the TOC content, the HC potential is inferred to be poor despite some
moderately rich source samples, as shown by combining TOC and Sy
values (Fig. 8c). When a source rock matures, the amount of OM in the
source rock decreases in terms of both the TOC content and the amount
of reactive kerogen (Rock-Eval S2). The Tmax distribution in the Sy
versus TOC diagram, should define a general trend of maturity with the
highest temperatures corresponding to both low TOC and S, values.
However, the absence of any clear correlation (Fig. 8c) suggests that the
majority of samples have undergone alteration. In the pseudo-Van
Krevelen diagram (Fig. 8d), the samples form a cluster within the type
IV kerogen field. This reinforces the hypothesis that most samples have
been altered, probably by weathering and oxidation. Nevertheless, the
samples with a type III kerogen signature will be discussed below, in
section 5.2 (Fig. 8d).

4.4. Monazite occurrences and geochemistry

Although it is only an accessory mineral, monazite is visible to the
naked eye in the field in both the Angers-Traveusot and the upper part of
the Gres Armoricain formations (Fig. 9a, b). Because monazite is very
dense (d> 4.5 g/cm3), occurs as fairly large nodules (up to 1.5 mm) and
is resistant to weathering processes, these heavy mineral grains can be
concentrated in placer deposits (Fig. 9¢c). Exploration a few decades ago,
using Banka drilling equipment, revealed heterogeneous concentrations
in some placer deposits (Donnot et al., 1973; Guigues and Sapinart,
1967). The richest sites are all located along the Glévardais — Pont des
Iles anticline axis (Fig. 4b and 9c). There the BRGM found two main
NGM deposits here, along the Aron and Gras rivers, which contained
1150 t and 800 t of grey monazite respectively. These alluvial deposits
are primarily composed of clay, silt, sand and gravel beds. Heavy
monazite grains mostly consist of grey nodules that occur in a basal
gravel unit over a thickness in the range of 1 m and a total area extent of
20 km long for 35 m width. The concentration ranged between 400 and
over 5000 g of monazite per m® of gravel (ie. ~ 160 to >2000 g/t,
Fig. 9¢) at different exploration sites, with an average grade of about
2000 g of monazite per m® of gravel (i.e. ~ 800 g/t). The BRGM pro-
duced 78 t of monazite concentrate from 1967 to 1968, operating La
Monnerie placer deposit on a pre-industrial pilot scale (Fig. 9d, e).
Although these exploration activities were focused on placers, they also
provided some data on the average monazite content in shales (Fig. 9c).
These works (Guigues and Sapinart 1967) also highlighted that
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monazite-rich beds are correlated with fossiliferous and organic-rich
layers (Fig. 8b, 9c and 10a). In addition, the monazite distribution
within the sedimentary rocks is not equal across the whole area (Fig. 9c).
The exploration works showed that the richest sites are located in the
lower third of the Angers-Traveusot Formation, particularly along the
Glévardais — Pont des Iles anticline axis, where the average monazite
content is about 200 g/t (i.e. > 130 g of REE per t of shale; Lulzac, 1969).
This explains the exceptional enrichment of alluvial placers in this area.
It should be noted, however, that we find different values to those of
prospectors, with a median value for our REE + Y concentrations in
shales close to 340 g/t, i.e. roughly equivalent to 500 g of equivalent
monazite per t of shales. These calculations of monazite per ton of shale
are based on the assumption that all REE + Y occur in the monazite and
that there is a 100% recovery rate during crushing, sifting and heavy
mineral separation, regardless of grain size. Given that the prospecting
activities recovered a grain size fraction of between 0.2 and 1.5 mm, the
smaller-sized grains we identified would reduce the recovery rate, even
assuming that monazite is the only REE-bearing phase.

Study of thin sections from rock samples, as well as polished sections
of monazite concentrate from La Monnerie placer reveals three different
generations of monazite, all observed in the Angers-Traveusot and the
upper part of the Grés Armoricain formations. Detailed information on
monazite chemistry can be found in Supplementary Appendixes 5 and 6.

some spores and p—
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Type 1 consists of typical NGM that forms elongate shapes, from sub-
microscopic size to ca. 1.5 mm. Such nodules are by far the most
abundant REE-phase in the shales and occur only in anchizonal rocks. It
means they are found in both the low-grade anchizone of the Angers-
Traveusot Formation where they are widespread, and in the underly-
ing rocks of the high-grade anchizone such as at Le Pont d’Aron. Elon-
gate nodules tend to develop parallel to the bedding (Fig. 10a and b).
The nodules exhibit a porous structure and display a distinctive texture
characterised by abundant inclusions of various minerals. These in-
clusions are made of phyllosilicates, quartz, feldspar, rutile, graphite
and iron oxides, with sizes reaching ca. 15 pm in size (Fig. 10b), and
constitute up to about 20% of the nodule’s composition. Raman analysis
of several nodules failed to reveal the presence of rhabdophane (hex-
agonal [LREE]PO4-H20), as previously suggested by Donnot et al
(1973). Some nodules have developed a chlorite-rich mantle that can
form symmetric tails as described in exploration works. Type 1 NGM has
a heterogeneous chemical composition, which can be used to distinguish
end-member compositions. Grains over 250 pm in size show typical
core-rim chemical zoning (Fig. 10c), whereas smaller grains («200 um)
have no chemical zoning; and instead show a complex assemblage of
sub-micrometric monazite proto-aggregates (Fig. 10f-g). Nodule cores
typically have either a monazite-(Nd) to monazite-(Ce) composition
whereas all rims have a monazite-(Ce) composition (Fig. 11a). The LREE
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Fig. 9. Outcrop conditions of grey monazite nodule occurrences a) La Bréharais quarry, and b) a large grey monazite nodular grain. Note that this occurrence is
located along the fertile northern limb of the Glévardais — Pont des Iles anticline axis. The bedding strikes roughly E-W and dips to the north at approximately 40°. c)
Modelling of the distribution of the monazite nodule content in g/t within the Middle Ordovician Angers-Traveusot Formation. This is an interpolation of previous
exploration data (Lulzac, 1969) with our potential-field interpolation method in which the shale formation has been separated into 18 stratigraphic sequences.
Monazite concentration in alluvial placers noted in previous exploration works (Guigues and Sapinart, 1967) is divided into 5 different grades and expressed in g/m3
of gravel. d) Remaining monazite-rich sands from La Monnerie placer deposit operated between 1967 and 1968. e) Nodular grey monazite concentrate obtained from
monazite-rich sands from La Monnerie.
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contents of the largest nodule cores are highly variable in terms of Nd,
Ce and La (15.7 to 23 wt% with X = 19.4 wt%; 15.8 to 24.5 wt% with X
= 20.8 wt% and 3 to 7.6 wt% with X = 5.1 wt% respectively), and less
for Pr (3.1 to 4.3 wt% with X = 3.8 wt% Pr, Fig. 11a-d). Relatively high
values of Sm (up to 9 wt% with X = 5.2 wt% Sm) with moderate Gd (up
to 4.2 wt% with X = 2.5 wt% Gd) and Eu (up to 1.1 wt% with X = 0.7 wt
% Eu) is also a characteristic feature of the type 1 NGM cores (Fig. 11e).
Note that smaller grains are similar in composition to certain cores,
being enriched in Pr and having a typical monazite-(Nd to Ce) core
composition (Supplementary Appendix 5). Because of these strong
textural and compositional similarities, we assume that both textural
assemblages underwent the same paragenesis. We have thus incorpo-
rated the small monazite grains into type 1 NGM cores in the figures.
This raises questions as to the growth model of grey monazite nodules.
We suggest an aggregation model favouring high saturation and nucle-
ation rates rather than the growth of a nanocrystal, as reported for
framboidal pyrite (Wilkin and Barnes, 1997). Note that both Ce and La
contents increase toward monazite-(Ce) rims (Fig. 11a and b) whereas
Nd content shows a negative correlation (Fig. 11a and d). The LREE
contents of the nodule rims show marked enrichment in Ce and La and a
Nd depletion (22.8 to 29.6 wt% with X = 26.4 wt%; 5.6 to 18.9 wt%
with X = 10.4 wt% and 18.7 to 8 wt% with X = 13.4 wt% respectively,
Fig. 11a-b, d). The Pr content also varies with the core-rim chemical
zoning as it increases gradually in core grains, whereas it decreases
gradually in rims (Fig. 11c). The Pr content (Fig. 11c) suggests that core
compositions are positively correlated with La and Ce, whereas they are
negatively correlated in the rims. The Sm, Gd and Eu values are low in
grain rims (up to 3.9 wt% with X = 2.3 wt% Sm; up to 2 wt% with X =
1.2 wt% Gd, and up to 0.3 wt% with X = 0.3 wt% Eu, Fig. 11e). The Y
content is variable but generally low (up to 0.7 wt% with X = 0.4 wt% Y)
and no clear trend has been observed with respect to core — rim chemical
zoning. The Th and U contents are also low, ranging from a few hundred
or tens of ppm to 1.5 wt% and 600 ppm respectively (Fig. 11f). Again, no
clear distribution has been observed with respect to core — rim chemical
zoning. Note that EPMA mapping reveals a significant clustering of Th in
the grain rims (Fig. 10c).

By contrast, type 2 monazite is rare and occurs in the high-grade
anchizone. It consists of anhedral grains, with rare inclusions and is
characterised by replacement-recrystallization textures of type 1 NGM
(Fig. 12a, b), possibly due to dissolution. Grains typically have a
monazite-(Ce) composition (Fig. 11a), and show the highest enriche-
ment in both Ce and La (23.7 to 29.2 wt% and 9.2 to 22.1 wt%
respectively), while being depleted in Nd and Pr (7.6 to 13.4 wt% and
2.3 to 3.7 wt% respectively, Fig. 11a-d). They also have the lowest
concentration of MREE, with a low Sm content (up to 1.8 wt%), and
almost negligible Gd and Eu contents (up to 1.1 and 0.4 wt% respec-
tively, Fig. 11e). The U and Th contents are also low, with maximum at
480 and 5900 ppm respectively (Fig. 11f). This type 2 monazite-(Ce)
paragenesis may be related to chlorite.

Type 3 monazite is common (Fig. 12c-f) and is always found in as-
sociation with chlorite. It occurs in the low-grade anchizone domain,
and also very rarely in the high-grade diagenesis at Hotel Ferré, where
grains are associated with xenotime. (Fig. 5¢). Type 3 monazite grains
are associated with veinlets/fractures (<1mm) that may develop a
discrete halo of chlorite (Fig. 12c, e, f), occurring either within the
veinlets or in the alteration halo. Xenotime, on the other hand, was only
observed in the alteration halo. The veinlets themselves are composed of
a quartz and/or chlorite assemblage. The type 3 monazite grains have a
heterogeneous chemical composition (Fig. 11) that ranges from the
monazite-(Nd)-(Ce) boundary to clearly monazite-(Ce). Grains within
the veins tend to have a marked monazite-(Ce) composition (Fig. 11a),
while those in the halo are similar to type 1 NGM cores, with enrichment
in Pr, Nd, Sm or Gd, for instance, but La depletion (Fig. 11b-e). Note that
monazite found in fractures has lower U and Th values (up to 204 and
4082 ppm with X = 119 and 2014 ppm respectively) than those in
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chlorite haloes (up to 225 and 4790 ppm with X = 169 and 3318 ppm
respectively, Fig. 11f). Type 3 monazite exhibits the highest degree of
variability in Y content, ranging from levels below detection (or 0) to
approximately 0.4 wt% with X = 0.15 wt% Y. This variability probably
arises from its unfavourable partition coefficient compared to xenotime.
When in equilibrium with type 3 monazite, xenotime can contain as
much as 32 wt% Y. It is typically depleted in LREE and enriched in
MREE.

Monazite chemical zoning is well-illustrated in the UCC-normalized
REE patterns (Fig. 13). The REE pattern of type 1 NGM cores mimics a
right-skewed bell-shape with a maximum at Sm (Fig. 13a). Type 1 NGM
rims are enriched in La and Ce and depleted in Pr to Dy with respect to
type 1 NGM cores. Note that rim patterns have a relatively flat spectrum
for LREE and MREE with either a negative Sm anomaly or positive Eu
anomaly. Type 2 monazite-(Ce) shows a pattern with a decreasing
content from La to Gd, and a slightly positive Eu anomaly (Fig. 13b).
Like type 2 monazite-(Ce), type 3 monazite-(Ce) found in veinlets
mimics the type 1 NGM rim pattern (Fig. 13a-c), while type 3 monazite-
(Nd-Ce) found in chlorite haloes has patterns that lie between type 1
NGM rims and cores (Fig. 13a, ¢). The coupling of the geochemical twins
Y and Ho (termed CHARAC; CHArge- and RAdius-Controlled) for all
monazite types suggests a non-CHARAC behaviour probably due to a
specific chemical complexation with a wide variety of ligands in the
exogeneous medium and/or to their adsorption on mineral surfaces
(Bau, 1996).

4.5. Monagzite U/Pb geochronology and U, Th, Pb content of monazites

Although the in-situ U-Pb monazite dating method is highly sensi-
tive, age determination of NGM was challenging because of the combi-
nation of abundant host-rock inclusions and compositions with low U
content and significant non-radiogenic Pb content. In order to increase
the number of usable analyses, we chose to lower the detection limits by
increasing the beam size from 10 to 15 pm, thus enlarging the sample
volume but reducing the number of suitable areas that contained a low
percentage of mineral inclusions and porous defects. Analyses with the
lowest U (and radiogenic Pb contents) below detection limits, were not
carried through our data processing and only those above were kept for
age determinations. Seventy-nine analyses were performed on four large
monazite grains (L2G7, L3G7, L4G9 and L5G3) from the La Monnerie
heavy concentrate (Supplementary Appendix 6) mounted on a polished
section. Grain sizes ranged between 600 and 1500 pm, with typical type
1 NGM core and rim zoning and porous / inclusion-rich texture
(Fig. 12a, b). Grains L2G7 and L5G3 also show replacement features of
type 1 monazite-(Nd) by type 2 monazite-(Ce), the latter being almost
inclusion-free (Fig. 12a, b). Twenty-two analyses were carried out on
monazite grains from two polished thin sections (GF11-13 and GF12-
04). Grains in GF12-04 have type 1 NGM features and range in size
from 200 to 400 um. Monazite from GF11-03 consists mainly of type 3
monazite-(Ce) filling fractures (Fig. 12c, d). No dating was completed on
xenotime grains because of their small size and scarcity.

The combined measured U-Pb data are plotted in a Tera-Wasserburg
diagram (Fig. 14). The analyses are mostly discordant reflecting the
incorporation of various amounts of common-Pb, but form a clear
alignment (Fig. 14). The Th, U and Pb contents are low in all monazite
types. Th concentration is the most heterogeneous and ranges from 293
to 9252 ppm (X=1861 ppm). These data are consistent with the limited
values obtained by EPMA. The U and Pb contents are similar and posi-
tively correlated, varying from 17.8 to 479 ppm (X=127 ppm) for U and
19.4 to 1042 (X=1571 ppm) for Pb. Based on textures and chemical
composition, three U-Pb age groups can be identified.

i) Age group 1 was obtained for both cores and rims of type 1
monazite, which show variable Th/U ratios of between 1.6 and
79.6 (average value of 14.4). Core and rim ellipses are well
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Fig. 10. Type 1 nodular grey monazite and small monazite grain geochemistry. a) Backscattered electron image of a thin section of a monazite nodule within a
fossiliferous and TOC-rich shale. Sample GF12-06 from Branfeul. b) Backscattered electron image of a large monazite nodule. Note the thin bedding parallel to the
grain and the porous texture. Sample GF12-05 from Branfeul. c¢) Electron probe micro analyser (EPMA) mapping of monazite nodule for Ce, Nd, Sm, Gd, Eu, Th and P.
Sample GF12-05 from Branfeul. Backscattered electron images of small monazite grains from Branfeul d) sample GF12-05 and e) sample GF12-06, f and g) Cherhal

(sample GF11-04).
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Fig. 11. Diagrams showing variations in La, Ce, Pr, Nd, Sm, Gd, Pb, Th and U contents in monazite grains. a) Monazite end-member composition with respect to Nd
and Ce content. Note that elements are in atoms per formula unit (apfu).Variation diagrams depicting the amount of b) La, c) Pr, d) Nd, e) Gd with respect to Sm.
Legend is given in c¢ and element concentrations are in ppm. f) Box plot graph illustrating the Pb, Th and U contents for all monazite types. Because there is no

difference between type 1 monazite cores and rims, the data were merged.

aligned and yield an age of 403.6 & 2.9 Ma (MSWD' = 1.0; p(y?)
= 0.5, Fig. 14a).

ii) Age group 2 consists of replacement type 2 monazite-(Ce). Th/U
ratios are also heterogeneous with an average value of 10.7, and
min. and max. values of 0.6 and 59.6 respectively. The 19 ana-
lyses give an age of 382.6 + 6.9 Ma (MSWD = 1.6, p(XZ) =0.1,
Fig. 14b).

iii) Age group 3 consists of type 3 monazite-(Ce) observed in veins
and fractures. Th/U ratios are low with an average value of 10.9,
similar to type 2, and min. and max. values of 3.5 and 20.6
respectively. Intersection of the regression line with the Con-
cordia gives an age of 349.6 + 6.0 Ma (MSWD = 1.1, p(y?) = 0.4,
Fig. 14c).

1 MSWD: mean square of weighted deviation.
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5. Discussion

5.1. Timing of the low-grade metamorphic event: A pre-Variscan
geological setting

The KI variations show that sedimentary rocks from the Grand
Fougeray area underwent very low-grade metamorphic conditions
ranging from high-grade diagenesis and low-grade anchizone in the
Angers-Traveusot Formation to the high-grade anchizone in the upper
part of the Gres Armoricain Formation. Epizone conditions are assumed
to have occurred in the underlying Lower Ordovician and basement
formations according to Le Corre (1975). Clays are dominated by
smectite in the diagenesis domain, and illite in the anchizone. Note that,
in the Grand Fougeray area, the conditions are generally consistent with
those proposed by Le Corre (1975). He suggested a NO8O°E trending
regional metamorphic thermal anomaly possibly related to a hidden
plutonic intrusion. According to Gapais and Le Corre (1980), and
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Fig. 12. Monazite geochemistry. a) Backscattered electron and b) cathodoluminescence imaging of a heavy grey monazite grain from alluvial placers showing type 1
monazite-(Nd) core and monazite-(Ce) rim compositions, as well as narrow re-entrant “corrosion” features filled with type 2 monazite-(Ce) and chlorite. Note the
porous texture. The dark grey assemblage that rims the nodule corresponds to the remnant quartz-clay mineral + chlorite matrix from the shale host-rock. Grain
L5G3 in polished section, same scale. ¢) Plane polarized light microscopy of vein/fracture discordant to the bedding and, d) filled by monazite-(Ce). Backscattered
electron image, sample GF11-13 from Gras Richomme. e) Backscattered secondary electron image of a small monazite-(Ce) grain within chlorite sheets. Sample
GF12-13 from Gras Richomme. f) Backscattered secondary electron image of a thin section depicting monazite, xenotime and chlorite paragenesis. Sample GF11-08

from Hotel Ferré.

Gumiaux et al. (2004), the bedding and cleavage define an upright fold
system with ca. N110°E-trending fold axis. No clear correlation can be
made between the metamorphic gradient distribution and the distance
to the northern branch of the South Armorican Shear Zone, i.e. there is
no clear increase in metamorphic gradient toward this major shear-zone.
Similarly, no correlation has been made between the metamorphic
gradient distribution and the presence of a granite body at depth
including along the NO8O°E trending direction. Based on the 2D
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modelling of the folding in the Angers-Traveusot Formation using the
potential-field interpolation method and its intersection with a flat plane
(giving a difference in height between the highest and lowest point of
max. 50 m, Fig. 5c), we show that metamorphic isograds follow the
stratigraphic sequence and are folded too. The Angers-Traveusot For-
mation thus reached its peak metamorphism prior to the Variscan
folding event, possibly during burial of the basin sequences.

KI can be used to approximate temperature ranges for metamorphic
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EPMA data.

conditions (Frey, 1987; Ferreiro Mahlmann, 2001; Merriman and Frey,
1999; Potel et al., 2006, Zhu et al., 2016). The temperature is approxi-
mately 215 °C for the high-grade diagenesis / low-grade anchizone
boundary, 250 °C for mid-anchizone, and above 300 °C for the high-
grade anchizone / epizone transition (Fig. 5a). From bottom to top,
the Lower Ordovician sedimentary rocks (i.e. the Pont-Réan and Grés
Armoricain formations) that occur in the Grand Fougeray area under-
went epizone to upper anchizone metamorphic conditions (this study
and Le Corre, 1975). The average temperature recorded in the upper
part of the Gres Armoricain Formation is 264 + 16 °C at Le Pont d’Aron
(calculated from Zhu et al. (2016) equation). The overlying Angers-
Traveusot Formation was affected by lower metamorphic grades, with
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Fig. 14. U-Pb analyses for monazite grains. Tera & Wasserburg (1972) Con-
cordia age is calculated using the concordant data. Samples that lie off the
concordia line are aligned along discordia lines and form isochrons for: a) type
1 nodular grey monazite-(Nd / Ce) cores and rim overgrowths, b) type 2
monazite-(Ce) displaying recrystallization-replacement textures on type 1
nodular grey monazite, and c) type 3 monazite-(Ce) in veins. MSWD, mean
square of weighted deviation; p(y2) mean Pearson’s chi-squared test.

the lower one-third characterised by lower anchizone metamorphism
(temperatures between ca. 215 °C and 250 °C, X = 227 + 7 °C), and the
upper two-thirds by high-grade diagenesis (temperatures lower than ca.
215 °C, X = 170 £ 23 °C). The high-grade anchizone boundary thus
roughly coincides with the contact between the upper part of the Lower
Ordovician Gres Armoricain and the Middle Ordovician Angers-
Traveusot formations (Fig. 5¢).
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5.2. Diagenetic evolution and processes for nodular grey monagzite
formation

In the Grand Fougeray area, the HC content of the Angers-Traveusot
Formation is quite low (Fig. 8c), and in the pseudo-Van Krevelen dia-
gram (Fig. 8d), samples cluster within the type IV and more rarely type
III kerogen fields. Because vascular plants are considered to have orig-
inated and adaptively radiated only from the Silurian Period (Gensel
2008), a type III origin for the OM is precluded. This strongly reinforces
the hypothesis that the OM has undergone periods of severe alteration
and oxidation. It is reasonable to assume the original OM was at least
fairly abundant, marine (i.e. phytoplankton) and terrestrial (e.g. spores)
in origin. We therefore suggest that type II kerogen underwent sub-
stantial oxidation during and after the thermal maturation as suggested
by the oxidation trends with a negative slope (Fig. 8d). Samples with a
low Oxygen Index («50 mg CO2/g Corg) can be interpreted as the least
altered. The Angers-Traveusot Formation is inferred to be composed of
over-mature sediments that had been oxidised just prior to, as well as
after reaching the gas generation stage (Fig. 8d). According to Pepper
and Corvi (1995), such a gas generation window would be effective in
the high-grade diagenesis domain at temperatures lower than 220 °C for
dominantly marine organo-facies. Note that such a temperature range
roughly coincides with the transition from the diagenesis domain to the
anchizone.

In siliciclastic sedimentary rocks, K occurs mainly in K-feldspar, mica
and clay minerals both of detrital and diagenetic origin. The distribution
of Rb, and K in grains of different sizes depends on the maturity of the
sediment: in immature sediments both elements are equally distributed
throughout all grain sizes, whereas in mature sediments, they are carried
predominantly by clay minerals in the finest fraction (Matys Grygar
et al., 2019; van de Kamp, 2016; von Eynatten et al., 2016). In Fig. 7a,
most samples with low K/Al (0.08-0.32) and K/Rb (140-190) ratios
belong to the diagenetic and low-grade anchizone domains that plot
within the Holocene and Pleistocene mud fields. According to Van de
Kamp (2016), this suggests that the shales have been maintained and
undergone evolution under the effects of isochemical diagenetic pro-
cesses, thus limiting K-metasomatism. Evolution of rock sample com-
positions may lead to higher K/Al (0.26-0.40) and K/Rb (170-220)
ratios (Fig. 7a), such as for some samples of the high-grade anchizone (i.
e. from the upper part of the silty-clay Gres Armoricain Formation), and
a few localities belonging to the low-grade anchizone and high-grade
diagenesis. These sedimentary rocks may have been altered and sub-
ject to K-metasomatism in an open system. The main K-bearing phases in
all samples are clays, particularly illite. According to Vidal and Dubacq
(2009), clay dehydration processes involve large and sudden volume
changes related to water release and the loss of HyO layers, and occur in
successive incremental steps during the burial of sediments. The greatest
loss (~65 mol %) of water occurs between 40 and 220 °C during which
three breakdown reactions have been identified by modelling. The two
first steps are assumed to take place under early diagenetic conditions
(<120 °C). The third occurs at the boundary between the diagenetic
domain and the anchizone, at around 200-220 °C, and results in the
release of 26 mol % water. Dehydration reactions continue at higher
temperatures although water release is much lower. We may thus as-
sume the high-grade diagenesis to low-grade anchizone diagenetic
processes imply in-source fluids released in response to clay dehydration
reactions.

While the overall concept of NGM growth resulting from burial,
increased temperature and fluid generation is reasonably well accepted
(e.g. Burnotte et al., 1989; Milodowski and Zalasiewicz, 1991; Ras-
mussen and Muhling, 2007), the sources of REE and P, and the reactions
which might produce authigenic NGM under conditions of very low-
grade metamorphism are not clearly understood. They may be related
to: i) desorption of REE adsorbed on the surface of clay minerals during
their diagenetic transformations (Burnotte et al., 1989; Milodowski and
Zalasiewicz, 1991; Rosenblum and Mosier, 1983); ii) desorption of REE
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and P during early diagenetic reduction of Fe oxides/hydroxides (Lev
etal., 1998; Marz et al., 2008; Yang et al., 2017); iii) degradation of OM
(REE sorbed onto the surface coatings or incorporated into biogenic
material) in response to early burial compaction (Evans and Zalasiewicz,
1996; Lev et al., 1998; Marz et al., 2008; Yang et al., 2017); and iv)
dissolution of detrital REE-minerals including monazite as has been
described for greenschist-facies metasediments (Janots et al., 2008;
Rasmussen and Muhling, 2007). It should be noted that clays in silici-
clastic fractions preferentially sorb HREE (including Y) over LREE
(Coppin et al., 2002). Similarly, sediments entering the gas window are
assumed to release more HREE from OM (Yang et al., 2017). Hence, the
ongoing dehydration processes affecting clays and the OM maturation
are assumed to release both water and the refractory HREE + Y into
micropores at the end of diagenesis during the methanogenesis stage.

We do not find any evidence that clearly supports one hypothesis
more than another. In fact, NGM probably form in response to these
different competing influences. Note that despite the low OM content in
the Angers-Traveusot Formation (0.1 to 1.1 wt% TOC; X = 0.4 + 0.2 wt
%), both the REE + Y and TOC contents present interesting correlations
(Fig. 8b, 9¢), and the NGM occurrences do not preclude OM having been
an important REE (and P) source. Indeed, these sedimentary rocks
generally have a high REE + Y content (Fig. 8b) with average concen-
tration close to 340 g/t, which increases slightly, together with the OM
content, up to 450 g/t in the absence of alteration, i.e. twice that of NASC
and ES (McLennan, 1989). This is reinforced by the fact that both TOC
and H (S; parameter) decrease during sediment burial proportionately
to the amount of reactive kerogen that is consumed (Fig. 8d). As thermal
processes control OM maturation, clay transformation and fluid gener-
ation, NGM distribution may be controlled by burial as well as being
dependent on the metamorphic isograd distribution.

In terms of the thermomechanical properties of the Angers-Traveusot
Formation, shales are known to have very low permeability due to their
very fine grain size, which prevents or strongly limits both fluid
migration and infiltration. This property may explain the rather constant
YREE + Y and TOC contents (Fig. 7e, 8b) and the isochemical evolution
of the majority of the formation (Fig. 7a). This means that REE, Y and P
released during the burial of the sediments have undergone limited or no
migration within the shale formation. This also raises the question as to
whether the now-oxidised Angers-Traveusot Formation, was in fact a
former oil- or gas-shale. We can assume that NGM nucleation was
enhanced by desorption and dehydration steps that led to a progressive
enrichment in REE and P in the shale’s pore space. Alteration may have
occured locally, which could be explained by fracturing and upward
fluid migration. Where the Angers-Traveusot Formation is altered and
has undergone fluid migration processes (Fig. 7a), the REE + Y content is
heterogeneous and ranges from 175 to 1200 g/t (Fig. 8b) particularly in
the upper anchizone part. It should be noted that metasomatism is
essentially confined to the rocks belonging to the upper part of the Gres
Armoricain Formation, which mostly consist of higher permeability
sandstone and silty-clay formation.

5.3. Origins and timing of monagzite formation

All the monazite occurrences are situated in the anchizone domain,
with one exception for a type 3 monazite-xenotime assemblage, which
occurs in the high-grade diagenetic domain at Hotel Ferré. NGM is by far
the most abundant REE-phase in shales. Likewise, the source of heavy
NGM grains in streams must be derived from weathered and eroded
anchizonal shales, given that the diagenetic ones are almost devoid of
NGM.

Type 1 NGM consists of typical nodules with irregular to ovoid
elongate shapes up to 1.5 mm (Fig. 10). They are characterised by a
porous texture in which numerous small mineral inclusions occur such
as the ones observed in the surrounding shales. This textural evidence
precludes a detrital origin and suggests an authigenic origin (Donnot
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et al., 1973; Burnotte et al., 1989). Moreover, the lack of detrital cores
and altered detrital monazite means that the NGM cannot be derived
from fluid-assisted dissolution of detrital metamorphic monazite. Type 1
NGM grain zoning is complex and reveals a core enriched in MREE (and
Nd) and rims in LREE (mostly Ce and La). NGM grains have MREE-
enriched UCC-normalised patterns (Fig. 13a), although the grain cores
have higher MREE concentrations than the rims. Considering the low
permeability of the shale formation, NGM formation depends on both
REE and P evolution in the pore fluid during burial and on low-grade
diagenetic to very low-grade metamorphic conditions. Indeed, a bell-
shaped REE + Y pattern has been observed in diagenetic fluids, and
intensive P, LREE and MREE liberation into sedimentary pore waters,
and redistribution attributed to diagenetic processes has been described
for terrigenous sequences (Evans et al., 2002; Haley et al., 2004;
Johannesson and Zhou, 1999; Kim et al., 2012; Lev et al., 1998; Milo-
dowski and Zalasiewicz, 1991; Janots et al., 2008). The main controlling
factor for such processes is the redox conditions (Dabard and Loi, 2012;
Marz et al., 2008; Yang et al., 2017). The terrigenous Angers-Traveusot
Formation corresponds to an outer shelf depositional environment
(Henry, 1989) where anoxic conditions are quickly attained, preventing
extensive phosphogenesis (apatite crystallization; Dabard and Loi, 2012;
Jarvis, 1994). Under such oxygen-free conditions, OM maturation takes
place via reactive reduction of Fe-oxyhydroxides, a process that releases
both P and REE into pore fluids (Freslon et al., 2014; Haley et al., 2004;
Marz et al., 2008; Yang et al., 2017). Because compaction gradually
reduces sediment porosity during burial, pore fluids have increasing
difficulty migrating upward. We therefore assume that NGM likely
formed in response to the desorption and dehydration processes cited
above, leading to the progressive enrichment in REE and P in shale pore
waters, with MREE enrichments from OM, Fe-oxyhydroxides and clays.
When buried shales reach the high-grade diagenesis - anchizone tran-
sition, the ongoing release of REE + Y and P leads to monazite satura-
tion, in the absence of CaO which prevents apatite precipitation. Such
low Ca contents with values below 0.5 wt% CaO, are also typical for
schists containing authigenic monazite (Copjakovz’l et al., 2011).

The reason for the zoning observed in such low-T monazite is not
clear. Considering the chemical and thermodynamic features, Milo-
dowski and Zalasiewicz (1991) suggest REE speciation as organic and
bicarbonate complexes during burial, with increasing stability of these
complexes with increasing REE atomic number being responsible for
zoning in the monazite nodules. However, solution complexation re-
actions involving organic, and/or the most common inorganic (car-
bonate, phosphate, hydroxide) ligands, leading to the general increase in
solubility of REE from La to Lu in waters (Byrne and Lee, 1993; Lee and
Byrne, 1992, 1993; Sonke and Salters, 2006; Wood, 1990), cannot fully
explain the observed zoning pattern (core-rim increase in La and Ce
together with a decrease in Nd + MREE). Instead, Burnotte et al. (1989)
suggested that the zoning pattern could be explained by differences in
the solubility of the individual REE phosphates. REEPO4 solubility in
aqueous solutions is poorly understood and there are conflicting results.
Minimal solubility is observed for LREE between Ce and Sm; LaPOy4
solubility is substantially higher than neighbouring LREE, and for HREE
solubility increases with increasing atomic number (Liu and Byrne,
1997). While Pourret et al. (2007) further discuss the ability of organic
acids to preferentially complex MREE, Van Hoozen et al. (2020) use
thermodynamic calculations to suggest the Nd-(MREE)/Ce/La compo-
sitional changes record a gradual temperature increase during subse-
quent growth. Lazareva et al. (2018) focusses on a hydrated REE-
phosphate precursor to highlight the role of Eh—pH variations.

Hence, we suggest the precipitation of type 1 monazite cores (Nd- to
Ce-dominant compositions) may have occured in thermally mature
Middle Ordovician shales (late gas window, >210 °C), and under
reducing conditions from slightly acidic to near neutral fluids that fav-
oured MREE incorporation. Such conditions correspond to the diagen-
esis — anchizone transition. The REE source is driven by the competing
influences of the refractory organic (MREE to HREE), Fe-oxyhydroxides
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(P, Ce and MREE) and siliciclastic fractions (L to HREE). Type 1
monazite rims evolving toward Ce compositions are assumed to result
from ongoing REE fractionation in residual pore fluids and increasing
temperatures in the anchizone facies. Such a formation process occurred
around 405-400 Ma (403.6 + 2.9 Ma), a period that corresponds to the
anchizonal evolution of the shale of the Angers-Traveusot Formation.
The REE zoning (low Th, U, Y - HREE) observed in authigenic NGM from
the Angers-Traveusot Formation is described as typical of (very) low-
grade metamorphic conditions (Alipour-Asll et al., 2012; Burnotte
et al., 1989; Copjakova et al., 2011; Donnot et al., 1973; Evans and
Zalasiewicz, 1996; Evans et al., 2002; Halpin et al., 2014; Lev et al.,
1998; Milodowski and Zalasiewicz, 1991; Rasmussen and Muhling,
2009). We therefore assume that NGM appearance is a phenomenon that
occurs in response to increasing temperatures and is triggered at the
diagenesis - anchizone transition after passing through the gas-
generation window.

By contrast, type 2 and type 3 monazite-(Ce) grains may be anhedral
or sub-euhedral and mostly micrometric in size, except when filling
fractures. Type 2 monazite is distinctive in composition and its textural
features indicate that it postdates type 1 monazite; type 2 monazite-(Ce)
partially dissolves and replaces type 1 NGM (core and rim). Type 3
monazite shows mineral paragenesis and microtextures suggesting syn-
metamorphic monazite formation linked to deformation of basin sedi-
ments similar to that described in Wilby et al. (2007). Both type 2 and
type 3 monazite-(Ce) occurred late in the mineral paragenesis and are
also assumed to have formed in the anchizone. Type 2 replacement
monazite formed at ca. 390-375 Ma (382.6 + 6.9 Ma) whereas type 3
vein filling was formed later at ca. 355-345 Ma (349.6 + 6 Ma). Both
monazite types may correspond to an open-system REE + Y redistribu-
tion during regional deformation stages.

When looking at the Pr distribution, the Pr versus Sm plot (Fig. 11c)
highlights its singular behaviour during grain growth with respect to the
positive and negative slope trends, also shown in Fig. 15. The fraction-
ation of Pr or decoupling of Pr from Sm is difficult to explain here.. Based
on the results described above, we suggest that the core of type 1 NGM
crystallises at lower grade conditions than their rim overgrowths. For
instance, cores may crystallise in the low-grade anchizone, whereas rims
in the high-grade anchizone metamorphic conditions. If this assumption
is true, then Pr could be an excellent temperature proxy for delineating
low- to high-grade anchizone. Further studies could target its behaviour
to evaluate the possible processes and conditions that lead to NGM
nucleation.

In higher grade conditions, monazite grains evolve toward low Prycc
content and the highest Log(La/Sm)ycc ratios corresponding to meta-
morphic and magmatic monazites (Fig. 15a and b). Type 2 replacement
monazite with the highest Log(La/Sm)ycc ratio and Laycc values
(Fig. 15b), corresponds to higher metamorphic grades, thus raising the
question as to whether the temperature may have been raised locally (e.
g fluid circulation along faults and fractures).

5.4. Linking nodular grey monagzite formation to geodynamic setting?

During the Cambro-Ordovician, the Armorican Massif was located
along the northern margin of the Gondwana continent, in the Cadomian
domain. This domain was composed of several terranes (e.g. Armorica,
Avalonia) that drifted northward at the expense of the Iapetus Ocean in
response to general slab roll-back dynamics (e.g. Nance et al., 2012).
Many rifts developed, some of which aborted while others led to oceans
opening up such as the Rheic Ocean which separated Avalonia from
Armorica and the Medio-European Ocean (aka South Armorican —
Massif Central Ocean) which developed between the North/Central
Armorican domain (Armorica) and the South Armorican domain
(Gondwana, Diez Montes et al., 2010; Nance et al., 2012; Vanderhaeghe
et al., 2020). The rocks of interest in this study lie in the Central
Armorican domain, where from the Cambrian to Lower Ordovician, syn-
rift sequences combine suites of magmatic rocks with the deposition of
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Fig. 15. a) PrUCC vs Log(La/Sm)UCC and b) LaUCC vs Log(La/Sm)UCC for the different generations of monazite showing REE fractionation during grain growth and
overgrowths. Green and orange arrows suggest the compositional evolution for low-grade to high-grade anchizone metamorphic conditions respectively. The red
arrow which may extend beyond the graph’s limits, represents the compositional trend of high-grade anchizone to higher metamorphic conditions. UCC values are
from McLennan (2001).

the “Initial Red Beds” (Pont-Réan Formation), then the Grés Armoricain stream water to the oceans, 90% of REE are removed from the solution
Formation (Armorican sandstone, Fig. 16a). The post-rift sequences by flocculation of colloidal materials that become trapped and sedi-
probably began with the deposition of the silty-clay intercalations of the mented onto the sea-floor (Fig. 16b’). Pourret and Tuduri (2017) thus
upper part of the Gres Armoricain Formation and continued during the consider continental shelves to be fertile sources of REE, and shelf sed-
Middle Ordovician with the Angers-Traveusot Formation that was iments are compared to some metalliferous deep sea sediments (Kato
emplaced in an outer shelf environment dominated by black shale de- et al., 2011).
posits (Ballevre et al., 2012, Fig. 16b). In such an environment, the The NGM precipitation began ca. 55 My after the deposition of the
seawater REE-pattern reflects a combination of both intra-oceanic and whole Angers-Traveusot sedimentary sequence, during the Lower
fluvial processes (Pourret and Tuduri, 2017). During the transfer of Devonian (Emsian), and ca. 80 My after a marked increase in mantle
Central ican domain Gondwana Fig. 16. Conceptual model of the plate-
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heat flow that initiated rifting. Indeed, we suggest that the NGM for-
mation was linked to late evolution of the basin infilling prior to the
Variscan collision and was especially dependent on the thermal evolu-
tion of the upper crust, with REE remobilisation developing in response
to regional deformation and fluid circulation (forming type-2 replace-
ment or type-3 monazite in late fractures).

In our model (Fig. 16), the Cambro-Ordovician rifting accommo-
dated by a marked asthenospheric upwelling inducing a large heat flux
at the base of the crust, controlled the thermal evolution of the Ordo-
vician to Devonian sediments, the OM maturation, and MREE, P and
water release. Indeed, our observations indicate that in the Grand-
Fougeray area, the Angers-Traveusot Formation reached its maximum
temperature at the end of the post-rift period, ca. 80 My after the onset of
the rifting: a period and related processes that created an environment
conducive to NGM precipitation at the boundary between high-grade
diagenetic to low-grade anchizone conditions. Numerical simulations
have already described such temperature peaks, strongly post-dating the
syn-rift sedimentary infill and close to the surface (e.g. Saspiturry et al.,
2020). In fact, these authors explain that at the time of rifting, the in-
crease in mantle heat flow only warms the lower part of the crust, while
the coexisting sedimentation does not experience this effect. These
sediments are heated later in response to the progressive but slow
migration of the advective heat flow through the crust, i.e. between 60
and 100 My after the initial thermal pulse. Our palaeo-temperature es-
timations from KI values make it possible to evaluate the geothermal
gradient in the basin prior to the Variscan orogeny (Fig. 16¢’) in the
Grand Fougeray area. The Angers-Traveusot Formation is assumed to
have been buried at shallow depth to a minimum of 1.5 km excluding the
seawater column. Based on the palaeo-temperature estimations, an
abnormally high geothermal gradient would be required (ca. 100 °C/km
in a lithostatic regime). For instance, Saspiturry et al. (2020) propose a
temperature gradient not exceeding 60 °C/km in their model. This raises
questions as to the incomplete nature of the Devonian sedimentary se-
quences and suggests possible décollements in these formations as pre-
viously suggested by Ballevre et al, (2013). The whole Ordovician to
Devonian sedimentary sequence might have been thicker than previ-
ously supposed. Hence, we assume that around 410-400 Ma, the high-
permeability and conductivity of both the deformed Neoproterozoic
formations and the Lower Ordovician sandstone favoured heat advec-
tion rather than diffusion; whereas the shales from the Angers-Traveusot
and the upper part of the Gres Armoricain formations were of lower
permeability and conductivity which limited the thermal diffusion, thus
explaining the large temperature range between the bottom and the top
of the sedimentary sequence (Fig. 5a).

The U/Pb dates (Fig. 14) recorded by the different monazite gener-
ations also reveal a long-lasting process of crystallisation, dissolution
and recrystallisation that initiated during the early Devonian and
continued up to the onset of the Carboniferous. Around 380 Ma
(Fig. 16d), the closure of the Medio-European Ocean is explained by its
northward subduction and the progressive accretion of small allochth-
onous terranes (oceanic units and outer margins of Gondwana) leading
to the earliest phase of folding in the Central Armorican Domain of in-
terest here. Such a setting may be consistent with long term heat flow
above the continental subduction panel, probably maintained by the
subduction zone and possible slab roll-back. Type 2 replacement
monazite developed ca. 385-375 My ago around the transition from the
middle to late Devonian (Givetian / Frasnian), a period that corresponds
to the early Variscan deformation stage (folding, cleavage, faulting)
which probably increased rock permeability and favoured fluid circu-
lation and veining in the lower part of the Middle Ordovician Angers-
Traveusot Formation as well as oxidation of the OM. Fluid circulation
from mixed sources may also explain the replacement process. The
metamorphic conditions also correspond to the anchizone domain,
although some very high Log(La/Sm)ycc and low Prycc may suggest that
epizone conditions prevailed locally. Note that Tuduri et al. (2014)
provided a U/Pb ID-TIMS age of 384 + 1.6 Ma for a postulated type 1
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nodular monazite grain from La Monnerie concentrate. We reinterpret
this finding in this study and heavy grains are now considered to be type
2 monazite replacements.

Later stages correspond to the main exhumation of the subducted
Gondwana crust, nappe stacking south of the Central Armorican Domain
at ca. 360-350 Ma (Fig. 16e) and possibly the partial exhumation of the
Angers-Traveusot Formation due to folding. Overall, the Central
Armorican Domain remained unscathed by major Variscan deformation
during this period, but this does not exclude the possibility of high heat
flow, fluid circulation and monazite deposition (Gloaguen et al., 2007;
Pochon et al., 2018; Tartese et al., 2015). Consequently, late type 3
monazite is related to veining ca. 350 My ago during the Mississipian
(Tournaisian).

NGM also formed in the central Welsh Basin during the early
Devonian (417 + 11 Ma U/Pb isotope dilution / 419 + 14 Ma, SHRIMP
Th/Pb age, Evans & Zalasiewicz, 1996; Evans et al., 2002 respectively).
This age has also been interpreted as being related to diagenetic pro-
cesses and compactional dewatering associated with the rocks passing
though the smectite—illite transition during HC expulsion. This period
coincides with an early phase of convergence in the southern part of
Avalonia, characterised by northward subduction, the maintenance of
an inherited thermal anomaly, linked to the opening of the Rheic Ocean
80 My earlier (Nance et al., 2012; Vanderhaeghe et al., 2020).

6. Concluding remarks

In the Grand-Fougeray area, the Middle Ordovician Angers-
Traveusot Formation reached peak metamorphism in the low-grade
anchizone facies prior to the Variscan folding event. Nodular grey
monazite formed during the early Devonian ca. 405 to 400 Ma. It can be
divided into -Nd and -Ce endmembers with marked MREE-enrichment.
It formed in response to processes initiated during diagenenesis and
continued to low-grade anchizone metamorphic conditions by a series of
diagenetic processes controlled by different competing influences such
as OM maturation, Fe oxide/hydroxide reduction, clay transformation,
and fluid migration. Grains are assumed to be stable in the anchizone
metamorphic conditions from ca. 215 °C to 300 °C and destabilized in
the epizone domain. Later stages of monazite formation are related to
compressional deformation that occurred from 385 to 350 Ma and
consisted of monazite-Ce precipitation in the anchimetamorphic domain
as well. Therefore the geodynamic setting had a strong influence on
nodular grey monazite crystallisation as it catalysed the thermal matu-
ration of both sediments and OM in response to the inheritance of an 80
My old elevated mantle heat flow, which led to the opening of the
Medio-European Ocean. Such a thermal input might also need to be
considered in other settings where nodular grey monazite occurs at the
onset of mountain building or in the distal thermal aureoles of magmatic
intrusions (Alipour-Asll et al., 2012; Lazareva et al., 2018; Rosenblum
and Mosier, 1983; Wing et al., 2003).

Consequently, palaeocontinental shelves may be considered as traps
for potential REE + Y sources (Fig. 16a) and interesting sites for
exploration as suggested by Pourret and Tuduri (2017). Although
authigenic nodular grey monazite occurrences are not currently
economically viable, heavy nodules may constitute an interesting by-
product for the mineral sand industry as REE + Y are increasingly
used in a wide range of low-carbon energy production processes and
high-technology devices. Often, the general association of common
monazite-Ce with radioactive elements such as Th and sometimes U,
constitutes a major barrier to project development, which is not the case
for these nodular grey monazite occurrences.

Many occurrences of nodular grey monazite are known in the
Americas, Asia, Europe and Africa (Rosenblum and Mosier, 1983;
Charles et al., 2022) and future studies may show that they are
controlled by a high heat flux that could be linked to a specific geo-
dynamic setting or to local heat flow sources such as thermal haloes
around magmatic intrusions.
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To aid conceptual targeting, nodular grey monazite prospectivity
models might focus on understanding the thermal evolution of sedi-
mentary basins. For instance, our model explores the geothermal
regime, i.e. an elevated mantle heat flow, which controls the tectonic
architecture at the crustal scale during basin development. A similar
approach can be applied when considering the thermal evolution of
sedimentary sequences in response to magmatic intrusions and contact
aureole development. We suggest that fertile schists must reach the
anchizone domain to trigger the precipitation of nodular grey monazite,
but we also expect that epizonal metamorphic conditions may desta-
bilise this monazite. In such a context, nodular grey monazite is pre-
served by protecting the mineralised shales from subsequent
tectonothermal processes such as deep burial and increasing regional
and/or contact metamorphism. This nodular grey monazite with MREE-
rich patterns thus constitutes an interesting alternative source of REE
because of its very low content in both Th and U and negligible radio-
logical impact if mined (Donnot et al., 1973; Garcia-Tenorio et al., 2018;
Rosenblum and Mosier, 1983; Tuduri et al., 2015). At present, however
the placers are of limited economical interest.
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