
Abstract
Carbonatites were recently discovered in Southern Brazil, which increased the interest to evaluate the economic potential of these uncommon 
rocks, especially the Três Estradas Carbonatite. Carbonates are the dominant minerals of fresh rock followed by apatite, but the weathering process 
makes apatite abundant. We focused on apatite from the carbonatite using conventional petrography and electronic microscopy associated with 
microprobe, micro-Raman and Fourier-transform infrared spectroscopy. Results demonstrate the existence of four types. The primary type is asso-
ciated with the rock crystallization and the subsequent three others are associated with weathering processes. The alteration mechanism was favor-
able for initial carbonate leaching and subsequent increase of phosphate with late precipitation of three new apatite generations. The deduced model 
involves long exposure during polycyclic climate changes, intercalating periods of warm dry with humid climate. The apatite types differ chemically 
and morphologically and have distinctive characteristics that are suitable to be used to differentiate them. These properties should be considered in 
future planes of industrial processes to transform apatite into single superphosphate, a basic input for fertilizer production.
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INTRODUCTION
The recent identification of carbonatites in the Southern 

Rio-Grandense Shield increased the Southern Brazil potential 
to make investments directed to the production of agricultural 
raw material (fertilizers) or to apply them in high technology 
using elements normally enriched in these rocks, such as the 
rare earth elements (REE). To define these possibilities of 
carbonatite, we obtained mineralogical and chemical data. 
The objective of this paper is to study the apatite, a mineral 
that concentrates phosphates in the rock, and the weathering 
profile. Apatite constitutes the target mineral to industrial use 
of Três Estradas Carbonatite.

In the Southern Rio-Grandense Shield, the first piece of 
evidence that indicated the existence of rocks from the car-
bonatite group was observed from airborne geophysics and 
surface geochemical survey (stream sediments and soil analy-
sis), implemented by Companhia Brasileira do Cobre (CBC) 
and Companhia de Pesquisas em Recursos Minerais (CPRM) 
(Parisi et al. 2010, Toniolo et al. 2010, Grazia et al. 2011, 
Toniolo et al. 2013). After such discovery, new carbonatites 

were identified in other sectors of Southern Rio-Grandense 
Shield, mostly Caçapava do Sul (Picada dos Tocos Carbonatite), 
about 70 km distant from the Três Estradas Carbonatite (Rocha 
et al. 2013, Cerva-Alves et al. 2017), which make a new car-
bonatite province in Brazil together with Joca Tavares occur-
rence. Três Estradas Carbonatite (TEC) is associated with 
the old gneiss of the Santa Maria Chico Granulite Complex 
(GCSMC) formed by Neoarchean to Neoproterozoic rocks 
and inserted in the Rio de La Plata Craton (Almeida 1967, 
Nardi & Hartmann 1979, Almeida et al. 1981, Cordani & Brito-
Neves 1982, Hartmann 1998, Hartmann et al. 2000, Philipp 
et al. 2016). The TEC occurrence has a piece of evidence from 
processes of deformation and metamorphism (Toniolo et al. 
2010, Toniolo et al. 2013, Águia Resources Limited, 2015, 
2017), but the geological relation with the GCSMC and with 
the Passo da Capela Alkaline Province continue to be uncer-
tain (Burger et al. 1988). Several occurrences of Cretaceous 
carbonatite rocks are known in the central-southern region of 
Brazil (Gomes et al. 2018). A recent paper on Picada dos Tocos 
Carbonatite (Caçapava do Sul) shows U-Pb crystallization age 
of 603.2 ± 4.5 My (Cerva-Alves et al. 2017). The attribution 
of this age to the TEC context with the present data is only 
a possibility reinforced by the observed field and similarities 
of rock features.

Carbonatite is a proto-ore due to its unusual composition. 
The weathering of TEC, particularly, produced a highly enriched 
product, with typical phosphate ore grade. The exposition of 
these rocks to periods of favorable climate, such as in tropi-
cal and subtropical wet regions of southern Brazil during the 
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major part of the Cenozoic, enabled the formation of a thick 
weathering profile (Walter et al. 1995, Oliveira & Imbernon 
1998). Weathering of local rocks with uncommon composition, 
such as carbonatites, promoted preferential carbonate disso-
lution, removing magnesium and calcium from the rocks and 
gradually acidifying the percolating solutions. This condition 
destabilized the apatite and introduced phosphorus directly 
into the biologic cycle or formed new mineral phases, such as 
secondary apatite or aluminum-phosphates (Altschuler 1973, 
Toledo et al. 2004, Lapido-Loureiro et al. 2005). The history 
of this long TEC transformation process with the weathering 
is unfolded in this research using the characteristics observed 
on the four identified apatite generations. This is the major 
mineral of the studies for the economic exploitation of TEC.

Localization and geologic 
framework of the area

Três Estradas area is in Rio Grande do Sul State, at approxi-
mately 30 km southwest of the town of Lavras do Sul, Southern 
Brazil (Fig. 1A). Geologically, TEC is associated with lithologies 

of an old terrain in the Southern Rio-Grandense Shield named 
Taquarembó Block, characterized by Neoarchean rocks of the 
SMCGC (Fig. 1B). In the TEC domain (Fig. 1C), regional 
structures occur, such as Cerro dos Cabritos Fault Zone and 
Ibaré Lineament (Jost & Hartmann 1984, Naumann et al. 1984, 
Iglesias 2000, Goulart 2014, Philipp et al. 2017, Ruppel et al. 
2018), which are marked by complex evolution and reactiva-
tion episodes (Luzardo & Fernandes 1990, Fernandes et al. 
1992, Laux 2017). Ibaré Lineament is a shear zone that divides 
the Southern Rio-Grandense Shield into the large structural 
units of Taquarembó and São Gabriel blocks (Hartmann 1998, 
Chemale Jr. 2000).

Carbonatite outcrops in the Três Estradas area are rare. They usu-
ally occur as small bodies in drainage valleys or crests when asso-
ciated with quartz veins. The best visualization of carbonatite dis-
tribution and relations to enclosed rocks was facilitated through a 
drilling program by Águia Resources Limited. The resulting sub-
surface model displays carbonatite as elongated lens with NE-SW 
direction, forming a synform-folded structure associated with 
fenite and amphibolite, as seen in Figure 2A (Águia Resources 

Figure 1. Localization of the studied area. (A) Map of South America showing Brazil and Rio Grande do Sul State. (B) Localization of the 
Sul-Rio-Grandense Shield in Rio Grande do Sul State, showing the São Gabriel and Taquarembó Blocks on the west side. (C) Geological map 
of the region of Três Estradas carbonatite, inserted in the GCSMC and delimited by the Ibaré Lineament – which limits the São Gabriel and 
Taquarembó Blocks – and Cerro dos Cabritos fail zone. (Modified from CPRM 2006 and Gastal and Ferreira 2013).
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Limited, 2015, 2017). On average, the observed weathering man-
tle has thickness estimated at 15 m and is formed by high-grade 
phosphates composed by residual and supergene apatite (Anzolin 
2015). Detailed drilling investigations defined two flanks, highly 
dipping to the NW and following the general gneiss structure (Fig. 
2B). Each flank of carbonatite has a 50-m thickness that is mostly 
intercalated with amphibolite. Identification of fenite suggests an 
intrusive process of carbonatite into SMCGC rocks and must be 
considered in further surveys (Figs. 2B and 2C).

MATERIALS AND METHODS
In this paper, samples of fresh and weathered carbon-

atite were collected either from drill core or in outcrops of 
the weathering profile. Subsurface samples of unaltered car-
bonatite (TED16) were collected from the directional drill 
hole TED 11-016 (Fig. 2C). Considering the inclination 
angle of the drill hole in relation to the horizontal plane, 
fresh samples were collected at a depth of about 50 meters. 
TED01T and TED02T altered samples were collected in the 

A

B
C

Figure 2. Três Estradas Carbonatite (TEC) occurrence. (A) Disposition of the carbonatite in the form of a folded elongated body in the 
NESW direction interleaved with fenites and amphibolite and the points of sample collection, as well as the disposition of the profile shown 
in Figure 2B that contains the drill hole TED 11-016. (B) Vertical profile approximately orthogonal to the fold hinge, showing the disposition 
of the dipping carbonatite bodies. (C) Disposition of the drill role used in this study with the sampling position and the lithotypes observed 
on the profile and the fenitization zones (modified from Águia Resources Limited 2015 and 2017, Esri 2009).
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weathering profile of the TEC directly at the base of a trench 
opened in the terrain.

Petrography was performed with a Leitz Aristomet micro-
scope, using thin sections of the samples TED 16 and TED01T. 
Mineralogy was also determined through X-ray diffraction 
(XRD), applying the technique of total powder sample pul-
verized at 200 mesh, in a Siemens/Bruker equipment model 
D5000 with a goniometer θ-θ in 45 kV and 40 mA energy 
conditions, with scanning in the range from 3 to 50º 2θ, step 
size of 0.04º 2θ and step time of three seconds.

Chemical analyses of the samples were carried out through 
the X-ray fluorescence spectrometry technique (XRF), using 
the vitreous disc method. Pulverized samples at a grain size 
of 200 mesh were fused with a proportion of 7,000 g of lith-
ium tetraborate (LiBO2) to 1,000 g of the sample. The sample 
disc was fused in a Panalytical oven, Eagon 2 model. Data were 
obtained using an XRF spectrometer Rigaku, model RIX 2000, 
following the method of calibration curves obtained from a set 
of rock standards with international certification.

Minerals were analyzed by electron microprobe using the 
Cameca ®SXfive equipment. Apatite analyses followed the meth-
odology established by Walter et al. (1995) and Ferrari (2000). 
The concentration of Na, Si, Mg, Al, P, Cl, Ca, Ba, K, Mn, Fe and 
Sr were quantitatively determined in apatite using an energy 
level of 15 keV, 15 nA with a spot size of 5 µm. To minimize 
volatilization by electron beam heating, fluorine was initially 
measured with the spot size of 25 µm. The analyses of Ce and 
La were done at the end with higher energy condition (15 keV, 
40 nA with spot size of 5 µm). Counts of element lines found 
in apatite were calibrated using standards, and measurements 
were converted into concentrations with the ZAF correction. 
The OH amount was estimated through stoichiometry.

The micro-Raman spectrometry was undertaken using 
a Horiba iHR320 equipped with a charged couple device 
(CCD) detector Symphony, which was refrigerated with 
liquid nitrogen. The laser used for the excitation was HeNe 
type, with wavelength of 632.8 nm and 10 mW of power, 
for an acquisition time from 20 to 30 seconds and with a 
focus capacity with diameter of approximately 3 µm. Spectra 
were obtained in two energy intervals, between 580 and 
1,760 cm-1 of wave number, a region where the main absorp-
tion of PO4 and CO3 groups is produced and in the interval 
between 2,983 and 3,780 cm-1, related to OH absorption. 
The analysis by Fourier-transform infrared spectrometry 
(FTIR) was performed with a Shimadzu IR prestige 21 
spectrometer. Samples were prepared in KBr discs, in which 
0.0070 g of the sample (apatite) was pressed together with 
0.100 g of KBr, both macerated into homogeneous pow-
der. Pressure conditions were 15 kgf during four minutes, 
20 kgf for three minutes and 30 kgf in the last three minutes, 
totaling ten minutes of pressing for each sample. The FTIR 
acquisitions of pressed discs were made in the wave num-
ber interval between 4,000 and 400 cm-1.

A Jeol JSM-6610 scanning electron microscope (SEM) was 
used to produce images of secondary electrons (SE) assisted 
by EDS spot analyses. Images were obtained from small frag-
ments of the samples covered with carbon and gold coats.

Mineralogy and geochemistry 
of TEC and weathering products

Mineral composition of non-altered TEC shows the pre-
dominance of carbonates (85%) and, in this group, dolomite 
is the main mineral followed by apatite (8%), opaque minerals 
(5%), especially magnetite, hematite and accessory minerals 
(2%), in which minor quantities of tremolite-actinolite, phlo-
gopite, talc, titanite and zircon are present. The samples have 
carbonate bands intercalated with others richer in opaque min-
erals, apatite, tremolite-actinolite and phlogopite. Minerals vary 
from anhedral to subhedral, in which apatite has dimensions 
lower than 0.5 mm, wavy extinction and frequently with frac-
tures filled with carbonates. XRD displayed the predominance 
of dolomite in relation to calcite (Fig. 3). Semi-quantitatively, 
the proportion of calcite to dolomite in TEC was evaluated 
by XRD through the integration of the area of 104 diffraction 
planes (3,035 Å for calcite and 2,888 Å for dolomite), which 
allowed the estimate of calcite in a proportion lower than 5% 
of the total volume of the TED 016 sample (Fig. 3).

TEC mineralogical and chemical composition presents 
similarities with Picada dos Tocos metacarbonatite, described 
in Caçapava do Sul region, especially with the beforsite type 
(Cerva-Alves et al. 2017). The TEC was distinguished through 
the high levels of MgO and P2O5 (Fig. 4). Sodium and potas-
sium were not detected through the XRF analysis (Fig. 5), and 
this absence or low concentration are common in this rock and 
were observed in other occurrences of carbonatites (Barker 
& Nixon 1989, Ignacio et al. 2012, Cerva-Alves et al. 2017).

On TEC, the weathering profile is characterized through 
the sharp evolution from fresh to altered rock, and altered 
TEC samples are marked by intense carbonate dissolution. 
Magnesium and calcium originally related to carbonates were 
removed, while silica, manganese, iron, aluminum and tita-
nium were accumulated (Fig. 5). The general organization of 
the weathering profile presents, at the base, a large saprolite 
zone with brown color and the preservation of the gneissic 
structure followed by a thin organic soil horizon on the top 
(Anzolin 2015).

In the TEC weathering profile, due to the preferential car-
bonate dissolution, apatite that originally has an 8% proportion 
in the rock, was gradually concentrated and became the main 
mineral, followed by iron oxides and hydroxides like hematite 
and goethite and, in minor proportion, silicates such as clay 
minerals (Fig. 3 — TED 01T and TED 02T). Secondary iron 
minerals formed indurated crusts and thin layers, resulting in a 
hard framework that sustains the erosion of the entire profile 
despite the expressive number of voids generated by carbonate 
dissolution. The increased participation of apatite in the altered 
rock is supported by petrography (Fig. 6) and XRD (Fig. 3) 
analyses. When fresh carbonatite composition is compared 
to altered samples, the notable enrichment in apatite during 
weathering is chemically marked by a pronounced increase of 
P2O5 (evolving from 4 wt% in fresh rock to 25 wt% in altered 
carbonatite) and through calcium stabilization. Mg decrease 
reinforces the mineralogical changes observed in the samples 
that characterize the carbonate dissolution (mostly dolomite) 
in the rock (Fig. 5).
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Apatite occurrence and texture
In this paper, observations made using optical microscopy 

complemented by SEM identified four different types of apa-
tite and relations with other constituents. The first type orig-
inated with rock crystallization is found in unaltered carbon-
atite; primary apatites (Type 1) occur as equigranular crystals 
with subhedral to anhedral form, with individual grains with 
1 mm size, concentrated in rock bands in association with 
opaque minerals or in fractures often filled by carbonates 
(Figs. 6A and 6B). In weathered carbonatite, apatite type 1 is 
gradually modified giving place to altered apatite (Type 2), 
which evolved from the partial alteration of primary apatite 
(Type 1). The alteration process is characterized by the for-
mation of a set of isolated nuclei with dissolved edges, each 
up to 200 µm (Figs. 6C, 6D and 6F). Associated with type 
2 (altered apatite), a new generation of apatite is developed 
(Type 3) following the same crystallographic orientation of 
the previous type 2, forming euhedral crystals (Figs. 6C, 6D, 
6F and 7) that grow in continuity to type 2 (epitaxial growth). 
Characteristically, type 3 apatites are marked by the presence 
of inclusions formed by iron oxides with a fringe that marks 
epitaxial growth (Fig. 6D). The youngest apatite type identified 
in the weathering profile occurs as small euhedral crystallites 
(Type 4) up to 50 µm, normally covering type 3 apatite (Figs. 6C, 
6D, 6F and 7) in radial aggregates (Fig. 6E), in veins or filling 
voids generated by dissolved carbonates (Figs. 6G and 6H). 

The youngest generation of phosphate minerals was observed 
through a detailed SEM analysis that allowed the identification 
of aluminum-phosphates, minerals typically associated with 
weathered phosphate rocks (Fig. 7). The identification of P, 
Al, Ca and Ba (SEM-EDS analyses) shows compatibility with 
minerals of the crandalite mineral group (Fig. 8). Induced by 

Figure 3. Diffractograms of Três Estradas Carbonatite (TEC) and its alterite (non-oriented powder samples). In the sample TED016, 
carbonates are identified, mainly dolomite, and, in a lesser extension talc, apatite, tremolite, magnetite and hematite. The samples of alterite 
TED01T and TED02T present a complete dissolution of the carbonates and a larger participation of the apatite associated with iron oxides, 
hydroxides (hematite and goethite), and quartz.

Figure 4. Ternary diagram of the composition (in wt%) of the CaO, 
MgO and P2O3 concentration of the sample TED016 (TEC) and 
the results obtained with Picada dos Tocos Carbonatite (Caçapava 
do Sul). Data from the Picada dos Tocos extracted from Cerva-
Alves et al. (2017).
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natural low aluminum concentration in carbonatite (Fig. 5), 
this phosphate is uncommon in the TEC weathering profile.

Chemical characterization of apatite types
Considering each type of the observed apatite, from 

the primary one in the non-altered rock (Type 1) to apatite 
originated during the TEC weathering process (Types 2, 3 
and 4), there are some differences not only in the morphol-
ogy and mode of occurrence, but also in particularities in 
their chemical composition. When possible, use of EPMA 
determined the chemistry of different apatite types (Tab. 1). 
Additionally, micro Raman and FTIR were employed to eluci-
date the observed apatite compositions. To facilitate compar-
isons, the median composition (wt%) and chemical mineral 
formula were calculated for each group of apatite (Tab. 2). 
All results are available in the Pangaea site, with the DOI 
number: 10.1594/PANGAEA.893030.

With weathering, primary apatite (Type 1) changed in 
composition and was replaced by Type 2 or altered apatite, 
which is characterized by an increase in Ce and La concentra-
tion (Figs. 9A and 9C), decrease of Sr (Fig. 9G) and progres-
sive replacement of F by OH (Fig. 9H). Differently, types 3 
and 4 of apatite (epitaxial growth and crystallites respectively) 
are characterized by decrease in La and Ce (Figs. 9A and 9C), 
strontium (Fig. 9G), phosphorus (Fig. 9F) and increase par-
ticipation of OH that replaces F in Type 2 apatite (Fig. 9H). 
With advance of weathering, the participation of F in apatite 
composition increased that is exemplified by the highest F 
observed in Type 4 apatite (Fig. 9B). In general, when apa-
tite Types 1 and 2 from TEC are compared with the apatite 
developed completely in the weathering profile (Types 3 and 
4), analyses decrease in the quantity of P (Figs. 9B and 9D), 
La and Ce (Figs. 9A and 9C). If the analyzed concentration of 

La and Ce are considered as representative of the REE behav-
ior, apatite Types 1 and 2 retain REE and Types 3 and 4 are 
impoverished in these elements.

Apatite is a mineral with a general formula (A5X3Y1), in 
which, ideally, A = Ca2+; X = PO4

3- Y = F-. A wide variety of 
substitutions are observed in every crystallographic site of the 
mineral. Especially in the Y site, F may be replaced by Cl or OH 
ions in different degrees, composing a solid solution that forms 
the three final members of the apatite group in three varieties, 
identified respectively as fluorapatite (F-Ap), chlorapatite (Cl-
Ap), and hydroxyapatite (H-Ap). Substitutions and each kind 
of apatite produce differences in the physical properties and 
mineral solubility, which significantly influence many indus-
trial applications (Kohn et al. 2002). In practice, difficulties in 
the determination of apatite composition are related with the 
analytical limitations of EPMA, especially in relation to OH 
determination (Stormer Jr. et al. 1993). These difficulties are 
evident in the compositional results obtained in this work by 
EPMA and are observed in the sum of components of each 
chemical analysis, which varies from the expected total around 
100% to results distant from the ideal total values. It is specially 
observed with apatite Types 3 (epitaxial growth) and 4 (crys-
tallites), which systematically presented totals around 93% 
(Figure 9D), differently from totals obtained around 100% for 
apatite analyses Types 1 and 2. Most EMPA mineral analyses 
with total not within the expected interval from 98 to 102% 
are rejected. In this paper, these results were not interpreted 
as errors, but they were related to problems concerning the 
non-analyzed compounds normally found in apatite, such as 
CO3

2- and OH-. In contrast to the primary Types 1 and 2, the 
apatites developed entirely in the weathering profile show a 
decrease in the total analyzed (Fig. 9D) and P2O5 concentra-
tion (Fig. 9E). This result was also observed by Toledo et al. 

Figure 5. Concentration variation of major chemical elements (wt%) in the unaltered sample (Três Estradas Carbonatite – TED 16) and the 
weathering profile (TED 01T and TED 02T) of TEC. The enrichment in phosphate is related to the apatite preservation in the weathering 
profile, and the drastic decrease in magnesium concentration indicates the dolomite dissolution.
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Figure 6. Images obtained by optical microscope. Images A and B exhibit type 1 apatite (Ap1), occurring concentrated in bands of the 
carbonatite. Images C, D, E, F, G and H illustrate the other apatite types present in the weathering samples. Type 2 apatite (Ap2) exhibits 
dissolution edges. The epitaxial growth (Ap3) occurs covering the type 2 apatites, forming euhedral forms. Type 4 apatite (Ap4) occurs over 
the preexisting apatite crystal, as well as in the form of radial aggregates (Image E) and filling veins (Images G and H).
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Figure 7. Secondary electron images obtained from the analysis of alterite fragments (samples TED 01T and 02T). The prismatic crystals of type 
4 apatite partly cover the type 3 apatite on the images A, B, C, D and E. In Image C, it is possible to see a nucleus formed by type 2 altered apatite, 
covered by epitaxial growth of type 3 apatite and finally the crystallites growing in a prismatic way on the mineral surface. Image F shows the 
type 4 apatite forming a radial aggregate. Images G and H show pyramidal crystals of aluminum-phosphate associated with weathering products.
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Figure 8. EDS analysis of the aluminum-phosphate with 
scanning electron microscope. Note that the spectrum indicates 
a predominant composition of aluminum and phosphorus and a 
minor participation of barium, iron, and calcium.

(2004) and interpreted as X site PO4
3- substitution by CO3

2- 
and the entrance at the Y site of OH replacing F. To correctly 
evaluate these kinds of substitutions, Raman spectroscopy 
and FTIR techniques are the most appropriate methods 
(Antonakos et al. 2007, Elliot 1994, Penel et al. 1998) and were 
implemented in this work to characterize apatites observed in 
TEC. The application of these techniques permitted to com-
plement the analytical data of EPMA, improving the charac-
terization of each apatite type.

To evaluate CO3 associated with the X site in the studied 
apatites, the technique of FTIR was used. Some types of apa-
tites identified in the profile, such as Types 2 and 3, occur as 
continuous crystal (Figs. 6C, 6D and 6F), making the sepa-
ration of each apatite impracticable for FTIR analysis using 
KBr pressed discs. Consequently, the obtained FTIR of these 
apatites is the average composition of Types 2 and 3. Typical 
absorption bands of CO3 occur in the spectral interval between 
1,650 and 1,300 cm-1 (Rehman & Bonfield 1997). By the 
FTIR, the methodology employed for the determination of 
CO3 concentration was based on the work of Grunenwald 
et al. (2014), which used parameters like the area of the PO4 
v3 and v1 infrared absorption bands and the area of the CO3 
v3 band (Fig. 10). The concentration of carbonate present in 
the analyzed apatite was calculated as follows (Eqs. 1 and 2):

rc/p=
[area v3(CO3)]

[area v1v3(PO4)]
 (1)

wt%CO3 = 28.62 ×  rc/p + 0.0843 (2)

By applying this methodology to apatite separated from 
sample TED 01T (Fig. 9A and Eqs. 3 and 4):

[area v3(CO3)] = 24.05215
[area v1v3(PO4)] = 107.25097

rc/p=
[24.05215]

[107.25097]
= 0.2243

 (3)

wt%CO3 = 28.62 ×  0.2243 + 0.0843
wt%CO3 = 6.5% (4)

Applying this methodology to apatite separated from sam-
ple TED02T (Fig. 9B and Eqs. 5 and 6):

[area v3(CO3)] = 27.42087
[area v1v3(PO4)] = 117.54013

rc/p=
[27.42087]

[117.54013]  (5)

wt%CO3 = 28.62 ×  0.2333 + 0.0843
wt%CO3 = 6.7% (6)

Apatite originated from the weathering TEC profile has a 
different behavior from the primary type (Type 1). Types 3 
and 4 have significant participation of CO3 in their composi-
tion, which is not detected in the X site of apatite Type 1 and 
CO3 group.

Additionally, OH participation in the Y apatite site is not 
determined by EPMA analyses; therefore, a normal proce-
dure is the quantification of this group through stoichiomet-
ric calculation, whose results are sometimes questionable. In 
this work, beyond stoichiometric calculation, the evaluation 
of OH group was made directly using the micro-Raman spec-
troscopy facilities. Each apatite type was separated and fixed in 
mounts and subjected to a micro Raman beam that covers an 
area with a diameter of approximately 3 µm. Considering beam 
diameter, apatite Type 4 (crystallites) has small size resulting in 
unclear Raman measurements, showing an influence of mount 
resin making the obtained spectra useless. The OH group was 
identified in primary apatite (Type 1) as well as in altered ones 
(Type 2), while epitaxial apatite (Type 3) has no indication of 
this group (Fig. 11).

DISCUSSION
In this paper, the described apatite has morphological 

and chemical differences in addition to distinct modes of 
occurrence, considering the carbonatite and evolved weath-
ering products.
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Type 1: primary apatite
Primary apatites of Type 1 are equigranular minerals with subhedral 

shape, without visible zonation and often with fractures. Crystals occur 
concentrated in bands and associated with opaque minerals (magne-
tite, hematite and sulfides, especially pyrite) of the unaltered TEC. A 
suggested chemical formula is expressed in Equation 7:

(Ca9.73Na0.05Ce0.02Sr0.13)[(PO3)6.07(SiO4)0.01](Cl0.02F1.64OH0.29) (7)

Y site is dominated by F and OH that allow the mineral 
to be classified as fluor-hydroxyapatite. In the cationic site A, 
Ca predominates, admitting substitutions for Na, Ce, and Sr. 
Due to Ce, the presence of elements from the REE group is 
inferred in this type of apatite, although the entire REE group 
was not analyzed in this work. In the X mineral site, the PO3- 
group dominates and CO3 was not detected.

Type 2: altered apatite
The transition from rock to weathered carbonatite is 

sharp and apatite Type 1 is absent from weathered samples. 
The modified early apatite (Type 1) found in weathering pro-
file was denominated altered apatite (Type 2), which main-
tains a composition like apatite Type 1. However, altered 
apatite (Type 2) when compared with Type 1 has signifi-
cant differences and its morphology is marked by rounded 
mineral edges (Fig. 6). The rounded edges indicate activity 
of weathering processes that promoted partial mineral dis-
solution in a similar mode as observed in Catalão I carbon-
atite (Toledo et al. 2004). With EPMA chemical analyses, the 
mineral formula is similar to apatite Type 1 and is classified 
as fluor-hydroxyapatite (Eq. 8): 

Ca9.88Na0.05La0.01Ce0.03Sr0.05[(PO3)6.11(SiO4)0.03]Cl0.01F1.10OH0.30 (8)

Additionally, OH substitution of F in the mineral site Y 
increases when compared to Type 1, which denotes a com-
positional trend with weathering (Fig. 9). In relation to Type 
1, the mineral site A decreases in Sr due to relative gain in Ce 
that is not mobilized at this weathering stage. As type 1, the 
mineral site X is occupied by PO3, and CO3 was not detected.

Type 3: epitaxial growth

Apatite Type 3 is a generation of apatite developed in TEC 
weathering environment. This apatite occurs as a precipitate in the 
form of epitaxial growth (Fig. 6D), following the crystallographic 
structure of altered apatite (Type 2), occupying the crystal core. 
The most probably chemical formula is expressed in Equation 9:

Ca9.85Na0.02Mg0.02Fe0.07Ba0.01Al0.01Sr0.02[(PO3)548(CO3)1.14]F2.00 (9)

In apatite Type 3, the mineral site Y has F. In mineral site 
A, Ca predominates partially replaced by Na, Mg, Fe, Ba Al and 
Sr, with no piece of evidence of Ce or La. This denotes that the 
REE group is not retained in apatite generated by carbonatite 
weathering. This piece of evidence must be investigated more 
closely due to similarity with phosphate deposits, in which ore 
with potentiality to be exploited is in the weathering mantle. 
In site X, there is a significant participation of CO3 in substitu-
tion to PO3. These characteristics allow to classify apatite Type 
3 as carbonate fluorapatite (Deer et al. 1992, Straaten 2002).

Type 4: crystallites
The youngest type of apatite occurs as crystallites, with 

dimensions around 50 µm, and due to their small size, they 
are visualized with some difficulty by optical microscopy 
(Fig. 6). However, the type is better detailed with SEM (Fig. 7). 

Table 2. Chemical formula calculated for the occurring apatites, using the results from electron microprobe and Fourier-transform infrared 
spectrometry (FTIR) (number of O + F + OH + Cl = 26 used for the primary and changed apatite. For the epitaxial growth and crystallites, 
the chemical formula was calculated using the basis of 10 cations).

    Ca Na Mn Mg Fe La Ce Ba Al Sr P C Si Cl F OH

Primary 
(n = 41)

Median 9.70 0.05 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.13 6.05 0.00 0.01 0.02 1.63 0.29

Min 9.60 0.03 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.09 5.99 0.00 0.00 0.01 1.49 0.10

Max 9.80 0.07 0.01 0.02 0.02 0.01 0.02 0.00 0.05 0.19 6.09 0.00 0.04 0.03 1.81 0.44

Changed (n 
= 44)

Median 9.75 0.05 0.00 0.00 0.00 0.01 0.03 0.00 0.00 0.05 6.03 0.00 0.03 0.01 1.10 0.85

Min 9.66 0.02 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.04 5.97 0.00 0.01 0.00 0.97 0.54

Max 9.94 0.07 0.01 0.01 0.06 0.01 0.04 0.00 0.01 0.06 6.07 0.00 0.05 0.01 1.39 0.99

Epitaxial 
growth 
(n = 40)

Median 9.85 0.02 0.00 0.02 0.07 0.00 0.00 0.01 0.01 0.02 5.48 1.14 0.00 0.00 2.00 0.00

Min 9.52 0.01 0.00 0.01 0.04 0.00 0.00 0.00 0.00 0.01 5.32 1.14 0.00 0.00 1.81 0.00

Max 9.89 0.03 0.01 0.03 0.33 0.00 0.01 0.01 0.06 0.02 5.60 1.18 0.01 0.01 2.27 0.00

Crystallites 
(n = 48)

Median 9.86 0.02 0.00 0.01 0.05 0.00 0.00 0.01 0.03 0.01 5.39 1.13 0.01 0.00 2.84 0.00

Min 9.59 0.01 0.00 0.01 0.03 0.00 0.00 0.00 0.00 0.01 5.21 1.11 0.00 0.00 2.57 0.00

Max 9.91 0.04 0.01 0.02 0.12 0.00 0.04 0.04 0.22 0.02 5.56 1.16 0.04 0.01 3.27 0.00

Min: minimum; max: maximum.
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E F

G H

Figure 9. Behavior of the main chemical elements in the different types of apatite identified in Três Estradas Carbonatite (TEC). Results 
obtained from EPMA analysis.

The Type 4 mode of occurrence suggests an origin influenced 
by high nucleation rate, favoring the formation of small crys-
tals and causing the interruption of epitaxial growth (Type 3). 
Crystallites are developed late in the weathering profile and 
occurs where there is room for growth. Type 4 fills cavities gen-
erated by dissolved minerals such as carbonates, fringes above 
other minerals, radial aggregates up to 100 µm and also filling 

veins, as observed by optical microscope and SEM (Figs. 6E, 
6G, 6H and 7). With EMPA chemical analyses, we elaborated 
the following formula, expressed in Equation 10:

Ca9.86Na0.02Mg0.01Fe0.05Ba0.01Al0.03Sr0.01 

[(PO3)5.39(CO3)1.13Si0.01]F2.84 (10)
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Figure 10. FTIR spectra obtained in the region between 4000 
and 400 cm-1 on the weathering apatites of the samples TED01T 
and TED02T. The absorption bands v1, v3 of the PO4, 3- and v3 of 
the CO3, 2- were used for the determination of the parameters in 
formulas 1 and 2 (Grunenwald et al., 2014).

As in type 3, the Y site is entirely occupied by F. The A site 
is dominated by Ca, partially replaced by Na, Mg, Fe, Ba, Al and 
Sr. Similar to Type 3 apatite, Ce and La were not detected, sug-
gesting weak participation of REE group. In the apatite X site, 
there is a significant participation of CO3 replacing PO3 that 
indicates environment of formation with high CO2 fugacity. 
Compositionally, apatite Type 4 is similar to Type 3 and was clas-
sified as carbonate fluorapatite (Deer et al. 1992, Straaten 2002).

Aluminum-phosphates
Identification of aluminum-phosphate minerals occurred 

punctually in the weathering profile and seems an uncommon 
phase in TEC. They are small crystals with a bipyramidal habit 
and size less than 3 µm (Figs. 7G, 7H and 8). From SEM-EDS 
analysis, elements such as Al, P, Ca and Ba are associated with 
this phase (Fig. 8). The presence of Ca suggests minerals of 
the crandallite group (Schwab et al. 1989, Toledo et al. 2002), 
which are relatively common in weathering profiles over phos-
phatic rocks.

Weathering development in TEC
Apatite types identified especially in the weathering 

mantle of TEC emphasizes the complexity of supergenic 
alteration, probably with multistages and a long process 
between carbonatite exposition and phosphate remobiliza-
tion. Results show that phosphorus was less mobilized in the 
weathering profile and remained preferentially in the profile 
as apatite. Observations with XRD complemented by micros-
copy (Figs. 3 and 6) confirm the high potential to weathering 
of TEC and good water circulation and percolation in weath-
ering profile, favoring carbonate dissolution (decrease in loss 
of ignition and MgO — Fig. 5). Some sulfides present in the 
carbonatite probably oxidized and were lixiviated (Fig. 5). 
Chemically, Ca content increases with weathering and is 
related to apatite relative enrichment (Fig. 5). TEC behavior 
with weathering has similarities with processes described in 
other carbonatites exposed to tropical and subtropical climate, 
such as the Juquiá carbonatite (Walter et al. 1995) and the 
Catalão I carbonatite complex (Oliveira & Imbernon 1998, 
Toledo et al. 2004).

The alteration and dissolution process of carbonate 
sulfide minerals create an environment characterized by 
lower pH (Altschuler 1973, Neto 1991). Considering the 
initial step of carbonatite weathering (Fig. 12), solutions 
have a tendency to be acid destabilizing primary apatite 
(Type 1). This condition promotes dissolution of primary 
apatite marked by irregularities and rounded borders (Figs. 
6C, 6D and 6F), lixiviation of F and Sr and relative enrich-
ments in OH, Ce and La (Tabs. 1 and 2, Fig. 9). In the ini-
tial weathering, carbonates rapidly disappear as observed 
in XRD (Fig. 3), and apatite dissolution is incomplete. It 
indicates progressive change in pH from acid in direction 
to neutral or slowly alkaline. The increase in pH associated 
with high phosphorous activity in the weathering profile 
promotes the formation of new apatite (Type 3) crystaliz-
ing as epitaxial growth that covers the altered apatite Type 
2. Progressively, saturation of porous solutions with phos-
phorous and calcium creates ideal conditions to increase 
the rate of apatite nucleation (Walter et al. 1995), favor-
ing microcrystal formation (apatite Type 4). The process 
of carbonatite weathering and stability or dissolution of 
apatite and rock minerals is controlled by water availabil-
ity to reactions on the profile. The variability in the water 
amount can be explained by factors such as climate changes 
alternating humid and dry periods associated with surface 
relief disposition. In similar surface relief condition, arid 
periods favor the increase in ionic saturation of solutions, 
alkalinity level, and apatite nucleation (Fig. 12).

CONCLUSIONS
The combination of analytical techniques used in this paper 

permits the determination of four types of apatites associated 
with TEC. Modes of occurrence of each apatite type also repre-
sent a successive sequence of different generations that evolve 
from the primary apatite (Type 1) observed on the rock to 
weathering types (Types 2, 3 and 4).
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Figure 11. Micro-Raman Spectra of the different types of apatites (Types 1, 2 and 3) of the region between 400 and 1800 cm-1, where the PO4 
group and CO3 lines can be identified, and the region between 3000 and 3800 cm-1 where the OH group occurs can also be found. The OH 
group is present in the primary apatite (Type 1) and in the weathered apatite (Type 2), but it was not detected in the Type 3 apatite (epitaxial 
growth in a weathering environment), whereas the CO3 group is significant only in the supergenic apatites.

Primary apatite (Type 1) of igneous/metamorphic origin 
was a result of magma crystallization with small modifications 
due to deformation and metamorphism. This apatite occurs 
in the non-weathered carbonatite and is classified as fluor-hy-
droxyapatite, with some substitution of Ca in the structural 
position A by Na, Ce and Sr.

Despite mineral similarity with primary apatite (Type 1), 
apatite Type 2 was modified by initial weathering, marking the 
mineral by dissolution features, such as rounded borders and 
irregular edges. Apatite Type 2 holds a composition to be clas-
sified as fluor-hydroxyapatite with a decrease in Sr and relative 
enrichment in Ce, which is not mobilized in this weathering 
stage (Fig. 9). OH increases its participation by F substitution 
in the mineral site Y; CO3 was not detected in apatite site X.

The particularities observed on the altered apatite (Type 2) 
characterize a process of apatite destabilization. Gradually, the 
percolating solutions along the weathering profile become more 
saturated and stop the early trend to apatite dissolution, revert-
ing to a new event of apatite growth (Type 3). Difficulties in 
water circulation or a supply decrease due to climate changes 
are possibilities that must be considered for these modifica-
tions. Epitaxial apatite Type 3 growth over remaining crys-
tals of apatite Type 2 are distinguished by certain character-
istics, such as the occupation of mineral X site by CO3, which 
is probably because of high dissolved CO2 in the solution. 
The observed partial substitution of PO3 by CO3 group indi-
vidualizes Type 3 apatite as carbonate-fluorapatite or franco-
lite type. The increasing tendency of ionic concentration of 
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Figure 12. Schematic model proposed for the weathering process observed in Três Estradas Carbonatite (TEC) and for the formation 
of apatite generations identified along the profile. The exposition of the TEC to weathering action resulted, after the dissolution from the 
carbonates and the oxidation of associated sulfides, in a progressive decrease in pH, consequently destabilizing the primary apatite (Type 1). 
Posteriorly, climate changes over the time caused the establishment of variations in the level of water and oscillation between hydromorphic 
and leachers conditions, which probably influenced the concentration of ions in solution and the formation of the different apatite generations 
identified in the paper.

percolating solution is maintained along the profile, and the 
resulting oversaturated solution favors the formation of apa-
tite Type 4 in all porous spaces or cavities, regardless of the 
existence of a previous apatite substrate (Type 3). Differently 
from Types 1 and 2, compositionally, apatite Type 4 contin-
ues to be a carbonate fluorapatite or francolite as observed 
for apatite Type 3.

The conditions that promoted the TEC weathering were 
favorable to the formation and development of phosphate 
minerals, particularly of the apatite group. Mineralogical 
investigation shows that aluminum phosphates minerals fre-
quently observed in weathering products are rare in TEC 
profile. Such rarity is expected to be related to peculiar rock 
composition, practically depleted in aluminum, considered 
to be a fundamental factor for the development of aluminum 

phosphates (Vieillard et al. 1979). The uncommon occur-
rence of aluminum-phosphates was observed over a substrate 
of apatite crystallites (Figs. 7G, 7H and 8), reinforcing the 
late origin and influence of an external source of aluminum, 
which is probably derived from associated surrounding rocks 
(SMCGC) as explained in the case of some quartz identified 
by XRD (Fig. 3) in weathered carbonatite.

The apatite types studied in the TEC weathering profile 
indicate a multi-step generation in different conditions, influ-
enced by changes in landscape and climate that affected physi-
cal-chemical properties of percolating solutions. The multi-gen-
erations of apatite observed required considerable time for 
their formation, involving periods dominated by dissolution or 
apatite crystallization, which is more suitable to be preserved 
in terrains with a long tectonic history of stability, such as the 
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tors contribute to raising the prospect interest of TEC region 
for the development of an exploitable deposit of phosphate. 
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be considered to optimize beneficial processes in future proj-
ects of utilization of TEC phosphate accumulation.
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