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RESUMO 

O distrito mineral de Bodó compreende uma sequência de mármores 
metassomatizados e lentes de skarns de W-(Mo)  localizados na Faixa Seridó, porção 
norte da Província Borborema, onde se encontra o depósito de Bodó, um dos 
depósitos de skarn mais importantes da Província Mineral de Seridó (PMS). Neste 
estudo, utilizamos uma abordagem multidisciplinar para investigar a evolução 
metamórfica e metassomática dos skarns e mármores do distrito de Bodó utilizando 
datações U-Pb e Ar-Ar, isótopos estáveis de carbono e oxigênio e modelagem 
termodinâmica. O distrito está espacialmente relacionado a granitos e pegmatitos 
ediacarano-cambrianos, que forneceram idades U-Pb SHRIMP em zircão de 536,6 ± 
3,4 Ma para o granito Macambira e idade de 40Ar/39Ar em muscovita de 501,63 ± 0,59 
Ma para um dique de pegmatito. Em contraste, a idade da mineralização é limitada 
por uma idade Re-Os em molibdenita (510 ± 2 Ma). Embora não corresponda a 
nenhuma das idades obtidas para granitos ou pegmatitos no distrito, a idade do skarn 
é consistente com as idades U-Pb em columbita-tantalita (515-509 Ma) obtidas para 
outros pegmatitos da PMS, as quais são considerados idades de cristalização, 
enquanto as idades de Ar-Ar são interpretadas como idades de resfriamento. Assim, 
os pegmatitos são considerados as fontes ígneas mais prováveis para a formação de 
skarns. As lentes de mármore da Formação Jucurutu não sofrem mudanças isotópicas 
significativas durante o metamorfismo regional, enquanto os dados de isótopos 
estáveis de C-O para calcitas de mármores e skarns do distrito de Bodó indicam uma 
tendência de empobrecimento em δ18O consistente com um modelo de interação 
fluido:rocha. Os dados sugerem uma interação com fluidos magmáticos em uma 
ampla faixa de valores de XCO2 e com diferentes taxas de interação fluido:rocha. A 
modelagem de equilíbrio de fases usando pseudosseções isobáricas T-XCO2 permitiu 
estimar as condições de metamorfismo de contato de mármores com diferentes 
assembleias de minerais silicáticos. As condições de pico metamórfico foram 
estimadas em 650-600°C, com uma ampla faixa de valores de XCO2 (entre 0,4 e 0,8), 
enquanto a fase retrógrada começa em 575-550°C. A cristalização de granada requer 
um baixo XCO2 (abaixo de 0,2), indicando um alto influxo de H2O. Em comparação, a 
cristalização de escapolita requer um alto teor de XCO2 (aproximadamente 0,8) que 
pode ocorrer em condições isotérmicas. Combinadas com observações texturais, 
essas características sugerem a atuação de um sistema aberto com composições 
variáveis de fluido. 

Palavras-chave: Província Borborema, Província Mineral Seridó, Skarn, Modelagem 
de equilíbrio de fases, Isótopos estáveis de C-O, Geocronologia 

 

  



 

 

ABSTRACT 

The Bodó mineral district comprises a sequence of metasomatized marbles and W-
(Mo)-skarn lenses located in the Seridó Belt, northern Borborema Province, in which 
the Bodó deposit is located, one of the most important W-skarn deposits of the Seridó 
Mineral Province (SMP). In this study, we employ a multidisciplinary approach to 
investigate the metamorphic and metasomatic evolution of the Bodó district skarns and 
related marbles using U-Pb and Ar-Ar dating, carbon and oxygen stable isotopes and 
thermodynamic modeling. The district is spatially related to Ediacaran-Cambrian 
granites and pegmatites, which provided U-Pb SHRIMP in zircon age of 536.6 ± 3.4 
Ma and 40Ar/39Ar in muscovite age of 501.63 ± 0.59 Ma, respectively. In contrast, the 
age of the mineralization is constrained by a Re-Os age in molybdenite (510 ± 2 Ma). 
Although these ages are not coeval with any granite or pegmatite ages in the district, 
the skarn age is consistent with U-Pb ages in columbite-tantalite (515-509 Ma) for other 
pegmatites in the SMP, which are assumed to be crystallization ages. In contrast, the 
Ar-Ar ages are interpreted as cooling ages. Thus, the pegmatites are the most likely 
igneous sources for skarn formation. Jucurutu marble lenses do not undergo significant 
isotopic changes during regional metamorphism, whereas C-O stable isotope data for 
calcites of marbles and skarns from Bodó district indicate a heavy δ18O depletion trend 
consistent with a fluid:rock interaction model. The data suggest an interaction with 
magmatic fluids in various XCO2 values and at different fluid:rock ratios. Phase 
equilibrium modeling using isobaric T-XCO2 pseudosections allowed estimate the 
contact metamorphism conditions of marbles with different silicate mineral 
assemblages. Peak conditions were estimated at 650–600°C with a wide range of 
XCO2 values (between 0.4 and 0.8), whereas the retrograde stage starts at ~500°C. 
Garnet crystallization requires a low XCO2 (< 0.2), indicating a high H2O influx. In 
comparison, scapolite crystallization requires a high XCO2 content (approximately 0.8) 
that may occur at isothermal conditions. Together with the interpretation of textural 
relantionship, these features suggest an open system setting with varying fluid 
compositions. 

Keywords: Borborema Province, Seridó Mineral Province, Skarn, Phase equilibrium 
modeling, C-O stable isotopes, Geochronology 
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1 INTRODUÇÃO 

1.1 Apresentação 

Depósitos do tipo skarns têm sua relevância atrelada ao fato de serem a 

principal fonte de metais como o tungstênio (W), além de serem importantes 

fornecedores de outros metais como Au, Cu, Fe, Mo, Zn, Sn e Pb. No Brasil, a 

exploração de skarns mineralizados em W está diretamente atrelada à Província 

Mineral do Seridó (PMS), que engloba grande parte da Faixa Seridó – sequência 

supracrustal de idade neoproterozoica localizada na porção setentrional da Província 

Borborema (Van Schmus et al., 2003), nos estados do Rio Grande do Norte e da 

Paraíba. Essa região encerra uma gama de ocorrências minerais, entre as quais 

destacam-se pegmatitos mineralizados em Nb-Ta-(Li), ETR e gemas (p.ex., turmalina 

Paraíba; Beurlen et al., 2008, 2014), esmeralda em rochas ultramáficas (Santiago et 

al., 2019), ouro orogênico e formações ferríferas bandas (banded iron formation - BIF) 

(Cavalcante et al., 2016). Por ser um metal estratégico e de grande aplicação, a 

procura por W foi alavancada durante a Segunda Guerra Mundial, e desde a década 

de 1940 já foram mapeadas mais de 700 ocorrências de skarns em uma área de 

aproximadamente 20.000 km² (Santos et al., 2014).  

A presente dissertação, vinculada ao Programa de Pós-Graduação em 

Geotectônica do Instituto de Geociência da Universidade de São Paulo (IGc-USP), 

envolve o estudo do distrito mineral de Bodó, que apresenta um conjunto de 

ocorrências de skarns mineralizados em W-(Mo). O distrito está alojado em um 

sistema de dobramentos sinclinais e anticlinais que afetam as unidades de 

embasamento regional (gnaisses do Complexo Caicó, de 2,25 a 2,15 Ga; Hollanda et 

al., 2011) e rochas metassedimentares (micaxistos, mármores e paragnaisses) do 

Grupo Seridó (Jardim de Sá et al., 1995), que dá nome à faixa de dobramentos Seridó. 

No distrito, a maior ocorrência é a de Bodó, no extremo leste do distrito, onde a mina 

está em funcionamento desde a década de 40. Os poucos trabalhos existentes sobre 

o depósito restringem-se a trabalhos básicos de conclusão de curso, relatórios 

técnicos e resumos em simpósios ou congressos (Legrand et al., 1994a, 1994b; 

Costa, 1995; Cavalcante et al., 2016). Apesar da importância econômica reconhecida 

desse depósito, a evolução metassomática desta mineralização, bem como suas 

condições de formação e relações espaciais e genéticas com corpos graníticos e 
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diques pegmatíticos localmente mapeados ainda não estão claras. Assim, os novos 

dados apresentados nesse trabalho representam uma grande contribuição ao 

entendimento dos processos associados à gênese dos skarns da PMS.  

1.2 Justificativas e Objetivos 

Apesar de sua importância local e regional, o distrito de Bodó carece de estudos 

detalhados que definam suas características petrográficas e químicas, principalmente 

quando comparado com os outros depósitos melhor estudados da PMS (e.g. Brejuí, 

Bonfim e Itajubatiba). Muito se especula sobre a relação genético-temporal entre os 

skarns e a granitogênese ediacarana-cambriana. As contribuições mais recentes 

sobre essa questão referem-se a idades precisas que vêm sendo obtidas tanto para 

os corpos ígneos regionais como para os skarns. No distrito de Bodó, uma idade Re-

Os em molibdenita de 510 ± 2 Ma (Hollanda et al., 2017) não encontra 

correspondência com corpos graníticos datados na região (Archanjo et al., 2013; 

Hollanda et al., 2015, 2017; Souza et al., 2016), evidenciando a necessidade de se 

rever o modelo genético-temporal até então aceito para a região. Muito pouco é sabido 

sobre as condições de pressão e temperatura vigentes durante a formação dos skarns 

a partir de mármores encaixantes, bem como as características dos fluidos 

metassomáticos associado à sua formação. 

Os objetivos deste trabalho são: 

 Compreender a relação temporal entre a mineralização e corpos ígneos por 

meio da obtenção de idades de granitoides (U-Pb SHRIMP em zircão) e 

pegmatitos (Ar-Ar em muscovita) existentes no entorno do distrito/depósito de 

Bodó; 

 Caracterizar a evolução temporal relativa do depósito e a composição química 

das principais fases minerais presentes nos skarns e mármores do distrito de 

Bodó; 

 Identificar a origem dos fluidos hidrotermais na interação com os protólitos 

carbonáticos dos skarns, através das composições de isótopos estáveis de 

carbono e oxigênio; 

 Caracterizar as condições de T-XCO2 envolvidas na formação dos mármores e 

skarns, através de modelagem termodinâmica. 
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1.3 Estrutura da Dissertação 

Seguem-se a este capítulo introdutório, um capítulo de revisão bibliográfica 

sobre skarns e sobre a aplicação de isótopos de carbono e oxigênio como traçadores 

de fluidos responsáveis pela formação dessas rochas (Capítulo 2), o texto principal da 

dissertação (Capítulo 3). Esse último contempla a apresentação dos resultados e 

interpretações descritos na forma de manuscrito (em elaboração), com foco em 

descrever as condições de metamorfismo/metassomatismo associadas ao distrito de 

Bodó, os dados isotópicos de carbono e oxigênio utilizados para modelagem da 

interação entre o fluido magmático e as rochas carbonáticas encaixantes e, por fim, 

os dados geocronológicos que visam correlacionar a mineralização à uma fonte ígnea 

(granitos ou pegmatitos).  Ao fim, são apresentadas de forma única todas as 

referências bibliográficas utilizadas ao longo da dissertação. 
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2 REVISÃO BIBLIOGRÁFICA 

2.1 Skarns: Definition, Genesis and Classification 

Skarn is a term of Swedish origin used to name very hard rocks dominated by 

calc-silicate minerals. Modern literature also uses this term to define rocks composed 

of calc-silicate minerals, such as garnet, pyroxene and wollastonite, formed due to 

metasomatic reactions that replace a Ca-rich sedimentary (or metasedimentary) 

protolith, but it’s not limited to them (Zharikov, 1970a; Meinert, 1992; Meinert et al., 

2005; Robb, 2005). Some authors (e.g., Meinert et al., 2005) descriptively use this term 

based only in the mineralogy of the rock, without a genetic sense. 

Skarn's common genesis, however, is related to magmatic (or metamorphic, to a 

lesser extent) hydrothermal fluids derived from igneous intrusions (Zharikov, 1970a; 

Chang et al., 2019). When in contact with reactive wall rocks, the fluids may form calc-

silicate minerals and economically important metals (Au, Cu, W, Mo, Fe, Sn and Zn) 

that are also used to name the different deposit types (e.g., W-Mo skarn, Au skarn etc.) 

(Meinert et al., 2005). 

This topic aims to review the main characteristics of skarns, including definitions, 

classification, and an overview of their mineralogy and chemistry, in addition to 

metasomatic and zonation processes related to skarn formation. Furthermore, we will 

present a broad view of the main skarn types combined with some examples of 

deposits worldwide. 

 

2.1.1 Definitions and terminology 

Skarn is commonly classified in exoskarn and endoskarn, the first is formed 

after sedimentary protolith and the latter formed within the igneous intrusion (Einaudi 

and Burt, 1982; Meinert et al., 2005). The main pattern observed in endoskarns is the 

influx of Ca-rich material into the protolith. Under reduced conditions, the paragenesis 

towards limestone is formed by biotite, amphibole, pyroxene and ± garnet; pyroxene-

plagioclase is the diagnostic assemblage in this case. Under more oxidized conditions, 

epidote-quartz and abundant garnet are the main features (Einaudi and Burt, 1982). 

However, distinguishing between endo- and exoskarn can be a challenge when 

skarns are massive or when primary textures are completely overprinted by late 
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hydrothermal alteration. According to Mrozek et al. (2020), a strategy to overcome this 

problem is using whole-rock geochemistry and comparing the composition of skarns 

and their respective wall rocks and igneous intrusive rocks.  Aluminum, HREE and 

HFSE are typically immobile during skar formation and are mainly derived from 

precursor rocks. Thus, comparing the immobile element content allows the 

characterization of the sharn’s precursor and distinguish between endoskarn and 

exoskarn. 

Concerning its chemical composition, exoskarns can be calcic or magnesian 

depending on the original wall rock (limestone or dolostone, respectively) (Einaudi, 

1982; Einaudi and Burt, 1982; Ray and Webster, 1991). Limestone with low MgO 

typically forms Ca-skarns with garnet, wollastonite, vesuvianite, clinopyroxene and 

epidote. With increasing MgO content in limestone, skarns are likelier to have Mg-

bearing minerals as diopside and phlogopite. Proper Mg-skarns, though, will present 

Mg-rich minerals such as forsterite, spinel, humite and rare phlogopite and diopside 

(Zharikov, 1970a, 1970b; Chang et al., 2019). Under moderate P-T conditions and 

increasing CaO activity at retrograde stages Mg-skarns may be replaced by Ca-skarns 

(Zharikov, 1970b). 

The morphology of skarns depends on different factors such as the size of the 

hydrothermal system, the permeability of host rocks and the existence of structural 

controls (e.g., faults and fractures) (Ray and Webster, 1991). Ray and Webster (1991) 

defined three morphological types based on the occurrences in British Columbia 

(Canada) and the Nambija deposit (Ecuador).  

The first one, pervasive and massive exoskarns envelopes (Figure 1a) are 

formed near the causative intrusion. The alteration zones overprint subjacent 

lithologies and are mainly controlled by the morphology of the intrusive rock, in which 

case structures have only minor importance. The second type refers to vein-related 

skarns, usually composed of veins of sulfides or quartz enveloped by  pervasive skarn 

alteration (Figure 1b). Pre-existing structures intrinsically control this morphology as 

the source of the fluids – the causative intrusion – may not be close. The third type is 

the stratiform skarns, which is marked by the lithological concordance (Figure 1c). Due 

to its nature, they occur as thin bodies within extensive zones following a preferred 

stratigraphic horizon.   
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Figure 1 – Main morphological types of skarns. A) Pervasive and massive skarn. B) Vein-related skarn. 
C) Stratiform skarn. Source: Ray and Webster (1991). 

 

2.1.2 Metasomatism and metasomatic zonation 

2.1.2.1 Metasomatic Processes  

Metasomatism is a metamorphic process in which the composition of a rock is 

altered by the interaction with aqueous fluids that drives elemental leaching or 

enrichment . In this process, the rock remains in a solid state (Lindgren, 1925; Zharikov 

et al., 2007). The main principles of metasomatism and metasomatic processes were 

derived from works by Korzhinskii and were summarized in the Theory of Metasomatic 

Zoning (Korzhinskii, 1968). The author formulated a variation of the phase rule 

considering mobile and immobile components (Thompson, 1959; Korzhinskii, 1965). 

The mobile components are the ones introduced or removed in the system and their 

chemical potential is only controlled by the fluid. However, the immobile (or inert) 

elements are mainly from the rocks undergoing metasomatism. Following these 

principles, the phase rule is calculated using only the immobile components. Therefore, 

the metasomatic assemblages will have fewer phases than those generated by 

isochemical metamorphism. Korzhinskii defined two main processes of mass transfer 

during metasomatism: diffusion and infiltration. Although both are different 

mechanisms, they can be considered as end-members of the same spectrum and their 

combination is more common in most natural processes.  

The diffusion metasomatic process is related to the transport of components 

through a stationary (or stagnant) fluid. The driven force of diffusion is the chemical 

potential gradients (Zharikov et al., 2007). Thus, reactions may occur between rock 

components and diffusing components, but direct precipitation cannot occur as the 

elements migrate to areas of low activity. Following these principles, the migration of 

components will appear from the zone with higher chemical potential to the lower one. 

As the concentration of the pore solution changes at the limit of every alteration zone, 



17 
 

the composition of formed minerals may change gradually within it. Transport by 

diffusion is limited to short distances, usually on a decimeter or centimeter scale and 

barely on a meter scale. The diffusional process tends to form reaction rims along 

fissures, veins and contact surfaces, showing gradual compositional variations. During 

diffusion, chemical components can migrate in opposite directions in a process called 

bimetasomatism that occurs in a contact between two rocks in chemical disequilibrium. 

In infiltration metasomatism, the transfer of material in solution occurs during 

percolation or infiltration of the fluid through the rocks. The movement of fluid during 

the infiltration process is driven by pressure and concentration gradients between 

external fluid and the rock-pore solution (Zharikov et al., 2007). As opposed to 

diffusion, the chemical potential is constant over the entire zone, and so the 

composition of minerals that form solid solutions is stable. Furthermore, the 

metasomatic zones are more spatially expansive extending for several meters. In 

infiltration, all compounds move following the same direction and minerals can be 

directly precipitated, unlike diffusion metasomatism. 

 

2.1.2.2 Skarn Zonation 

Most skarns present a typical temporal and spatial (from proximal to distal) 

zonation regarding the fluid source (Korzhinskii, 1968; Meinert, 1997; Chang and 

Meinert, 2008). The development extension of the metasomatic front is directly related 

to the volume of fluid channeled in the system (Meinert et al., 2005). The reactions 

driven force is mainly the chemical potential or activity gradient in response to changes 

in temperature and pressure (Kwak, 1987). Thus, the magnitude of chemical potential 

gradients depends on these variables’ rate of change. Usually, a sharp front separates 

different mineral assemblages that are not in equilibrium and each zone represents the 

stability field of each assemblage (Korzhinskii, 1968; Kwak, 1987).  

A more significant variation of skarn zones occurs due to differences in mobility 

for each component. For example, silica  is more soluble,  travelling faster and further 

than less soluble elements. In Figure 2, each front represents different mobility for the 

main components of the fluid. Wollastonite corresponds to Si metasomatism; pyx > grt 

indicates Fe ± Mg metasomatism, while grt > pyx front indicates Al transport (Meinert 

et al., 2005). When the fluid flow is slow, zoned skarns are formed, whereas a rapid 
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fluid flow most likely tends to form unzoned skarns, which later can be overprinted by 

slower travelling reactions. Usually, most skarns are between these two end-members 

(Kwak, 1987). 

 

Figure 2 – Propagation of multiple reaction fronts due to fluid flow from the igneous rock. Mineral 
predominance indicates different metasomatic patterns and different mobility of fluid components (e.g., 
SiO2, Al, Fe, Mg). gar = garnet, pyx = pyroxene, woll = wollastonite.  From Meinert et al., (2005). 

 

It’s important to note that during the formation of zoned skarns, some parts could 

have constant pressure and temperature but variable activity (Kwak, 1987). Therefore, 

simple P-T or T-XCO2 cannot always be sufficient to represent the conditions for the 

genesis of zoned skarns. For these cases, relevant diagrams are the ones in which the 

activities of important elements are variable while pressure and temperature are fixed. 

In Figure 3, for instance, mineral stability for different values of SiO2 activity is shown 

in the CaO-SiO2-MgO-Al2O3-H2O-CO2 system at 425°C, 0.5 kbar and XCO2 = 0.007. 

In all diagrams in Figure 3, the point “X” has the same values for both axes, but the 

silica activity varies. Just this variation can produce three different zones: clinozoisite 

+ diopside (Figure 3a), garnet + clinozoisite (Figure 3b) and garnet only (Figure 3c). 
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Figure 3 – Log activity diagrams for the system CaO-SiO2-MgO-Al2O3-H2O-CO2 at 425°C, P = 0.5 kbar 
and XCO2 = 0.007. Every diagram shows major changes in mineral stability due to different silica activity. 
Silica activity = -2.40, -2.10 and at quartz saturation in A, B and C, respectively. Point “X” is at a constant 
position in all three diagrams. WOL = wollastonite, TR = tremolite, FO = forsterite, ANT = antigorite, QTZ 
= quartz, MA = margarite, CO = corundum, WA = wairakite, PYR = pyrophyllite, PREH = prehnite, GR 
= garnet, AND = andalusite, CLZ = clinozoisite and CHL = chlorite. Form Kwak (1987) after Frisch and 
Helgeson (1984). 

 

2.1.3 Stages of skarn formation 

Skarns are formed by a sequence of different processes (Ray and Webster, 1991; 

Meinert, 1992; Meinert et al., 2005) (Figure 4 and Figure 5)  which may be seen almost 

entirely in some deposits (e.g., Phu Lon Cu-Au deposit; Kamvong et al., 2006).  The 

first one – isochemical crystallization – occurs in a prograde stage due to contact 

metamorphism caused by the intrusion of magma, which can form hornfels (Figure 

4A). In this stage, there is no significant mass transfer (no change in bulk composition) 

with recrystallization and changes in mineral stability as the main process. The new 

mineral assemblage is conditioned by the composition of the wall rocks (Meinert et al., 

2005) and no mineralization is formed. 
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Figure 4 – Stages of skarn formation. A) Isochemical stage with the development of hornfels in non-
carbonate lithologies and beginning of reaction skarn formation in carbonates. B) Main metasomatic 
stage with development of exo- and endoskarns. C) Retrograde stage in which skarns from the prograde 
stage could be overprinted. Hydrous minerals and sulfides dominate this stage. From Pirajno (2013). 

 

 Metasomatic reactions between different lithologies – or at the contact thereof 

– such as limestone and shale result in the formation of metasomatic rocks by a 

process known as bimetasomatism (Figure 4B) (Korzhinskii, 1968; Zarayskiy et al., 

1987; Zharikov and Rusinov, 2015). This stage involves the transfer of Ca from the 

carbonate-rich lithology towards the poor one. On the other hand, elements such Al, 

K, Na, Fe, Mg and Si follow the opposite path (Meinert et al., 2005). Studies in major 

W-Sn skarn deposits from China (Huangshaping, Shizhuyuan and Xianghualing 

skarns) indicate that Si, Al and trace elements in skarns are controlled by the source 
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granite while Ca, Mg, Mn, Ti, Sr and REE are mostly derived from the host rocks (Jiang 

et al., 2018). 

As part of this prograde stage, the infiltration of magmatic-hydrothermal fluids 

(H2O and CO2 saturated) derived from the intruding magma leads to the formation of 

infiltration skarns (as stated by Einaudi and Burt, 1982) or pure metasomatic skarns 

(Figure 4B; Figure 5). These resulting rocks do not necessarily reflect the protolith 

composition. The prograde assemblage is formed at high-temperature from 400°C to 

>700°C (Meinert et al., 2005; Buriánek et al., 2017; Chang et al., 2019). Some 

important economic minerals, such as scheelite and magnetite, could be formed in this 

stage (Robb, 2005).  

The last stage occurs after the system's cooling when meteoric water infiltration 

causes retrograde metamorphic reactions (Figure 4C; Figure 5) (Einaudi and Burt, 

1982). This stage is associated with the precipitation of sulfides and other metals. The 

retrograde alteration is usually more intense and pervasive at shallower depths 

(Meinert, 1992; Meinert et al., 2005) and can obliterate the previous mineralogy. 

Otherwise, the metal precipitation connected to processes like reduction of  the fluids’ 

solubility due to a decrease in temperature, fluid mixing and neutralization of the ore 

fluid when in contact with carbonate lithologies (Robb, 2005).   

Skarnoid is an intermediate calc-silicate rock between hornfels and a pure 

reaction skarn. This rock is not entirely overprinted by hydrothermal alteration and thus 

reflects the mineralogy of the host rock (Meinert, 1992; Meinert et al., 2005). Skarnoids 

are usually Fe-poor and fine-grained. 
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Figure 5 – Schematic evolution, paragenesis and interpreted fluid paths throughout time in Phu Lon Cu-
Au deposit, Thailand. Act = actinolite, and = andradite, cc = calcite, chl = chlorite, di = diopside, ep = 
epidote, gr = grossular, grt = garnet, hd = hedenbergite, pyx = pyroxene, qtz = quartz, tre = tremolite, 
ves = vesuvianite. From Kamvong et al., (2006). 

 

2.1.4 Skarn types and main deposits 

Skarns deposits are divided according to the metal association. The most known 

and well-studied are Au, Cu, W, Mo, Fe, Sn and Zn skarns (Meinert et al., 2005). 

Nevertheless, more than one metal may occur associated in the same deposit (e.g., 

W-Mo, W-Sn, Cu-Au, Zn-Pb and so on). Ray and Webster (1991), Meinert (1992), and 

Meinert et al. (2005) summarized the general features of important skarn deposits 

worldwide. Some authors (e.g., Ray and Webster, 1991) suggest a correlation between 

the main metal and magma differentiation processes, which are related to magma 

source and tectonic settings. 

For simplification purposes, a broad view of main characteristics and some 

examples of W skarn deposits type is presented. 
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2.1.4.1 Tungsten Skarns 

Tungsten is a strategic metal due to its characteristics (e.g., hardness, corrosion 

resistance, density and resistance to high temperature) that make it of great value for 

industrial use. Generally, tungsten of hydrothermal origin is related to highly 

differentiated peraluminous granites derived from the melting of sedimentary rocks, 

indicating crustal origin (Hulsbosch et al., 2016; Romer and Kroner, 2016). The 

mechanism of tungsten precipitation can be associated with the depressurization of 

magmatic fluids (Korges et al., 2018), fluid cooling andmixing (Ni et al., 2015; Legros 

et al., 2019; Pan et al., 2019) or fluid-rock interactions (Lecumberri-Sanchez et al., 

2017). The latter is particularly consistent as the main controlling factor for the 

precipitation of W in skarns (Legros et al., 2020). 

W skarns are generally associated with calc-alkaline plutons with subordinate 

aplites and pegmatites surrounded by high-temperature metamorphic aureoles (Ray 

and Webster, 1991; Meinert et al., 2005). The host rocks consist of interbedded 

carbonates, pelites and occasionally volcanic rocks, similar to those observed in 

continental margin fore-arc sedimentation (Kwak, 1987). Due to rapid changes in 

lateral and vertical facies, thick carbonate units and skarn bodies are uncommon 

(Kwak, 1987). The principal ore mineral is scheelite with subordinate molybdenite, 

chalcopyrite, cassiterite and sphalerite. 

The Cantung deposit (NW Territories, Canada) is an excellent example of world-

class W skarn mineralization. Along with Mactung, Lend and other W occurrences, 

Cantung is part of a large metallogenetic belt that is responsible for the majority of 

tungsten deposits in North America (Elongo et al., 2020). Two plutons with sub-alkaline 

biotite monzogranite composition are associated with the mineralization in Cantung 

skarn: the Mine and the Circular stocks. The first is the main responsible for the 

mineralization while the latter is more distal. These rocks intrude a sequence of folded 

quartzites, dolomites, argillites and limestones (Elongo et al., 2020; Legros et al., 

2020). The mineralization is formed by structurally controlled skarn lenses and pods 

with disseminated scheelite replacing Ca-limestones (Legros et al., 2020). 

The deposit was formed by reduced fluids with the representative mineral 

assemblage of grossular and hedenbergite. A reduced environment favors tungsten 
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extraction from magma to fluid, which could explain the high-grade W mineralization 

(Candela, 1992). The prograde stage is represented by garnet-pyroxene and pyroxene 

skarns, while the retrograde stage consists of amphibole and biotite-rich facies (Elongo 

et al., 2020). Scheelite, however, is distributed among all stages. 

Based on fluid inclusion studies, Legros et al. (2020) indicate that the fluids near 

the intrusion are CO2-rich and have low Cs and Rb, suggesting they are derived from 

a less evolved magmatic source. Fluids that interacted with limestones are CH4-rich, 

an indicator of a more differentiated source. Scheelite precipitation is related to the 

interaction between surrounding limestones and magmatic fluid evolved from granite 

intrusions. This interaction triggered the H neutralization of the magmatic fluid and 

incorporation of Ca (Legros et al., 2020).  

Another world-class example is the Zhuxi W-Cu skarn deposit (Jiangxi, South 

China), where mineralization is located near biotite monzogranite, fine-grained granite, 

and granite porphyry. Sr, Nd and Hf isotopes and trace elements modelling indicate 

that the granites are derived from the dehydration melting process of fertile 

Neoproterozoic metasedimentary rocks (Song et al., 2018). The prograde skarn 

mineralogy is formed by garnet, pyroxene, wollastonite and uncommom vesuvianite. 

The retrograde stage consists of tremolite, vesuvianite, apatite, muscovite, phlogopite, 

chlorite, scheelite, and rare actinolite, serpentine, fluorite, and epidote. The last 

hydrothermal event includes scheelite, chalcopyrite, pyrrhotite, sphalerite, fluorite, and 

galena (Song et al., 2018; Zhang et al., 2021). 

 

2.2 Carbon and Oxygen Isotopic Signature as a Proxy for Tracing the 

Nature of Skarn-Forming Fluids 

Stable isotope methodology has a wide range of applications, such as 

paleoclimate studies, hydrology, oceanography, planetary science and petrology. Most 

common elements (i.e., C, H, O, N and S) have more than one stable isotope and all 

of them can be used in a variety of studies. Isotopes of the same element are similar 

regarding chemical and physical properties but can be fractionated due to small mass 

differences during chemical reactions of physical processes (Pat Shanks, 2014). 

These elements are not the main components of hydrothermal fluids, which makes 
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them a great tool for understanding fluids and fluid-rock interactions (Rollinson and 

Pease, 2021). 

In contact and regional metamorphic settings, isotope geochemistry can be used 

to estimate temperature, determine the nature and significance of fluid-rock 

interactions and fluids’ sources, and infer the protolith of metamorphized rocks (i.e., 

igneous or sedimentary) (Rumble, 1982). This application extends to ore systems 

related to this type of metamorphism, such as skarn systems, which have its genesis 

usually related to intrusive igneous rocks close to carbonate-rich lithologies in 

conjunction with metasomatic processes. 

Carbon and oxygen isotopes play an important role in skarn systems, offering 

insights into their genesis as the contribution of (metasomatic process, purely contact 

or regional metamorphism), geological processes and evolution. These isotopes are 

sensitive to volatilization processes and fluid-rock interactions during metamorphism 

(Taylor, 1974, 1977; Valley, 1986). Thus, this methodology is commonly used to assist 

the interpretation of ore systems worldwide. This work aims to introduce the main 

principles for understanding carbon and oxygen systematics and its application to fluid-

rock interactions in skarns. 

 

2.2.1 Stable Isotope Systematics 

Stable isotope values are normally given as δ (delta), a ratio where the less 

common isotope is the numerator while the more common one is the denominator. The 

results, which are always relative to a standard, are given in parts per thousand (or per 

mill, ‰) and are calculated according to the equation below 

 

where R is the abundance ratio between the heavy and light isotopes (e.g.,13C/12C or 

18O/16O). A positive value indicates that the sample is enriched in relation to a standard, 

so it is isotopically heavy. Likewise, a negative value means that the sample is 

relatively depleted and is isotopically light. 
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2.2.1.1 Isotope fractionation 

Isotope fractionation is the partitioning of an isotope between phases or 

components with different isotope ratios (Pat Shanks, 2014). The isotopic fractionation 

factor is given by the α (alpha) value, which is the ratio of isotopes in two substances 

(A and B), as represented by the following equation: 

 

where R is the isotope ratio in substances A and B (e.g., 18O/16O in CO2 for A and 

18O/16O in calcite for B). Values for α are usually very close to 1 and only vary in the 

third decimal place (i.e., 1.00X). α can be related to δ following expression:  

 

The above equation is a good approximation for when δ values are less than 10. 

For larger values, the expression should be: 

 

There is also a relation between temperature and fractionation factor. In general, 

the fractionation factor decreases when temperature increases, approaching a value 

of 1.0. This means that at high temperature isotope fractionation can cease (Faure et 

al., 2005). The relationship between α and temperature is given by  

 

where A and B are experimentally determined constants and T is temperature in Kelvin.  

The isotope fractionation factor can be determined through several methods 

(Pat Shanks, 2014; Rollinson and Pease, 2021). That includes empirical evidence 

based on natural samples where the formation temperature is well known, 

experimental isotopic exchange studies, and theoretical calculations based on models 

of atomic structure and bond strength. The fractionation factor for different minerals 

was already obtained by several authors over the years and compilations can be found 

in Bottinga (1969), Zheng (1999), Chacko et al. (2001) and Sharp (2017), among 

others. 
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2.2.2 C and O stable isotopes as geochemical tracers in fluid-rock 

interactions 

Stable isotopes have been applied to uncover metamorphic and hydrothermal 

systems and understand fluid flow and sources (Valley, 1986; Bowman et al., 1994; 

Baumgartner and Valley, 2001). In these scenarios, processes involving mass 

transport (including diffusion, fluid infiltration and volatilization), fluid-rock interaction, 

metasomatism and fluid-driven process are important. Due to their nature, these fluids 

are also relevant in studies regarding hydrothermal/metasomatic systems and, thus, 

mineralizing processes that can be associated with them (e.g., skarns). Furthermore, 

a combined study of carbon and oxygen isotopes in carbonates is a powerful tool to 

study processes related to the origin and evolution of C-O-bearing fluids.  

Relative to fluid migration and interaction during metamorphism, processes can be 

controlled by the degree to which fluid flow is concentrated into zones of high 

permeability (Valley, 1986). Two end-members are used to characterize these fluid 

patterns, as noted by Valley (1986): pervasive and channelized fluids. The first defines 

fluids that move independently of any structural or lithologic control, permeating all 

rocks almost equally. This flow type usually occurs along grain boundaries or fine-scale 

fracture networks and is responsible for homogenizing chemical components, including 

stable isotopes, in an open system way. On the other hand, channelized fluid occurs 

along vein systems, shear zones, rock contacts or permeable lithologies. The 

channelized flow leads to heterogeneous alteration, allowing some rocks to remain 

unaltered while others are infiltrated and modified (even isotopically). In this situation, 

close and open system behavior occurs close (Valley, 1986; Baumgartner and Valley, 

2001). 

According to Valley (1986), in metamorphic systems, the stable isotopic 

composition is controlled by four factors: the composition of the protolith,  the effects 

of devolatilization, the exchange with infiltrating fluids and  the exchange temperature 

. All these factors were well studied in contact metamorphism environments as the 

geologic control in these systems is facilitated due to significant differences in the initial 

isotopic composition of fluids. In these systems, for example, there is usually a 

significant difference in δ18O between intrusive rocks and surrounding carbonates, 
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which makes it easier to understand fluid flow systematics (Baumgartner and Valley, 

2001).  

 

2.2.2.1 Metamorphic Volatilization 

During prograde metamorphism of sediments, igneous or low-grade 

metamorphic rocks, volatile components are released by the reaction of low-

temperature minerals (Valley, 1986; Baumgartner and Valley, 2001). Dehydration is 

the most common process, but in carbonate-rich lithologies, decarbonation plays an 

important role (Valley, 1986). Desulfidation can also be locally significant. For this 

reason, stable isotopes of C, O, S and H show the most prominent effects of stable 

isotopes in metamorphic environments. 

Volatilization reactions usually cause positive volume changes in the system. As 

the resulting fluid and solids volume is greater than the initial solids and pore fluids, the 

differential pressure crested is sufficient for fluid expulsion (Valley, 1986; Baumgartner 

and Valley, 2001). This migration may occur laterally, downward or upward. According 

to Valley (1986), most evolved fluids are expelled from their rock of origin and  fluid 

inclusions are the only remnants of these fluids in most scenarios (Baumgartner and 

Valley, 2001). 

The volatilization process and the releasing of fluids out of the system 

significantly affect the stable isotope composition of residual rocks. Consequently, 

stable isotope ratios can provide the amount of volatilization that has occurred (Valley, 

1986). This phenomenon can be described as a two-end-member process (Valley, 

1986): the first, batch volatilization, occurs when all the fluid is evolved before any 

escape. The second one, Rayleigh volatilization, occurs when each volatile molecule 

is immediately isolated from the rock of origin. These processes are related to closed 

and open systems, respectively and most natural cases are between these extremes. 

 

2.2.2.1.1 Batch volatilization 

During volatilization in a closed system, the products of phase separation will 

stay in the reservoir until they are extracted after the process is completed (Hurai et 

al., 2015). If all the evolved fluid equilibrates with the rock, the resulting isotopic ratio 
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will be either higher or lower based on whether the fluid partitions preferably the light 

or the heavy isotopes, respectively (Valley, 1986).  

This process is known as batch volatilization (Nabelek et al., 1984), closed 

system volatilization (Brown et al., 1985) or single-stage volatilization (Bowman et al., 

1985). The depletion of the heavy isotope is more common and the following equation 

can represent the magnitude of this effect: 

 

Where F is the mole fraction of the element that remains in the rock after 

volatilization, ranging from 1 (unreacted) to 0 (the element is completely lost to vapor 

and fluid phase); α is the fluid-rock fractionation factor; δi is the initial and δf is the final 

isotopic ratio of the rock. Graphically, batch volatilization can be represented by 

straight lines, as seen in Figure 6. 

 

Figure 6 – Changes of δ18O of rock (δr) and evolving CO2 fluid (δf). α = 1.0060. Straight lines represent 
batch volatilization, while Rayleigh volatilization is represented by curves. For high values of F (above 
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0.6), both volatilization processes have almost the same effect. For oxygen, the maximum degree of 
reaction for decarbonation reactions is given by the calc-silicate limit. From Baumgartner and Valley 
(2001). 

 

2.2.2.1.2 Rayleigh volatilization 

The Rayleigh volatilization (or distillation) describes the isotopic fractionation 

process in an open system, where fluids leave the system as they are formed. The 

continuous removal of small amounts of material in equilibrium with the rock leads to 

gradual changes in the isotopic composition of the rock and the bulk composition of 

the residual rock-fluid system (Valley, 1986; Sharp, 2017). The Rayleigh volatilization 

is a good approximation for the isotopic effects of dehydration and decarbonation 

(Rumble, 1982; Valley, 1986).  

An open system means that fluids and melt can enter and leave the rock. 

There’s no limit to how much fluid can pass through a rock, but the quantity of internally 

generated fluid that can be lost from the rock is limited (Sharp, 2017). In the lack of 

fluid or melt entering the rock, the bulk chemistry of the rock limits the amount of fluid 

that can be released from the system and how much the isotopic composition of the 

rock can change (Sharp, 2017). 

The following equation represent the isotopic change due to Rayleigh 

volatilization: 

 

where δi and δf are the rock's initial and final isotopic ratio, respectively. α is the fluid-

rock fractionation factor and F is the mole fraction of the element that remains in the 

rock after volatilization, ranging from 1 (unreacted) to 0 (the element is completely lost 

to vapor/fluid phase) in a similar way to what happens in batch volatilization. 

 In Figure 6, both volatilization end-members  represent 18O depletion of 

siliceous dolomite (δi(rock) = 22, α(fluid-rock) = 1.0060). It’s important to note that for F equal 

to or higher than 0.6 (calc-silicate limit), the oxygen depletion is similar in both 

volatilization processes. At even lower F values, however, depletion caused by 

Rayleigh fractionation becomes more significant.  
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 For simple decarbonation reactions such as the formation of wollastonite 

and release of CO2 from calcite and quartz: 

CaCO3 + SiO2 → CaSiO3 + CO2 

a maximum of 40% of the oxygen in the reactants can be released to the fluid phase. 

This implies that F cannot decrease below 0.6, the calc-silicate limit (Valley, 1986). 

This limit is attached to the fact that silicate minerals are the dominant oxygen reservoir 

in the residual metamorphic rock even after volatilization. Thus, values of oxygen 

below the calc-silicate limit are hypothetical and uncommon in nature.  

Dehydration, in turn, is the most common volatilization process during 

metamorphism. High-grade metamorphic rocks have less water than low-grade rocks 

since  rocks tend to expel H2O during progressive metamorphic reactions. 

Nonetheless, the maximum F value for oxygen loss is even lower than for 

decarbonation (Sharp, 2017). Considering the following equations involving muscovite 

and talc: 

KAl3Si3O10(OH)2 + SiO2 → KAlSi3O8 + Al2SiO5 + H2O 

                            muscovite         quartz         microcline    kyanite 

 

Mg3Si4O10(OH)2 → 3MgSiO3 + SiO2 + H2O 

                                                     talc               enstatite     quartz 

F values cannot decrease beyond 0.93 and 0.92, respectively (Sharp, 2017). This is 

equivalent to 7% and 8% of oxygen lost to the fluid phase in these reactions. According 

to some authors (e.g., Valley, 1986; Sharp, 2017) the effect of δ18O depletion due to 

dehydration is commonly less than 1‰.  

 

2.2.2.1.3 Coupled C and O depletion 

Coupled volatile reactions are not uncommon as carbon and oxygen frequently 

evolve simultaneously during the metamorphism of lithologies such as siliceous 

carbonates and marls (Valley, 1986). The normal calc-silicate decarbonation trend 

(Figure 7) where Foxygen is equal to 0.6 (meaning that no more than 40% of O from the 

rock is expelled) will occur if all minerals in the rock are in equilibrium during 

metamorphic reactions. In these cases, all carbon is released as CO2 (Fcarbon = 0 in 

Figure 7). 
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If the rock has more than 50% of carbon that is not involved in the reactions, the 

inert carbon trend will be followed (Figure 7) and consequently, the depletion of δ13C 

will be reduced. Similarly, if a rock has a 50% excess of silicate minerals that are not 

involved in metamorphic reactions, but is isotopically in equilibrium, Foxygen will be 0.8 

and Fcarbon will be zero, following 50% inert oxygen path. However, depletion of δ18O 

higher than expected from a normal calc-silicate decarbonation trend can be 

accomplished by reactions that do not involve silicates, such as the formation of lime 

from calcite: 

CaCO3 → CaO + CO2 

which follows the silicate absent decarbonation trend in Figure 7. Even higher 

depletions would be possible if carbonates volatilize in disequilibrium with coexisting 

silicates (Lattanzi et al., 1980; Lasaga and Rye, 1993). 

Valley (1986) summarized 28 studies of marbles affected by contact 

metamorphism in different localities (Figure 8). All data presents a negative C-O trend, 

indicating depletion in both stable isotopes. The effect of Rayleigh volatilization alone 

is insufficient to explain the C and O depletion shown in most studied cases (Figure 8). 

Fluid infiltration and exchange involving low δ18O magmatic fluids must be necessary, 

as seen in data scattering towards igneous values.   

  



33 
 

 

Figure 7 – Values of F for carbon and oxygen for several reaction paths. F is the remaining mole fraction 
of C or O in the rock. From Valley (1985) 

 

 

Figure 8 – Coupled carbon and oxygen depletion trends with increasing metamorphic grade (mostly in 

contact metamorphism settings). Trends going from values of typical marine limestones (δ18O ranging 

from 20 to 26‰; δ13C from -2 to 4‰) towards igneous values. From Baumgartner and Valley (2001). 
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2.2.3 Fluid-rock interaction and fluid infiltration 

As previously mentioned, the effect of volatilization may not be sufficient to 

explain more significant depletion trends observed in nature. However, these shifts can 

be derived from exchange with infiltration fluids. The fluid-rock interaction is an 

exchange of isotopes and elements that occurs at increasing temperatures and involve 

dissolution-precipitation, chemical exchange reactions, redox reactions, diffusion, and 

their combinations (Hurai et al., 2015) 

Taylor (1974, 1977) modified mass balance equations to calculate the amount 

of fluid exchanging with surrounding rocks. Assuming an aqueous fluid in a closed 

system, all fluid completely equilibrates with the rocks undergoing continuous 

recirculation and cyclic re-equilibrium. In this situation, where fluid and isotopic 

exchange are only dependent on temperature and water/rock ratio, the mass balance 

can be calculated using: 

 

where δR
f is isotope composition of the rock after exchange; δR

i is the initial isotope 

composition; δW
i is the initial isotope composition of the fluid; Δ is the isotope 

fractionation between rock (or mineral) and fluid that can also be expressed as δR
f- δW

f. 

In the opposite case, in an open system, where part of the fluid will be lost from 

the system and each increment of fluid makes only a single pass through the system 

(Taylor, 1977), the water/rock ratio will be calculated using the following equation:  

 

Considering a hydrothermal system altering carbonates, the mixing process 

only modifies the isotope composition of already existing carbonates without triggering 

precipitation. The alteration of the isotopic ratio of oxygen in a calcite by an H2O-rich 

fluid could be calculated by the following mass balance equation: 
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Similarly, considering a carbon isotope exchange for different CO2 

concentrations of a hydrothermal fluid-altered calcite, the following expression can be 

used:  

 

where XCO2 denotes the molar ratio of CO2 in the solution and Δ is the equilibrium 

carbon isotope fractionation between carbonate and CO2. 

As an example of this process, Nabelek et al. (1984) measured the δ18O and 

δ13C values of pure limestones and calcareous argillites intruded by a granitic stock. 

δ13C values were depleted by nearly 12‰ whereas δ18O depletion was almost 11‰. 

As seen in Figure 9a, all C changes can be explained by batch volatilization or Rayleigh 

fractionation. In contrast, decarbonation would only lower δ 18O by about 2‰ (Figure 

9b), a value significantly below the 11‰ observed. The δ 18O values measured require 

an open system behavior, explained by infiltration of low δ18O fluid from crystallizing 

granite. 

   

 

Figure 9 – Isotopic data from limestones and calcareous argillites intruded by Notch Peak Stock, Utah. 

(a) δ13C of carbonate as a function of the fraction of CO2 left in the rock. Dashed and solid lines show 

theoretical paths of δ13C depletion for Rayleigh and batch fractionation. (b) δ18O values near intrusion 

show lower values than expected for Rayleigh decarbonation. From Nabelek et al. (1984). 
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3 SÍNTESE E CONSIDERAÇÕES FINAIS 

 

Através da aplicação de diversas metodologias, como análise petrográfica e 

textural, química mineral, modelagem termodinâmica, isótopos de carbono e oxigênio 

e geocronologia foi possível propor um modelo para a evolução metamórfica e 

metassomática do skarn e mármore do Distrito mineral de Bodó. A integração de todas 

essas técnicas permitiu incrementar de forma significativa o conhecimento até então 

escasso sobre esse depósito de skarn mineralizado em tungstênio que está entre os 

mais importantes da Província Mineral Seridó. 

A assembleia mineral silicática dos mármores é composta por flogopita, 

tremolita, diopsídio e granada, podendo estar acompanhada de wollastonita, 

escapolita e epidoto. Já os skarns apresentam fases de alta temperatura, tais como 

grossulária, diopsídio e plagioclásio, e fases de baixa temperatura que incluem 

vesuvianita, epidoto, prehnita, quartzo, calcita e outros minerais. A scheelita, principal 

mineral explorado, tem sua paragênese inicial associada ao estágios de alta 

temperatura. Outros minerais portadores de metal importantes são a molibdenita, 

pirita e calcopirita, que ocorrem comumente em fases mais tardias da evolução do 

skarn. 

Dados isotópicos de carbono e oxigênio obtidos em calcita de skarns e 

mármores metassomatizados revelam empobrecimento em ambos isótopos (com uma 

depleção mais acentuada em δ18O) quando comparados com dados de mármores da 

Formação Jucurutu. Esse empobrecimento, que não pode ser atribuído somente ao 

mecanismo de descarbonatação dos mármores, é consistente com um modelo de 

interação fluido-rocha promovido pela interação do substrato com fluidos de origem 

magmática. Curvas de mistura construídas utilizando o mármore regional  (não 

afetado pelo metassomatismo) e um mebro final magmático indicam um sistema 

extremamente heterogêneo, percolado por fluidos com variados valore de CO2 e com 

diferentes razão fluido:rocha.  

As condições de formação das rochas estudadas foram estimadas a partir de 

pseudosseções T-XCO2, as quais indicaram uma temperatura máxima de 650-600°C 

e valores distintos de CO2, com um estágio retrógrado que se inicia em  cerca de 

500°C. A presença de minerais de origem metassomática (e.g., granada e escapolita) 
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está associada a um sistema aberto marcado por variações nos valores de CO2. A 

cristalização de escapolita requer um aumento de XCO2, que pode ocorrer sob 

condições isotérmicas, enquanto a formação da granada metassomática está 

relacionada a uma grande diminuição nos valores de XCO2. 

A atividade magmática no distrito é representada por diques de pegmatitos e 

um granito equigranular. As datações no granito forneceram idade U-Pb em zircão de 

aproximadamente 537 Ma e idade 40Ar/39Ar em biotita de ca. 490 Ma. O pegmatito, 

por sua vez, teve sua idade de resfriamento estimada em cerca de 500 Ma (40Ar/39Ar 

em muscovita). A idade da mineralização (Re-Os em molibdenita), porém, é coeva a 

idades U-Pb em columbita-tantalita obtida em outros pegmatitos da Faixa Seridó 

(Baumgartner et al., 2006).  
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