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Abstract

The alluvial nodular monazite of the Monfortinho region (ldanha-a-Nova, Portugal) presents physical and chemical
characteristics identical to other mineral specimens occurring in other parts of the world. In particular its geochemical signature,
showing zonation in the distribution of REE contents within grains (i.e. an increase of La and Ce towards the rim, and of Nd, Eu,
Gd and Sm towards the core), and relatively high Eu,O3 (up to 0.74 wt%) and low ThO; (< 2.16 wt%) values, that distinguishes
it from igneous monazites. Conditions for its formation, under temperature up to =300°C in presence of phosphate, would have
occurred in the Monfortinho region in the course of the sedimentary and/or metamorphic (regional greenschist facies or
thermometamorphic) processes experienced by Proterozoic marine sequences (Slate-Greywacke Complex) and Ordovician
(Penha Garcia - Canaveral syncline) during the Variscan orogeny. Mineral inclusions (quartz, apatite and rutile), already
identified in the Monfortinho nodular monazite, are important indications for unraveling the source rock(s) and support the
hypothesis of that source might be the Ordovician (radioactive) quartzite.
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Resumo

A monazite nodular aluvionar da regido de Monfortinho (Idanha-a-Nova, Portugal) apresenta caracteristicas fisicas e quimicas
idénticas a outros exemplares da mesma espécie mineral ocorrentes em diversos locais do mundo. Em particular a sua
assinatura geoquimica evidencia zonalidade na distribuicdo dos contetidos em REE no interior do nédulo (i.e. incremento de La
e Ce no bordo e de Nd, Eu, Gd e Sm no nucleo) e conteddos relativamente elevados em Eu,0; (até 0.74 wt%) e baixos em
ThO, (£ 2.16 wt%), distinguindo-as das monazites igneas. Condigdes necesséarias a sua formagdo, com temperatura até =
300°C e disponibilidade de i&o fosfato, teréo ocorrido na regido de Monfortinho, no decorrer do processo sedimentar e/ou
metamorfico (regional de facies de xistos verdes, ou de contacto) experimentados pelas sequéncias marinhas Proterozoéicas
(Complexo Xisto-Grauvaquico) e Ordovicicas (sinclinal de Penha Garcia — Canaveral) durante a orogenia Varisca. As inclusdes
minerais ja identificadas (quartzo, apatite e ratilo) na monazite nodular de Monfortinho constituem pistas relevantes para a
descoberta da(s) rocha(s) onde tiveram origem, e suportam a hipétese de esta ter sido os quartzitos (radioactivos) Ordovicicos.

Palavras-chave: Monazite nodular, Terras raras, Zona Centro-lbérica, Monfortinho-Portugal.
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Introduction

Rare earth elements (REE) are on the top
of Europe’s critical minerals list. Eu-rich
monazite, also known as nodular monazite
(NM) because of its nodule form, is a REE
phosphate [(Ce, La, Ca, Th, Y) PO,),
chemically, morphologically and optically
distinct from igneous monazite (e.g. Read
et al, 1987), and has been mostly
interpreted as a metamorphic  or
diagenetic mineral phase (Rosenblum and
Mosier, 1983; Alipour-Asll et al.,, 2012).
Some studies about the geochemical
signature of NM have revealed essential
data to better understand its formation
(e.g. Rosenblum and Mosier, 1983; Read
et al., 1987; Alipour-Asll et al., 2012). The
reconnaissance survey targeted at the
identification of REE minerals/deposits in
central-eastern Portugal (Inverno et al.,
2007) made possible the identification of
xenotime, igneous monazite and NM in
alluvial samples. In particular, Inverno et
al. (2007) recognised that NM is abundant
(up to 75% of the magnetic fraction) in 188
alluvial samples from Monfortinho and that
its possible original provenance is from
Ordovician (radioactive) quartzites. The
present study aims to follow-up the
previous studies (e.g. Lencastre, 1999) on
these NM grains from Monfortinho and
contributes to understand its formation.

Geological setting

The study area (Fig. 1) is located in part of
the region covered by the 1:25000
topographic sheet, n.°271, Monfortinho
and the 1:50000 geological map, n.° 25-B,
Salvaterra do Extremo (Sequeira et al.,
1999a) and are included in the Central-
Iberian Zone. This region is dominated by
slates and greywackes of Neoproterozoic
age, known as Slate-Greywacke Complex
(SGC; Sequeira, 2011). The SGC is cut by
several intermediate-mafic tholeiitic and
felsic dykes; the Variscan intrusions,
Batdo de Baixo tonalite and Salvaterra do
Extremo granite (both to the south of Fig.
1 area) generated contact metamorphism
in the SGC rocks (Sequeira et al., 1999Db).
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This complex surrounds the Ordovician
rocks that define the Penha Garcia —
Canaveral syncline which includes a
sequence of metaconglomerates,
quartzites (including radioactive quartzites)
and slates covered by Cenozoic

sedimentary formations (Fig. 1; Sequeira
et al., 1999a).
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Fig. 1 — Geological setting sketch map with the
sample point location (adapted from Sequeira et
al., 1999a).

Methodology and analytical methods

The alluvial NM and respective thin
polished section used in the present study
were part of the reconnaissance survey
conducted by Inverno et al. (2007)
mentioned above. The NM grains were
hand picked from alluvial heavy minerals
collected in catchments draining from
Cenozoic sedimentary rocks (sample
n.°73; Fig. 1). For the present work, the
NM grains were analysed under a
binocular microscope. To determine the
NM chemistry, microanalyses were carried
out, using a JEOL JXA-8500F microprobe.



Z ..' v.(‘

Nodular monazite physical properties

The grains of NM observed are generally
flattened ellipsoidal to discoidal, but some
have irregular form. They have short and
long axes size of 0.1 to 0.3 mm and 0.15
to 0.6 mm, respectively, and some regular
borders (Fig. 2). Their color is variable
from white, grey, reddish-grey, red and
light-brown to brown. The grains contain
several (sub)microscopic mineral
inclusions (Fig. 2), that turned out to be at
least rutile, apatite and (abundant) quartz,
identified with microprobe.
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Fig. 2 — Secondary electron image of nodular
monazite (grain 3) with some regular borders and
several mineral inclusions (black dots).

Nodular monazite geochemistry

Nine analyses from four NM grains are
shown in Table 1. Results confirm that it
corresponds to a phosphate (average
value of 27.65 wt% P,0s) with REE oxide
concentrations dominated by Ce,03; (<
33.83 wt%), Nd,O; (= 25.37 wt%) and
La,Os (= 26.64 wt%); further includes Sm,
Pr, Gd Eu and Dy oxide in minor
concentrations, the last two, occasionally
below their detection limits. Eu,03, ThO,,
Y,03; and UO, content reach 0.74, 2.16,
0.71 and 0.35 wt%, respectively. The
normalized REE (Gromet et al., 1984)
patterns clearly illustrate the enrichment of
these elements in the studied grains
relatively to NASC (Fig. 3). The REE
distribution in the grains shows a
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consistent zonation (Table 1; Fig. 3) with
gradual enrichment of La and less obvious
of Ce towards the rim, and enrichment of
Nd, Eu, Sm and Gd towards the core. Tb,
Dy and Pr (local enrichment in the Grain 2
rim; Table 1) appear trendless.

Table 1 — Point analyses of alluvial nodular monazite
grains from Monfortinho. (-) Below the detection limit.

Grain 1 2 2 3 3 3 4 4 4
Location Rim Core Rim Core Interm. Rim Core Interm. Rim
Oxide (wWt%)
SiO, 3.56 - 0.15 - - -
PbO 0.00 0.11 - - 0.02 0.04 0.06
ThO, 0.08 - 2.16 0.01 - 1.89 - - 0.55
uo, 0.14 026 030 0.02 0.35 - 0.01 -
AlLO; 0.26 - - 0.00 0.03 0.01 0.06 - -
Nd,O3 12.67 17.12 14.06 21.80 18.77 14.30 25.37 15.65 9.87
Y,03 - 0.21 - 071 018 025 043 021 041
P,0s  27.19 27.18 27.46 27.79 28.44 27.04 2763 27.94 28.18
[
CaO 013 0.09 030 012 0.03 018 0.08 004 0.19
Pr,0; 208 271 9588 293 362 294 359 264 254
TiO, - - - 0.06 - 0.19 0.08 - -
Sm,05 083 233 144 322 223 1.04 804 082 0.38
FeO - - - - - - - - -
Ce,03 36.07 35.07 3345 31.03 35.74 36.34 24.65 37.29 34.83
Gd,03 095 154 105 173 101 101 3.08 051 0.12
La,0O; 1473 10.71 12.03 8.06 9.79 12.77 3.34 1294 20.64
Eu,0; 0.30 0.55 - 0.66 016 0.10 0.74 0.29 -
Th,03 0.01 0.02 - - 0.01 0.01 - - -
Dy,05 028 016 0.16 0.13 027 0.06 027 022 021
Total 99.29 97.80 102.41 98.55 100.31 98.51 97.39 98.55 97.98
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Fig. 3 — NASC-normalized REE (Gromet et al.,
1984) patterns for nodular monazite from
Monfortinho, illustrating the REE enrichment and
the core/rim grains zonation (enrichment of La, Ce
in rims and Nd, Sm, Eu and Gd in cores).
Concentrations below the detection limit were not
plotted.

Discussion and conclusions

The studied monazites were collected
from alluvial deposits in the Monfortinho
region that comprise detrital fractions
derived from Cenozoic sedimentary rocks,
which in turn were sourced from the
dismantling of Variscan substrate. The
regular borders of monazites suggest
mechanical abrasion, possibly initiated
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during its transport to the Cenozoic
sedimentary basin. Besides the distinct
morphological features, the REE zoning in
the monazite grains (La and Ce enriched
rim and Nd, Sm, Eu and Gd enriched
core), low ThO, contents (< 2.16 wt%) and
Eu,0; content (up to 0.74 wt%) are similar
to those found by other studies (e.g.
Rosenblum and Mosier, 1983; Alipour et
al.,, 2012); and are distinct from those of
igneous origin, that are poor in Eu and
have ThO, contents up to 31.5 wt% (Deer
et al.,, 1962; Kucha, 1980). The genetic
models proposed for nodular monazite

consider the involvement of contact
metamorphic processes, REE precipitation
followed by formation of authigenic

nodular monazite in a sedimentary or
metamorphic environment and diagenetic
nucleation of the REE of the detrital
monazite into nodules (Read et al., 1987).
The low Th contents in monazite grains
are indicative of relative low temperatures;
such is the temperature of its formation
(up to = 300°C; e.g. Read et al., 1987).
This is compatible with the temperature of
the contact metamorphism and regional
low-grade metamorphism (not above the
greenschist facies conditions), that
affected the pre-Mesozoic formations,
during the Variscan orogeny, in
Monfortinho region (Sequeira et al.,
1999b). Regarding the availability of
phosphate ion required for the formation of
nodular monazite (Rosenblum and Mosier,
1983) it should be noted that either the
SGC or the Ordovician sequence include
rocks formed in marine environments
(Sequeira, 2011). In both sequences is
admitted the presence of phosphate
conglomerates, namely Cabe¢o das
Popas (Neoproterozoic; Sequeira, 2011)
and Fonte da Horta (Ordovician)
formations (Sequeira et al., 1999b). The
mineral inclusions of the nodular monazite
are good indicators of their environment of
formation since they are indistinguishable
from the minerals of the host rock
(Rosemblum and Mosier, 1983; Read et
al., 1987; Alipour-Asll et al., 2012). The
abundant quartz inclusions identified in the
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grains suggest a siliceous source rock.
The REE zonation in the authigenic
nodular monazite is a consequence of
REE contribution from distinct sources to
the mineralizing fluids and/or changes in
the degree of their mobility (Alipour-Asll et
al., 2012). Therefore, the apatite inclusions
are another potential source of P and
contributor to REE zonation; and rutile
inclusions suggest the availability of Ti.
Since all these elements show high or
anomalous contents in the Ordovician
(radioactive) quartzites (Inverno et al.,
2007), these rocks are the most probable
original source of the Monfortinho alluvial
nodular monazite, as proposed by the
cited authors.
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