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Formation of monazite-(Ce, La) by
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Azul Alkaline Complex, Bahia, Brazil

Jailson Junior Alves Santos'?*
, Maria de Lourdes da Silva Rosa?*

Marcel Vinicius Santos Leandro?

, Herbet Conceicao'?** @,

ABSTRACT: Monazite is a common accessory mineral in the Floresta Azul Alkaline Complex, occurring in three different rock types, which form
this batholith: nepheline syenite, granite and fenite. Two compositional types of monazite can be found: monazite-(Ce) and monazite-(La), the latter
being found only in syenites. Monazite occurs in close association with apatite as anhedral crystals ranging in size from 0.1-100 Wm, and textures indi-
cate different genetic processes. In nepheline syenite, monazite is closely related to ancylite and apatite, as a late crystallizing phase. Monazite occurs in
granites as pore fillings in apatite and was formed by the remobilization of rare earth elements (REE) from apatite by late CO,— rich fluids. In fenite,
monazite appears as acicular crystals, parallel to apatites crystallographic c-axis formed by exsolution from apatite by metamorphism. The data show that
the monazite genesis was closely related to the activity of fluids associated either with the final stages of crystallization of nepheline syenite and granite or

with fenitization of country rock.
KEYWORDS: Monazite; Mineral chemistry; Alkaline rocks.

INTRODUCTION

Monazite is a rare earth element (REE) mineral with
varied composition and morphology. It usually occurs as
an accessory mineral in a number of rock types (Deer ez al.
1992), and due to its high resistance to weathering, it can
commonly be found in sedimentary debris. It was discov-
ered in the mountains of Ilmen, in Miass (Russia), being
named by Breithaupt in 1829 (Overstreet 1967), that used
the Greek word povalerv (monazein), that means to be
solitary, a clear reference to its rarity in that period.

The monazite group is composed of arsenates, phosphates
and silicates with monoclinic structure. The general formula
for the group is ABO,, in which A = REE*, Th*, U*, Y** and
B = P>*, As>, Si* (Fleischer et a/. 1990). There are four variet-
ies of monazite, based on their REE content: monazite-(Ce),
monazite-(La), monazite-(Nd) and monazite-(Sm). It usually

forms solid solution with cheralite-[(Ca, Ce, Th) (B, $)O,]

and hutronite [ThSiO,] (Linthout 2007). Its structure prefera-
bly incorporates light REE, whereas xenotime is the heavy REE
phosphate (Ni ez al. 1995). Monazite is considered as one of
the most important REE deposit minerals (Toledo ez 4/. 2004).

Monazite generally occurs as an early crystallizing mineral
in magmas (e.g., Montel 1993), but it can also be formed by
processes resulting from reaction between apatite crystals and
fuid such as dissolution, hydrothermalism and metassomatism
(Harlov 2015). Monazite is a useful tool for studying crustal
processes, being used for geochronology (e.g., Harrison et al.
1995), as an indicator of magmatic temperature (e.g., Montel
1993), in the investigation of metamorphic events (e.g., Kelsey
et al. 2008) and for the inference of petrogenetic relations
(Rapp & Watson 1986, Wark & Miller 1993).

In petrographic studies carried out on rocks from the
Floresta Azul Alkaline Complex (FAAC), we observed that
apatite crystals systematically present distinctive regions with
irregular shapes rich in tiny high relief mineral inclusions,
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Formation of monazite-(Ce, La) by fluid-apatite interaction

most of which identified as monazite on the scanning elec-
tron microscope (SEM).

In this paper, we described and discussed the textures,
compositional variations and the genesis of monazite in the
nepheline syenites, granites and fenites from the FAAC.

THE FLORESTA
AZUL ALKALINE COMPLEX

FAAC is a batholith belonging to the Alkaline Province
of South Bahia state (SBAP) (Fig. 1A). This province consists
of Neoproterozoic alkaline massifs aligned in a NE-SW direc-
tion for 200 km. It extends from the town of Ilhéus, on the
Atlantic coast, southwards to Itarantim, near the borderline
of Minas Gerais state (Rosa ez /. 2007). These intrusions
include batholiths, stocks and dykes of foid syenites, litch-
fieldites, monzonites and granites plus hypabyssal rocks (e.g.,
phonolite, trachyte, tinguaite, basalt and rhyolite), with pre-
dominance of SiO, undersaturated syenite (Rosa ez a/. 2007).

Geological setting

The FAAC (Fig. 1B) is located on the northern part of the
SBAP and outcrops over an area of 200 km? (Fig. 1C). The
contact with the metamorphic basement is abrupt, and the
presence of xenoliths of granulitic country rock and fenites was

reported (Martins & Santos 1997). The complex is formed by
two distinctive intrusions separated by faulting (Rosa ez 2/. 2003).
On the western part of FAAC, there is a syenitic intrusion
with an outcrop area close to 70 km? (Fig. 1C). The syenite,
which was dated at ca. 688 £ 10 Ma (Rosa et 2/. 2003), has
a coarse isotropic hypidiomorphic texture which locally
shows magmatic flow structure marked by oriented crys-
tals of alkali feldspar. The massif contains quartz-bearing
syenites at the border, and quartz volume gradually decreases
towards the central area, giving place to nepheline-bearing
syenites. Further, inwards the nepheline-bearing syenites are
succeeded by sodalite syenite and sodalitites in the central
part of the massif (Santos 2016). Nepheline and perthitic
alkali feldspar are essential minerals in syenites. The main
mafic mineral is annite, with subordinate aegirine-augite
and hornblende. Cancrinite and most crystals of sodalite
are formed by reactions between late fluids and nepheline.
Crystallization of calcite is synchronous to cancrinite for-
mation pointing out to the presence of fluids with CO, in
the latest phases of syenite crystallization (Santos 2016).
Granites dated at 696 * 11 Ma (Rosa et /. 2003) occur
in the eastern part of the FAAC (Fig. 1C), and spread
over an area of 130 km?. It shows a medium- to coarse-
grained allotriomorphic texture with Fe-biotite being the
dominant mafic although aegirine-augite is locally found.
Dioritic enclaves, as well as magmatic structures indicative

1: city; 2: interstate limit; 3: fracture/fault; 4: lineament detected on remote sensors; 5: dikes; 6: FAAC magmatic foliation; 7: sedimentary cover; 8: alkaline
rocks; 9: Rio Pardo Group; 10a: Itapetinga Complex; 10b: Itabuna-Salvador-Curaga Orogen; 11: granite intrusion; 12: alkaline granites with more than 50%
dioritic enclaves; 13: syenitic intrusion; 14: syenite with high feldspathoid volume.

Figure 1. (A) Localization of the Alkaline Province of Southern Bahia (SBAP); (B) geological sketch map of SBAP,
adapted from Rosa et al. (2007); (C) geological sketch map of the Floresta Azul Alkaline Complex (FAAC), adapted

from Martins & Santos (1997) and Rosa et al. (2003).
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of mixing between felsic and mafic magma, are common
in granites. They are globular- or ellipsoid-shaped and were
deformed by magmatic flow. They show fine-grained texture
and alkali feldspar xenocrysts with evidence of corrosion by
mafic magma. The mafic enclaves were dated at 688 +2 Ma
(Rosa et al. 2003).

The fenite corresponds to modified granulitic country
rock. It is coarse-grained and composed of saussuritized
plagioclase, pyroxene, chloritized hornblende and biotite,
besides newly formed ilmenite. Zircon and apatite occur
with subhedral to euhedral forms. In this rock, metasomatic
effects are evidenced by corroded quartz crystals, fresh alkali
feldspar with amoeboid shape and late interstitial siderite,
calcite and titanite.

Metasomatism

There is evidence of metasomatism and autometasoma-
tism in the different massifs of SBAP (e.g., Cunha 2003,
Rosa et al. 2007, Santos 2016). Alkaline fluids from the
intrusions promoted fenitization of the metamorphic coun-
try rocks. In this process, the country rocks were modified
and became syenite or nepheline syenite (Conceigao ez al.
2009). In the SBAD, the best examples of fenitization occur
in the Itarantim Batholith, where approximately 45% of the
outcrop area is composed of fenites (Concei¢ao et al. 2009).
However, in most SBAP massifs fenite occurs exclusively at
the contact between the intrusion and the basement, as it
is the case with FAAC.

Petrographical and geochemical data (Conceicio ez al.
2009, Santos 2016, Cunha 2003) allowed the interpretation
that in the SBAP the composition of magmatic interstitial
fluid had CI, F and CO,, leading to subsolidus crystalliza-
tion of sodalite, cancrinite, fluorite and carbonate. C and
O isotopic data from calcite crystals from nepheline syenite
yielded mantellic values, and were interpreted by Rosa ez al.
(2007) as resulting from autometasomatism with no expres-
sive input of crustal fluids.

MATERIALS AND METHODS

For this work, it was used thin sections of representative
samples of syenitic and granitic intrusions, and from the
fenite from FAAC. The samples were studied under the petro-
graphic microscope Opton model TNP-09NT, equipped with
transmitted and reflected light detection at the Laboratory
of Microanalysis (CLGeo), at the Universidade Federal de
Sergipe. After petrographic description, thin sections were
reanalyzed under a back-scattered electron detector coupled
to a Tescan Vega 3-LMU Scanning Electron Microscope at
CLGeo Laboratory.
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Monazite and apatite crystal chemical compositions were
obtained by wavelength dispersive spectrometry (WDS) and
by energy-dispersive spectrometry (EDS).

Electron probe analyses have been carried out in a
JEOL JXA-8230 equipment coupled with five WDS spec-
trometers at Electron Microprobe Laboratory of Instituto
de Geociéncias da Universidade de Brasilia (IG-UnB).
Peak counting time for all the analyzed elements was
10 seconds, and 5 seconds for background; the electron
beam diameter was 1 um. Due to the large number of
examined elements, the analyses were conducted in two
steps. The first one included F, Al, Si, Mn, Ti, Y, Ta, Hf,
Ca, Fe, Nb, Zr, P and W, with 15 kV acceleration and
current of 10 nA. The second group included Na, Eu,
Gd, Sm, Tb, Er, Tm, Dy, Ho, Th, Sr, Ba, La, Ce, Nd, Pr,
Lu, Yb, Pb, U and K, with 20 kV voltage acceleration
and current of 50 nA.

The spectral lines measurements were as follows: Ko (E,
Al, Si, Mn, Ti, Y, Ca, Fe, P, Na, K), KB (Ca), Lot (Y, Eu, Gd,
Tb, Er, Tm, Sr, Ba, La, Ce, Nd, Lu, Yb), LB (Zr, Sm, P, Dy,
Ho, Pr), Mo (Ta, Th) and M (Hf, W, Pb, U). The follow-
ing calibration standards were used: topaz (F), microcline
(Al, K and Si), apatite (P and Ca), LiNbO3 (Nb), MnTiO3
(MneTi), YFe,O,, (Y), LiTaO, (Ta), andradite (Fe), badde-
leyite (Zr), albite (Na), vanadinite (Pb), ThO, (Th), SrSO,
(Sr), UO, (U), and BaSO, (Ba). Si-Ca-Al synthetic glass
containing REE was used as standard, with the exception
of Ce, which was analyzed with a synthetic CeO, standard.

The chemical composition of crystal points or sections
< 5 lm was obtained using EDS coupled to a Tescan SEM,
Oxford Instruments model X-Act, from the CLGeo Lab,
with resolution capability of 125 V. The analytical settings
used included a potential acceleration of 20kV and current
of 17 nA, which generated electron beams with the diam-
eter of 0.3 wm.

The average counting time was 60 seconds. EDS calibra-
tion was made routinely with Cu energy. To check the accu-
racy and reproducibility of the data, international standards
Astimex (monazite) and Cameca (fluorapatite and chlora-
patite) were analyzed. The results can be seen in Table 1.
The software used for obtaining the chemical compositions
was AZtecEnergy, Quant routine, by Oxford Instruments,
which employs the ZAF model for matrix corrections.
In order to avoid problems of element energy superposition,
the energy spectra obtained was individually analyzed (e.g.,
Newbury 2009). We checked for the presence of false peaks
and energy interferences. In either case, the interference was
manually removed. The confidence interval obtained from
the EDS is > 90% for elements whose content in weight is
higher than 10%. For values < 5% in weight, the confidence
factor ranges between 70 and 80%.

Brazilian Journal of Geology, 48(4): 721-733, December 2018



Formation of monazite-(Ce, La) by fluid-apatite interaction

RESULTS

Monazite has been found in three samples of FAAC
rocks: nepheline syenite, granite and fenite (fenitized gran-
ulite). Representative analyses of the monazite crystals are
presented in Table 2.

The standard formula for monazite is (REE)PO,. After cal-
culating its structural formula based on four oxygen atoms
(Tab. 2), cation distribution was then performed: the tetra-
hedral position has been filled with P**, Si** and AP* up to a
maximum of one atom per formula unit (apfu). The dodeca-
hedral position has been filled with REE (La**, Ce®*, Nd?*,
Pr*, Sm?, Eu*, Gd*, Tb*, Dy*, Ho* and Tm?*) and with
other cations (e.g., Na*, Ca*, Sr*, Fe*', Y>*, W, U*, Th*,
Hf*, Zr*, Ti*) up to 1 apfu.

In the syenitic rocks monazite crystals are anhe-
dral with size ranging from 1 to 35 um, predominated
those with 10 wm. Monazite occurs closely associated with
apatite and ancylite (S, Ca, Ce, La) (CO,), (OH) H,0.
It either can surround or be surrounded by both apatite or
ancylite (Fig. 2). These minerals occupy interstitial spaces
between microcline, albite and nepheline. They also can
be found associated with sodalite and cancrinite and occa-
sionally in microfractures. Apatite and monazite crystals
are chemically homogeneous. Monazite is more abundant
in sodalite- and cancrinite-rich syenite. In the analyzed
monazite crystals, the amounts of the REE oxides ranged
from 68.1 to 72.7%, with prevalence of Ce,O, (30-37.5%)

and La,O, (20.4-33.8%). ThO, contents range from 0.46
to 1.3% (Tab. 2).

In the granitic rocks, monazite fills pore spaces and
fractures in apatite (Fig. 3). Crystals are anhedral with sizes
ranging between < 1 and 100 wm, with prevalence of crys-
tals < 1 um, the largest ones occurring along apatite rims.
Occasionally, anhedral to subhedral xenotime crystals with
size up to 5 Wm occur associated with monazite. Apatite con-
tains inclusions of magnetite, ilmenite and fractures filled
by calcite (Fig. 3A and 3B). Back-scatter detector (BSE)
images show that apatite acquires a darker gray color where
monazite crystals are present, and this dark grey apatite has a
chemical composition which is closer to stoichiometric flu-
orapatite (Tab. 3). Lighter grey areas in apatite are devoid
of monazite crystals and are richer in REE + Si (Fig. 3B).
The sum of REE oxides in monazite ranges from 70.1 to
71.6%, with the prevalence of Ce,O, (33.7-36.7%) and
La,0, (14.07-22.5%). The maximum content of ThO,
was 0.6% (Tab. 2).

Monazite is occasionally observed in the fenite. Crystals are
elongated and occur as inclusions in subhedral or euhedral
apatite (Fig. 4). They range from 1 to 10 um wide, 5 Um
being the most frequent. Monazite orientation is parallel to
apatite crystallographic c-axis. Unlike apatite found in the
granites, in fenite apatite crystals which host monazite inclu-
sions are homogeneous, devoid of pores or compositional
variations visible in BSE images. Regarding compositionally,
REE contents are lower than in other rock types from the

Table 1. Comparison between chemical compositions of standards (monazite Astimex) and chlorapatite and
fluorapatite (Cameca) and analysis of these standards obtained by EDS (this study). Table shows difference
module (#) between the given standard values and measured figures.

Monazite Apatite-Cl Apatite-F
Standard EDS # Standard EDS # Standard EDS #
PO, 27.73 28.45 0.72 40.88 40.10 0.78 42.22 41.60 0.62
Sio, 1.20 1.20
La,0, 15.13 17.30 2.17
Ce,O, 36.08 33.85 2.23
Pr,0, 4.92 3.30 1.62
Nd,0, 10.15 10.30 0.15
Sm,0, 1.10 1.10
Ca0 0.56 0.50 0.06 53.84 53.20 0.64 55.60 54.60 1.00
ThO, 4.32 3.80 0.52
Cl 6.81 6.60 021
F 3.67 3.70 0.03
Total 98.89 99.80 101.53 99.90 101.49 99.90
EDS: energy-dispersive spectrometry.
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Table 2. Representative sample analysis of monazite crystals and structural formula cation distribution in
Floresta Azul Alkaline Complex (FAAC) rocks.

Rock Syenite Granite Fenite
Method WDS EDS WDS EDS EDS
Analyse 1 2 3 4 5 6 7 8 9 10 11
PO, 22.87 24.61 30.50 29.80 20.84 22.39 29.10 28.30 28.30 28.20 28.70
Sio, 0.09 3.01 1.85 0.05 0.60 0.40 0.50
ALO, 0.02 1.37 0.04
La0, 26.17 23.25 33.80 20.40 15.98 14.07 16.10 22.50 27.80 27.90 27.60
Ce,O, 37.55 37.85 30.60 35.40 36.67 34.31 34.70 33.70 30.70 31.00 31.10
Pr,0, 227 2.04 4.10 3.22 3.74 3.80 3.80 2.90 3.10 2.40
Nd 0, 5.95 5.11 3.70 8.10 12.68 15.64 13.00 8.70 5.80 4.90 4.90
Sm,0, 0.29 0.32 1.20 1.38 221 1.40 1.00 0.70 0.80 0.30
Eu,0, 0.50 0.35 0.83 1.08
Gd,0, 0.50 0.05 0.47 1.10 0.50 0.70
Tb,0, 0.01 0.03 0.80
Dy,0, 0.60 0.05 0.60 0.90 0.80 0.40
Ho,O, 0.03 0.30
Tm,O, 0.03 0.80
Y0, 0.02 0.13 0.01
Ca0 0.47 0.05 0.47 0.40 2.10 2.30 2.50
FeO 0.20 0.05
TiO, 0.10 0.06 0.19
ZrQ, 0.56 0.51 0.72 0.43
WO, 0.20 028
HfO, 0.62
ThO, 0.15 0.46 1.30 0.43 0.02 0.60 0.50
uo, 0.20
F 141 0.92 1.19 117
Total 98.39 100.12 99.90 100.10 97.67 95.88 100.00 100.00 100.10 100.10 100.00
YREE 72.73 68.99 68.10 70.30 70.99 71.57 70.10 70.80 69.10 69.20 68.30
Structural formula with base in four oxygens
P 0.817 0.812 1.006 0.994 0.758 0.827 0.983 0.965 0.948 0.947 0.958
Si 0.004 0.117 0.079 0.002 0.024 0.016 0.020
Al 0.001 0.063 0.002
La 0.407 0.334 0.486 0.296 0.253 0.226 0.237 0.334 0.406 0.408 0.401
Ce 0.580 0.540 0.437 0.511 0.577 0.548 0.507 0.497 0.445 0.450 0.449
Pr 0.035 0.029 0.059 0.050 0.060 0.055 0.056 0.042 0.045 0.034
Nd 0.090 0.071 0.052 0.114 0.195 0.244 0.185 0.125 0.082 0.069 0.069
Continue...
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Table 2. Continuation.

Structural formula with base in four oxygens

Sm 0.004 0.004 0.016 0.020 0.033 0.019 0.014 0.010 0.011 0.004
Eu 0.015 0.010 0.025 0.034

Gd 0.007 0.001 0.007 0.015 0.007 0.009

Dy 0.008 0.001 0.008 0.011 0.010 0.005
Ho 0.004

Tm 0.010
Y 0.003

Ca 0.021 0.002 0.022 0.017 0.089 0.098 0.106
Fe 0.007 0.002

Ti 0.003 0.002 0.006

Zr 0.011 0.010 0.015 0.009

W 0.002 0.003

Hf 0.008

Th 0.001 0.004 0.012 0.004 0.005 0.005

U 0.002

Total 1.989 1.999 1.992 2.004 2.025 1.999 2.009 2.027 2.060 2.063 2.056

WDS: wavelength dispersive spectrometry; EDS: energy-dispersive spectrometry.

|

Anc Mnz

SEM HV: 20.0 kV WD: 15.25 mm SEM HV: 20.0 kV WD: 14.80 mm
50 ym Lab. Microanalises CLGeo-UFS| 50 ym Lab. Microanalises CLGeo-UFS|
Figure 2. Back-scattered electron image showing texture of monazite, apatite and ancylite in nepheline
syenite from the Floresta Azul Alkaline Complex (FAAC). (A) Apatite (Ap) surrounding monazite crystals
(Mnz) and in contact with ancyilite (Anc); these minerals fill interstitial spaces and fractures in microcline
(Mc) and albite (Ab). (B) Apatite rimmed by monazite and ancylite, with occurrences of monazite surrounded
by apatite and ancylite.
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FAAC, ranging from 68.3 to 69.1%. The most abundant
REE are Ce 0, (30.7-31.1%) and La,O, (27.6-26.9%).

The monazite from this study corresponds to a relatively
uniform population of huttonite- and cheralite-poor crystals
(Linthout 2007) (Fig. 5A). Monazite-(Ce) is common in
all of the studied rock types, except for the syenites, which
have monazite-(La) (Fig. 5B).

Some authors (e.g., Fleischer & Altschuler 1969, Rapp
& Watson 1986) correlate the REE abundances and ratios
to carbonatitic, granitic and hydrothermal rocks. In the
La/Nd versus [La + Ce + Pr] diagram (Fig. 6), it is possi-
ble to see a pronounced La enrichment in crystals from
the syenitic rocks, with most of analyses occurred in the
upper part of the space attributed to monazite associ-
ated with carbonaceous magmatism or hydrothermal
processes. Monazite of the granitic rocks shows the low-
est La/Nd rates (Fig. 6). The La/Nd rates for the fenite’s
crystals are similar to those assigned to the FAAC granite
and syenite (Fig. 6).

DISCUSSION

In the rocks of the FAAC, monazite occurs in three dif-
ferent arrangements: interstitial crystals in nepheline syenite;
anhedral crystals included in apatite crystals with REE +

/ o
VEGA3 TESCAN
Lab. Microanalises CLGeo-UFS

SEM HV: 20.0 kV
View field: 2.29 mm

WD: 15.00 mm
Det: BSE 500 pm

Si-poor areas, in granite; and subhedral elongated crystals
included in fenite’s apatite.

The association between monazite and apatite crys-
tals is common in a number of rock types and has been
related to either magmatic crystallization (Wark & Miller
1993) or to processes involving apatite reactions with flu-
ids (Harlov 2015).

In the nepheline syenites, the interstices between
alkali feldspar and nepheline are filled witch cancrin-
ite, sodalite, apatite, monazite, ancylite and calcite.
Apatite is bordered by monazite and ancylite and vice-
versa, pointing out to concomitant crystallization of
these minerals. The presence of sodalite, ancylite, can-
crinite and calcite as interstitial phases in these rocks
indicates formation during a late magmatic stage in the
presence of Cl- and CO,- rich fluid phase. According to
Alderton ez al. (1980), the presence of a volatile phase
involving Cl, CO, and F in alkaline complexes accounts
for REE transportation and for the late crystallization of
accessory phases rich in those elements. For example, in
the nepheline syenites of Alkaline Province of Chilwa,
Africa, monazite occurs in association with fluorecite
and bastniesite (Platt ez 2. 1987), whereas in a nephe-
line syenite from British Columbia, Canada (Pell 1994),
monazite occurs in association with allanite, cheralite,
apatite and pyrochlore.

P/Ap-REE+Si

P

.

-P/Ap-REE+s'i/ o .
' - |

N

&
5 -

Cal—

SEM HV: 20.0 kV WD: 15.00 mm

View field: 259 pm Det: BSE

Lab. Microanalises CLGeo-UFS

Figure 3. Back-scattered electron image showing texture of monazite and apatite in granite from the Floresta
Azul Alkaline Complex (FAAC). (A) Subhedral apatite (Ap) crystals in contact with calcite (Cal), siderite (Sd) and
biotite (Bt). Apatite contains many monazite (Mnz) inclusions in pores and fractures. (B) Detail of apatite in
contact with calcite (Cal) and siderite (Sd) with disseminated monazite (white) and empty pores (black), fractures
filled by calcite. Lighter areas have higher content of REE + Si (Ap-REE + Si), while darker areas are poor in REE
+ Si (P/Ap-REE + Si).
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The presence of apatite crystals with REE- and Si- depleted
areas associated with monazite in the FAAC granites (Tab. 3)
is interpreted as the result of fluid percolation (Harlov &
Forster 2002, 2003, Harlov ez 2. 2002, 2005, Harlov 2015).
Experimental studies carried out by Harlov ez a/. (2005)

on the interactions between apatite crystals and HCl and
H_SO, solutions in temperatures ranging from 300°C to
900°C and pressures between 500-1,000 Mpa show that
monazite and xenotime are formed from apatite, and are

located in portions of REE-poor apatite crystals. According

Table 3. In situ EDS chemical analysis of partially leached apatite crystals, in samples of the granitic intrusion,
making it possible to see different stages of interaction with the late fluids.

Without change Partially leached Leached

Apatite

1 2 3 4 5 6 7 8 9
PO, 39.9 40.3 40.4 40.8 41.1 40.7 41.2 41.2 41.2
Sio, 0.9 0.7 0.6 0.2 0.4
La,0, 0.5 0.5 0.3 0.1 0.2
Ce,0, 13 11 0.9 0.3 0.1 0.6
Pr,0, 0.3 0.2 0.2 0.1 0.1 0.1
Nd,0, 05 0.5 03 0.1 03 0.2
Sm,0, 0.1 0.1
Eu,0, 0.3 0.2 02 0.2
Tm,0, 0.2
Ca0 52.6 53 53.1 53.9 54.3 53.7 54.6 54.5 54.6
Na,0 0.2 0.2 0.2 0.2 0.1 0.2
Cl 0.3 0.5 0.5 0.2 0.2 0.3 0.1 0.1
F 3.2 2.9 3 44 3.6 3.6 4.2 4.2 41
H,0* 0.91 0.94 0.92 0.68 0.87 0.84 0.76 0.76 0.81
O0=FECl -0.72 -0.70 -0.72 -0.94 -0.78 -0.80 -0.88 -0.88 -0.83
Total 100.29 100.34 100.19 100.04 100.09 100.04 99.99 99.88 99.88

Structural formula with base in 25 oxygens

P 5.891 5.918 5.930 5.963 5.983 5.946 5.985 5.989 5.985

Si 0.157 0.121 0.104 0.035 0.069

Ce 0.028 0.023 0.019 0.006 0.002 0.013

La 0.011 0.011 0.006 0.002 0.004

Pr 0.006 0.004 0.004 0.002 0.002 0.002

Nd 0.010 0.010 0.006 0.002 0.006 0.004

Sm 0.002 0.002

Eu 0.006 0.004 0.004 0.004

Tm 0.004

Ca 9.829 9.850 9.865 9.970 10.004 9.929 10.038 10.027 10.038

Na 0.068 0.067 0.067 0.067 0.033 0.067

Total 16.008 16.009 16.011 16.048 16.035 16.034 16.023 16.016 16.023
EDS: energy-dispersive spectrometry; *calculated by stoichiometry.
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to these authors, in the presence of HCI fluid, the formation
of monazite crystals with size ranging from < 1-10 Lm was
favored. In intermediate temperatures (= 600°C), there was
an increase in the number of monazite inclusions, but with
size lower than 1 wm. On the other hand, the interaction
between apatite crystals and the H,SO, solution formed

smaller monazite crystals (< 2 Um) and was considered to
be less effective, needing more reaction time, higher tem-
perature and higher H,SO, concentration.

The fact that apatite crystals from the FAAC granites
show areas poor in REE + Si associated with monazite crys-
tals as opposed to the non-depleted apatite areas without

&
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Figure 4. Back-scattered electron image showing texture of apatite and monazite crystals in the fenite from the
Floresta Azul Alkaline Complex (FAAC). (A and B) Apatite subhedral crystals and elongated monazite crystals
parallel to apatite’s c-axis. Microcline (Mc), biotite (Bt) and diopside (Di) show exsolved magnetite (Mag) and
ilmenite (Ilm) crystals.

Figure 5. Monazite classification diagrams. (A) Classification proposed by Linthout (2007) for the monazite group,
based on the molecular contents of 2ThSiO,(Huttonite)-2CePO (Monazite)-CaTh(PO,),(Cheralite). (B) Classification
of monazite using Nickel’s (1992) 50% Rule, based on molecular contents of Monazite-(Ce) (CePO,) — Monazite-
(La) (LaPO,) — Monazite-(Nd) (NdPO,).
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monazite inclusions (Fig. 7) is interpreted in this study as
resulting from the interaction with fluids leaching REE from
apatite, and coeval formation of monazite in pores and frac-
tures. According to Rensbo (1989), two main substitutions
control the incorporation or the removal of REE in the apa-
tite: REE* + Si** = Ca® + P** (Fig. 8A) and REE* + Na*
= 2Ca*. The first substitution probably operated to gener-
ate the chemical features of the studied crystals, with good

Figure 6. Correlation diagram (La/Nd) versus (La + Ce
+ Pr) (Raap & Watson 1986) applied to Floresta Azul
Alkaline Complex (FAAC) monazite. Fields with the
composition of granite (Rapp & Watson 1986, Foerster
1998, Zhu & O’Nions 1999, Teixeira & Botelho 2002);
carbonatite (Chakhmouradian & Mitchell 1998, Toledo
et al.2004, Kim et al. 2005); hydrothermal (Zhu & O'Nions
1999, Teixeira & Botelho 2002); and metamorphic (Zhu
& O’Nions 1999, Finger & Krenn 2007) monazite.

WD: 15.00 mm
Det: BSE 100 pm

SEM HV: 20.0 kV
View field: 406 um

Lab. Microanalises CLGeo-UFS

linear correlation (r* = 0,9738, Fig. 8A), whereas the effects
of the second one were not observed in the studied rocks.

The REE-poor areas in the apatite crystals are Cl-depleted
and F-rich. In apatite, the exchange between halogens and
hydroxyl (F, Cl and OH) is usual and reflects the abundance
of either F, Cl or OH in the magma/fluid at the moment of
crystallization or alteration (Schettler ez 4/. 2011). In the
studied rocks, only fluorapatite occurs, locally with low CI
contents (< 0.6%). Along with leaching, there is increase
in F, indicating the existence of the F-Cl substitution in
the studied crystals. Experimental data (Pan & Fleet 2002)
indicate the replacement of (REE* + O%) for (Ca®* + F")
in apatite. The good linear correlation (r* = 0.9873) iden-
tified in the studied crystals implies that this substitution
was operative in the studied rocks (Fig 8B). The presence
of calcite in apatite fractures continuous with the REE- and
Si-leached areas probably reflects the trajectory of a CO,-rich
fluid. The presence of pores and fractures in the REE-poor
areas of apatite crystals reinforces the hypothesis of crystal
dissolution, enabling fluid percolation.

The formation of monazite crystals parallel to the
c-axis of the apatite crystals, like the ones occurring in
fenites from FAAC, is reported in the literature as a com-
mon feature in rocks exposed to either metamorphism
or metasomatism (Finger & Krenn 2007, Harlov 2015,
Budzyn e al. 2010). Most probably, the low content of
REE found in the apatite of these rocks accounts for the
low frequency of monazite.

Figure 7. Partially leached apatite crystals in the Floresta Azul Alkaline Complex (FAAC) granites showing
monazite precipitation in pores and fractures along areas depleted in rare earth element (REE) + Si and fractures
filled with calcite. (A) Back-scattered electrons. (B) False color image of image (A) and highlights the leached

(blue) and unleached (gray) sections of an apatite crystal.
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Figure 8. (A) Variations of (REE + Si) versus (Ca + P) and (B) (REE+0O) versus (Ca+F) for the studied apatite crystals.

CONCLUSIONS

Monazite crystals from the FAAC rocks are charac-
terized by REE abundances ranging from 71.6 to 72.7
wt% with predominant monazite-(Ce), whereas monazite-
(La) has been found only in nepheline syenite. In the
studied monazite crystals, La/Nd ratios are higher (2.4
to 10.6) than those in the monazite crystals of carbon-
atites. Monazite is rare in fenite, and its REE content is
lower than that of granite and syenite, ranging between
68 and 69.2 wt%.

The genesis of monazite crystals in the FAAC syenites
and granites is closely related to fluids in two different pro-
cesses. In the nepheline syenite, late magmatic fluids con-
taining CO, and Cl account for the formation of cancrinite
and sodalite from nepheline. These fluids also transported
REE and crystallized monazite and ancylite. Crystallization
of monazite in these rocks was a late magmatic process simul-
taneous to formation of apatite and ancylite. Monazite was
formed in the granite by the interaction between a CO,-rich
fluid and apatite crystals. In this process, REE was leached
out from apatite with correspondent formation of anhedral
crystals of monazite in the regions poor in REE + Si, which
therefore are of metasomatic origin. The substitutions iden-
tified in this study for this process are “REE + Si = Ca + P”
and “REE +O = Ca + F”.

In the fenites, monazite is included in crystals of chem-
ically homogeneous apatite in which REE content is lower
than that of FAAC nepheline syenite and granite. Monazite

is elongated and always oriented along the c-axis of apa-
tite crystals. In the literature, these features are reported as
common to monazite crystals formed by apatite exsolution
during metamorphism/metasomatism.
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