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Resumo 

__________________________________________________________________________________ 

O manto litosférico sob a Província Ígnea do Alto Paranaíba, sudoeste do Cráton do São Francisco, foi 

investigado pior meio do estudo de concentrados minerais de um kimberlito cretáceo recém-descoberto 

(idade U-Pb em zircão 90,0 ± 1,3 Ma; 2σ), denominado Osvaldo França 1, e por meio de diamantes 

recuperados em depósitos aluvionares da região do Alto Paranaíba. Xenocristais de granada indicam 

alta predominância de lherzolitos sobre harzburgitos e wehrlitos. Inclusões minerais em diamantes 

sugerem que lherzolitos são as principais rochas-fonte do diamante, seguidos por eclogitos, harzburgitos 

e websteritos. Baixo nível de depleção química registrado por inclusões e xenocristais lherzolíticos 

indica provável idade pós-arqueana para o manto litosférico sob essa parte do Cráton do São Francisco. 

Inclusões e xenocristais de granada documentam que substratos previamente depletados no manto foram 

afetados por metassomatismo. Padrões sinusoidais de elementos terras raras indicam baixos graus de 

metassomatismo por fluidos ou fusões sílico-carbonatíticas (proto-kimberlíticas). Padrões de elementos 

traços de inclusões eclogíticas e websteríticas estabelecem clara ligação entre processos de subducção e 

a formação dos diamantes na margem sudoeste do Cráton do São Francisco. Elementos terras raras 

calculados para rocha total correspondem a típicas seções da crosta oceânica superior e termometria das 

inclusões indica derivação da base da litosfera. Termobarometria baseada em inclusões de piroxênio 

indica gradiente geotérmico de 39 mW/m² no momento da formação do diamante e último equilíbrio. 

Termobarometria baseada em xenocristais de granada, por outro lado, está de acordo com uma geoterma 

de ~37 mW/m², proposta anteriormente para a região. Com uma janela de ~60 km de espessura na zona 

de estabilidade do diamante, substratos eclogíticos e websteríticos indicam derivação da base da 

litosfera, enquanto diamantes lherzolíticos são menos profundos. Temperaturas calculadas com base no 

estado de agregação do nitrogênio no diamante indicam que eclogitos, websteritos e pelo menos parte 

da população de diamantes peridotíticos experimentaram longo tempo de residência no manto (~2,0 Ga) 

a altas temperaturas (> 1200 °C). O envolvimento de material subductado e o longo período de 

residência no manto necessário para explicar o alto estado de agregação do nitrogênio nos diamantes 

deste estudo apontam para provável acréscimo/modificação das raízes mantélicas na borda sudoeste do 

Cráton do São Francisco durante uma orogenia paleoproterozoica (2,2-1,9 Ga). Embora a presença de 

um manto eclogítico seja evidente a partir do estudo de inclusões, a ausência de granadas eclogíticas no 

kimberlito Osvaldo França 1 e a baixa representação nos dados de xenocristais da literatura, podem 

implicar em preservação restrita de xenólitos/xenocristais eclogíticos relacionada ao caráter do magma 

que trouxe os diamantes à superfície. Fases primárias do kimberlito Osvaldo França 1 sugerem 

componente enriquecido na fonte do magma, conferindo caráter exótico ao kimberlito. Com base nos 

resultados deste estudo, futuras campanhas de exploração devem considerar novas abordagens para 

avaliar o potencial lherzolítico e eclogítico de fontes primárias. 
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Abstract 

__________________________________________________________________________________ 

The lithospheric mantle underpinning the Alto Paranaíba Igneous Province, southwestern São Francisco 

Craton, was investigated through the study of mineral concentrates from a newly discovered Late 

Cretaceous kimberlite (U-Pb zircon age 90.0 ± 1.3 Ma; 2σ), named Osvaldo França 1, and through 

diamonds recovered from alluvial deposits in the region. Garnet xenocrysts show a strong predominance 

of lherzolitic over minor harzburgitic and wehrlitic compositions. Mineral inclusions in diamonds 

suggest that lherzolite is the main diamond source-rock, followed by eclogite, harzburgite and minor 

websterite. The limited chemical depletion recorded in lherzolitic inclusions and xenocrysts indicates a 

likely post-Archean age for the lithospheric mantle beneath this part of the São Francisco Craton. Garnet 

inclusions and xenocrysts document that previously depleted substrates in the subcratonic lithospheric 

mantle were affected by metasomatism. Sinusoidal rare earth element patterns indicate overall low 

degrees of metasomatism by fluids or silico-carbonatitic (proto-kimberlitic) melts. Trace element 

patterns of eclogitic and websteritic inclusions establish a clear link between subduction processes and 

diamond formation in the southwestern margin of the São Francisco Craton. Calculated bulk rare earth 

element compositions match typical sections of upper oceanic crust, and inclusion thermometry places 

these substrates at the base of the lithosphere. Pyroxene inclusion-based thermobarometry indicates a 

39 mW/m² geothermal gradient at the time of diamond formation and last equilibration. Garnet 

xenocryst-based thermobarometry, on the other hand, is in agreement with the ~37 mW/m² geotherm 

that was previously proposed for the region based on clinopyroxene from concentrate. With a diamond 

window of ~60 km thickness, eclogitic and websteritic diamond substrates indicate derivation from the 

base of the lithosphere, while lherzolitic diamonds originate from shallower depths within the diamond 

stability field. Nitrogen-based temperatures indicate that eclogitic, websteritic and at least part of the 

peridotitic diamond population experienced extended (~2.0 byr) mantle residence at high temperatures 

(>1200 °C). The involvement of subducted material and the long mantle residence time required to 

explain the high aggregation state of nitrogen in the studied diamonds, point to accretion of subducted 

material or modification of the mantle roots in the southwestern São Francisco Craton during a 

Paleoproterozoic orogeny (2.2-1.9 Ga). Although the presence of a diamondiferous eclogitic mantle is 

evident from studied inclusions, the absence of eclogitic garnets in the Osvaldo França 1 kimberlite and 

their low representation in the xenocrystic record from the literature, may imply limited preservation of 

eclogitic xenoliths/xenocrysts related to the character of the magma that brought the diamonds to the 

surface. Primary phases from the Osvaldo França 1 kimberlite suggest an enriched component in the 

magma source, giving an exotic character to the kimberlite. Based on the results of this study, future 

exploration efforts should consider new approaches to evaluate lherzolitic and eclogitic diamond 

potential. 
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Preface 

This thesis presents the outcomes of my PhD research and was developed as a partial requirement to 

obtain the title of Doctor in Natural Sciences from the Federal University of Ouro Preto (UFOP). 

Although primarily hosted by UFOP, an important part of my PhD work was developed in a partnership 

with the University of Alberta, in Canada, under the supervision of Thomas Stachel and Graham 

Pearson. 

The thesis is presented in 6 chapters: 

Chapter 1 introduces the main questions addressed in this work, as well as the objectives and 

methodology of study. 

 

Reviews of the main topics addressed in my research are provided in Chapters 2 and 3, to introduce the 

reader to the subject: 

Chapter 2 gives an overview of the geological context and recapitulates the existing literature for the 

study area. 

Chapter 3 provides a non-exhaustive background on diamonds and kimberlites, providing the basis for 

the main topics discussed in the following chapters. 

 

The main findings of my PhD research are presented and discussed in Chapters 4 and 5: 

Chapter 4 is a modified version of a paper published in Geosciences Frontiers (Volume 13, Issue 1, 

January 2022, 101281) about mineral concentrates from a newly discovered kimberlite, entitled “An 

exotic Cretaceous kimberlite linked to metasomatized lithospheric mantle beneath the southwestern 

margin of the São Francisco Craton, Brazil”. This paper was developed in a partnership between the 

universities of Ouro Preto and Brasília. 

Chapter 5 is the original version of a paper submitted for publication to Lithos, in May/2022, entitled 

“Diamond formation beneath the Coromandel area, southwestern São Francisco Craton – The role of 

re-fertilization and subduction”. Diamonds and their mineral inclusions are the objects of study in this 

paper. All analytical work was carried out at the University of Alberta. 

 

Ultimately, 

Chapter 6 integrates the outcomes of Chapter 4 and 5 to address the main questions about the nature of 

the mantle root beneath the Alto Paranaíba Igneous Province and its relationship to diamonds. 
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CHAPTER 1  

INTRODUCTION 

 

Diamonds in São Francisco Craton are widespread (Pereira, 2007). Alluvial diamond deposits 

were first found in Diamantina, central Minas Gerais state, at the beginning of the 18th century (Lima 

Júnior, 1945). Successive discoveries revealed important diamond occurrences in its northern part, in 

Chapada Diamantina, central Bahia state, and western Minas Gerais, in the region that is the subject of 

this study. Since the beginning, diamonds from western Minas Gerais drew attention for the presence of 

sizable stones, found from Abaeté to Romaria regions. The occurrence of giant stones is especially 

abundant in the context of three rivers that run parallel to each other: SE-NW oriented, right south of 

the town of Coromandel, named Douradinho, Santo Inácio and Santo Antônio do Bonito (Pereira and 

Fuck, 2005). From the latter, the biggest gem diamond ever found in Brazil was recovered in 1938, 

weighting 726.6 ct. 

Unlike the occurrences in central Minas Gerais and Bahia, known to be primarily hosted in 

Mesoproterozoic metasedimentary rocks of the Espinhaço Supergroup without any indications of 

possible primary sources (Almeida-Abreu and Renger, 1999; Chaves et al., 1998), diamonds in western 

Minas Gerais, along with kimberlite indicator minerals, occur in Cretaceous and Cenozoic sediments, 

all in close spatial association to the volcanic rock-types of the Cretaceous Alto Paranaíba Igneous 

Province (APIP). APIP comprises the records of intense alkaline volcanism that affected the southern 

part of the Neoproterozoic Brasília orogenic belt, in the southwestern margin of the São Francisco 

Craton. The close spatial association of valuable alluvial diamonds and primary sources from APIP 

stimulated decades of exploration in the region, from the late 1960’s to the 2000’s. The exploration 

campaigns, primarily based on indicator minerals, culminated in the discovery of hundreds of intrusive 

bodies. Regardless of numerous discoveries, the evaluation techniques applied at the time labeled most 

kimberlites as uneconomic and exploration companies left the country at the beginning of the 2000’s. 

The plethora of mantle-derived rocks that constitutes the APIP, including kimberlites, 

kamafugites, ultramafic lamprophyres, possible lamproites, and carbonatite complexes, provides an 

invaluable source of knowledge about the mantle roots in cratonic marginal settings. Mantle xenocrysts 

sampled by kimberlites allow investigation of long-lived processes that affected the deepest parts of the 

subcontinental lithosphere until the time of kimberlite eruption. Diamonds, unlike other mantle minerals, 

are chemically inert, isolating mineral inclusions from metasomatic exchanges since the time of 

encapsulation in the host diamond. The study of mineral inclusions in diamonds provides pristine 

information on the nature of the subcontinental lithospheric mantle and the origin of diamonds. 



Carvalho, L.D.V., 2022 O Manto Litosférico Subcontinental e as Ocorrências de Diamantes... 

 

22 

 

Regarding the magmatism of APIP, several works have been contributing to the better 

understanding of its age, origin, and mantle source characteristics (e.g., Araujo et al., 2001; Bizzi, 1996; 

Bizzi et al., 1995; Brod et al., 2000; Carlson et al., 1996, 2007; Coldebella et al., 2020; Comin-

Chiaramonti and Gomes, 2005; Felgate, 2014; Gibson et al., 1995; Guarino et al., 2013, 2017; Melluso 

et al., 2008; Nannini, 2016; Read et al., 2004; Sgarbi et al., 2004; and references therein). These studies 

are hampered by the intense weathering conditions in Brazil, making the analysis of fresh rock samples 

almost an impossible task. Diamond studies, on the other hand, are very scarce. Kaminsky et al. (2001), 

Meyer and Svisero (1975), Svisero (1978) and Tappert et al. (2006) are the only studies about diamonds 

and their mineral inclusions that include samples from southwestern areas of the São Francisco Craton, 

in the surroundings of APIP. 

 Taking advantage of the unique collection of mantle minerals in the complex setting that 

constitutes the southwestern margin of the São Francisco Craton, the present contribution contains 

results of a detailed study on mineral concentrates of a newly discovered kimberlite, named Osvaldo 

França 1, and the first comprehensive study for diamonds and their mineral inclusions from important 

alluvial deposits in the APIP area. Both studies are mainly based on major and trace elements 

geochemistry of mantle minerals, bringing important insights on the nature and composition of the 

mantle roots in the study area. Geothermobarometry of inclusions and xenocrysts, along with nitrogen 

thermometry of diamonds, aids in understanding the thermal conditions in the mantle and the timing of 

lithospheric residence of diamonds. Additionally, the implications of the results from this study for 

diamond exploration in APIP are discussed. 

 

1.1 – OBJECTIVES 

The primary objective of this thesis is to elucidate the nature of the mantle roots beneath the 

Alto Paranaíba Igneous Province, southwestern São Francisco Craton, and its relationship to diamonds. 

Recognizing the nature of the mantle roots in the peri-cratonic setting of the São Francisco Craton will 

complement analogous data for other cratons and contribute to the understanding of the general 

evolution pattern of the subcontinental lithospheric mantle. As a specific objective, driven by my 

personal interest in diamond exploration, the implications of this work to the unsuccessful search for the 

primary sources of the diamonds that occur in the APIP context are addressed. 

 Composition and timing of lithosphere formation: By studying mantle xenocrysts and 

mineral inclusions in diamonds, the composition of the lithospheric mantle in the study area is 

characterized and conclusions on the age of the lithosphere can be drawn. The influence of the 

nature of these mantle roots to the magmatism of the APIP is assessed. U-Pb geochronology of 
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the Osvaldo França 1 kimberlite will contribute to better constrain the timing of kimberlite 

magmatism in APIP. 

 Processes and conditions of diamond formation: The metasomatic overprint recorded in 

inclusions and xenocrysts is used to assess the processes related to diamond formation. 

Geothermobarometry of mineral inclusions and the nitrogen systematics of diamonds allow to 

constrain the conditions in which diamonds formed and resided in the mantle. 

 Implications for diamond exploration: The study of diamonds and their mineral inclusions 

provides the opportunity to recognize the relationship between diamonds and their substrates. 

In understanding this relationship, the exploration for the primary source of diamonds in APIP 

is critically assessed. 

 

1.2 – SAMPLES AND METHODS 

The sample set of this work comprises a large assortment of minerals from a highly altered 

kimberlite and 82 diamonds from placer deposits in the context of the southwestern São Francisco 

Craton. The minerals were recovered from a newly discovered kimberlite that occurs near the town of 

Coromandel, in Minas Gerais. The mineral concentrates comprise typical kimberlitic minerals, as Cr-

pyrope xenocrysts, ilmenite, phlogopite, spinel, zircon, besides minerals uncommon to kimberlites, such 

as titanite, calzirtite, anatase, baddeleyite, andradite and pyrochlore. Diamonds, mainly acquired by 

donation, are from artisanal mines produced at Douradinho River (southern Coromandel), Verde River 

(northern Coromandel), Abaeté, Frutal and Romaria locations, in Minas Gerais state. In these localities 

diamonds are extracted from placer deposits that extend up to some tenths of meters from the current 

riverbed. In Romaria the diamonds are extracted directly from a Cretaceous conglomerate with strong 

volcanic contribution. Mineral inclusions in 21 diamonds were recovered and comprise olivine, 

omphacite, enstatite, Cr-diopside, pyrope-almandine, Cr-pyrope, Mg-chromite, coesite and pyrrhotite. 

Sampling, sample preparation, and analytical techniques applied to develop the current study are 

described below. Further details about the sample set addressed here can be found in chapters 4 and 5. 

The complete dataset with photos and descriptions of the characteristics of the 82 diamonds studied can 

be downloaded from Appendix C. 

1.2.1 – Field work and kimberlite sampling 

  This work was initiated with field work for the sampling of kimberlites and acquisition of 

diamonds in the surroundings of the town of Coromandel. On this occasion, Osvaldo Soares França, a 

respected prospector in Brazil, an autodidact geologist, presented me a kimberlite that he had discovered 

from the follow-up of mineralogical anomalies (garnet and ilmenite) in stream sediments and soil. 

Although the mineralogical anomaly related to the body has long been known, since 1974, at that point 
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it had been interpreted as related to a local conglomerate, called “Capacete” (“Bauru” at that time), 

known for carrying kimberlitic minerals. Because of the strategic position of a possible pipe buried by 

the conglomerate, which could have dispersed the diamonds that occur in the Buriti, Cobras and Mascate 

streams, in May/2018 Osvaldo started an exploration campaign on his own that came to reveal the 

position of the intrusion in September/2018. Figure 1.1 is a sketch of his interpretations about the 

geological situation of the Osvaldo França 1 kimberlite that led to its discovery. Figure 1.2 is my attempt 

to reproduce his art. 

 

Figure 1.1: Osvaldo’s sketch showing his interpretation about the geological situation of the Osvaldo França 
1 kimberlite and the surrounding diamond occurrences that motivated the search for the kimberlite. 
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Figure 1.2: Reproduction of Osvaldo’s sketch. The Cretaceous plateau stands at 1000 m altitude and 
corresponds to the Mata da Corda Group, composed of a basal conglomerate that carries kimberlitic 
minerals and upper formations mainly constituted of tuffs. Mascate-1 is an intrusion devoid of kimberlitic 
minerals, with abundant magnetite and mica. Osvaldo explains that on the northern side the basal 
conglomerate of the Mata da Corda is thinner, carries much less contribution of volcanic rocks, and rests 
directly on the Canastra quartzites. 

 

For the sampling of the kimberlite, a pit was opened in the ground with approximate dimensions 

of 1.8 x 1.1 x 2.4 m. The kimberlite is highly altered, presenting a green color, and covered by a ~2 

meters thick layer of a polymictic conglomerate at the sampling point. The collected sample consisted 

of 200 liters, measured in buckets, of the altered kimberlite and another 200 liters of the overlying 
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conglomerate. Samples were packed in plastic bags and taken to a little beach of clear waters in the 

Douradinho River for processing. The samples were manually prepared by Antônio Soares, an 

experienced sampler of kimberlite prospecting campaigns. The sieve fractions of 28, 16 and 12 mesh 

were used for preparation of the mineral concentrates. The concentration process we use for kimberlite 

research is very similar to the one garimpeiros use to recover diamonds (garimpeiro is a Portuguese 

word for an artisanal miner), the only difference is that the sieve mesh is much finer for research and 

special attention must be drawn regarding sample contamination.  

1.2.2 – Sample preparation of mineral concentrates 

The mineral concentrates prepared in the field were washed and dried in the sun. Using the 

structure of the Laboratório de Preparação de Amostras para Geocronologia (LOPAG) from the Federal 

University of Ouro Preto, the mineral grains were handpicked using a Leica EZ4 microscope. Although 

at lower abundance, the typical kimberlite indicator minerals were also found in the mineral concentrates 

from the conglomerate. Next, minerals selected to represent all different colors/species recognized, were 

mounted in 1 inch PVC mounts and embedded in Araldite CY 248 resin. The resin was allowed to 

harden at room temperature for one week, then the mineral mounts were grinded using silicon carbide 

powder, grit 600 to 3000, and polished using 1 µm alumina suspension. 

1.2.3 – Sample preparation of diamonds and their mineral inclusions 

Using the facilities of the De Beers Laboratory for Diamond Research, at the University of 

Alberta, diamonds were broken using a steel crusher. The diamond fragments were put into a petri dish 

and inspected under a Leica MZ75 microscope for recovery of mineral inclusions. Inclusions were 

recognized either by their birefringence or color. A needle was used to pick the inclusions that were then 

put on a glass slide. Diamond fragments were selected for FTIR analysis. The inclusions were mounted 

individually on 6 mm brass pips and embedded in Epoxy West System 105 resin. The resin was let to 

cure on a hot plate at 55 °C for 24 hours, then it was cooled down and rested for 48 hours before starting 

the polishing process. The mineral mounts were slightly grinded using silicon carbide sandpaper, grit 

800 to 4000, and polished using 1 µm diamond suspension. 

1.2.4 – Major and minor element analyses 

Minerals from the Osvaldo França 1 kimberlite were analyzed using a JEOL JXA-8230 electron 

Probe Micro-Analyser (EPMA) from the Microscopy and Microanalysis Laboratory (LMic) at the 

Federal University of Ouro Preto (UFOP), and a JEOL JXA-8900 EPMA from the Laboratório de 

Microssonda Eletrônica (LME), Instituto de Geociências (IG), at the University of Brasília (UnB). Most 

mineral phases were analyzed at LMic-UFOP with operating conditions of 15 kV accelerating voltage 

and beam current of 20 nA. Special conditions of 20 kV and 150 nA were applied for a pyrochlore grain. 

According to the mineral analyzed, the following standards were used for calibration: fluorite (F), 



Contribuições às Ciências da Terra – Série D, vol. 80, 145p., 2022 

 

27 

 

anorthoclase (Na), olivine (Mg), corundum and anorthite (Al), quartz (Si), fluor-apatite (P, Ca), 

microcline (K), rutile (Ti), glass IR-W (V), chromite (Cr), manganese (Mn), magnetite (Fe), NiO (Ni), 

gahnite (Zn), strontianite (Sr), YPO4 (Y), zircon (Zr), niobium (Nb), LaPO4 (La), Monazite_MADMON 

(Ce, Th), PrPO4 (Pr), NdPO4 (Nd), SmPO4 (Sm), GdPO4 (Gd), HfO2 (Hf), tantalum (Ta), PbS (Pb), U 

Glass (U). At LME-UnB analytical conditions included an accelerating voltage of 15 kV and beam 

current of 10 nA. The data was calibrated with the following standards: andradite (Ca, Fe), albite (Na), 

forsterite (Mg), topaz (F), microcline (K, Al, Si), vanadinite (Cl, V), apatite (P), pyrophanite (Ti, Mn), 

chromium oxide (Cr), nickel oxide (Ni), lithium niobate (Nb), baddeleyite (Zr), hafnium oxide (Hf). 

Mineral inclusions were analyzed at the Electron Microprobe Laboratory of the University of 

Alberta using a JEOL JXA-8900R EPMA.  Operating conditions included an accelerating voltage of 20 

kV and a beam current of 30 nA. For a sulfide, an accelerating voltage of 15 kV was employed. 

According to the mineral analyzed, the following standards were used: diopside Wakefield (Si, Ca), 

rutile MTI (Ti), gahnite H111989 (Zn), plagioclase (labradorite) 115900 (Al, Ca), YVO4 (V), chromium 

oxide Alfa (Cr), fayalite Rockport (Fe), nickel Alfa (Ni), spessartine Navegadora Mine (Mn), Frank 

Smith pyrope garnet (Si, Al, Mg), Fo90.5 (Si, Mg), enstatite (Si, Mg), albite VA 131705 (Na), sanidine 

Itrongay (K), quartz (Si), sphalerite (Zn), Fe metal (Fe), copper (Cu), iron disulfide (S). Additionally, a 

CAMECA SX100 EPMA was used to analyze trace concentrations of Ca, Al and Cr in olivine. The 

conditions applied included an accelerating voltage of 20 kV and a beam current of 300 nA. As 

standards, the following materials were used: wollastonite NY (JH block) (Ca), Frank Smith pyrope 

garnet (Al), chromium oxide Alfa (Cr). 

1.2.5 – Trace element analyses 

Trace elements of minerals from the Osvaldo França 1 kimberlite were analyzed at the Isotopic 

Geochemistry Laboratory of UFOP using an Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) 

Element II SF-ICP-MS coupled to a 213 nm Nd:YAG (CETAC UP-213) laser ablation (LA) system. 

Each analysis used a spot size of 40–50 µm with a repetition rate of 10 Hz, and a fluence of 6 J/cm2. 

Each spot analysis consisted of 20 s of background acquisition and 60 s of sample ablation. Analyses 

were verified through repeated analysis of glass standards NIST612 (primary calibrant) and NIST610, 

BHVO-2 and BCR-2 (secondary calibrants). For internal calibration, the following average oxide 

compositions (previously determined by EPMA) were used: SiO2 for garnet, phlogopite, and zircon, 

TiO2 for calzirtite, ilmenite, and titanite. Raw counts were processed offline using the Glitter software. 

Trace elements in mineral inclusions were analyzed using a Resonetics M-50-LR 193 nm ArF 

excimer laser ablation system with a Laurin-Technic S-155 two-volume ablation cell coupled to a 

Thermo Scientific Element IIXR inductively coupled plasma mass spectrometer (ICP-MS) at the Arctic 

Resources Geochemistry Laboratory of the University of Alberta. Depending on the inclusion size, 

samples and standards were ablated with a spot size of 15 to 90 µm at a frequency of 10 Hz and a laser 
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fluence of ∼3.5 J/cm2. Each spot analysis consisted of 40 s of background acquisition and 60 s of sample 

ablation. For spot sizes from 23 to 90 µm, NIST SRM 612 glass was used as the primary standard and 

NIST614 was used as a quality control. For spot sizes of 15 µm NIST SRM 610 was used as the primary 

calibrant and NIST612 to assess the accuracy of the concentrations. 43Ca contents, previously measured 

by EPMA, were used for internal normalization. Raw counts were processed offline using the Iolite 

software. 

1.2.6 – U-Pb geochronology  

U-Pb dating of zircon from the Osvaldo França 1 kimberlite was conducted using a 

ThermoScientific Element II single collector (SF)-ICP-MS coupled to a CETAC LSX-213 G2 + laser 

ablation system at the Isotope Geochemistry Laboratory (LOPAG) of UFOP. Zircon dates were acquired 

in time-resolved, peak jumping, pulse-counting mode. Each analysis corresponded to over 810 mass 

scans during 25 s of background acquisition and 30 s of sample ablation. Laser operation conditions 

included a frequency of 10 Hz, fluence of ca. 3.5 J/cm2 (nominal energy of 30%) and a spot size of 30 

µm. Common-Pb correction followed Stacey and Kramers (1975). The GJ-1 zircon was used as a 

primary reference material. In order to test the validity of the dataset, Blue Berry and Plešovice zircons 

were used as reference materials. Final ages were calculated using Isoplot 4.1 (Ludwig, 2009). 

1.2.7 – Fourier-transform infrared spectroscopy (FTIR) 

Diamond fragments were analyzed for their nitrogen concentrations and aggregation states using 

a Thermo-Fisher (Nicolet) Nexus 470 FT-IR Spectrometer fitted with a Continuum infrared microscope 

at the De Beers Laboratory for Diamond Research, at the University of Alberta. Spectra were taken in 

transmitted mode over the range of 4000 to 650 cm−1 using an aperture size of 100 μm and were averaged 

of 200 scans with a resolution of 4 cm–1. The detector was cooled with liquid nitrogen. The spectra were 

deconvoluted into the A, B, and D components using least-square techniques (CAXBD97 spreadsheet 

of David Fisher, Research and Development at De Beers Diamond Trading Company, Maidenhead, 

UK). Nitrogen concentrations (atomic ppm) were calculated using the absorption strength at 1,282 cm–

1 for the A (Boyd et al., 1994: 16.5 ± 1) and B centers (Boyd et al., 1995: 79.4 ± 8). 

1.2.8 – Raman 

Raman analyses were conducted using the structure of the Fluid Inclusion Laboratory at the 

University of Alberta. Spectra were collected using a Horiba Scientific’s LabRAM HR Evolution 

mounted with an Olympus optical fiber microscope coupled to a monochromatic laser with a 532 nm 

frequency. Point analyses were collected on the released inclusions over the range 150 to 3000 cm-1, 

using 3 accumulations, acquisition time of 30 seconds, and 50% laser intensity. 

  



 

 

CHAPTER 2  

OVERVIEW OF THE STUDY AREA 

 

2.1 – GEOLOGICAL CONTEXT 

The diamonds and kimberlite that are the object of this study occur in the Coromandel 

surroundings; a small town of western Minas Gerais inserted in the geographic region known as Alto 

Paranaíba. Alto Paranaíba is also the name given for a magmatic province that is recorded as one of the 

most voluminous alkaline magmatism in the world (Gibson et al., 1995). The bulk of the intrusions that 

compose the Alto Paranaíba Igneous Province (APIP) occur around the town of Coromandel; that is 

why Coromandel is usually referred to when talking about APIP. Coromandel is also known for the 

widespread occurrence of diamonds. Focused on the Coromandel context, the area of the present study 

is inserted in the complex geological setting of the southwestern São Francisco Craton, where the 

lithotypes of the Cretaceous Alto Paranaíba Igneous Province intrude the rocks of the Neoproterozoic 

Brasília mobile belt (Figure 2.1). 

 

Figure 2.1: Delimitation of the study area in relation to the São Francisco Craton, the Paraná basin, and 
the Brasília Belt/Tocantins Province. Delimited as APIP is the main set of intrusions structurally controlled 
by the Az 125 lineament that comprises the Alto Paranaíba Igneous Province. Volcanoclastic deposits of the 
APIP comprise the Upper Cretaceous Mata da Corda Group. Salvador-1 and Braúna represent the oldest 
kimberlites dated in the São Francisco Craton, with 1152 and 642 Ma, respectively. The Espinhaço 
Supergroup hosts diamonds in its Mesoproterozoic conglomerates. In the Eastern Bahia Orogenic Domain 
and in the Quadrilátero Ferrífero and Mineiro Belt, the Archean/Paleoproterozoic rocks that compose the 
basement of the São Francisco Craton are exposed. 
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2.1.1 – The São Francisco Craton 

The São Francisco Craton (SFC) is one of the five cratonic nuclei recognized in the South 

American platform, along with the Amazonian, Paranapanema, Rio de la Plata and São Luís cratons. 

Bounded by Neoproterozoic orogenic belts, the cratonic areas delimited in South America are defined 

as crustal segments that remained stable during the West Gondwana collage (Almeida et al., 1981). 

Although covered almost entirely by Proterozoic to Phanerozoic sedimentary basins, exposures of 

Archean rocks occur in SFC southernmost and northeastern portions, where segments of a 

Paleoproterozoic orogen also occur (Figure 2.1) (Alkmim and Teixeira, 2017; Barbosa and Barbosa, 

2017). The evolutionary history of the São Francisco Craton is synthetized in Figure 2.2, and briefly 

described below. 

The oldest rocks recognized in the São Francisco Craton are TTG complexes of the Gavião 

block, northeastern SFC (Moreira et al., 2022; Oliveira et al., 2020). With U-Pb crystallization ages 

recorded from 2.5 to 3.6 Ga, a single zircon grain with a core dated at 4.1 Ga registers the oldest crustal 

component so far identified in the South American platform (Paquette et al., 2015). This zircon is 

surrounded by a 1.9 Ga overgrowth related to Paleoproterozoic reworking. Paleoproterozoic segments 

recognized at the Eastern Bahia orogenic domain (northeastern SFC) and the Quadrilátero Ferrífero and 

Mineiro Belt (southern SFC) record the collision between the São Francisco and Congo paleocontinents 

at ~2.2-1.9 Ga (Alkmim and Teixeira, 2017; Barbosa and Barbosa, 2017). During the first findings of 

these Paleoproterozoic orogens in the SFC, the event had been broadly related to, and referred to as, the 

Transamazonian Orogeny (Alkmim and Marshak, 1998). Currently, the term Transamazonian Orogeny 

is not recommended in the Brazilian literature to refer to the Paleoproterozoic orogens related to the São 

Francisco Craton. In the lack of an acknowledged name, it has been generally referred to as a 

Paleoproterozoic or Rhyacian-Orosirian orogeny. Subduction-related events associated to this orogeny 

probably started at 2.47 Ga, indicating a long-lived process that records geodynamics of modern plate 

tectonics (Alkmim and Teixeira, 2017; Barbosa, 2015; Bruno et al., 2021a,b). Older collisional events 

are recognized to have occurred at ca. 2.8-2.6 Ga related to the collage of Archean blocks (Barbosa and 

Barbosa, 2017; Marimon et al., 2022; Martins et al., 2021; Romano et al., 2013; Simon et al., 2021; 

Teixeira et al., 2017). In previous times, TTG magmatism prevailed, indicating a high-temperature 

regime and the presence of an ancient crust (dos Santos et al., 2022; Simon et al., 2021). εHf values 

evidence punctual occurrences of depleted mantle already at ~3.4 Ga (dos Santos et al., 2022; Guitreau 

et al., 2012). 

In the Neoproterozoic, kimberlitic magmatism impinged a Paleoproterozoic segment of the 

Eastern Bahia orogenic domain, giving rise to the diamondiferous Braúna Kimberlite Field, dated at 642 

± 6 Ma (U-Pb perovskite; Donatti Filho et al. 2013a, b). A previous kimberlitic event in the cratonic 

core is poorly constrained through a 1152 Ma Rb-Sr phlogopite age for the Salvador-1 metakimberlite  
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Figure 2.2: Timeline based on the main events related to the evolution of the São Francisco craton. 
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(Williamson and Pereira, 1991), occurring in the northern part of the craton, northwestern Chapada 

Diamantina region. The presence of diamonds in the basal portions of Mesoproterozoic conglomerates 

of the Espinhaço supergroup, for which the maximum age for deposition of the upper units is 1192 Ma 

(U-Pb zircon; Chemale Jr. et al., 2012), provide evidence for even older kimberlitic events in the craton. 

According to Chemale Jr. et al. (2012), zircon grains indicating an age of approximately 2.1 Ga 

(Rhyacian) are by far dominant in the diamond-bearing conglomerates of the Sopa-Brumadinho 

Formation, Espinhaço Supergroup. The most recent and important kimberlitic event related to the São 

Francisco Craton is registered in the Cretaceous, when a series of intrusions related to the Alto Paranaíba 

Igneous Province intruded the rocks of the Neoproterozoic Brasília Belt, at the southwestern margin of 

the São Francisco Craton (Figure 2.1). 

 The Brasília Belt is one of the six orogens that give the current delineation of the São Francisco 

Craton, along with the southern Ribeira Belt, eastern Araçuaí Belt, and northern Rio Preto, Riacho do 

Pontal and Sergipano belts (Figure 2.3b). These orogenic belts developed in response to subduction 

processes that culminated with the collision of several continental masses at ca. 600 Ma to form West 

Gondwana (Heilbron et al., 2017). Amalgamation of West Gondwana, in the Neoproterozoic, built up 

what is known as Brasiliano orogenic systems, and the PanAfrican counterparts in the African continent 

(Almeida, 1977). P-wave seismic tomography (Rocha et al., 2019a) and gravimetric results (Pereira and 

Fuck, 2005) show that the Brasiliano belts thrusted the crustal rocks of the São Francisco Paleocontinent, 

delineating the surficial configuration of the craton boundaries (Figure 2.3). 

 

Figure 2.3: (a) P-wave anomaly at 150 km and (b) Bouguer anomaly map with the delimitation of the São 
Francisco Paleocontinent of Rocha et al. (2019a). In (b), the Brasiliano orogenic belts that give the current 
delineation of the São Francisco Craton are indicated. 
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2.1.2 – The Brasília Orogenic Belt 

The Brasília Belt extends for more than 1000 km delineating the western and southwestern 

limits of the São Francisco Craton (Fuck et al., 2017; Pimentel, 2016; Valeriano, 2017). It composes the 

eastern portion of the larger Tocantins Province that stretches between the Amazonian, São Francisco 

and Paranapanema cratons (Figure 2.1). The Brasília Belt is one of the most complete and complex 

orogens in western Gondwana (Pimentel, 2016). It formed as a result of the convergence of the 

Amazonian, São Francisco and Paranapanema paleocontinents, registering the consumption of the wide 

oceanic lithosphere of the Goiás-Pharusian Ocean along possibly west-dipping subduction zones (Fuck 

et al., 2017). Geochronological studies show that subduction processes were already active at ~900 Ma 

(Pimentel and Fuck, 1992). Reflecting final closure of the Goiás-Pharusian Ocean and continental 

collision, metamorphism took place between 650 and 630 Ma (Pimentel, 2016). 

With a general N-S direction and east vergence towards the São Francisco Craton, the Brasília 

Belt is compartmented into two segments with distinct orientation and contrasting metamorphic-

deformational styles; the NE oriented Northern Brasília Belt (Fuck et al., 2017), and the NW oriented 

Southern Brasília Belt (Valeriano, 2017). In both segments, tectonic deformation is progressively more 

intense towards the west, accompanied by an increase in metamorphism. Metamorphic grade varies 

from non-metamorphic sedimentary deposits in the cratonic area to amphibolite and even granulite 

facies metamorphism in the westernmost part of the belt (Dardenne, 2000). In the area of study, the 

Southern Brasília Belt act as a topographic high where quartzites, schists, metapelites, granitoids and 

phyllites of the Canastra, Araxá, Ibiá and Bambuí groups, the latter from the cratonic São Francisco 

Basin, are preserved (Pimentel, 2016; Sgarbi et al., 2001; Valeriano, 2017). In the Cretaceous, the 

Southern Brasília belt set the stage for the magmatism that came to constitute the APIP. 

2.1.3 – The Alto Paranaíba Igneous Province 

The Alto Paranaíba Igneous Province correspond to a set of rare alkaline/potassic/ultramafic 

rock types that occur in western Minas Gerais/eastern Goiás states, structurally controlled by a NW-SE 

oriented lineament known as Azimuth 125 lineament (Figure 2.1, Figure 2.4). The Az 125 lineament 

was named by Bardet (1977) who noticed that it was related to diamond occurrences from Minas Gerais 

up to Rondônia. In fact, diamond occurrences and kimberlitic magmatism are widespread throughout 

the lineament, which hosts in its northwestern side the widely studied superdeep diamonds of Juína. 

Likewise kimberlites, APIP hosts large carbonatite complexes, voluminous kamafugite lavas and 

volcanoclastic deposits, besides ultramafic lamprophyres and possible lamproites. The volcanoclastic 

deposits of the APIP are mainly of kamafugitic affinity and comprise the Mata da Corda Group, upper 

Cretaceous section of the São Francisco Basin (Figure 2.1, Figure 2.4), and chrono-correlated 

occurrences in the Paraná basin. 
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What has most intrigued scientists are the causes of such voluminous and exotic magmatism in 

a single province. As a consensus, a heterogeneous and metasomatically enriched mantle is claimed to 

explain the range of magmatic products (Araujo et al., 2001; Bizzi, 1996; Carlson et al., 1996; Felgate, 

2014; Gibson et al., 1995; Guarino et al., 2013; and references therein). Most debated is the involvement 

of a mantle plume providing the heat to generate small degrees of partial melting in a wide column of 

the upper mantle (e.g., Bizzi, 1996; Gibson et al., 1995). Geochronological and mineralogical studies 

have shown that kimberlites, registering adequate conditions for preservation of diamonds, are older 

than 89 Ma (Araujo et al., 2001; Guarino et al., 2013; Read et al., 2004), whereas at the time of the 

voluminous kamafugitic magmatism (~84-61 Ma) no diamond-favorable pressure-temperature 

conditions were recorded in rocks brought to the surface. Since 61-84 Ma the portion of the lithospheric 

mantle suitable for preservation of diamonds is gone (Read et al., 2004). 

 

Figure 2.4: Analytical Signal Amplitudes (ASA) image showing the magnetic signature of the Mata da 
Corda Group, carbonatite complexes and flood basalts from the Paraná basin. Note the magnetic expression 
of non-outcropping basic dikes within the Az 125 lineament. 

 

2.2 – PREVIOUS STUDIES 

Since the early 1990’s, studies about APIP magmatism are increasingly being developed. Based 

on geochronological, geochemical, and petrographic data, the existent literature seeks to understand the 

occurrence of such an exclusive collection of exotic rock types in a single province. The main barrier to 
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these studies is the hybrid nature of these rocks and their highly altered condition. Gibson et al. (1995) 

is probably the most cited publication regarding APIP. They present a comprehensive study with 

detailed geochemical analyses of different rock types occurring in the province, including 

geochronology and Sr and Nd isotopic systematics. Concerned with determining the genesis of the mafic 

potassic magmas, Gibson et al. (1995) recognize compositionally heterogeneous substrates in the 

subcontinental lithospheric mantle as the sources for the APIP magmas and defend the impingement of 

the Trindade mantle plume at the base of the lithosphere as the triggering cause for melting of the readily 

fusible parts of the lithospheric mantle in the Cretaceous. The ideas defended by Gibson et al. (1995) 

have underlain the subsequent discussions regarding APIP. New data presented over time have clarified 

and strengthened their concepts. However, the causes of the exotic and widespread magmatism that 

came to constitute the APIP are still strongly debated. A subject that does not seem to have attracted 

much attention from researchers is the nature of the diamonds that occur widespread in Cretaceous and 

recent sediments in this province and their relationship to the APIP magmatism; on this subject very 

limited literature is available. In the following sections, I present an overview of the main topics 

discussed in previous works on the study area, not with the intent of discussing their ideas, but exposing 

key outcomes. Focus is given for data regarding kimberlites.  

2.2.1 – Petrogenetic models 

The different petrogenetic models so far proposed for the APIP magmatism share the common 

idea that the magmas were derived from the heterogeneous and metasomatically enriched subcontinental 

lithospheric mantle (SCLM), and that emplacement was structurally controlled by the Az 125 lineament. 

The most substantial evidence for a source in the SCLM is the Os isotopic data presented by Carlson et 

al. (1996, 2007) and Araujo et al. (2001). A source isolated from the asthenosphere is also suggested by 

Sr and Nd systematics (Araújo et al., 2001; Bizzi, 1996; Bizzi et al., 1995; Carlson et al., 1996, 2007; 

Gibson et al., 1995; Guarino et al., 2013). Pb isotopic compositions indicate the influence of an old (>2 

Ga) component in the lithosphere (Carlson et al., 1996). Although the source of the kimberlites and 

kamafugites is mainly isotopically related, these rocks could not have been generated from the same 

source; melting of different lithologies at different depths are suggested to explain the range of magmatic 

products (Araujo et al., 2001; Bizzi, 1996; Felgate, 2014; Gibson et al., 1995; Guarino et al., 2013). 

Regarding the triggering for the APIP magmatism in the Cretaceous, a consensus has not been 

reached yet. Two main lines of thoughts are defended: (1) heat is transferred by ascending 

asthenospheric melts due to the impact of a mantle plume at the base of the lithosphere (Araujo et al., 

2001; Bizzi, 1995; Gibson et al., 1995; Sgarbi et al., 2004; Thompson et al., 1998; VanDecar et al., 

1995); (2) low degrees of melting are continuously generated, but extension or other special condition 

provide the trigger for ascent (Carlson et al., 1996; Felgate, 2014; Guarino et al., 2013; Meyer et al., 

1995; Neill, 1973; Read et al., 2004). The plume models debate between the Trindade (Gibson et al., 
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1995) and Tristan da Cunha (VanDecar et al., 1995) plumes and rely mainly on geophysical constraints, 

the need of a heat source, and on a supposed hotspot track. Although Read et al. (2004) propose a 

lithospheric detachment model, their data show evidence for a thermal disturbance at a crucial time 

during the emplacement of the APIP magmas that would be related to the impact of a mantle plume. For 

Rocha et al. (2011, 2019a), low-velocity anomalies in P-wave tomography under the APIP area may 

represent a thermal effect associated with the generation of the Late Cretaceous igneous activity, but a 

compositional component is also expected to explain the origin of the low-velocity anomaly. The ideas 

defended against the plume theory are that the isotopic characteristics of the magmas are not compatible 

with classical mantle plume models, and coeval magmatism in Goiás and Minas Gerais indicate the 

absence of a hotspot track (Felgate, 2014; Guarino et al., 2013). 

2.2.2 – Geochronology 

The APIP magmatism is well established in the upper Cretaceous by geochronological studies 

(Figure 2.5). The first age determination for a APIP rock is found in Amaral et al. (1967), who dated 

the Serra Negra carbonatite complex using the K-Ar technique in biotite (~81.7 Ma). Another early 

geochronological study (Hasui and Cordani, 1968) applied K-Ar in biotite and K-Ar in whole-rock for 

a series of carbonatite complexes (69.5 – 95.3 Ma), besides two kamafugites (68.0 – 85.2 Ma), and the 

Pântano kimberlite (77.6 ± 3.9 Ma). Davis (1977) carried out the first U-Pb dating of Brazilian 

kimberlites and related rocks. Using U-Pb in zircon, Davis (1977) dated two kamafugites from the APIP 

area (79.2 – 80.1 Ma), and the Esperança 1 (79.6 Ma) and Poço Verde (86 Ma) kimberlites. The author 

reported that the zircon used for dating the Poço Verde kimberlite presented an overgrowth of 

baddeleyite ten times more enriched in U and with the same age as the zircon (~87 Ma). Sonoki and 

Garda (1988; K-Ar in mica and whole-rock, 77.4 – 94.5 Ma) and Eby and Mariano (1993; fission track 

in apatite, 78.6 – 116.1 Ma) present further age constraints for the carbonatite complexes; their data, 

however, present large analytical uncertainties with some errors larger than 20 Ma. Gibson et al. (1994) 

applied Ar-Ar in olivine (90.0 Ma) and Gibson et al. 1995 applied Rb-Sr in phlogopite (75.0 – 83.7 Ma) 

to date three kamafugites from APIP. Bizzi (1996) using Rb-Sr in phlogopite dated a kamafugite (86.07 

Ma), a carbonatite complex (119.3 Ma) and the Limeira (94.78 ± 8.48), Sucesso (118.15 ± 10.72) and 

Três Ranchos 4 (95.09 ± 9.7) kimberlites. Although the 95 Ma age for the diamondiferous Três Ranchos 

4 kimberlite is widely used in the literature to defend an older origin for diamondiferous kimberlites, 

the geochronological data of Bizzi (1996) present high uncertainties associated to inaccurate MSWDs; 

for the Três Ranchos 4 kimberlite, e.g., MSWD = 348.18. 

The most recent geochronological works applied more reliable techniques, based mainly in U-

Pb approaches. Sgarbi et al. (2004) performed U-Pb in perovskite analysis for a set of samples from the 

Mata da Corda volcaniclastics (68.2 – 86.1 Ma). Using U-Pb in zircon, Chaves et al. (2012) dated the 

Abel Regis kimberlite (lamproite?) at 86.1 ± 4.5 Ma. Guarino et al. (2013) and Felgate (2014) present 
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the most comprehensive geochronological studies for APIP. Guarino et al. (2013) used the U-Pb in 

perovskite method to date a carbonatite complex (82 – 90 Ma), two kamafugites (78 – 81 Ma), and the 

Indaiá (80 ± 5 Ma), Lemes (84 ± 2 Ma), Limeira (91 ± 6 Ma), Pântano (82 – 84 Ma) and Três Ranchos 

4 (87 ± 3) kimberlites. Felgate (2014) applied varied techniques to date 14 kamafugites and 12 

kimberlites by the methods U-Pb in perovskite, Rb-Sr in phlogopite and Ar-Ar in phlogopite. The 

kamafugites vary in age from 76.5 to 88 Ma, while the kimberlites Dourados 19, Limpeza 18 and 19, 

Perdizes 2, 3 and 4, Sucesso 8, and Três Ranchos 4, 27, 78, 79 and 80 present ages varying from 74 to 

98.7 Ma). More recently, the Catalão I carbonatite was dated at 78 – 81 Ma (U-Pb in baddeleyite; 

Guarino et al., 2017), the Tapira carbonatite at 79 – 96 Ma (Ar-Ar in phlogopite; Conceição et al., 2020), 

and the Osvaldo França 1 kimberlite at 90 ± 1.3 Ma (U-Pb in zircon, Carvalho et al., 2022, see Chapter 

4). Other geochronological data reported in the literature are the 120 Ma K-Ar in phlogopite age for the 

Canastra 1 kimberlite (reported in Read et al., 2004 as a personal communication of Doyle and De Beers, 

2002), and an 89.5 ± 3.4 Ma U-Pb in perovskite age for the X270 kimberlite (data from an internal report 

of Geospec Consultants; Heaman, 2002 apud Read et al., 2004). Pereira (2007) presents an 83 Ma Rb-

Sr in phlogopite age for the Santa Rosa 4 kimberlite reported in a DeBeers internal report (Skinner, 

1996). 

 

Figure 2.5: Ages reported for carbonatite complexes, kamafugites and kimberlites from previous studies in 
the APIP context. The dating method is indicated by different symbols and error bars are shown. Ages with 
large uncertainty or without associated error are shaded in the background. 

 

A thermobarometric study of Read et al. (2004) reveals that between 89 and 95 Ma the 

lithosphere presented adequate conditions for diamond preservation, while at the time of the younger 

and voluminous kamafugitic magmatism (85 to 61 Ma) garnet lherzolites may have been largely absent 

from the lithospherere. Although a number of geochronological studies have been undertaken and allow 
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to invariably place the magmatism of the Alto Paranaíba in the Upper Cretaceous, the techniques applied 

in many of the works generated extremely imprecise ages that do not allow to test the petrogenetic 

models. In Figure 2.5 the uncertainties are indicated; ages that present large analytical uncertainties or 

data that was not presented with associated error and, therefore, cannot be assured are shaded in the 

background. 

2.2.3 – Chemical analysis 

Whole-rock analyses for kimberlites from APIP were performed by Meyer et al. (1994), Bizzi 

et al. (1995), Gibson et al. (1995), Carlson et al. (1996), Araujo et al. (2001), Melluso et al. (2008), 

Guarino et al. (2013) and Felgate (2014). Techniques employed were dominantly X-Ray Fluorescence 

and ICPMS. The results show that APIP kimberlites exhibit low levels of SiO2 (25.12 - 40.00 wt%), 

Al2O3 (0.93 - 4.49 wt%), TiO2 (0.53 - 6.44 wt%), CaO (1.60 - 16.38 wt%), and Fe2O3t (8.5 - 13.5 wt%) 

and the highest MgO contents (up to 37.38 wt%) among all rock-types analyzed in the province. 

Regarding trace elements, Chondrite-normalized patterns of rare earth elements (REEs) show extreme 

enrichment in light-REEs (LREE) and low abundances of heavy-REEs (HREE). Kimberlites present the 

highest LREE/HREE ratios. 

 Mineral chemistry of kimberlitic minerals and xenocrysts were performed on olivine (Araujo 

et al., 2001; Coldebella et al., 2020; Guarino et al., 2013; Lim et al., 2018; Melluso et al., 2008;), mica 

(Araujo et al., 2001; Felgate, 2014; Guarino et al., 2013; Melluso et al., 2008), perovskite (Araújo et al., 

2001; Felgate, 2014; Guarino et al., 2013, Melluso et al., 2008,), spinel (Araujo et al., 2001; Guarino et 

al., 2013; Hill et al., 2015; Melluso et al., 2008;), ilmenite (Guarino et al., 2013; Melluso et al., 2008; 

Araujo et al., 2001) and clinopyroxene (Read et al., 2004; Araujo et al., 2001). Some theses and 

dissertations in Portuguese bring good set of chemical data for garnet, ilmenite, clinopyroxene and spinel 

(Andrade, 2012; Coelho, 2010), including the study of mantle xenoliths (Almeida, 2009; Carvalho, 

1997; Nannini, 2016; Thomaz, 2009). International literature about mantle xenoliths from APIP include 

Carlson et al. (2007) and Fernandes et al. (2021). Particularly about the Canastra 1 kimberlite, data is 

found in Costa (2008), Dalla Costa (2012), and Hill et al. (2015). 

Mantle xenoliths sampled by kimberlites in Coromandel area consist mainly of garnet and 

spinel lherzolites, including harzburgites, dunites and the MARID association. Carvalho (1997) 

recognizes that the mantle under APIP area has a relatively fertile character, what would have 

implications on traditional prospective criteria based on the existence of a harzburgitic “diamond-

associated” signature. The studied mantle xenoliths from APIP keep the records of intense partial 

melting and metasomatism that widely affected the mantle lithosphere, having the metasomatism 

reached even shallow spinel facies (Nannini, 2016). Re-Os model ages for peridotite xenoliths (Carlson 

et al., 2007) show that the mantle source was depleted in Re by the early-Proterozoic to late-Archean. 
87Sr/86Sr ratios in metasomatic clinopyroxene (Nannini, 2016) suggest that the origin of metasomatism 
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would be linked to the subduction process of the upper crust that would have resided for a long period 

of time in the mantle. The timing of this process however is poorly constrained. For Carlson et al. (2007) 

the isotopic characteristics of the mafic–alkalic magmatism suggest that this event may have occurred 

during the mid- to late-Proterozoic assembly of the Brasília mobile belt. Fernandes et al. (2021) interpret 

that the textural and compositional modification observed in mantle xenoliths occurred by reactive 

transport of the magmas forming the APIP between 120 and 90 Ma. 

2.2.4 – Diamonds studies 

Pioneering studies of diamonds in Brazil are acknowledged to Professor Darcy Pedro Svisero. 

The first studies of diamonds from Brazil are published in a habilitation thesis of Prof. Svisero (Svisero, 

1978; in Portuguese) and in Meyer and Svisero (1975); both works present similar data. These studies 

consist of major element analysis of mineral inclusions in diamonds from several occurrences 

throughout the country, including the only data available for diamonds that occur in the Alto Paranaíba 

Region until the publication of the present thesis. Few samples analyzed by Meyer and Svisero (1975) 

and Svisero (1978) show a wide variety of mantle sources for diamonds from Romaria, Abaeté and Rio 

Paranaíba, as revealed by the presence of Cr-pyrope, enstatite, forsterite, Cr-diopside, pyrrhotite, 

omphacite and pyrope-almandine as inclusions in diamonds. 

Although Kaminsky et al. (2001) published a paper entitled “Diamonds from the Coromandel 

Area, Minas Gerais, Brazil”, diamonds analyzed for their mineral inclusions are from the Rio da Prata 

system, São Francisco Basin, ~100 km to the northeast of Coromandel, from a context that cannot really 

be related to the diamonds that occur in Coromandel. Notwithstanding, besides mineral inclusions 

analyses, Kaminsky et al. (2001) study encompasses FTIR and C isotopic data. The most recent work 

of Tappert et al. (2006) present data of mineral inclusions compositions, along with FTIR and C isotopic 

systematics, for diamonds from some placer deposits in Brazil, including the Canastra area, closely 

related to the Alto Paranaíba area. Forsterite, chromite and pyrope-almandine are the inclusions 

recognized in diamonds from Canastra (Tappert et al., 2006).  
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CHAPTER 3  

DIAMONDS AND KIMBERLITES BACKGROUND 

 

Conditions of high pressures at relatively low temperatures are necessary for diamond 

crystallization; such conditions are typically found in the subcontinental lithospheric mantle (SCLM) at 

depths of at least 150 km (Boyd and Gurney, 1986). A small parcel of diamonds (~1% of world 

production) is derived from even greater depths: the asthenospheric mantle, the transition zone and the 

lower mantle (Stachel et al., 2005); these sublithospheric diamonds are often referred to as superdeep 

diamonds. With no genetic relationship to diamonds, the magmatism responsible for sampling diamond 

in the deep mantle and bringing it to the Earth's surface is the kimberlitic magmatism (Mitchell, 1986). 

Kimberlitic magmas, presenting overall ultramafic composition, are rich in volatiles and rapidly extract 

xenoliths from the mantle, erupting explosively from great depths (Sparks et al., 2006; Wilson and Head, 

2007). At the surface, kimberlites occur in the form of small volcanic pipes, dykes and sills. When 

eroded, they release to the surface diamonds and other minerals captured in the mantle, allowing to trace 

diamonds dispersed in secondary environments back to their primary sources (Marshall and Baxter-

Brown, 1995). 

A fact noted by Clifford (1966) and generally referred to as “Clifford's Rule” is that kimberlites 

containing diamonds in economic grades are confined to crustal pieces that remained stable over the 

past 1.5 Ga; the cratonic areas. Around the world, specific criteria are used to define and delimit cratons. 

In Brazil, for example, we define our cratonic areas as continental cores not significantly affected by the 

Neoproterozoic Brasiliano orogeny (Almeida et al., 1981). Nonetheless, the common association of 

cratons with Archean nuclei has given a general idea that a cratonic area is a synonymous of an Archean 

region (e.g. Janse, 1991). From this point of view, diamonds in non-Archean terrains, as the Argyle 

deposit in Australia, would contradict the Clifford's Rule. Clarifying the concept of craton, recently, 

Pearson et al. (2021) expanded its definition to include extensive regions of long-stable Mesoproterozoic 

crust underpinned by thick lithospheric roots. Regardless of age, deep mantle keels are a key attribute 

of a craton. 

Knowledge about the composition of the inaccessible deep cratonic roots is possible due to 

mantle xenoliths and xenocrysts transported to the Earth’s surface by kimberlites and other related 

magma types. Based on the study of mantle xenoliths around the world, and supported by geophysical 

studies, the lithospheric mantle in cratonic areas is thought to consist mainly of depleted peridotites that 

have been variably metasomatized during its long history (Pearson and Witting, 2014; Pearson et al., 

2014). The peridotitic mantle is largely dominated by moderately depleted peridotites, the lherzolites. 

At smaller abundances, eclogites, websterites and metasomatic components, including the suite of rocks 
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consisting of mica, amphibole, rutile, ilmenite and diopside (MARID suite) are other important 

components of the SCLM (Griffin et al., 1999a, 2003). 

 

3.1 – MINERAL INCLUSIONS AND THE SOURCE ROCKS OF DIAMONDS 

In general, diamond formation in the mantle is considered to be a metasomatic process (e.g., 

Luth and Stachel, 2014). The agents of metasomatism, melts or supercritical fluids, react with the mantle 

rocks and diamond crystallizes as a consequence of the reduction of carbon via redox reactions (Shirey 

et al., 2013). The rocks that compose ideal substrates for diamond precipitation are well characterized 

through the study of inclusions in diamonds, which is currently the only way to determine the source 

paragenesis and the chemical and physical conditions of diamond formation (Stachel and Harris, 2009). 

It was through the radiometric dating of mineral inclusions that diamonds were recognized as xenocrysts 

in kimberlites (Richardson et al., 1984). The composition and associations of mineral inclusions reveal 

that, among lithospheric diamonds, 65% are derived from peridotitic sources, while 33% are eclogitic 

and 2% websteritic (Stachel and Harris, 2008). Sublithospheric diamonds from the asthenosphere and 

transition zone are dominantly associated with eclogitic compositions, while diamonds from the lower 

mantle are mainly meta-peridotitic (Stachel, 2001; Stachel et al., 2005). 

The peridotitic suite of diamonds contains as typical inclusions Cr-pyrope garnet, forsteritic 

olivine, enstatite, Cr-diopside and Mg-chromite (Stachel and Harris, 2008). Most of these inclusions can 

be recognized by characteristic colors (Figure 3.1a-e). Coexisting assemblage and compositional 

characteristics allow further division into the harzburgitic, lherzolitic and wehrlitic paragenesis. The 

distinction between the peridotitic substrates is well define based on Cr and Ca contents in garnet 

(Grütter et al., 2004). The presence of Cr-diopside is a distinctive factor to assign a diamond to the 

lherzolitic paragenesis. The eclogitic suite is characterized by the presence of orange Cr-poor garnet 

(pyrope-almandine) and pale green omphacitic clinopyroxene (Figure 3.1f-g); coesite, kyanite, rutile, 

corundum, sanidine and orthopyroxene may also occur (Gurney, 1989). Sulfides (Figure 3.1h) are 

common to both eclogitic and peridotitic paragenesis and are recognized as the most common mineral 

inclusion in diamonds (Harris and Gurney, 1979); distinction can be made based mainly on the threshold 

of 12 wt% of Ni, being the Ni-rich sulfides being restricted to the peridotitic suite (Bulanova et al., 

1996). The websteritic suite is poorly defined and broadly related to pyroxenitic source rocks; garnet 

and pyroxene inclusions are recognized by transitional compositions between the peridotitic and 

eclogitic suites (Stachel and Harris, 2008). Diamonds from the asthenosphere and transition zone are 

recognized by the presence of majorite garnets, visually indistinguishable from orange eclogitic garnets, 

and Fe-Mg silicates with spinel like structure (Stachel, 2001). Associated with the lower mantle, the 

most prominent inclusion is ferropericlase, recognized by a reddish-brown color and a characteristic 

play of colors; perovskite structure phases also occur (Stachel et al., 2005). 
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Figure 3.1: Inclusions in diamonds. (a) Peridotitic garnet is recognized by characteristic purplish-pink 
colors. Olivine (b) and enstatite (c) are colorless and visually indistinguishable; both can present a faint 
yellowish or greenish hue. (d) Cr-diopside usually presents emerald-green color but can also be light green. 
(e) Mg-chromite is usually recognized by a deep cherry red color displayed in its edges but may also appear 
black and opaque. (f) Eclogitic garnet displays a distinctive orange color. (g) Eclogitic clinopyroxene is 
generally pale green, sometimes presenting bluish hues. (h) Sulfide inclusions are typically associated with 
disc-shaped fractures that can take the form of rosettes; the inclusion, usually hidden at the center of the 
fractures, is opaque and has a metallic luster. 

 

3.2 – CONDITIONS OF DIAMOND FORMATION AND RESIDENCE IN THE 

MANTLE 

The occurrence of multiple inclusions in the same diamond allows to assess the pressure-

temperature conditions in which diamonds were formed (Nimis and Grütter, 2010). According to Stachel 

and Luth (2015), the average conditions for the formation of peridotitic diamonds are 5.3 ± 0.8 GPa and 

1130 ± 120 °C. Thermobarometric data indicate that inclusions from both the harzburgitic and lherzolitic 

paragenesis form under comparable pressures and temperatures. For eclogites, there is still no reliable 

barometer (Krogh, 1988). Assuming that eclogitic diamonds form at similar pressures to peridotitic 

diamonds, Stachel and Luth (2015) calculated to a fixed pressure of 5.0 GPa an average equilibration 

temperature of 1170 ± 110 °C. Compared to the peridotitic suite, eclogitic diamonds form at relatively 

higher temperatures. Phillips et al. (2004) recognized that non-touching and touching inclusion pairs in 

the same diamond yield different temperatures, what indicates that the touching inclusions re-

equilibrated in a cooling mantle until the time of kimberlite eruption, providing information of the 

conditions of final mantle residence. 

The overall conditions in which diamonds resided in the mantle are evidenced by the 

aggregation state of nitrogen impurities in diamonds (Taylor et al., 1990). Nitrogen commonly occurs 
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substituting carbon atoms in the diamond lattice, reflecting the characteristics of their growth 

environment. The concentration of nitrogen impurities in diamonds vary from 0 to 3830 at.ppm; average 

concentrations are higher in eclogitic (median value of 378 at.ppm) than in peridotitic (median of 72 

at.ppm) diamonds (Stachel and Harris, 2009). Studies suggest that nitrogen is initially incorporated into 

the diamond lattice as single isolated atoms (C centers; Collins et al., 2005). As diamond resides in the 

mantle for prolonged periods of time, nitrogen atoms aggregate, initially in pairs (A aggregates; Davies, 

1976) and, in the most advanced stages of aggregation, two pairs of N atoms converge around a vacancy 

(B aggregates; Evans and Harris, 1989). The type classification system of diamonds (Breeding and 

Shigley, 2009) divides diamonds into two major categories based on the presence or absence of nitrogen 

(types I or II, respectively). Type I diamonds are further divided according to the arrangement of 

nitrogen atoms; type Ia diamonds present A, B or both A and B aggregate forms, while type Ib diamonds 

present isolated, non-aggregated nitrogen atoms. Type II diamonds are subdivided according to the 

complete absence of impurities (IIa) or the rare presence of boron impurities (IIb). In the mid-infrared 

region, between ~ 4000 and 400 cm-1, diamonds present important absorption features that allow the 

recognition of nitrogen, hydrogen or boron related absorptions (Figure 3.2). 

 

Figure 3.2: FTIR absorption spectrum of a Type I diamond with illustration of nitrogen-related absorption 
features. Absorptions from ~4000 to 1500 are intrinsic to diamond. Nitrogen-related absorption features 
can be observed at wavenumbers < 1500 cm-1. The peak position of A, B and C centers are indicated. The 
peak indicated as “platelets” correspond to a defect related to the formation of “B centers” (Humble, 1982). 
Hydrogen impurities present main absorption peak at 3107 cm-1. Type IIa diamonds do not present any 
nitrogen absorption feature. Type IIb diamonds are characterized by boron related peaks that occur mainly 
at ~4090, 2803, 2458 cm-1 (Breeding and Shigley, 2009). 

 

The kinetic process of nitrogen aggregation is time-temperature dependent and related to 

nitrogen concentration; given a time estimate, the mantle residence temperature can be calculated, and 

vice versa (Taylor et al., 1990, 1996). At the temperature conditions in the Earth's mantle, the formation 

of A centers is swift; the preservation of single substitutional nitrogen atoms (type Ib diamonds) would 

require a young age of crystallization in relation to the kimberlitic magmatism or mantle storage 
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conditions at unusually low temperatures, if not both (Taylor et al, 1996). On the other hand, the 

formation of B aggregates occurs at much lower rates, allowing its analysis as a thermo-chronometer 

(Evans and Harris, 1989; Leahy and Taylor, 1997; Taylor et al., 1990). High temperatures speed up 

nitrogen diffusion, being the main controlling factor for the presence of nitrogen in highly aggregated 

states (type IaB) that otherwise would require a residence in the mantle on a time scale of billions of 

years (Evans and Qi, 1982). Plastic deformation is also assumed to accelerate nitrogen diffusion (Evans, 

1992). 

 

3.3 – KIMBERLITES AND RELATED MAGMA TYPES 

After usually prolonged residence times in the deep-reaching parts of the lithospheric mantle, 

diamonds are sampled by kimberlite or lamproite magmas. The kimberlitic magmatism is restricted not 

only in space, to cratonic areas and their margins, but also in time. More than 60% of world’s known 

kimberlite clusters erupted between 250 and 50 Ma, with main peak at 90 ± 10 Ma (Gurney et al., 2010; 

Stern et al., 2016; Tappe et al., 2018). Although preservation bias may be a possible reason for the low 

representation of older kimberlitic events, lowering temperature of Earth’s upper mantle through time 

established a ‘kimberlite-friendly’ melting regime (Tappe et al., 2018). The formation of the kimberlitic 

magma results from low-volume melts of a carbonate bearing peridotite at the base of the cratonic 

lithosphere (Girnis et al., 1995; Gudfinnsson and Presnall, 2005; Ringwood et al., 1992). Extraction of 

such low-volume melt requires tectonic triggers. The rapid ascending dynamic of the magmatism 

(Sparks et al., 2006; Wilson and Head, 2007) allows diamond to not re-equilibrate to unstable conditions 

enroute to Earth’s surface.  

Petrographically, kimberlites are complex hybrid rocks that consist of minerals derived from three 

distinct sources: mantle xenoliths/xenocrysts, megacryst suite, and primary phases (Mitchell, 1986).  

 Xenoliths represent rock fragments of broadly lherzolitic, harzburgitic, pyroxenitic or eclogitic 

composition derived from the garnet and spinel stability fields in the upper mantle, besides the 

phlogopite-rich glimmerites xenoliths (MARID and PIC suites). The fragmentation of the 

mantle xenoliths results in the addition of xenocrysts to the magma. 

 Megacrysts are large (>1 cm) single silicate and oxide phases of a distinctive Cr-poor, Ti-rich 

character that include Mg-ilmenite, high-Ti low-Cr pyrope garnet, diopside, phlogopite, and 

zircon. These mineral phases crystalize from alkali-basalt-like magma that was probably the 

precursor, or intimately related, to the host kimberlite (Nowell et al., 2004). 
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 Primary phases include microphenocrysts to groundmass minerals. Kimberlitic primary 

constituents may be olivine, phlogopite, monticellite, titaniferous spinel, diopside, ilmenite, 

perovskite, apatite, calcite and serpentine. 

The relative contribution of each of these sources varies widely from kimberlite to kimberlite. 

For crystals > 1 mm, whose nature cannot be unambiguously assigned to one or other source, the term 

macrocryst, free of genetic connotation, is recommended. 

Based on South African kimberlites, two major varieties of kimberlites are recognized, having 

been defined in different ways over time: Wagner (1914), by undertaking the first comprehensive study 

of kimberlites in South Africa, proposed that the kimberlites could be divided into the basaltic and 

micaceous varieties. Smith (1983), based on the isotopic character of the basaltic and micaceous 

varieties, introduced the terms Group I and Group II kimberlites, respectively. According to Smith 

(1983), the different isotopic character reflects substantial chemical differences in their mantle source 

regions; Group I kimberlites derive from undifferentiated to slightly depleted sources relative to bulk 

Earth, while Group II kimberlites are derived from enriched sources. Age distribution of Group II 

kimberlites is restricted in time to 200-110 Ma (Skinner, 1989). Mitchell (1991, 1995), considering that 

Groups I and II kimberlites cannot be genetically related, named as “Orangeites”, after the type locality 

within the Orange Free State of South Africa, the former Group II kimberlites; a distinct petrological 

type from archetypal (Group I) kimberlites. Besides distinct isotopic signatures, kimberlites and 

orangeites, according to the definition of Mitchell (1995), are petrographically distinct through: 

 Archetypical (Group I) kimberlites are dominated by olivine and commonly contain spinel, 

monticellite, perovskite and calcite. Kimberlites do not contain primary groundmass diopside. 

 Orangeites (Group II kimberlites) are dominated by phlogopite with zonation towards 

tetrarriphlogopite and contain exotic minerals with high incompatible element contents. Most 

orangeites characteristically do not contain the megacrystic suite of minerals. 

Another magma type related to diamonds is the olivine lamproite (Mitchell and Bergman, 1991). 

Lamproites are characterized by extreme enrichment in Ti, Ba, F and incompatible trace elements (Zr, 

Sr and LREE), with bulk compositions and isotopic systematics broadly similar to Orangeites. Recently, 

orangeites have been considered simply as a CO2-rich sub-variety of lamproites, derived from broadly 

similar source regions (Pearson et al., 2019). A key distinctive feature of lamproites is the presence of 

glass in the groundmass. Olivine, Ti-Phlogopite, K-richterite and other potassic silicates with Zr, Ti or 

Ba are characteristic primary phases. 

 Besides the magma types briefly addressed here, other deep derived magmatic rocks, such as 

kamafugites and ultramafic lamprophyres, share compositional similarities with the diamond-bearing 

kimberlitic/lamproitic rocks. Bulk rock geochemistry and a series of mineral geochemical grounds allow 
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distinction between the rock types. A key difference is that these magmas do not, or do it in a very 

limited way, sample the garnet stability field, where diamond forms, and are therefore devoid of 

diamonds. Nevertheless, it is important to bear in mind that particular characteristics of the cratonic 

mantle roots around the world will imprint particular characteristics to the magma types that may not 

adequately fit the current terminology mainly based on South African models. 

 

3.4 – CRITERIA APPLIED FOR DIAMOND EXPLORATION 

The knowledge gained from the composition of mineral inclusions in diamonds, and hence their 

source rocks in the mantle, has been applied to predict the presence of diamonds in a kimberlite. Gurney 

(1984) noticed that in contrast to the large dominance of lherzolites over harzburgites in the mantle, 

about 85% of inclusions in peridotitic diamonds are derived from harzburgitic sources. From Gurney’s 

and previous studies observations, the recognition of garnets and other mantle xenocrysts with 

harzburgitic affinity is a key criterion to assess the diamond potential of a kimberlite. This approach 

successfully worked for South African deposits. For the remaining 14% of diamonds that would have a 

lherzolitic affinity (1% is wehrlitic), a compositional criterion relating the abundant lherzolitic 

xenocrysts to diamond-stable conditions cannot be assigned unambiguously (Grütter et al., 2004). 

Stachel and Harris (2008), using a much larger dataset, show that the 85/14 ratio defined by Gurney in 

1984 is still valid. Of similar importance to harzburgites, eclogites seem to represent the ideal substrate 

for diamond crystallization, given their representativeness in the inclusion suite (>30%; Stachel and 

Harris, 2008) despite the subordinate occurrence in the lithospheric mantle (~1%; Schulze, 1989). It is 

also supposed that there is a relationship between larger diamond sizes and the eclogitic suite (Gurney, 

1989; Stachel and Harris, 2008). Grütter et al. (2004), based on the approach of Gurney (1984), 

formulated a simple and robust classification scheme for mantle-derived garnets based on Cr2O3-CaO 

compositional space that easily distinguishes the garnet source paragenesis and their likely association 

to diamond (Figure 3.3). 

Another approach used to predict the presence of diamonds in a kimberlite is made through the 

composition of ilmenite; in this case, what is predicted is the potential loss of diamonds by resorption 

due to reaction with the kimberlite magma (Gurney et al., 1993; Fipke et al., 1989, 1995). This 

relationship was observed by noting that well-mineralized kimberlites are more likely to be associated 

with ilmenites that present high MgO and low Fe2O3 contents, whereas poorly mineralized kimberlites 

have the opposite character (Fipke et al., 1995). What the MgO and Fe2O3 contents of ilmenites reflect 

is the oxidation state of the kimberlitic magma, and therefore, an index of diamond preservation; when 

diamonds are not present, the composition of the ilmenites is irrelevant. 
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Figure 3.3: Cr2O3 vs. CaO diagram for mantle garnets with fields for parageneses after Grütter et al. (2004). 
Fields for harzburgitic (G10), lherzolitic (G9), wehrlitic (G12), eclogitic (G3) and pyroxenitic/low-Ca 
eclogitic (G4) garnets are indicated. Pyroxenitic (G5) garnets superpose in composition to lherzolitic 
garnets; distinction can be made through a Mg# < 0.7 for G5 garnets. The low-Cr Megacrysts suite (G1) is 
characterized by high TiO2 content. The dashed line labelled “D-facies” represents the projection of the 
graphite-diamond transition into garnet compositional space, assuming equilibration with spinel (Grütter 
et al., 2006). Garnets that crosscut the D-facies are assumed to be in equilibrium with diamond. Any G10 
garnet with MnO < 0.36 wt% is also assumed to derive from diamond-stable conditions. For G5, G4 and 
G3 garnets, a threshold of Na2O > 0.07 wt% is assumed to indicate derivation from the diamond stability 
field. For further details on classification criteria see Grütter et al. (2004). 

 



 

 

CHAPTER 4  

AN EXOTIC CRETACEOUS KIMBERLITE LINKED TO 

METASOMATIZED LITHOSPHERIC MANTLE BENEATH THE 

SOUTHWESTERN MARGIN OF THE SÃO FRANCISCO CRATON, 

BRAZIL2 

 

Abstract 

We present major and trace element compositions of mineral concentrates comprising garnet xenocrysts, 

ilmenite, phlogopite, spinel, zircon, and uncommon minerals (titanite, calzirtite, anatase, baddeleyite 

and pyrochlore) of a newly discovered Late Cretaceous kimberlite (U-Pb zircon age 90.0 ± 1.3 Ma; 2σ) 

named Osvaldo França 1, located in the Alto Paranaíba Igneous Province (APIP), southeastern Brazil. 

Pyrope grains are lherzolitic (Lherz-1, Lherz-2 and Lherz-3), harzburgitic (Harz-3) and wehrlitic (Wehr-

2). The pyrope xenocrysts cover a mantle column in the subcratonic lithosphere extending to depths of 

at least 143 km (43 kbar) at relatively low temperatures (811–875 °C). The shallowest part of this mantle 

is represented by Lherz-1 pyropes, which have low-Cr (Cr2O3 = 1.74–6.89 wt.%) and sloped REEN 

pattern. The deepest samples are represented by Lherz-2, Lherz-3, Harz-3, and Wehr-2 pyropes (36–43 

kbar). They contain high-Cr contents (Cr2O3 = 7.36–11.19 wt.%) and are characterized by sinusoidal 

(Lherz-2 and Wehr-2) and spoon-like (Lherz-3 and Harz-3) REEN patterns. According to their REE and 

trace elements, pyrope xenocrysts register melt depletion and re-enrichment processes, indicating that 

the cratonic lithosphere has been affected by silicate melt metasomatism. Besides minerals with typical 

kimberlitic signatures, such as ilmenite and zircon, the exotic compositions of phlogopite and ulvöspinel 

suggest an enriched component in the magma source. The formation of rare mineral phases with strong 

enrichment of light-REE (LREE) and high field strength elements (HFSE) is attributed to the late-stage 

kimberlitic melt. We propose a tectonic model where a thermal anomaly, represented by the low-velocity 

seismic anomaly observed in P-wave seismic tomography images, supplied heat to activate alkaline 
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magmatism from a metasomatized cratonic mantle source during the late-stages of Gondwana 

fragmentation and consequent South Atlantic Ocean opening. The metasomatism recorded by mineral 

phases is a product of long-lived recycling of subducted oceanic plates since the Neoproterozoic 

(Brasiliano Orogeny) or even older collisional events, contributing to the exotic character of the Osvaldo 

França 1 kimberlite, as well as to the cratonic lithospheric mantle signature. 

 

4.1 – INTRODUCTION 

The mantle-derived rocks sampled from mobile belts underlain by thick subcontinental 

lithospheric mantle (SCLM), on the margin of ancient cratonic areas, represent invaluable portions of 

deep Earth’s mantle (Hill et al., 2015; Tappe et al., 2006, 2011). In such complex tectonic settings, 

mafic–ultramafic magmas bring to the surface valuable mantle cargo (e.g., xenoliths and xenocrysts), 

which allow the investigation of the deepest parts of the subcontinental lithosphere (Griffin et al., 

1999a). Variable partial melting degrees of a carbonated peridotite produce first carbonatite melts and 

later kimberlite melts (Dalton and Presnall, 1998). Potassic-rich melts, such as type II kimberlites 

(Becker and Le Roex, 2006) may be a product of partial melting of a metasomatized peridotite that 

contains hydrated minerals (pargasite and/or phlogopite) and carbonates (e.g., Ringwood et al., 1992). 

Kimberlites are one of the products of partial melting of the deepest portion of such mantle (>150 km; 

Priestley et al., 2006). 

Because kimberlites are complex hybrid rocks, an unambiguous classification cannot be made 

without whole-rock geochemistry data and careful petrographic examination, combined with mineral 

compositional analyses (Mitchell et al., 2019). A variety of alkaline rocks share chemical and 

mineralogical similarities with archetypal kimberlites (e.g., orangeites, lamproites, kamafugites, 

ultramafic lamprophyres). Since the concept originally developed by Dawson (1980) has been 

introduced, which considered that such exotic rock types may be recognized by their characteristic 

mineral assemblage, a series of classification systems have been developed based on this approach (Le 

Maitre et al., 2002; Mitchell, 1986, 1995; Tappe et al., 2005). In localities like Brazil, where the rocks 

are intensely weathered, most of the studies are restricted to the remaining heavy-mineral concentrates. 

Kimberlites, for instance, can be recognized by their characteristic macrocryst content, which comprises 

olivine, Mg-ilmenite, pyrope, diopside, phlogopite, enstatite and chromite (Le Maitre et al., 2002, 

Mitchell, 1986). 

In the southeastern Brazil, a newly discovered occurrence, presenting atypical kimberlitic 

mineral assemblage, can provide new insights on the existence of “typical” kimberlitic mineral 

compositions. The Osvaldo França 1 kimberlite, named in honor to its discoverer, Mr. Osvaldo Soares 

França, a respected prospector in Brazil, was found through the follow-up of a mineralogical anomaly 
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(garnet and ilmenite) in stream sediments. Osvaldo França 1 is located in the Alto Paranaíba Igneous 

Province (APIP), a Cretaceous widespread association of carbonatites, kamafugites, kimberlites and 

ultramafic lamprophyres (UML), all spatially related to recent diamond placer deposits, representing an 

enigmatic and fruitful theme of debate due to its heterogeneous lithology, mineralogy and geochemistry 

(including isotopes; Araujo et al., 2001; Bizzi, 1996; Brod et al., 2000; Carlson et al., 1996, 2007; 

Coldebella et al., 2020; Comin-Chiaramonti and Gomes, 2005; Felgate, 2014; Gibson et al., 1995, 

Giuliani et al., 2019; Guarino et al., 2013; Lim et al., 2018; Melluso et al., 2008; Read et al., 2004, 

Sgarbi et al., 2004). 

The diverse mineralogy of the newly discovered Osvaldo França 1 offers an extraordinary 

opportunity to understand the complex mantle evolution involved in the origin of the Late Cretaceous 

Alto Paranaíba Igneous Province, southeastern Brazil. Pyrope garnet, Mg-ilmenite, phlogopite, spinel, 

zircon and unusual phases (titanite, calzirtite, anatase, baddeleyite, andradite and pyrochlore) comprise 

the mineral assemblage. In this context, we present detailed mineral chemistry of all concentrate 

minerals. These data, together with zircon U-Pb geochronology, thermobarometry, and recent seismic 

tomographic results (Rocha et al., 2019a, b), provide new insights on the composition and processes that 

affected the sublithospheric mantle that generated the APIP magmatism. 

 

4.2 – GEOLOGICAL SETTING 

The APIP is widely distributed along southwestern Minas Gerais and southeastern Goiás 

(Figure 4.1), covering an area of approximately 20,000 km2 in southeastern Brazil (e.g., Araujo et al., 

2001 and references therein; Comin-Chiaramonti and Gomes, 2005, Guarino et al., 2013 and references 

therein; Melluso et al., 2008). Rocks of the APIP intrude and overlie the Neoproterozoic Brasília 

orogenic mobile belt and the Sanfranciscana Basin, comprising Late Cretaceous alkaline rocks, such as 

kimberlites, kamafugites, lamproites, ultramafic lamprophyres and carbonatites, forming lava flows, 

pyroclastic successions and hypabyssal intrusions. Oriented NW–SE (Azimuth 125°), the APIP 

developed between the Amazonian, São Francisco-Congo and Paranapanema cratons (e.g., Pimentel et 

al., 2011), however, P-wave seismic tomography (e.g., Rocha et al., 2019a) and gravimetric results 

(Pereira and Fuck, 2005) show that this magmatism is strongly related to the São Francisco Craton 

domain. The Neoproterozoic Brasília Mobile Belt is a N–S belt developed along the western margin of 

the São Francisco-Congo plate, comprising a thick Proterozoic metasedimentary pile at the eastern 

domain, high-grade metamorphic rocks in the central zone, an allochthonous Archean–Paleoproterozoic 

terrane and a large juvenile magmatic arc in the west (e.g., Cordani et al., 2013, Fuck et al., 2017, 

Pimentel, 2016). Within the context of the São Francisco Craton, the Neoproterozoic Brauna kimberlite 

field (682 ± 20 Ma; Pisani et al., 2001 and 642 ± 6 Ma; Donatti-Filho et al., 2013b) is characterized by 

mica (K)-rich occurrences formed as the result of an enriched subcratonic lithospheric mantle. These 
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kimberlites share mineralogical and geochemical characteristics with South African orangeites and some 

transitional-type kimberlites from worldwide occurrences, with negative initial εNd (−5.8 to − 8.1) 

coupled with variable enrichment of 87Sr/86Sr ratios (0.7045–0.7063), which suggest affinity with an 

enriched mantle 1 (EM-1) mantle source (Donatti-Filho et al., 2013b). 

 

Figure 4.1: Simplified geological map from the Alto Paranaíba volcanic rocks in the context of the Mata da 
Corda Group. The available ages of kimberlites are as follow: 1. Hasui and Cordani (1968) K-Ar whole 
rock; 2. Davis (1977) U-Pb baddeleyite coat on zircon; 3. Davis (1977) U-Pb zircon; 4. Bizzi (1996) Rb-Sr 
phlogopite; 5. Pereira (2007 and references therein) K-Ar phloghopite; 6. Pereira (2007 and references 
therein) Rb-Sr phlogopite; 7. Pereira (2007 and references therein) U-Pb perovskite; 8. Chaves et al. (2012) 
U-Pb zircon; 9. Guarino et al. (2013) U-Pb perovskite; 10. Felgate (2014) Ar-Ar phlogopite; 11. Felgate 
(2014) Rb-Sr phlogopite; 12. Felgate (2014) U-Pb perovskite. 
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The Mata da Corda Group represents the most important magmatic event of APIP, characterized 

by dominant kamafugite and alkaline-carbonatite complexes with less abundant alkaline intrusions, 

covering an area of ~ 8,000 km2, with thickness of ~ 100–120 m (e.g., Comin-Chiaramonti and Gomes, 

2005; Guarino et al., 2013; Read et al., 2004). Age constraints for the magmatism are represented by 

kimberlites mostly of ca. 100–80 Ma (Figure 4.1 and references therein) and younger kamafugites of 

ca. 90–75 Ma (U-Pb perovskite and Rb-Sr phlogopite ages; Felgate, 2014, Guarino et al., 2013, Sgarbi 

et al., 2004). Younger whole-rock K-Ar ages of 68 ± 3.4 Ma (kamafugite; Hasui and Cordani, 1968) 

could represent the thermal waning of the magmatic event. Geochronological data have also been 

reported for other alkaline rocks of APIP, most of them falling on the range of ca. 91–71 Ma (Bizzi, 

1996; Felgate, 2014; Gibson et al., 1995; Guarino et al., 2013, 2017; Sgarbi et al., 2004; Sonoki and 

Garda, 1988; among others). 

The origin of alkaline magmatism of APIP is still a matter of debate. Several works have related 

its origin to the partial melting of a lithospheric mantle source caused by the movement of the South 

American plate over a mantle plume as a consequence of the South Atlantic Ocean opening, producing 

a hotspot track. Among the hypothesized possibilities, the influence of Trindade (e.g., Carlson et al., 

1996, 2007; Comin-Chiaramonti and Gomes, 2005; Gibson et al., 1995; Sgarbi et al., 2004; Thompson 

et al., 1998) and Tristan da Cunha mantle plumes (e.g., Bizzi, 1996; VanDecar et al., 1995) are invoked. 

However, Carlson et al., (1996, 2007) proposed heterogeneous and metasomatized lithospheric mantle 

sources in order to explain the genesis of the Goiás and APIP alkaline rocks. In the same way, based on 

U-Pb perovskite ages, the hotspot track model was questioned by Guarino et al. (2013), who suggested 

coeval magmatism in Goiás and Minas Gerais despite being more than 400 km apart. In addition to the 

proposal of a heterogeneous and metasomatically enriched mantle to explain the range of magmatic 

products, different depths are invoked. Regarding the lithology of mantle sources, it is assumed that 

kimberlites are derived from peridotite mantle sources while kamafugites are believed to be derived 

from pyroxene-rich portions of the lithospheric mantle (i.e., pyroxenite, websterite, wehrlite, eclogite, 

and glimmerite veins) (Araujo et al., 2001; Bizzi et al., 1995; Carlson et al., 1996, 2007; Gibson et al., 

1995; Guarino et al., 2013). 

Results of seismic tomography have shown a good spatial correlation between the alkaline 

intrusions of APIP and deep low-velocity anomalies, which initiate at the base of cratonic lithosphere 

and probably reach the lower mantle (Assumpção et al., 2004; Rocha et al., 2011, 2019b; Schimmel et 

al., 2003; VanDecar et al., 1995). It suggests that a seismic heterogeneity in the upper mantle can be 

related with the generation of the Late Cretaceous igneous activity in APIP. Low-velocity seismic 

anomalies in the mantle are usually caused by thermal or compositional effects, defining the type of 

origin, however, is a challenge. Rocha et al. (2011) suggested that a compositional component is 

expected to explain the origin of the low-velocity anomalies below APIP. 
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4.3 – SAMPLE DESCRIPTIONS  

 The Osvaldo França 1 kimberlite is covered by a 2-meters-thick layer of a polymictic 

conglomerate. The body presents a strong mineralogical anomaly associated with a pipe-like vegetation 

anomaly. It was sampled through a pit opened in the ground, with 1.8 m × 1.1 m × 2.4 m (Figure 4.2a). 

The kimberlite, recognized in the bottom of the pit, presents a green color and is extremely weathered. 

Two samples of 200 L each were collected, comprising both the overlying conglomerate and the 

kimberlite. The samples were washed and concentrated in the sieve fractions of 28, 16 and 12 mesh in 

order to recover the indicator minerals, among which garnet and ilmenite were abundant (Figure 4.2b). 

The typical kimberlite indicator minerals were also found in the conglomerate, although at lower 

abundance. 

 

Figure 4.2: (a) Pit opened for kimberlite sampling (dimensions 1.80 m × 1.10 m × 2.40 m); (b) mineral 
concentrate of indicator minerals; (c) representative minerals recovered from the kimberlite; from top left 
to top right: garnet, ilmenite, spinel, pyrochlore and mica; from bottom left to bottom right: anatase, 
titanite, calzirtite, zircon and baddeleyite. 

 

 The physical properties of minerals recovered from the kimberlite are represented in Figure 

4.2c and briefly described below. Garnet ranges in color from dark purple to purple, pink, red, orange 
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red and yellow. Dominant colors are orange red and red. Ilmenite presents a typical whitish reaction 

rim, common for kimberlitic ilmenite. Spinels are black octahedrons with a dull luster, discriminated by 

different magnetic susceptibility. One octahedron, with a striking distinct luster, came to be recognized 

as pyrochlore. Mica presents the characteristic yellowish-brown color of phlogopite. Anatase occurs as 

euhedral bipyramidal crystals with a cream color, sometimes presenting a pale green tint. Titanite comes 

in both shades of green and yellow; well crystallized crystals were found only in the yellow color. 

Calzirtite presents a deep brown color. Zircon is transparent with a faint yellow tint and fluoresces 

orange under longwave UV. Baddeleyite presents salmon to light brown color and a greasy luster. The 

handpicked minerals were mounted in epoxy resin, being polished before analysis. Most grains analyzed 

were from the sieve fraction of 28 to 16 mesh (~0.6–1.0 mm). 

 

4.4 – ANALYTICAL TECHNIQUES 

4.4.1 – Microprobe Major Element Analysis 

 Major, minor and selected trace elements were determined at the Federal University of Ouro 

Preto (UFOP) and at the University of Brasília (UnB), Brazil. In Ouro Preto, the measurements were 

carried out at the Microscopy and Microanalysis Laboratory (LMic) using a JEOL JXA-8230 electron 

microprobe equipped with five wavelength-dispersive system (WDS). Operating conditions included an 

accelerating voltage of 15 kV, beam current of 20 nA, and spot size of 10 μm. The JEOL EPMA software 

Ver3.0.1.16 package was used to perform the calibration, overlap correction and quantification. Special 

conditions of 20 kV and 150 nA were applied for a pyrochlore grain, for which a spot size of 5 μm was 

used. According to the mineral analyzed, the following standards were used for calibration: fluorite (F), 

anorthoclase (Na), olivine (Mg), corundum and anorthite (Al), quartz (Si), fluor-apatite (P, Ca), 

microcline (K), rutile (Ti), glass IR-W (V), chromite (Cr), manganese (Mn), magnetite (Fe), NiO (Ni), 

gahnite (Zn), strontianite (Sr), YPO4 (Y), zircon (Zr), niobium (Nb), LaPO4 (La), Monazite_MADMON 

(Ce, Th), PrPO4 (Pr), NdPO4 (Nd), SmPO4 (Sm), GdPO4 (Gd), HfO2 (Hf), tantalum (Ta), PbS (Pb), U 

Glass (U). In Brasília, the mineral chemistry was determined by using wavelength-dispersive 

spectrometry (WDS) with a JEOL JXA-8900 Electron Probe Micro Analyzer (EPMA) at the Laboratório 

de Microssonda Eletrônica, Instituto de Geociências (IG). The analytical conditions applied during the 

measurements are accelerating voltage of 15 kV, beam current of 10 nA, and beam diameter of 1 μm in 

the spot mode. Reading time per peak was 10 s and 5 s for the background. All results were reduced 

using an in-house ZAF correction program. The data were calibrated with the following standards: 

andradite (CaO and FeO), albite (Na2O), forsterite (MgO), topaz (F), microcline (K2O, Al2O3 and SiO2), 

vanadinite (Cl and V2O3), apatite (P2O5), pyrophanite (TiO2 and MnO), chromium oxide (Cr2O3), nickel 

oxide (NiO), lithium niobate (LiNbO3), baddeleyite (ZrO2), hafnium oxide (HfO2). 
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4.4.2 – LA-ICP-MS Trace Element Analysis 

 Core to rim chemical composition of relevant mineral phases (garnet, ilmenite, phlogopite, 

titanite, calzirtite, zircon, anatase, chromite and pyrochlore) were determined by using an Inductively 

Coupled Plasma-Mass Spectrometer (ICP-MS) Element II SF-ICP-MS coupled to a 213 nm Nd:YAG 

(CETAC UP-213) laser ablation (LA) system at the Laboratório de Geoquímica Isotópica of UFOP. 

Helium was used as the transport gas and mixed with Ar downstream of the ablation cell. Each analysis 

used a spot size of 40–50 µm with a repetition rate of 10 Hz, and a fluence of 6 J/cm2. The following 

masses were measured: 45Sc, 47Ti, 60Ni, 85Rb, 86Sr, 89Y, 90Zr, 83Nb, 133Cs, 138Ba, 139La, 140Ce, 141Pr, 143Nd, 
146Nd, 181Ta, 147Sm, 151Eu, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, 177Hf, 178Hf, 207Pb, 
208Pb, 232Th and 238U. Each spot analysis consisted of 20 s of background acquisition and 60 s of sample 

ablation. Raw counts were processed offline with data-reduction and concentration calculations from 

the time-resolved signal performed using the Glitter software (Griffin et al., 2008). For internal 

calibration, the following average oxide compositions (previously determined by EPMA) were used: 

SiO2 for garnet, phlogopite, and zircon, TiO2 for calzirtite, ilmenite, and titanite. These values are used 

to correct deviations between samples and the synthetic glass. NIST612 glass was the primary calibrant 

and NIST610, BHVO-2 and BCR-2 glasses to assess quality control (reference values from Jochum et 

al., 2016). Relative precision (RSD %) of multiple analyses of quality control reference materials, and 

deviation from the reference values, were better than 10% for all elements with concentrations higher 

than 10 ppm. 

4.4.3 – U-Pb Geochronology 

 Seven zircon grains, devoid of visible inclusions and fractures, were selected for U-Pb 

geochronology by LA-SF-ICP-MS. The analyses were conducted at the Isotope Geochemistry 

Laboratory (LOPAG) of the UFOP, Brazil, using a ThermoScientific Element II single collector (SF)-

ICP-MS coupled to a CETAC LSX-213 G2 + laser ablation system. 

Zircon dates were acquired in time-resolved, peak jumping, pulse-counting mode. Each analysis 

corresponded to over 810 mass scans during 25 s of background acquisition and 30 s of sample ablation. 

Laser operation conditions included a frequency of 10 Hz, fluence of ca. 3.5 J/cm2 (nominal energy of 

30%) and a spot size of 30 µm. Raw data were corrected offline for background signal, laser-induced 

elemental fractionation, mass discrimination and time-dependent elemental fractionation using a 

combination of the Glitter software (Van Achterbergh et al., 2001, Griffin et al., 2008) and an in-house 

spreadsheet modified from Gerdes and Zeh (2006). Uncertainties were propagated by quadratic addition 

of the external reproducibility (2SD, standard deviation) of the primary reference material and the 

within-run precision (2SE, standard error) of each analysis. Final ages were calculated using Isoplot 4.1 

(Ludwig, 2009). Common-Pb correction followed Stacey and Kramers (1975). 
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The GJ-1 zircon (Jackson et al., 2004, Horstwood et al., 2016) was used as a primary reference 

material. In order to test the validity of the dataset, two zircon reference materials were used. The Blue 

Berry zircon gave a concordia age of 561 ± 4 Ma (2σ; n=4; MSWDc+e = 0.5), in agreement with the 

ID-TIMS age of 560.2 ± 0.4 Ma (2σ; Santos et al., 2017). The Plešovice zircon yielded a concordia age 

of 338 ± 5 Ma (2σ; n=4; MSWDc+e = 2.0), within uncertainty of the 337.24 ± 0.13 Ma (2σ) reference 

age of Sláma et al. (2008) (Horstwood et al., 2016). 

 

4.5 – RESULTS 

4.5.1 – Mineral Chemistry 

 The most abundant minerals collected from the Osvaldo França 1 kimberlite are garnet and 

ilmenite. Other minor mineral phases, such as phlogopite, spinel, titanite, calzirtite, anatase, baddeleyite, 

zircon, and Ce-pyrochlore were identified. The complete EPMA and LA-SF-ICP-MS datasets of 

indicator minerals are provided as Supplementary Data (Appendix A, Tables A1 and A2). 

4.5.1.1 Garnet 

Garnet microprobe analyses are homogeneous, without chemical zonation within samples. 

Selected representative compositions are given in Table 4.1. Almost all the analyzed garnets (n=81 

crystals) are mantle pyrope (61–77 mol%). Few grains (n=4) are classified as andradite (molar andradite 

= 93.3–98.8), fitting the crustal classification of Schulze (2003). 

Pyrope garnets show a wide variation in Cr2O3 (1.34–11.19 wt.%) and CaO (3.41–8.28 wt.%) 

concentrations. Based on the classification scheme of Grütter et al. (2004), mantle garnets from the 

Osvaldo França 1 kimberlite were dominantly classified as lherzolitic (Lherz or G9, n=74) with only a 

minority of harzburgitic (Harz or G10, n=6) and wehrlitic (Wehr or G12, n=1) crystals (Figure 4.3). 

They show high MgO (16.85–21.51 wt.%) and Mg# [77–87, where Mg# = 100 x Mg/(Mg + Fe)]. In 

general, these garnets show a trend of enrichment in MgO and Mg# from wehrlitic toward lherzolitic 

and harzburgitic compositions (Appendix B, Fig. B1 b, e, f). The correlations between Cr2O3, CaO, 

Al2O3 and MgO are presented in Supplementary Data (Appendix B, Fig. B1). 

Based on primitive mantle (PM; Sun and McDonough, 1989) normalized rare earth element 

(REEN) patterns (Figure 4.4a–e), three populations of lherzolitic garnets were observed, revealing a 

correlation between REE patterns and Cr2O3 contents. Lherzolitic pyropes with “low-Cr” (Lherz-1, 

Cr2O3 = 1.74–6.89 wt.%) show sloped pattern (Figure 4.4a), characterized by variable positive slopes 

through the light-REE (LREE), with most samples showing La enrichment relative to Ce, followed by 

constant, positive slopes through the middle-REE (MREE) and heavy-REE (HREE)  
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Table 4.1: Major and trace elements representative compositions of garnets from the Osvaldo França 1 
kimberlite. 

 

                    

Sample A2prp35 A2prp67 A2prp49 A2prp41 A1prp14 B1prp4 B2prp1.1 B2prp2 A1adr1* 
Garnet Pyrope Pyrope Pyrope Pyrope Pyrope Pyrope Pyrope Pyrope Andradite 
** G9 G9 G9 G9 G9 G9 G10 G12 - 
*** Lherz-1 Lherz-1 Lherz-1 Lherz-2 Lherz-2 Lherz-3 Harz-3 Wehr-2 Andradite 

wt.%          
SiO2 42.09 42.02 41.62 40.84 41.03 40.76 41.17 40.97 35.78 
TiO2 0.26 0.24 0.09 0.13 0.08 0.07 0.02 0.16 0.25 
Al2O3 22.23 20.16 19.06 17.26 16.51 15.25 16.65 14.68 0.97 
Cr2O3 1.82 4.39 6.12 8.52 9.02 11.19 9.13 10.29 0.00 
FeO 9.14 8.28 7.84 8.31 8.03 7.47 8.11 8.04 28.51 
MnO 0.36 0.19 0.11 0.00 0.00 0.00 0.00 0.00 0.09 
MgO 20.16 19.92 19.04 18.48 17.90 18.29 19.39 17.02 0.22 
CaO 4.27 4.97 5.82 6.17 7.07 6.78 5.34 8.25 33.54 
Na2O 0.06 0.08 0.04 0.02 0.03 0.00 0.00 0.03 0.02 
P2O5 0.00 0.00 0.00 0.03 0.04 0.00 0.03 0.03 0.02 
V2O3 0.00 0.05 0.07 0.04 0.07 0.03 0.10 0.04 0.12 
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.12 0.00 0.08 
ZnO 0.00 0.00 0.00 0.04 0.00 0.01 0.00 0.00 0.05 
TOTAL 100.41 100.29 99.81 99.83 99.76 99.84 100.05 99.51 99.65 
Mg# 81 80 80 80 79 81 82 79 - 

ppm          
Sc 27.08 28.35 38.11 33.91 66.25 133.11 50.91 49.12 13.24 
Ni 21.96 22.80 24.17 23.16 24.38 26.36 25.48 24.57 11.82 
Cs 0.017 bdl bdl bdl bdl bdl bdl bdl bdl 
Rb 0.169 0.494 0.565 0.760 0.584 1.012 0.825 0.949 bdl 
Ba bdl 3.460 bdl bdl 0.186 bdl bdl bdl bdl 
Th bdl bdl 0.013 0.025 0.043 0.042 0.031 0.079 1.610 
U 0.004 0.009 0.029 0.018 0.023 0.041 0.026 0.062 10.79 
Nb 0.087 0.293 0.397 0.503 0.464 0.669 0.652 0.789 13.94 
Ta bdl bdl bdl 0.023 0.020 bdl bdl 0.033 bdl 
La 0.010 0.070 0.031 0.012 0.032 0.282 0.387 0.047 89.20 
Ce bdl 0.055 0.138 0.138 0.195 2.220 1.642 0.750 380.0 
Pb 0.135 bdl bdl 0.059 0.358 0.138 0.183 bdl 0.054 
Pr 0.011 0.011 0.041 0.053 0.053 0.293 0.192 0.236 41.18 
Sr 0.065 0.469 0.118 0.122 0.090 1.019 4.490 0.220 53.57 
Nd bdl 0.227 0.568 0.724 0.526 1.063 0.652 1.644 99.07 
Sm 0.179 0.400 0.184 0.489 0.326 0.082 0.121 0.490 5.870 
Zr 6.400 9.550 2.900 2.480 2.710 2.230 1.420 4.660 4.210 
Hf 0.134 0.231 0.100 0.102 0.100 0.059 0.052 0.101 0.099 
Eu 0.122 0.196 0.076 0.225 0.144 0.019 0.023 0.137 1.390 
Ti 1554 1392 616.6 750.4 516.7 285.5 115.3 790.0 1156 
Gd 0.700 0.880 0.185 0.690 0.504 bdl bdl 0.387 4.850 
Tb 0.178 0.173 0.060 0.060 0.032 0.017 bdl 0.074 0.232 
Dy 1.560 1.510 0.559 0.319 0.283 0.181 bdl 0.473 0.771 
Y 13.88 10.04 4.520 1.680 1.620 2.250 0.391 3.520 4.930 
Ho 0.426 0.381 0.136 0.059 0.054 0.065 bdl 0.113 0.122 
Er 1.440 1.300 0.490 0.129 0.172 0.171 bdl 0.356 0.231 
Tm 0.246 0.152 0.078 0.029 0.026 0.042 0.024 0.079 0.022 
Yb 1.710 1.420 0.772 0.175 0.257 0.623 0.190 0.688 0.153 
Lu 0.279 0.231 0.111 0.029 0.039 0.116 0.038 0.138 0.013 

bdl = below detection limit        
Mg# = 100*Mg/(Mg+Fe2+)        

*Total iron calculated as Fe2O3       

**Classification after Grütter et al. (2004)      

***Classification this work        
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Figure 4.3: Cr2O3 vs. CaO classification diagram after Grütter et al. (2004). According to the diagram, 
garnets recovered from the Osvaldo França 1 kimberlite are dominantly lherzolitic (G9) (red circles), with 
minor occurrences of harzburgitic (G10) (purple diamonds) and wehrlitic (G12) (green squares). One grain 
of harzburgitic garnet crosscut the diamond facies field (G10D). All garnets falling in the superposed G5 
and G9 fields were classified as G9, once they present Mg# > 0.7 [where Mg# = (MgO/40.3)/(MgO/40.3 + 
FeOt/71.85) (oxides in wt.%)]. Also indicated in the diagram are the data available for garnets from the 
diamondiferous Canastra cluster (Costa, 2008, Andrade, 2012, Hill et al., 2015), Três Ranchos 4 kimberlite 
(Coldebella et al., 2020) and Romaria deposit (Coelho, 2010), as well as the kimberlites Abel Régis (Andrade, 
2012), Grota do Cedro (Andrade and Chaves, 2011), and Vargem 1 (Andrade, 2012). Pressure isobars 
(dashed lines) are projected into garnet compositional space assuming equilibration with spinel (Grütter et 
al., 2006). If spinel is not observed in the same sample, pressure isobars represent minimum estimates. 

 

[(Ce/Yb)N < 0.06, where N = PM-normalized ratio]. On the other hand, “high-Cr” Lherz pyropes (Cr2O3 

= 8.23–11.19 wt.%) show two distinct REE patterns: (1) sinusoidal pattern (Figure 4.4b) characterized 

by steep positive slopes in the LREE, peaking either at Sm, Eu or Gd, followed by a negative slope in 

the MREEN and a positive slope in the HREEN [(Sm/Er)N = 1.61–6.02 and (Ce/Yb)N = 0.16–0.32], Cr2O3 

contents vary between 8.23 and 9.02 wt.% (Lherz-2); and (2) spoon-like pattern (Figure 4.4c) with 

LREE > MREE < HREE, they peak at Ce-Pr, present a pronounced positive slope from Tb to Lu 

[(Ce/Sm)N = 2.50–6.77, (Dy/Yb)N = 0.19–0.32] and present the highest Cr2O3 contents (10.66–11.19 

wt.%) (Lherz-3). Harzburgitic (Cr2O3 = 7.36–9.43 wt.%) and wehrlitic (Cr2O3 = 9.61–10.29 wt.%) 

pyropes were classified as high-Cr samples with spoon-like [Harz-3; (Ce/Sm)N = 1.22–5.09, (Dy/Yb)N 

= 0.09–0.56] and sinusoidal [Wehr-2; (Sm/Er)N = 1.49–1.69 and (Ce/Yb)N = 0.30] REE patterns, 

respectively (Figure 4.4d and e). In general, a positive correlation between Cr2O3 and LREE (e.g., Ce) 

and a negative correlation of HREE (e.g., Yb) with Cr2O3 was observed (Figure 4.5). All pyrope garnets 

reveal strong positive anomalies of U and Pb coupled with pronounced Ba, Sr and LREE (e.g., La-Ce) 

negative anomalies in the PM-normalized multielement diagram (Figure 4.4f). 
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 The crystals identified as andradite are yellow in color and contain higher CaO (33.02–33.93 

wt.%) and FeOtotal (27.59–28.82 wt.%), with lower MgO (0.10–0.24 wt.%) and Al2O3 (0.76–1.06 wt.%) 

compared to mantle garnets (Table 4.1 and A1). The analyzed andradites show strong enrichment of 

LREE relative to HREE [(Ce/Yb)N = 276.46–690.99] defined by positive anomalies of REE and U 

compared to the adjacent incompatible trace elements (Appendix B, Fig. B2a-b). The contents of high 

incompatible elements (Pb and Sr) and high field strength elements (HFSE) (Th, Ta, Zr, Hf, and Ti) 

define negative anomalies in the multielement diagram (Appendix B, Fig. B2b). 

 

 

Figure 4.4: Primitive mantle (PM) normalized REE diagrams of (a) low-Cr lherzolitic pyropes (Lherz-1) 
with sloped pattern; (b) high-Cr lherzolitic pyropes (Lherz-2) with sinusoidal pattern; (c) high-Cr lherzolitic 
pyropes (Lherz-3) with spoon-like pattern; (d) harzburgitic pyropes (Harz-3) with spoon-like pattern; and 
(e) wehrlitic pyropes (Wehr-2) with sinusoidal pattern. For diagrams from (a) to (e), core analyses are 
represented in black while rim analyses are in gray. (f) PM-normalized multielement diagram of lherzolitic 
(red), harzburgitic (purple) and wehrlitic (green) pyrope garnets from the Osvaldo França 1 kimberlite. 
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Figure 4.5: Discriminant diagrams showing a well-defined correlation between Ce vs. Cr2O3 (a) and Yb vs. 
Cr2O3 (b). These patterns define the enrichment trend observed in lherzolitic pyropes from Lherz-1 to 
Lherz-3, including Harz-3 and Wehr-2. The metasomatic trend implies in high-Cr and Ce, accompanied by 
low Yb. 

 

4.5.1.2 Ilmenite 

 Representative major and trace element data determined for ilmenites are presented in Table 

4.2. There is no compositional variation between analyzed cores and rims. Ilmenites have overlapping 

major element compositions that are typical of kimberlites (Mitchell, 1995; Wyatt et al., 2004), with 

variable MgO (5.79–11.5 wt.%), FeOtotal (32.1–45.8 wt.%), TiO2 (43.6–53.0 wt.%) and Cr2O3 (0.02–

3.89 wt.%) contents (Table 4.2). According to their MgO contents, ilmenites are classified as 

picroilmenite (MgO-rich) plotting in the “kimberlitic” ilmenite field of the TiO2 vs. MgO diagram 

proposed by Wyatt et al. (2004) (Figure 4.6a). The high Cr2O3 contents of these ilmenite (average 1.0 

wt.%) also represent typical kimberlitic values (Wyatt et al., 2004). In the Al2O3-MgO plot (Figure 

4.6b), the ilmenite dataset reveals two distinct trends: (1) samples with positive trend reaching 1.41 

wt.% Al2O3 and 11.46 wt.% MgO, and (2) samples with low and constant Al2O3 (usually < 0.2 wt.%) at 

variable MgO. When plotted in the Fe2O3 vs. MgO diagram of Gurney and Zweistra (1995) (Figure 

4.6c), our ilmenites show similar to slightly more oxidizing conditions compared to other kimberlites in 

the APIP. A group of six grains is characterized by high Mn contents (1.14–24.04 wt.%); except for 

their lower FeO contents, they are compositionally similar to the picro-ilmenites (Appendix A, Table 

A1). Mn-ilmenites were described in Juína kimberlites and diamond inclusions (Mn = 0.42–11.46 wt.%) 

(Kaminsky and Belousova, 2009 and references therein), as well as in the Jacupiranga carbonatites (Mn 

= 1.61–19.60 wt.%) (Gaspar and Wyllie, 1983), African diamond-bearing lamproites (Kapamba Pipe-6 

with Mn = 0.9–1.5 wt.% and Kapamba Pipe-1 with 27.2–35.7 wt.%; Ngwenya and Tappe, 2021) and 

Australian diamond-bearing lamproite (Mn = 3–8 wt.%; Jaques et al., 1989a). The elevated MnO 

contents in ilmenite from kimberlites and related rocks was attributed to metasomatic origin rather than 

a primary magmatic feature (Castillo-Oliver et al., 2017). 
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Ilmenites have low REE concentrations (<1 × PM) (Appendix A, Table A2). In the 

multielement diagram, they show strongly positive anomalies of Nb-Ta (up to 8442 and 22145 × PM, 

respectively), Zr-Hf (up to 376 and 380 × PM, respectively) and Ti (up to 212 × PM) coupled with less 

pronounced peaks of Pb (up to 98 × PM), Sr (up to 1.46 × PM) and Y (up to 1.33 × PM) (Figure 4.6d). 

Variable Th concentrations (0.03 to 3936 × PM) are observed in the studied samples, defining negative 

and positive anomalies in the multielement diagram (Figure 4.6d). 

 

Table 4.2: Representative ilmenite compositions from the Osvaldo França 1 kimberlite. 

 

                      

Sample C1ilm4 C1ilm9 C1ilm10 C1ilm11 C1ilm17 C1ilm19 C1ilm22 C1ilm23 Xilm1 Xilm2 
wt.%           

SiO2 0.00 0.03 0.03 0.02 0.03 0.03 0.03 0.01 0.07 0.04 
TiO2 52.42 50.11 49.14 50.48 50.47 51.58 52.20 52.50 51.74 52.24 
Al2O3 0.49 0.05 0.73 0.05 0.05 0.19 0.06 0.04 1.05 0.86 
Cr2O3 1.07 1.53 2.55 0.37 1.88 1.66 1.72 0.02 2.49 1.28 
FeO 32.45 38.50 37.20 40.76 38.71 33.23 33.45 34.36 33.00 33.00 
MnO 1.83 0.18 0.04 0.51 0.17 0.22 0.32 1.78 0.13 0.14 
MgO 10.70 8.70 9.29 6.64 7.59 10.21 10.92 9.34 10.41 10.39 
CaO 0.05 0.01 0.03 0.04 0.01 0.06 0.04 0.06 0.04 0.02 
Na2O 0.07 0.02 0.03 0.01 0.00 0.01 0.02 0.00 0.00 0.02 
P2O5 0.02 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
V2O3 0.35 0.31 0.27 0.16 0.28 0.30 0.30 0.15 0.33 0.41 
NiO 0.12 0.08 0.12 0.06 0.12 0.23 0.02 0.00 0.14 0.17 
TOTAL 99.57 99.52 99.46 99.11 99.31 97.72 99.08 98.27 99.39 98.58 
           
FeOcalc* 25.43 28.99 27.10 32.79 31.36 27.39 26.80 28.58 27.47 27.74 
Fe2O3calc* 7.80 10.57 11.23 8.86 8.17 6.49 7.39 6.43 6.14 5.84 

ppm           
Cs 0.025 0.244 0.015 0.107 0.080 0.248 0.169 0.186 0.027 0.016 
Rb 0.320 4.070 0.083 0.088 0.210 0.247 0.221 0.202 0.056 0.056 
Ba 15.40 20.68 0.660 1.360 1.630 2.600 4.190 19.590 0.630 0.610 
Th 2.650 214.5 0.003 0.050 0.840 0.770 0.112 0.189 0.061 334.6 
U 0.330 0.240 0.024 0.077 0.067 0.043 0.041 0.360 0.036 0.021 
Nb 386.3 4641 335.6 2658 1961 5824 3854 4322 687.9 332.7 
Ta 54.35 720.6 47.06 361.5 289.6 907.9 680.0 370.6 154.4 80.55 
La 0.500 0.680 0.012 0.031 0.071 0.126 0.064 0.450 0.259 0.054 
Ce 1.050 1.790 0.044 0.065 0.102 0.234 0.134 1.440 0.293 0.101 
Pb 4.070 6.980 1.960 3.100 2.720 3.390 4.060 5.720 0.560 1.000 
Pr 0.112 0.159 0.010 0.016 0.019 0.039 0.019 0.185 0.041 0.031 
Sr 24.67 25.15 22.29 29.62 25.98 29.86 29.33 27.20 19.46 19.43 
Nd 0.420 0.780 0.078 0.185 0.143 0.359 0.160 1.030 0.230 0.158 
Sm 0.091 0.099 0.034 0.061 0.032 0.086 0.056 0.254 0.090 0.050 
Zr 613.0 971.2 505.6 4092 959.7 1386 1080 3440 499.0 424.9 
Hf 19.02 26.16 18.03 117.3 33.36 37.18 33.38 106.5 21.07 14.57 
Eu 0.041 0.052 0.003 0.014 0.008 0.026 0.012 0.080 0.009 0.010 
Ti 247788 240454 242348 272837 256691 275115 258485 259697 244263 230709 
Gd 0.139 0.165 0.010 0.033 0.016 0.064 0.017 0.207 0.037 0.025 
Gd 0.140 0.170 0.010 0.030 0.020 0.060 0.020 0.210 0.040 0.030 
Tb 0.040 0.030 0.010 0.030 0.010 0.030 0.020 0.070 0.010 0.010 
Y 4.190 4.250 3.790 5.620 4.400 5.240 4.730 5.590 3.490 3.420 
Ho 0.023 0.025 0.011 0.044 0.007 0.021 0.010 0.071 0.009 0.013 
Er 0.087 0.084 0.032 0.106 0.027 0.065 0.052 0.263 0.037 0.034 
Tm 0.018 0.014 0.010 0.033 0.007 0.011 0.009 0.054 0.007 0.008 
Yb 0.107 0.081 0.066 0.243 0.040 0.038 0.035 0.460 0.040 0.039 
Lu 0.016 0.013 0.011 0.046 0.009 0.011 0.009 0.072 0.004 0.009 

bdl = below detection limit         

* FeO and Fe2O3 stoichiometric calculated after Droop (1987)     
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Figure 4.6: (a) TiO2 vs. MgO diagram after Wyatt et al. (2004). The lines separate the “kimberlitic” ilmenite 
field, at higher MgO and lower TiO2 contents, from the “non-kimberlitic” field, at lower MgO and higher 
TiO2 contents. Ilmenites from this study are plotted together with available data of ilmenites from other 
APIP kimberlites (Araujo et al., 2001, Melluso et al., 2008, Coelho, 2010, Andrade, 2012, Guarino et al., 
2013, Coldebella et al., 2020). (b) Al2O3 vs. MgO diagram showing two distinct trends for the studied 
ilmenites; the lower-Al samples (<0.2 wt.% Al2O3) indicate no correlation between the oxides, on the other 
hand, the high-Al samples (>0.2 wt.%) exhibit a positive correlation with MgO. (c) Fe2O3 vs. MgO diagram 
after Gurney and Zweistra (1995). Regarding the oxidation state of the magma, the fields 1 to 4 indicate “no 
preservation” to “ultimate preservation” conditions for diamonds. (d) Primitive mantle normalized 
multielement diagram for studied ilmenites from the Osvaldo França 1 kimberlite. 

 

4.5.1.3 Mica 

Compositional zoning was not observed in mica grains. Representative core compositions along 

a profile across micas are reported in Table 4.3. Based on the Al, Mg and Fe compositions (in atoms 

per formula units = apfu; Li et al., 2020), micas were classified as phlogopites (Appendix B, Fig. B3a). 

Samples with Mg# lower than 65 show affinity with annite endmember due to Fe enrichment. Small 

quantities of tetrahedral Fe3+ (<0.36 apfu) indicate the presence of minor amounts of tetraferriphlogopite 

molecule. In this case, Fe3+ in the tetrahedral site increases at the expense of Si, without aluminum 

depletion (Appendix B, Fig. B3b). 

Phlogopites display wide variations in all major element contents such as Al2O3 (9.75–15.85 

wt.%), MgO (10.45–21.26 wt.%), FeO (4.65–25.47 wt.%), and TiO2 (0.67–7.14 wt.%). In the case of 

Al, despite the large variability, most grains have fairly constant Al2O3 contents, mainly around 11 wt.%. 

K2O concentrations are close to the ideal phlogopite composition (8.15–10.93 wt.%). FeOtotal is 

negatively correlated with SiO2 and MgO (not shown). Fluorine contents increase with increasing Mg/Fe 
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ratios, varying from 0.13 to 1.72 wt.%. Few grains show strong enrichment of F (3.96–5.23 wt.%), 

which coincides with the enrichment of BaO (2.43–3.88 wt.%) and Na2O (0.21–0.39 wt.%) (Table 4.3). 

 

Table 4.3: Representative compositions of micas from the Osvaldo França 1 kimberlite. 

 

Sample D1phl2.1 D1phl2.2 D1phl2.3 D1phl3 D1phl6.2 D1phl6.3 D1phl6.4 D1phl7.1 D1phl7.3 
Class.** Type 1 Type 2 Type 2 Type 1 Type 3 Type 1 Type 2 Type 1 Type 1 
wt.%          
SiO2 39.49 39.26 38.48 39.70 38.80 40.19 33.84 37.86 37.08 
TiO2 4.52 3.63 4.05 4.36 6.98 3.11 3.96 2.27 3.62 
Al2O3 11.43 11.53 11.59 11.70 10.12 12.71 11.16 12.85 11.73 
Cr2O3 0.00 0.00 0.02 0.02 0.01 0.00 0.01 0.00 0.03 
FeO 11.81 11.68 14.85 11.38 6.62 9.66 20.99 14.31 12.54 
MnO 0.11 0.17 0.09 0.09 0.02 0.16 0.28 0.10 0.13 
MgO 18.16 18.48 16.28 17.31 19.73 18.93 12.80 16.14 18.27 
CaO 0.14 0.17 0.18 0.18 0.00 0.15 0.14 0.17 0.10 
Na2O 0.04 0.05 0.06 0.04 0.39 0.04 0.01 0.03 0.06 
K2O 9.46 9.08 9.08 9.67 9.11 9.55 10.08 9.73 9.53 
BaO 0.11 0.16 0.20 0.22 2.62 0.12 0.26 0.25 0.24 
F 1.64 1.39 1.13 0.53 3.96 1.65 0.92 0.43 1.21 
Cl 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.00 
P2O5 0.05 0.11 0.13 0.01 0.00 0.03 0.18 0.36 0.01 
NiO 0.19 0.22 0.11 0.30 0.03 0.27 0.03 0.22 0.03 
TOTAL 97.15 95.93 96.24 95.49 98.40 96.56 94.67 94.74 94.57 
          
Fe2O3 calc* 9.88 8.56 11.67 8.93 3.28 8.21 17.63 11.27 9.73 
FeO calc* 2.92 3.97 4.35 3.35 3.67 2.27 5.13 4.17 3.79 
H2O calc* 2.10 2.32 2.37 2.51 0.54 2.37 2.57 3.05 2.49 
Total calc 99.50 98.42 99.17 98.67 97.60 99.03 98.44 98.37 97.52 
ppm          
Cs 7.190 79.70 731.39 68.89 1.420 5.520 170.0 43.42 103.8 
Rb 262.0 1021 2684 672.3 224.3 302.5 2399 514.4 2768 
Ba 1559 1439 2105 1725 5908 1393 2292 2103 1596 
Th 0.226 0.843 2.630 2.860 1.050 0.340 3.650 3.100 1.600 
U 0.212 0.485 1.042 1.610 0.330 0.232 2.860 1.850 0.837 
Nb 16.59 22.43 21.02 18.05 35.45 13.57 44.04 14.29 17.17 
Ta 0.630 0.729 1.561 1.047 2.160 0.487 2.930 0.425 0.495 
La 90.39 85.31 29.06 127.94 7.520 83.36 15.38 110.80 60.42 
Ce 213.8 202.7 75.52 299.1 13.84 200.3 54.25 269.1 152.2 
Pb 0.384 1.300 2.730 1.780 6.670 1.000 6.980 0.678 1.350 
Pr 33.86 30.87 9.17 42.71 1.43 29.90 4.89 34.73 20.68 
Sr 24.24 26.06 24.01 27.31 8.45 18.96 34.82 25.97 32.79 
Nd 147.5 135.4 38.08 181.89 5.83 135.9 20.77 150.3 94.02 
Sm 18.69 17.42 5.22 23.16 0.97 17.58 3.240 19.80 12.24 
Zr 39.29 29.72 49.35 63.38 167.7 31.61 23.40 36.89 70.92 
Hf 1.290 1.010 1.770 3.340 6.580 1.140 1.240 0.930 1.840 
Eu 4.120 3.720 1.302 5.120 0.450 3.870 0.856 4.320 2.850 
Ti 22521 22650 29146 30054 42573 22580 28426 15382 26989 
Gd 13.85 12.01 4.250 17.27 - 12.44 2.680 14.42 9.080 
Tb 1.109 1.018 0.450 1.456 0.117 0.953 0.318 1.228 0.815 
Dy 4.920 4.560 2.180 7.080 0.600 4.450 1.700 5.820 3.920 
Ho 0.961 0.842 0.391 1.280 0.121 0.806 0.297 1.110 0.737 
Er 2.690 2.520 1.041 3.990 0.258 2.390 0.921 3.330 2.300 
Tm 0.384 0.352 0.140 0.517 0.036 0.312 0.126 0.463 0.291 
Yb 2.370 2.310 0.887 3.730 0.228 2.120 0.968 3.080 1.970 
Lu 0.378 0.323 0.124 0.523 0.039 0.310 0.152 0.414 0.287 
* Fe2O3, FeO and H2O stoichiometric calculated after Li et al. (2020)    
** Classification this work        
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Discriminant diagrams of TiO2, Al2O3, and FeO abundances of Osvaldo França 1 phlogopites 

were plotted together with phlogopites from worldwide occurrences of Group I (Eccles et al., 2004; 

Dalton et al., 2019, 2020; Dongre and Tappe, 2019; Giuliani et al., 2016; Tappe et al., 2014) and Group 

II (Chalapathi Rao et al., 2011; Donatti-Filho et al., 2013b; Dongre et al., 2017; Sarkar et al., 2018) 

kimberlites, besides lamproites (Chalapathi Rao et al., 2010; Fritschle et al., 2013; Ngwenya and Tappe, 

2021; Satyanarayanan et al., 2018), ultramafic lamprophyres (Dalton et al., 2019; Tappe et al., 2004, 

2006) and Alto Paranaíba kimberlites (Araujo et al., 2001; Guarino et al., 2013; Melluso et al., 2008) 

and kamafugites (Araujo et al., 2001; Guarino et al., 2013; Melluso et al., 2008; Schingaro et al., 2011) 

(Figure 4.7a and b). 

In the Al2O3 vs. TiO2 and Al2O3 vs. FeOtotal diagrams (Figure 4.7a and b), our samples show 

strong affinity with Late Cretaceous kimberlites from Alberta kimberlite province, Canada (especially 

Kendu samples; Eccles et al., 2004), Cenozoic eastern Mediterranean lamproites (Ilıcasu samples, 

Turkey; Fritschle et al., 2013), carbonatitic lamproitic dykes from Sidhi gneissic complex, Central India 

(especially Dyke-2 samples; Satyanarayanan et al., 2018), and also some affinity with ultramafic 

lamprophyres from Kuusamo area, Finland (Dalton et al., 2019), Torngat Orogen, Canada (Tappe et al., 

2004), and Aillik Bay, Labrador, Canada (Tappe et al., 2006). It should be noted that phlogopites studied 

here define an evolutionary trend from primitive mica composition (e.g., Group I kimberlites, 

lamproites, ultramafic lamprophyres, among others) toward the lamproite and ultramafic lamprophyre 

compositions. They also share chemical similarities with phlogopites from some other APIP kimberlites 

and kamafugites (e.g. Pântano kimberlite – Guarino et al., 2013; Melluso et al., 2008; Facão kamafugite 

– Guarino et al., 2013), and the transitional Brauna kimberlites, northern São Francisco craton, Brazil 

(Donatti-Filho et al., 2013b) (Figure 4.7a and b). 

Selected samples had their trace and rare earth elements determined (Table 4.3). Phlogopite 

core average compositions are enriched in LREE over HREE [(Ce/Yb)N = 15.56–63.24] (Figure 4.8a). 

In the multielement diagram, three different patterns were recognized. Type-1 phlogopites, in general, 

are characterized by pronounced Nb, Ta, Pb, Sr, Zr and Hf negative anomalies coupled with strong 

enrichment of highly incompatible elements (Cs, Rb, Ba) and REEs (e.g., La, Ce, Pr, Nd) (samples 

D1phl2.1, D1phl3, D1phl6.3, D1phl7.1 and D1phl7.3) (Figure 4.8b). Although Type-2 phlogopites 

record the enrichment in Cs, Rb and Ba, as observed in Type-1, they do not show well-defined patterns 

of enrichment or depletion, except for Pb and Ti positive anomalies, and Sr depletion (samples D1phl2.2, 

D1phl2.3 and D1phl6.4) (Figure 4.8b). Conversely, sample D1phl6.2 (Type-3) shows strong Ba, Nb, 

Ta, Pb, Zr, Hf, and Ti positive anomalies with Sr negative anomalies. Note that Type-3 (YbN = 0.46) 

and Type-2 (YbN = 1.55–2.07) samples have lower HREE concentrations compared to Type-1 (YbN = 

3.22–8.58) (Figure 4.8a and b). Moreover, the high Mg# (ca. 84) of sample D1phl6.2 attests to its 

depleted character. Notably, Type-3 is characterized by the higher Na2O (>0.3 wt.%), F (>4.0 wt.%), 
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BaO (>2.4), MgO (>19.7 wt.%) and TiO2 (>6.7 wt.%) contents coupled with the lower FeO (<6.6 wt.%) 

content (Table 4.3). Comparatively, Types 1 and 2 phlogopites display similar major element 

composition, except by the high FeO content (>20 wt.%) observed in the sample D1phl6.4 (Type-2). 

 

 

Figure 4.7: Compositional variation of micas from the Osvaldo França 1 kimberlite. For comparison, 
phlogopites from worldwide kimberlites, lamproites, orangeites and ultramafic lamprophyres are plotted. 
(a) Al2O3 vs. TiO2 and (b) Al2O3 vs. FeOtotal discriminant diagrams after Mitchell (1986), Mitchell and 
Bergman (1991) and Mitchell (1995). 
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Figure 4.8: Primitive mantle normalized REE (a) and multielement (b) diagrams for studied micas from the 
Osvaldo França 1 kimberlite. In (a), black lines indicate core analysis while gray lines indicate rim analysis. 
In (b), Type-1 phlogopites are represented in light orange, Type-2 in green and Type-3 in blue. 

 

4.5.1.4 Spinel 

Representative compositions of spinel are presented in Table 4.4. In the Cr–Al–(Fe3+ + 2Ti) 

diagram (not shown), analyzed spinel grains plot close to the chromite – (magnetite + ulvöspinel) join. 

The most ubiquitous spinel in the Osvaldo França 1 kimberlite is a member of the ulvöspinel–magnetite 

solid solution. Ulvöspinel contains TiO2 from 5.37 to 32.47 wt.% and FeOtotal between 61.09 and 83.99 

wt.%, with very low MgO (<4.0 wt.%) and Al2O3 (<1.9 wt.%) contents. When plotted in the Ti/(Ti + Cr 

+ Al) vs. Fe2+
T/(Fe2+

T + Mg) diagram of Mitchell (1986) (Figure 4.9), ulvöspinel do not follow the trend 

unique to kimberlites (T1), but intercepts both the lamproite (L) and titanomagnetite (T2) trends, which 

are typical of a variety of rocks besides kimberlites and lamproites, such as basalts and ultramafic 

lamprophyres (Mitchell and Bergman, 1991; Tappe et al., 2006). For comparison, in Figure 4.9 our data 

were plotted together with data available for other kimberlites and kamafugites from APIP (Araujo et 

al., 2001; Guarino et al., 2013; Melluso et al., 2008), as well as worldwide kimberlite occurrences 

(Roeder and Schulze, 2008) and UML from Aillik Bay, Canada (Tappe et al., 2006). 

The Cr-bearing spinel presents Fe2+/(Fe2++Mg) average molar values (0.45–0.60) corresponding 

to magnesiochromite. According to their Al2O3 content, they can be divided into high and low-Al 

groups. The high-Al group, with Al2O3 varying from 19.01 to 21.70 wt.%, presents lower Cr2O3 contents 

(44.30–51.18 wt.%) while the low-Al group (4.92–5.48 wt.% Al2O3) presents higher Cr2O3 contents 

(58.26–61.33 wt.%) and is also enriched in TiO2 (2.28–3.68 wt.%). In the TiO2 vs. 100Cr/(Cr + Al) 

diagram (Ramsey and Tompkins, 1994; not shown), the Mg-chromites plot within the garnet peridotite 

field, indicating that they are probably xenocrysts derived from these rocks. In the MgO vs. Cr2O3 binary 

diagram (Fipke et al., 1995; not shown), the Mg-chromite compositions do not coincide with the 

diamond inclusion field. 
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Table 4.4: Representative major and trace elements compositions for ulvöspinel, chromite, anatase, zircon, 
baddeleyite, calzirtite, titanite and pyrochlore occurring in the Osvaldo França 1 kimberlite. 

 

 

                    

Sample OF2usp01 A2chr1 Xant1 B4zrn2 OF1bdy13 A2czt1 A2tnt1 - A2pcl1 
Mineral Ulvöspinel Chromite Anatase Zircon Baddeleyite Calzirtite Titanite - Pyrochlore 

wt.%          
SiO2 0.02 0.03 4.74 33.03 0.00 0.00 29.57 TiO2 0.85 
TiO2 12.08 0.41 85.52 0.00 0.06 17.03 36.59 FeO 1.32 
Al2O3 0.15 19.07 1.28 0.02 0.09 0.00 0.74 MnO 0.41 
Cr2O3 0.00 44.30 0.00 0.01 0.03 0.00 0.00 MgO 0.86 
FeO 78.96 23.44 3.64 0.00 0.08 0.73 1.75 CaO 15.07 
MnO 0.69 0.00 0.05 0.00 0.07 0.09 0.04 F 1.46 
MgO 0.45 11.89 0.30 0.00 0.01 0.01 0.00 Nb2O5 58.51 
CaO 0.01 0.00 0.09 0.02 0.00 12.41 27.61 La2O3 2.02 
Na2O 0.59 0.00 0.05 0.00 0.00 0.00 0.01 Ce2O3 12.33 
K2O 0.10 0.01 1.22 0.01 0.01 0.00 0.00 Pr2O3 1.46 
ZrO2 - - - 65.65 96.58 66.89 2.31 Nd2O3 4.59 
V2O3 0.57 0.18 0.33 0.04 0.04 0.06 0.13 Sm2O3 0.62 
Nb2O5 0.67 0.04 1.68 0.00 1.67 1.42 0.55 Gd2O3 0.26 
HfO2 - - - 1.28 1.37 1.33 0.11 PbO 0.07 

- - - - - - - - ThO2 0.86 
- - - - - - - - UO2 0.03 
          

TOTAL 94.28 99.35 98.90 100.05 99.99 99.98 99.42 TOTAL 100.10 
ppm          

Cs - - 1.341 bdl 0.267 0.100 0.024 - 4.430 
Rb - - 102.3 bdl 1.070 0.039 bdl - 0.737 
Ba - - 1831 bdl 36.32 bdl 0.990 - 110.6 
Th - - 342.9 85.63 5.090 31.15 29.70 - 1231 
U - - 46.04 84.94 45.23 140.5 9.930 - 18.20 
Nb - - 15170 4.870 7175 10761 2744 - 224501 
Ta - - 100.1 1.440 4261 433.8 611.6 - 0.576 
La - - 871.1 bdl 4.270 107.7 465.0 - 27361 
Ce - - 1307 6.030 7.260 734.2 1882 - 123813 
Pb - - 115.0 2.580 0.401 0.770 0.402 - 155.4 
Pr - - 124.4 0.144 1.280 145.6 253.7 - 17753 
Sr - - 226.1 0.374 13.50 75.64 663.9 - 918.3 
Nd - - 390.2 3.770 4.870 892.4 977.2 - 60761 
Sm - - 37.43 6.630 1.530 237.8 161.7 - 8698 
Zr - - 8021 251542 714990 249374 11830 - 2451 
Hf - - 258.0 9337 9939 6046 392.1 - 2.820 
Eu - - 7.850 0.684 0.508 84.75 44.34 - 2155 
Ti - - 539558 2942 5288 101916 196406 - 1889 
Gd - - 33.13 18.59 1.210 162.4 99.73 - 5595 
Tb - - 2.430 4.390 0.524 21.32 9.560 - 442.1 
Dy - - 9.920 39.53 6.280 113.1 41.15 - 1756 
Ho - - 1.489 7.810 1.920 16.58 5.170 - 196.7 
Er - - 3.680 22.09 8.110 34.80 10.53 - 474.3 
Tm - - 0.429 4.290 1.960 4.820 1.040 - 41.45 
Yb - - 2.210 34.93 24.63 34.96 5.410 - 240.5 
Lu - - 0.256 2.850 2.090 2.120 0.476 - 18.16 

bdl = below detection limit        
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Figure 4.9: Atomic Ti/(Ti + Cr + Al) vs. Fe2+
T/(Fe2+

T + Mg) for spinels from the Osvaldo França 1 kimberlite 
plotted together with the available data from Alto Paranaíba kimberlites and kamafugites (Araujo et al., 
2001, Melluso et al., 2008, Guarino et al., 2013), worldwide kimberlite occurrences (Roeder and Schulze, 
2008) and ultramafic lamprophyres from Aillik Bay (Tappe et al., 2006). Compositional trends of kimberlite 
(T1 and T2) and lamproite (L) spinels are after Mitchell (1986), orangeite field (O) is defined by Mitchell 
(1995). 

 

4.5.1.5 Zr-Ti-Ca-Nb phases 

 The chemical composition of minor mineral phases enriched in zirconium, titanium, calcium 

and niobium is presented in Table 4.4. These minerals are zircon, baddeleyite, calzirtite, anatase, titanite 

and pyrochlore. 

 Zircon grains show little variation in their major element components, such as SiO2 (32.80–

34.02 wt.%), ZrO2 (63.41–66.36 wt.%) and HfO2 (0.96–1.92 wt.%). Most analyzed zircons (n = 13) 

exhibit low Th (2.45–21.59 ppm) and U (7.17–52.40 ppm) concentrations, with Th/U ratios lower than 

0.61 (Appendix A, Table A2). Low U and Th contents are typical of mantle-derived megacrystic 

zircons (Belousova et al., 2002; Shnyukov et al., 1997). When plotted in the diagrams between Y vs. U, 

Th and Hf (Belousova et al., 2002; Shnyukov et al., 1997) (Figure 4.10a–c), zircon exhibits strong 

affinity with kimberlitic zircons. All samples have positive Ce anomalies (Appendix B, Fig. B4a and 

b). The ƩREE contents range from 11.01 to 151.74 (most < 70; Appendix A, Table A2). The pattern 

observed in the PM-normalized REE diagram shows HREE enrichment from Gd to Lu compared to 

LREE [(Ce/Yb)N = 0.03–0.19; YbN = 6.41–78.72; Appendix A and B, Table A2 and Fig. B4a]. In the 

PM-normalized multielement diagram, zircon grains show positive Th-U, Ta, Pb, and Zr-Hf anomalies 

while La, Sr and Ti show negative anomalies (Appendix B, Fig. B4b). 
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Figure 4.10: Discriminant diagrams comparing the chemical composition of zircons from the Osvaldo 
França 1 kimberlite. (a) Hf vs. zircon average concentrations compared with the fields defined by Shnyukov 
et al. (1997), where I = kimberlites; II = ultramafic, mafic and intermediate rocks; III = quartz-bearing 
intermediate and felsic rocks; IV = felsic rocks with “high” SiO2 content; V = greisens; VI = alkaline rocks 
and alkaline metasomatites of alkaline complexes; VII = carbonatites. (b) Y vs. Th zircon compositions 
plotted against the fields defined by Belousova et al. (2002). (c) Y vs. U zircon compositions compared with 
different rock types after Belousova et al. (2002). 
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Baddeleyite crystals recovered from the Osvaldo França 1 kimberlite are chemically 

homogeneous (ZrO2 = 95.12–97.19 wt.%), presenting low concentrations of HfO2 (1.19–2.06 wt.%), 

Nb2O5 (0.31–1.93 wt.%), TiO2 (<0.81 wt.%) and FeO (<0.52 wt.%). Baddeleyite is an uncommon phase 

in kimberlites, usually comprising the megacrystic suite, but common as rims around zircon, indicating 

low Si activity (Abersteiner et al., 2019; Heaman and LeCheminant, 1993; Schärer et al., 1997). On the 

other hand, baddeleyite is a rather common mineral in carbonatitic rocks (Tappe et al., 2009). In the 

PM-normalized REE diagram (Appendix B, Fig. B4c), most samples show depleted to flat 

LREE/HREE [(La/Yb)N = 0.01–1.15; n = 22]. These samples are characterized by low Th/U ratios 

(<0.13 ppm). The Osvaldo França 1 baddeleyites contain REE patterns with zircon-like positive Ce* 

[where Ce*=CeN/(LaN×PrN)1/2], varying from low to expressive values (Ce* = 0.76–28.08), whereas Eu* 

[where Eu*=EuN/(SmN×GdN)1/2] is not pronounced (Eu* = 0.83–1.39) (Appendix A and B, Table A2 

and Fig. B4c). According to the PM-normalized multielement diagram (Appendix B, Fig. B4d), 

baddeleyites accumulate high concentrations of HFSE, such as U (up to 19008 × PM), Nb (up to 19657 

× PM), Ta (up to 151138 × PM), Zr (up to 64241 × PM) and Hf (up to 35024 × PM). Furthermore, they 

have negative anomalies of Sr. 

Calzirtite is a common accessory mineral in carbonatites and associated pyroxenite and 

phoscorite (e.g., Wu et al., 2010 and references therein), hosting Nb and Zr with considerable amounts 

of REE. However, the occurrence of this mineral in kimberlite is rare. Calzirtite from Osvaldo França 1 

shows narrow contents of ZrO2 (65.83–68.27 wt.%), TiO2 (15.27–18.81 wt.%), CaO (11.89–12.79 

wt.%), HfO2 (0.93–2.44 wt.%), and Nb2O5 (0.30–1.83 wt.%). Except for some samples that contain high 

HfO2 (>1.0 wt.%); these values are comparable to those reported by Wu et al. (2010) for calzirtites of 

carbonatite samples from the Jacupiranga alkaline complex (Brazil; EPMA data from Bellatreccia et al., 

1999), Prarie Lake carbonatite complex (Ontario, Canada), and Kola Peninsula and Guli complex 

(Russia). The PM-normalized trace element diagram is characterized by strong enrichment of U-Nb and 

Zr-Hf with Th and Ta being less enriched (Appendix B, Fig. B4e). Highly incompatible elements, such 

as Rb and Ba, are strongly depleted while Pb and Sr concentrations define negative anomalies 

(Appendix B, Fig. B4e). As expected for calzirtites, our samples are enriched in REE (from LuN 20 to 

NdN 899 × PM), showing convex upwards patterns in the PM-normalized REE diagram, with a 

maximum at Nd, and relative depletions of LREE and HREE (Appendix B, Fig. B4f). 

Anatase is a rare TiO2 oxide accessory mineral in kimberlites and few data are available 

regarding either paragenesis or composition. Nevertheless, anatase is not an uncommon mineral in 

lamproites (Mitchell and Bergman, 1991) and have also been identified in diamondiferous meta-

kimberlites from Gabon and Ivory Coast (Mitchell, 1986). The occurrence of this mineral in such rocks 

has been explained as a product of perovskite alteration (e.g., Chakhmouradian and Mitchell, 2000; 

Martins et al., 2014; Mitchell and Chakhmouradian, 1998; Xu et al., 2018). Anatase contains TiO2 
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between 84.47 and 93.90 wt.%, FeO between 1.08 and 4.84 wt.%, and high Nb2O5 (1.09–2.80 wt.%). 

These grains show positive anomalies of HFSE (e.g., Nb, Ta, Zr, Hf and Ti) and Pb coupled with 

negative anomalies of Rb, Sr and Eu in the PM-normalized diagram (Appendix B, Fig. B4g). The REE 

pattern is characterized by the enrichment of LREE compared to HREE [(La/Yb)N = 1.20–282.86], 

except for two samples [(La/Yb)N = 0.29–0.65] (Appendix A and B, Table A2 and Fig. B4h). 

Titanite (sphene) is an uncommon CaO-TiO2 silicate accessory mineral in kimberlite (Das et 

al., 2013; Dawson, 1980) and it usually occurs in silica undersaturated rocks when silica activity exceeds 

perovskite stability levels (Chakhmouradian and Mitchell, 2000; Mitchell, 1986). This mineral has an 

important role in the budget of trace elements, especially HFSE and REE. The analyzed grains have a 

wide compositional variation and host appreciable amounts of Nb2O5 (0.07–3.69 wt.%) and ZrO2 (0.39–

3.12) (Table 4.4). As expected for this mineral, in the PM-normalized multielement diagram, our 

samples show positive anomalies of Nb (up to 5691 × PM), Ta (up to 23024 × PM), Zr (up to 1881 × 

PM), and Hf (up to 2202 × PM) (Appendix B, Fig. B4i). Comparatively, Cs, Rb and Ba are considerably 

less enriched or depleted compared to other analyzed elements (Appendix B, Fig. B4i). Moreover, Pb 

and Sr show negative anomalies. In the PM-normalized REE diagram, the titanites are strongly enriched 

in LREE compared to HREE [(Ce/Yb)N = 38.72–141.37; Appendix B, Fig. B4j]. 

Only one zoned Ce-Pyrochlore crystal was found and analyzed, displaying compositional 

variation between core and rim. Individual core averages contain higher Nb2O5 (58.33 wt.%), ThO2 

(0.67 wt.%), TiO2 (0.96 wt.%), CaO (15.46 wt.%), and F (1.33 wt.%) while REEs show lower contents 

(21.31 wt.%) compared to rim averages Nb2O5 (55.47 wt.%), ThO2 (0.09 wt.%), TiO2 (0.28 wt.%), CaO 

(12.63 wt.%), F (0.64 wt.%), REEs (28.06 wt.%). FeO is homogeneous in both core and rim (~1.4 wt.%). 

Pyrochlore shows enrichment in LREE with respect to HREE [(La/Yb)N = 81.63–98.00; Appendix B, 

Fig. B4k], as well as it is even more enriched in trace elements and LRRE than titanite (Appendix B, 

Fig. B4k, j). Thus, pyrochlore is the main host of REEs among all studied minerals from Osvaldo França 

1 kimberlite. In the PM-normalized multielement diagram, pyrochlore has Th, Nb and REEs (e.g., La, 

Ce, Pr, Nd, Sm, Eu) positive anomalies, and Rb, U, Ta, Pb, Sr, Hf, and Ti negative anomalies (Appendix 

B, Fig. B4l). 

4.5.2 – Temperature and pressure estimates derived from pyrope xenocrysts 

As there is no significant compositional variation between core and rim analyses of pyrope 

garnets from the Osvaldo França 1 kimberlite, we used the average compositions for determining the 

stability field of studied samples (Appendix A, Table A3). Equilibration temperatures of pyropes 

(garnets G9, G10 and G12) were obtained by Ni-in-garnet single-grain thermometry (Griffin et al., 1989, 

Ryan et al., 1996). The temperature estimates define a narrow range in both calibrations, from 853 to 

918 °C (Griffin et al., 1989) and 811 to 875 °C (Ryan et al., 1996). The improved method proposed by 

Ryan et al. (1996) defines temperature estimates between 42 and 45 °C lower than the approach of 
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Griffin et al. (1989) and was assumed here for further discussion. Based on Cr2O3 and CaO contents, 

pressure equations proposed by Grütter et al. (2006) were applied to lherzolitic and harzburgitic garnets 

in order to determine minimum depths revealed by single-grain garnet xenocrysts. The Grütter et al. 

(2006) geobarometer assume coexistence with spinel; the calculated pressures are only minimum 

estimates if spinel do not coexist with garnet. This calibration is not valid for wehrlitic garnet 

compositions. Calculated pressures indicate that lherzolitic pyropes cover a wide mantle column that 

extends to depths of at least 138 km (42 kbar). According to their REE patterns (see Garnet in section 

6.5.1.1), two groupings are evident. Lherz-1 garnets are restricted to the shallower portion of the 

lithosphere (107 km; 32 kbar), while Lherz-2 and Lherz-3 are distributed in a deeper section (123–138 

km; 37–42 kbar) along with harzburgitic grains (143 km; 43 kbar). When the calculated P-T estimates 

are plotted together with the geotherms of 36 to 40 mW/m2 (Figure 4.11), the deeper samples (>119 

km) follow typical cratonic geotherms (between 36 and 38 mW/m2), with Harz-3, Lherz-2 and Lherz-3 

crossing the diamond stability field. Pressures calculated for Lherz-1 garnets plot in unrealistic hot 

geotherms (>40 mW/m2), what suggests that this group of garnets was not in equilibrium with spinel. 

The maximum pressures calculated are therefore only a minimum estimate for this group (Figure 4.11). 

 

Figure 4.11: Geothermobarometry of garnet xenocrysts from the Osvaldo França 1 kimberlite. Conductive 
model geotherms are plotted after Hasterok and Chapman (2011). The graphite-diamond transition is from 
Day (2012) (bold line). Only the deepest sample of Lherz-1 group was plotted, indicating minimum depth 
for this group in case spinel was not present. 

 

4.5.3 – Geochronology 

 The U-Pb geochronology results of the zircon crystals analyzed in this study are presented in 

Figure 4.12 and the complete U-Pb dataset can be found in the Supplementary Data (Appendix A, 

Table A4). Zircon crystals obtained from the Osvaldo França 1 kimberlite are translucent, subhedral, 
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stubby crystals that reach up to 1 mm in length (2:1 aspect ratio). On cathodoluminescence images, the 

crystals show oscillatory zoning, sector zoning or a combination of both (Figure 4.12b). U-Pb analyses 

obtained from both magmatic center and rim from seven different crystals pooled together a concordia 

age of 90.0 ± 1.3 Ma (2σ; n = 14; MSWDc+e = 0.88; Figure 4.12a). The U contents of individual 

crystals are between 5 and 45 ppm, with the majority around 30 ppm. The portions with less U (<10 

ppm) produced individual ages associated with higher uncertainties. Th/U ratios vary between 0.16 and 

0.46, with the majority around 0.3, typical of kimberlitic zircons (e.g., Belousova et al., 2002). 

 

Figure 4.12: (a) U-Pb Concordia age of zircons from the Osvaldo França 1 kimberlite. Uncertainty ellipses 
are at 2σ. (b) Cathodoluminescence (CL) images of some zircon grains selected for geochronological 
measurements showing their internal structure and laser spot location. 

 

4.6 – DISCUSSION 

4.6.1 – Subcratonic lithosphere beneath southwestern edge of the São Francisco Craton 

 The continental crust beneath the Osvaldo França 1 kimberlitic intrusion reaches ~42 km 

(Rivadeneyra‐Vera et al., 2019) while the base of the lithosphere is located at ~181 km of depth 

(Priestley et al., 2018). Although the Osvaldo França 1 kimberlite is located at the boundary between 

the Brasília Mobile Belt and the São Francisco Craton (SFC), the mineral concentrates investigated here 
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are representative of the subcratonic southwestern edge of the SFC. Indeed, several works suggest that 

the SFC is part of a larger block (São Francisco Paleocontinent) that would have dimensions larger than 

their superficial limits (Alkmim et al., 1993; Assumpção et al., 2004, 2017; Pereira and Fuck, 2005; 

Rocha et al., 2011, 2019b; Ussami, 1993,1999). Recent results of seismic tomography (Rocha et al., 

2019a) suggest a large high-velocity anomaly in the region of the SFC border, exceeding the surface 

limits in lithospheric depths (~200 km). High-velocity anomalies indicate a stable and cool structure 

that is characteristic of cratonic areas, whereas orogenic regions, such as mobile belts at the cratonic 

margins, have low-velocity anomalies. Based on the results of seismic tomography, we consider that the 

mineral concentrates investigated here are representative of the subcratonic (on-craton) southwestern 

edge of the SFC, completely inside of the São Francisco Paleocontinent (solid blue line in Figure 4.13). 

 

Figure 4.13: Seismic tomography anomalies in central and southern regions of Brazil (Rocha et al., 2019b, 
Rocha et al., 2019a). (a) Seismic tomography at 150 km with the indication of the studied area (black line 
square), the position of the Osvaldo França 1 kimberlite (red diamond), and the limit of the São Francisco 
paleocontinent (blue line polygon) (Rocha et al., 2019a). (b) Detail of the tomographic map in the studied 
area. (c) Vertical profile indicated in (a) showing the seismic anomalies in depth crossing the studied area 
(modified from Rocha et al., 2019b). 

  

 The pyrope xenocrysts indicate derivation from deep parts of the subcratonic lithospheric mantle 

(143 km; 43 kbar) at relatively low temperatures (811–875 °C). The geotherm defined by studied garnet 

grains (~36 to 38 mW/m2; Figure 4.11) is in agreement with other mantle xenoliths or xenocrysts from 
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APIP. The comparative study of Read et al. (2004), considering clinopyroxene xenocryst 

thermobarometry, suggest a geotherm of ~37 mW/m2 to the time of kimberlite eruption (95–89 Ma), 

data points present average temperatures of ~800 °C, and pressures mainly between 30 and 50 kbar. 

Their data record a substantial temperature disturbance at ~85 Ma, and an abrupt change in geothermal 

conditions at the onset of kamafugite magmatism (85–61 Ma), when the entire garnet facies lithospheric 

section was vanished. Based on the approach of Grütter et al. (2006), the pressure estimates for available 

garnet data from the literature (plotted in Figure 4.3) were calculated. The calculation derives minimum 

pressures of 42 kbar for kimberlites from the Canastra cluster (Andrade, 2012; Costa, 2008; Hill et al., 

2015), 34 kbar for Três Ranchos 4 (Coldebella et al., 2020); 36 kbar for Vargem 1 (Andrade, 2012), 35 

kbar for Grota do Cedro (Andrade and Chaves, 2011); 35 kbar for Abel Régis (Andrade, 2012), and 32 

kbar for Romaria deposit (Coelho, 2010). Nickel concentration (in ppm) for garnets were not found in 

these studies for temperature comparisons. 

Considering that the main host of HREE in mantle xenoliths is garnet, the partial melting process 

generates strong preferential retention of HREE in the residue coupled with LREE depletion as a result 

of preferential loss of LREE and MREE to the melt, resulting in very low LREE/HREE. The 

modification of the cratonic lithosphere by different metasomatic events results in re-enrichment in the 

most incompatible elements. Therefore, depletion and enrichment processes recorded by pyropes can 

be discussed through REEN patterns, as well as trace elements such as Zr, Ti and Y. It was defined that 

the depleted garnets have low Zr (<30 ppm), Ti (<2000 ppm) and Y (<15 ppm) concentrations, whereas 

metasomatically enriched garnets contain higher concentrations of these elements (Griffin and Ryan, 

1995, Griffin et al., 1999b). 

Positive slopes within HREEN observed for all garnet xenocrysts coupled with low Zr (<10 ppm) 

and Y (<14 ppm) contents evidence a depleted character (Figure 4.14). Although the positive slopes 

within HREE coupled with low Zr, Ti and Y contents suggest that studied pyropes represent residues 

generated from an ancient melt extraction event, the observed REEN patterns attest to a varied 

metasomatic history (Figure 4.4). For Lherz-1 pyropes, the low Cr2O3 contents (<7 wt.%) indicate that 

this group of garnets was affected by lower degrees of partial melting (e.g., Shchukina et al., 2019). In 

the Y vs. Zr diagram (Griffin and Ryan, 1995; Griffin et al., 1999b), these samples plot in the field 

defined for depleted mantle with a tendency of distribution toward the field of fertile mantle (Figure 

4.14b). This trend has been interpreted as metasomatism by interaction with melts responsible for the 

formation of MARID rocks, like orangeite magmas (Creighton et al., 2009; Grégoire et al., 2003). Lherz-

1 pyropes likely represent shallower layers (~107 km) in the subcratonic lithospheric mantle (Figure 

4.11). 

Pyropes with sinusoidal (Lherz-2 and Wehr-2) and spoon-like (Lherz-3 and Harz-3) REE 

patterns were classified as high-Cr (Cr2O3 > 8 wt.%) and derive from greater depths in the mantle (>119 
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km). The genesis and evolution of pyropes with these characteristics imply variable degrees of partial 

melting from a fertile peridotite generating a depleted mantle source that was later metasomatized 

throughout much of its long history beneath cratonic regions (e.g., Agashev et al., 2013; Griffin et al., 

1999b; Shchukina et al., 2017, 2019; Shu and Brey, 2015; Stachel and Harris, 2008; Stachel et al., 1998, 

2004). According with the definition of Griffin and Ryan (1995) and Griffin et al. (1999b), which 

consider the Zr-Ti-Y concentrations, the metasomatic agent cannot be determined (Figure 4.14). The 

trend observed in Figure 4.14a, however, is a likely indication of interaction with high temperature 

melts. Creighton et al. (2009) observed that the trend of melt metasomatism is the same that characterizes 

garnets from rocks metasomatized by interaction with kimberlitic melts (Grégoire et al., 2003). Low 

(Sm/Er)N and high Ti/Eu (ppm) ratios confirm a likely silicate melt metasomatism, evidencing a high Ti 

character, characteristic of proto-kimberlitic melts (Figure 4.15). The lack of carbonatite melt/fluid 

metasomatic agent in the subcratonic lithospheric mantle source is corroborated by the low LREE 

concentrations observed in sinusoidal (LaN = 0.02–0.09; Lherz-2 and Wehr-2) and spoon-like 

metasomatized pyropes (LaN = 0.12–1.06; Lherz-3 and Harz-3) (Figure 4.4). Moreover, garnets with 

sinusoidal REE patterns often have Sr enrichments (from 10 to >40 ppm; Pearson et al., 1995; Shimizu 

and Sobolev, 1995; Shirey et al., 2013), which is expected for carbonatite metasomatism. Our samples 

with sinusoidal (0.08–0.40 ppm) and spoon-like (0.36–7.44 ppm) REE patterns display low Sr 

concentrations (Appendix A, Table A2). 

 

 

Figure 4.14: (a) Zr–Ti and (b) Y–Zr patterns of pyrope garnet grains from the Osvaldo França 1 kimberlite. 
Fields of depleted and fertile garnets, melt-related and fluid-related metasomatism are after Griffin and 
Ryan (1995) and Griffin et al. (1999b). 

 

Regarding the possible metasomatic agents mentioned above, we assume that the subcratonic 

lithospheric mantle beneath Osvaldo França 1 kimberlite records a metasomatic event linked to the 

interaction with alkaline mafic silicate melts, likely related to kimberlite to proto-kimberlite and 

orangeite magmas. Based on the temperature and pressure estimates, we propose that different degrees 
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of partial melting and different metasomatic process occurred at different depths of the subcratonic 

lithospheric mantle (Figure 4.11). 

The positive correlation between Cr2O3 and LREE (e.g., Ce) and decrease of HREE (e.g., Yb) 

with increase of Cr2O3 (Figure 4.5), suggest that the most depleted substrates are the most susceptible 

to LREE enrichment. Compositional variation from spoon-like/sinusoidal to sloped patterns could be 

the result from interaction with at least two metasomatic agents that might be genetically related. 

Therefore, we suggest a scenario in which the metasomatic agent is an alkaline mafic silicate melt, 

consequence of recycling of oceanic crust through Neoproterozoic subduction event (see details below), 

which allowed the refertilization of the SCLM. Alternatively, there is a possibility of this region have 

recorded a slab tearing developing the opening of a slab window. In this context, it is expected that the 

deeper, hotter, and enriched mantle rise and interact with the shallower and depleted cratonic SCLM, 

producing the metasomatism observed in our garnets. 

 

Figure 4.15: (Sm/Er)N vs. Ti/Eu diagram of pyrope garnet grains from the Osvaldo França 1 kimberlite. 
These results rule out the influence of carbonatitic metasomatism, suggesting a silicate-melt metasomatic 
agent. 

 

4.6.2 – Tectonic implications and kimberlite magmatism: evidence from mineral 

chemistry, seismic tomography and U-Pb geochronology 

The southern edge of the São Francisco Craton records subduction events in a long-lived oceanic 

plate convergence constrained by an island arc (670 Ma) and the continental collision between the São 

Francisco paleocontinent beneath the Paranapanema (650–610 Ma) (e.g., Fuck et al., 2017; Frugis et al., 

2018; Valeriano, 2017). The Re-Os (TRD) and Sm-Nd (TDM) depletion ages of alkaline samples from 

APIP request an even older origin for their mantle sources with TRD ages up to 2.29 Ga and TDM ages 



Contribuições às Ciências da Terra – Série D, vol. 80, 145p., 2022 

 

79 

 

up to 1.32 Ga (Araujo et al., 2001; Carlson et al., 1996, 2007). These model ages probably are related 

to the different evolution stages of the Brasília Belt basement, including rifting and anorogenic granite 

emplacement (1.77–1.58 Ga; Pimentel et al., 1999). On the other hand, the younger model ages (0.89–

0.65 Ga; Araujo et al., 2001; Carlson et al., 1996, 2007) overlap the main period of magmatic arc 

formation and metamorphism in the Brasília Belt (0.9–0.6 Ga; Pimentel et al., 1999). Additionally, 

Carlson et al. (2007) reported Archean to Paleoproterozoic TRD model ages (3.17–1.92 Ga) for spinel 

and garnet peridotites from APIP, supporting the on-craton affinity observed in the Osvaldo França 1 

pyrope xenocrysts. Considering this complex tectonic setting, we will discuss the genesis of this 

kimberlitic magmatism based on mineral chemistry, seismic tomography, and U-Pb zircon age (90.0 ± 

1.3 Ma). 

4.6.2.1 Evidence from mineral chemistry 

Ilmenites studied here present typical characteristics of kimberlitic ilmenites, supported by 

MgO vs. TiO2 diagram (Figure 4.6a) and Cr2O3 contents (average ~ 1 wt.%, usually > 0.5 wt.%) (Wyatt 

et al., 2004). The observed pronounced positive anomalies of HFSEs (Th, Nb, Ta, Zr, Hf, and Ti), Pb, 

and Sr are also characteristic of other kimberlitic ilmenites (Ashchepkov et al., 2016 and references 

therein). Moreover, the chemical composition of our ilmenites is similar to those reported for other 

kimberlites from APIP (Andrade, 2012; Araujo et al., 2001; Coelho, 2010; Coldebella et al., 2020; 

Guarino et al., 2013; Melluso et al., 2008; Figure 4.6). The two trends observed in the MgO vs. Al2O3 

diagram (Figure 4.6b) may indicate that crystallization took place at different stages of evolution of the 

proto-kimberlitic magma. Considering the oxidation state of the magma, the MgO vs. Fe2O3 diagram 

(Figure 4.6c) reveal the presence of both reducing and relatively oxidizing conditions, similar to that 

found for other kimberlites in the APIP, but with a more oxidizing character. 

Phlogopite crystals show enrichment of FeO and TiO2 at a given constant Al2O3 interval of 

values, from a primitive composition toward evolved one with lamproite or ultramafic lamprophyre 

(Figure 4.7a) and orangeite compositions (Figure 4.7b). The iron-rich character, the very poor 

tetrahedral Fe3+ and the absence of aluminum depletion are described in the literature as a relatively rare 

type of micas from kimberlitic magma (Mitchell, 1986; Smith et al., 1978). The variable Mg# of studied 

phlogopites ranges from 43 to 90, corroborating strong magma differentiation and its evolved nature. 

While some substitution of Fe3+ in tetrahedral site occurs, the absence of tetraferriphlogopites indicates 

no significant changes in the redox conditions of fluids during the crystallization sequence. In the Al2O3 

vs. TiO2 and FeO diagrams (Figure 4.7a and b), despite our samples show similar distribution patterns 

with both ultramafic lamprophyres and lamproites (e.g., Dalton et al., 2019; Fritschle et al., 2013; 

Satyanarayanan et al., 2018; Tappe et al., 2004, 2006), it is noteworthy their compositional similarity 

with other Brazilian kimberlites, especially the diamondiferous kimberlites from Brauna, whose mica 

compositions show affinity with phlogopites from South African orangeites, worldwide ultramafic 
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lamprophyres, and olivine lamproites (Donatti-Filho et al., 2013b). Note that APIP micas do not fit the 

delimited field composition of archetypal Group-I kimberlites (Figure 4.7), including those from 

Osvaldo França 1 kimberlite. 

Spinel (and phlogopite) do not register compositions entirely characteristic of typical 

kimberlites, following an enrichment trend towards lamproites and ultramafic lamprophyres (Mitchell, 

1986; Tappe et al., 2006). Compared with worldwide occurrences of kimberlites (Roeder and Schulze, 

2008), ulvöspinel from Osvaldo França 1 plot mainly at higher Ti/(Ti + Cr + Al) contents (Figure 4.9). 

The available data of other kimberlites from APIP (Araujo et al., 2001; Guarino et al., 2013; Melluso et 

al., 2008) show variable Ti/(Ti + Cr + Al) at high (Fe2+
T/(Fe2+

T + Mg), with Pântano samples being 

comparable to our data (Guarino et al., 2013). The high Ti/(Ti + Cr + Al) observed in our samples is 

similar to that observed for kamafugite samples from APIP (Araujo et al., 2001; Guarino et al., 2013; 

Melluso et al., 2008). Compared to the ultramafic lamprophyre compositions from Aillik Bay, Canada 

(Tappe et al., 2006), these samples present scattered distribution, mainly associated to the Trend 2 

(Figure 4.9), with only few samples occurring at higher Ti/(Ti + Cr + Al). 

Zircon grains present typical kimberlite-hosted composition, which are characterized, 

according to Belousova et al., (2002) and Konzett et al., (1998), by low Th (<48 ppm) and U (<70 ppm) 

contents, low Th/U ratios (0.2–1.0), and ƩREE commonly lower than 50 ppm (Appendix A, Table A2). 

These authors verified that typical Ce anomalies of zircon from kimberlites are over the range of 1 to 

10, whereas little or no Eu anomalies are observed. In the PM-normalized REE diagram, our samples 

show positive Ce anomalies (Appendix B, Fig. B4a). Europium anomalies are not pronounced in our 

zircons (0.60–1.60) and the ƩREE contents ranging from 11.01 to 151.74 (most < 70; Appendix A, 

Table A2). However, the REE concentrations of two kimberlitic zircon grains are characteristic of 

lamproitic samples, especially due to the negative Eu anomaly (Eu* = 0.08–0.19; Appendix B, Fig. 

B4a; Belousova et al., 2002). Comparatively, these grains have higher Th (62.59–99.10 ppm), U (72.71–

206.17 ppm), and Th/U ratios (0.46–1.01) than the kimberlitic zircons (Appendix A, Table A2). The 

HREE concentrations of our samples are usually higher than the average values of kimberlites, but lower 

than zircon of lamproites and carbonatites (Appendix B, Fig. B4a; Belousova et al., 2002). Thus, as 

observed in phlogopite and spinel, two zircon grains have compositional affinity with a lamproitic 

magma. In the U vs. Y diagram of Belousova et al. (2002) (Figure 4.10c), kimberlitic zircons plot in a 

field common to both kimberlites and carbonatites. However, its kimberlitic affinity can be confirmed 

due to the lower Lu contents, according to the CART tree proposed by Belousova et al. (2002). 

Considering the mineral phases discussed above, ilmenite and zircon record typical kimberlitic 

signatures, while phlogopite and spinel, together with 2 zircon crystals, are characterized by an evolved 

magmatic signature, tending mainly to lamproite or ultramafic lamprophyre compositions when plotted 

in classical diagrams (Figure 4.7, Figure 4.9, Appendix B, Fig. B4a). However, the lack of lamproitic 
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minerals (e.g., priderite, wadeite, richterite) precludes the confirmation of a lamproitic affinity for our 

magma. Compared with the data from the literature, we observe that the enriched character is 

comparable with ultramafic lamprophyre compositions (Dalton et al., 2019; Tappe et al., 2004, 2006,). 

Nevertheless, similar compositions have been observed in kimberlites worldwide (Donatti-Filho et al., 

2013b; Dongre and Tappe, 2019; Eccles et al., 2004; Guarino et al., 2013). 

The occurrence of exotic mineral phases enriched in Ti and Ca, associated with the absence of 

perovskite, are interpreted as late crystallizing phases, when, at near surface conditions, silica activity 

increased, intersecting the perovskite-titanite reaction (Chakhmouradian and Mitchell, 2000; Mitchell, 

1986; Luth, 2009). The instability of perovskite resulted in its alteration to anatase, a feature commonly 

observed in carbonatite rocks from APIP (Pereira et al., 2005). Zirconium bearing phases in kimberlites, 

such as baddeleyite, are also interpreted as late-stage phases (Mitchell, 1986). Although the exotic 

minerals of Osvaldo França 1 kimberlite are commonly associated with carbonatites (see section 5.1.5.), 

there is no chemical evidence that supports a carbonatitic metasomatic agent in the main mineral phases 

(most of ilmenites, phlogopites and zircons) or even in the pyrope xenocrysts. Thus, the existence of 

these minerals probably is related to the increase of silica activity in a strongly Si-undersaturated magma 

(e.g., Bellatreccia et al., 1999; Chakhmouradian and Mitchell, 2000; Comin-Chiaramonti and Gomes, 

2005; Kogarko et al., 1991; Mitchell, 1986; Mitchell and Chakhmouradian, 1998; Sharygin et al., 2009; 

Tappe et al., 2009; Wu et al., 2010; Zurevinski and Mitchell, 2004; and references therein). 

The genesis of kimberlite, kamafugite, lamproite, ultramafic lamprophyre and carbonatite from 

APIP has been interpreted as the result of upwelling of asthenospheric melts through the relatively thin 

heterogeneous and metasomatized lithospheric mantle sources located above the Trindade or Tristan da 

Cunha mantle plumes (Araujo et al., 2001; Bizzi et al., 1995; Carlson et al., 1996, 2007; Comin-

Chiaramonti and Gomes, 2005; Gibson et al., 1995; Guarino et al., 2013; Sgarbi et al., 2004; Thompson 

et al., 1998; VanDecar et al., 1995). The heterogeneous and metasomatized character of alkaline 

magmatism from APIP is strongly corroborated by radiogenic isotopes (Sr-Nd-Pb-Os), which are 

compositionally similar to the oceanic basalts of the Tristan/Walvis Ridge, as well as to transitional 

kimberlites (e.g., Araujo et al., 2001; Bizzi et al., 1995; Carlson et al., 1996; Donatti-Filho et al., 2013b; 

Felgate, 2014; Gibson et al., 1995; Guarino et al., 2013; Woodhead et al., 2019). These rocks have initial 

isotopic compositions between South African Group I and II kimberlites, that is, plotting between HIMU 

and EM-1 mantle reservoirs with 87Sr/86Sr between 0.70431 and 0.70686 and 143Nd/144Nd between 

0.51210 and 0.51249 (e.g., Becker and le Roex, 2006; Tappe et al., 2020). Phlogopites from APIP have 
87Sr/86Sr initial ratios of ~ 0.705 (Gibson et al., 1995; Felgate, 2014), suggesting an enriched mantle 

source. Based on Os isotopic results, magmas from APIP show compositional variation from 

unradiogenic to radiogenic isotopic ratios, implying old and depleted lithospheric peridotite or 

pyroxenite/eclogite mantle sources, respectively (Araujo et al., 2001; Carlson et al., 1996, 2007). 
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4.6.2.2 Insights about the tectonic evolution from seismic tomography 

Based on the integration between the mineral chemistry of the Upper Cretaceous (90.0 ± 1.3 

Ma) Osvaldo França 1 kimberlite with recent results of seismic tomography (Rocha et al., 2019a, b), 

where a low-velocity anomaly was observed beneath the studied area (Figure 4.13), our preferred 

scenario to explain the formation of the Osvaldo França 1 kimberlite is the rise of a thermal anomaly, 

which would have been the engine of the alkaline magmatism of the APIP. This thermal anomaly could 

be generated by the passage of the South American plate above the Trindade plume (Crough et al., 1980; 

Gibson et al., 1995, 1997; Thompson et al., 1998) or Tristan da Cunha plume (Courtillot et al., 2003; 

Morgan, 1972; White and McKenzie, 1989). Rocha et al. (2011) showed that the low-velocity anomaly 

beneath the APIP, interpreted by VanDecar et al. (1995) as the region of initial impact of the Tristan da 

Cunha plume, displays a compositional component in addition to its dominant thermal origin. It is 

important to note that the seismic tomographic images represent the current condition of the mantle, as 

well as recent tectonic processes. If we consider the low-velocity anomaly as result of a Cretaceous 

thermal anomaly, related to the late stages of Gondwana fragmentation, there was not enough time for 

this tectonic event to metasomatize the subcontinental lithospheric mantle beneath the APIP. Tappe et 

al. (2018) presented a robust plate tectonic reconstruction of the Gondwana portion of Pangea in which 

the Cretaceous (90 ± 10 Ma) alkaline magmatism widely distributed in Brazilian and African territories 

is related to the African Large Low Shear Velocity Province (LLSVP). Thus, the magmatism observed 

in São Francisco and Kaapvaal cratons would be a product of a superplume activity. In this context, it 

is reasonable to suggest that the event represented by the low-velocity anomaly exclusively supplied 

heat to activate the alkaline magmatism of a mantle source column during the opening of the South 

Atlantic Ocean, which was previously metasomatized. The compositional changes generated by this 

thermal anomaly were not able to generate the vast variety of magmas (i.e., kimberlite, kamafugite, 

lamproite, ultramafic lamprophyre, and carbonatite) observed in the APIP, as it requires multiple and 

heterogeneous mantle sources, considering lateral and vertical mantle domains. Phlogopite and 

ulvöspinel compositions suggest that the kimberlitic mantle source has ultramafic lamprophyre affinity 

related to the late evolutionary stage of differentiation and that the magma changed its composition 

rising to the surface, contributing to the formation of unusual mineral phases with strong enrichment of 

HFSE (e.g., Nb, Ta, Zr, Hf, and Ti) and LREE. This affinity can be explained by the long-lived recycling 

of ancient subduction plates that allowed the development of a HFSE-rich mantle reservoir due to the 

recycled oceanic crust since the Neoproterozoic (Brasiliano Orogeny) or even older collisional events. 
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4.7 – CONCLUSIONS 

 The Osvaldo França 1 kimberlite intrusion was recently discovered in the Alto Paranaíba 

Igneous Province (APIP), southeastern Brazil. Although this province extends between the Amazonian, 

São Francisco and Paranapanema cratons, P-wave seismic tomography and gravimetric results show 

that this magmatism is strongly related to the southwestern portion of the São Francisco Craton. The 

mineral chemistry data of garnet xenocrysts, as well as of ilmenite, phlogopite, zircon, and uncommon 

concentrate minerals (titanite, calzirtite, anatase, pyrochlore, baddeleyite and spinel) were integrated 

with U-Pb zircon age (90.0 ± 1.3 Ma) aiming to constrain the nature of the kimberlite. The tectonic 

evolution model was constructed based on the integration of these results with recent seismic 

tomographic data. 

Three populations of pyrope were identified based mainly on their Cr2O3 contents, REE patterns 

and depth estimates. These groups comprise samples with sloped, sinusoidal and spoon-like REE 

patterns. Lherzolitic pyrope grains record these three patterns, being classified as Lherz-1 (sloped), 

Lherz-2 (sinusoidal), and Lherz-3 (spoon-like). Harzburgitic (Harz-3) pyrope grains show spoon-like 

pattern while wehrlitic pyrope grains (Wehr-2) have sinusoidal pattern. The dataset of samples is divided 

in low-Cr (Cr2O3 = 1.74–6.89 wt.%) and high-Cr (Cr2O3 = 7.36–11.19 wt.%). Low-Cr pyropes include 

Lherz-1 samples (Cr2O3 = 1.74–6.89 wt.%), whereas Lherz-2 (Cr2O3 = 8.23–9.02 wt.%) and Lherz-3 

(Cr2O3 = 10.66–11.19 wt.%) were classified as high-Cr. Harzburgitic (Harz-3, Cr2O3 = 7.36–9.43 wt.%) 

and wehrlitic (Wehr-2, Cr2O3 = 9.61–10.29 wt.%) pyrope grains also were classified as high-Cr. The 

chemical composition of pyrope xenocrysts from Osvaldo França 1 kimberlite attest strong affinity with 

depleted mantle sources when plotted in Zr-Y and Zr-Ti diagrams. However, considering the REE 

patterns of these samples (e.g, Ce and Yb vs. Cr2O3), their genesis and evolution suggest variable degrees 

of partial melting from a fertile peridotite generating a depleted mantle source that was later 

metasomatized throughout much of its long history beneath cratonic regions by alkaline mafic silicate 

melts. The pyrope xenocrysts were sampled from a thick mantle column in the subcratonic lithosphere, 

extending to at least 143 km (43 kbar), at a relatively narrow range of temperatures (811–875 °C). Lherz-

1 pyrope grains represent the shallowest part of this mantle (~107 km; 32 kbar) while the deepest 

samples are represented by the other lherzolitic (Lherz-2 and Lherz-3) and Harz-3 samples (119–143 

km; 36–43 kbar), which plot in typical cratonic geotherms (36–38 mW/m2). Although some of Lherz-2, 

Lherz-3 and Harz-3 samples plot inside the diamond stability field, our data are not statistically 

representative for assessing diamond potential. 

The metasomatism recorded by the mineral phases is consistent with a long-lived recycling of 

subducted oceanic lithosphere since the Neoproterozoic (Brasiliano Orogeny), or even older collisional 

events, probably related with the collision of the São Francisco and Paranapanema paleocontinents. 

Concerning the low-velocity anomaly observed beneath APIP, it is probably related to a thermal 
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anomaly in the upper mantle, which must have provided the necessary heat to activate the alkaline 

magmatism from a metasomatized cratonic mantle source beneath the São Francisco paleocontinent 

during the late-stages of the Gondwana fragmentation and consequent opening of the South Atlantic 

Ocean. 
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CHAPTER 5  

DIAMOND FORMATION BENEATH THE COROMANDEL AREA, 

SOUTHWESTERN SÃO FRANCISCO CRATON – THE ROLE OF RE-

FERTILIZATION AND SUBDUCTION4 

  

Abstract 

The lithospheric mantle underpinning the Alto Paranaíba Igneous Province, southwestern São Francisco 

Craton, was investigated through a study of 82 diamonds and their mineral inclusions from the 

Coromandel (Douradinho River), Verde River (northern Coromandel), Abaeté, Frutal, and Romaria 

deposits. Mineral inclusion abundances show that lherzolite is the main diamond source-rock, followed 

by eclogite, harzburgite and minor websterite. The limited chemical depletion recorded in lherzolitic 

inclusions suggests a post-Archean origin or modification of the lithospheric mantle beneath this part of 

the São Francisco craton. Sinusoidal rare earth element patterns for lherzolitic garnet inclusions indicate 

variable but overall low degrees of metasomatism by fluids or silico-carbonatitic (proto-kimberlitic) 

melts. These results contrast with previous studies on mineral inclusions in diamonds (Canastra range, 

southern Coromandel; Rio da Prata system, northeastern Coromandel; our new data on the Frutal area, 

southwestern Coromandel), where a dominance of harzburgitic inclusions documents a more depleted, 

likely Archean, cratonic root. Bulk rock compositions reconstructed from eclogitic and websteritic 

inclusions establish a clear link between subduction processes and diamond formation in the 

Coromandel region. Calculated bulk rare earth element patterns match typical sections of upper oceanic 

crust, where plagioclase accumulation is uncommon. Pyroxene inclusion-based geothermobarometry 

indicates that lherzolitic and websteritic diamonds formed and last resided along a ~39 mW/m² model 

geotherm. Projection of eclogitic garnet-clinopyroxene pairs onto this 39 mW/m² geotherm places their 

origin near the base of the lithosphere (> 180 km depth). Low nitrogen contents and high aggregation 

states (up to 100 %B) indicate that eclogitic, websteritic, and part of the lherzolitic diamond populations 
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experienced extended (2.0 Byr) mantle residence at high temperatures (> 1200 °C). The similarity in 

mantle residence temperatures and the shared presence of minor negative Eu anomalies for eclogitic and 

websteritic diamonds and their inclusions may be indicative of a common origin, following 

emplacement of subducted oceanic crust beneath the São Francisco Craton margin likely during a 

Paleoproterozoic orogeny (2.1-2.0 Ga). Based on our results, future exploration efforts in the Alto 

Paranaíba region should shift their focus from harzburgitic to lherzolitic and eclogitic indicator minerals 

to find new diamond deposits and kimberlites in this area. 

 

5.1 – INTRODUCTION 

The presence of alluvial diamonds and their close spatial association to mantle-derived igneous 

rocks of the Alto Paranaíba Igneous Province (APIP) bring into focus the gaps in our understanding of 

the origin and evolution of the lithospheric mantle beneath the southwestern margin of the São Francisco 

Craton. Diamonds studied here are all derived from alluvial deposits and their primary volcanic sources 

are still unknown. Pereira et al. (2017, and references therein) recognize evidence of young, proximal, 

and primary sources for diamonds from the same context. From our visual observation alone, diamond 

populations from each of the alluvial deposits have a unique set of physical characteristics and these 

first order distinctions are further confirmed by the analytical results presented in this study (e.g., 

through distinct nitrogen characteristics and inclusion chemistries). We, therefore, regard the studied 

diamonds as being relatively proximal (within a few tens of km at most) to their primary sources, rather 

than reflecting craton-scale mixing of diamonds from multiple sources. Diamond, unlike other mantle 

minerals, is chemically inert, isolating its mineral inclusions from subsequent metasomatic modification. 

As a consequence, mineral inclusions in diamond provide pristine information both on the nature and 

origin of the subcontinental lithospheric mantle and the origin of its diamond endowment. 

In the southwestern part of the São Francisco Craton, the occurrence of valuable alluvial 

diamonds and kimberlites related to the APIP stimulated decades of exploration for the primary sources 

of diamonds, from the late 1960’s to the 2000’s. Diamonds in the APIP are especially sought after due 

to the common occurrence of sizable stones (>100 ct). Such large stones are particularly abundant in the 

context of three rivers that run parallel in SE-NW orientation, immediately south of the town of 

Coromandel, named Douradinho, Santo Inácio and Santo Antônio do Bonito (Pereira and Fuck, 2005). 

In the Santo Antônio do Bonito River, the largest gem diamond ever found in Brazil was recovered in 

1938, weighting 726.6 ct. Throughout the years, the Coromandel and Abaeté areas have also produced 

a considerable amount of high-value pink stones. 

Diamond exploration in the Alto Paranaíba region, largely based on indicator minerals, 

culminated in the discovery of the hundreds of intrusive bodies known to date. Despite these discoveries, 
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the evaluation techniques applied at the time classified most of the kimberlites as non-economic, and 

exploration companies left the area at the beginning of the 2000’s. In the APIP, only a few kimberlites 

are known to be diamondiferous, and no link to the valuable alluvial diamond deposits could be 

established so far. Although a large number of intrusions are already known in the APIP, as the erosion 

of the Cretaceous Mata da Corda Group progresses, new Cretaceous intrusions are being revealed, such 

as the recently discovered Osvaldo França 1 kimberlite (Carvalho et al., 2022). 

To map the nature of the lithospheric mantle beneath the APIP, we present the first study on 

diamonds and their mineral inclusions from this area. We analyzed the nitrogen systematics of the host 

diamond along with the major and trace element composition of their mineral inclusions, focusing on 

diamonds from the Douradinho River, Verde River, Abaeté, Romaria, and Frutal deposits. 

Geothermobarometry of the inclusions and nitrogen thermometry of the diamonds aids in understanding 

the formation conditions of the diamonds and their lithospheric residence. The composition of the 

mineral inclusions is used to determine the nature of the diamond substrate. The paragenetic abundances 

in the studied diamonds provides new implications for diamond exploration. 

 

5.2 – OVERVIEW OF THE SÃO FRANCISCO CRATON BASEMENT AND THE 

ALTO PARANAÍBA IGNEOUS PROVINCE 

The oldest components so far identified in the São Francisco Craton date back to 4.1 Ga, and 

events recorded up to 2.5 Ga indicate stabilization of the cratonic nuclei predominantly in the 

Neoarchean (Teixeira et al., 2017). Exposed in the southernmost and northeastern portions of the craton, 

Archean rocks are in direct contact with Paleoproterozoic orogenic belts that register the collision 

between the São Francisco and Congo paleocontinents at ~2.1-2.0 Ga, with indications of subduction-

related events starting at 2.47 Ga (Alkmim and Teixeira, 2017; Barbosa and Barbosa, 2017). Following 

the development of sedimentary basins along its passive margins and in rift zones that infringed onto 

the cratonic nucleus, the Brasiliano Orogeny in the Neoproterozoic shaped the current outline of the São 

Francisco Craton (Heilbron et al., 2017). Delineating its southwestern limits, the east-verging thrust 

sheets of the Southern Brasília belt formed as a result of the convergence of the Amazonian, São 

Francisco-Congo and Paranapanema blocks, where subduction-related regional metamorphism is dated 

between 650 and 630 Ma (Pimentel, 2016).  

Cretaceous alkaline/ultramafic magmatism, structurally controlled by the Azimuth 125 

lineament (Bardet, 1977), intruded the metasedimentary rocks of the Brasília belt in western Minas 

Gerais and eastern Goiás states, giving rise to the APIP (Figure 5.1). At that time, the Brasília belt acted 

as a topographic high, separating the distribution of sediments between the Paraná basin to the west, and 

São Francisco basin to the east. The volcanoclastic deposits of the APIP are mainly of kamafugitic 
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affinity and comprise the Mata da Corda Group, the upper Cretaceous section of the São Francisco basin, 

and time-equivalent occurrences in the Paraná basin (Figure 5.1). Although intruding metasedimentary 

rocks of the Neoproterozoic Brasília mobile belt, several studies have shown that all APIP rock types 

were likely sourced from the subcontinental lithospheric mantle (e.g., Carlson et al., 1996). The 

lithospheric mantle beneath the Alto Paranaíba area, at a depth of 150 km, is characterized by low 

seismic velocities (Carvalho et al., 2022), contrasting high velocities in the cratonic nucleus (Rocha et 

al., 2019). Tomographic (Rocha et al., 2019) and gravimetric (Pereira and Fuck, 2005) data indicate that 

the cratonic lithosphere of the São Francisco Craton extends underneath the Brasília Belt. 

 

 

Figure 5.1: Simplified geological map showing the sampling locations of the diamond populations for this 
and previous studies in relation to the Neoproterozoic Brasília belt and the cover rocks of the Paraná (PRB) 
and São Francisco (SFB) basins. The indicated limit of the São Francisco paleocontinent is after Rocha et 
al. (2019). The boundaries of Minas Gerais (MG) with São Paulo (SP) and Goiás (GO) states are indicated. 

  

5.3 – SAMPLES AND METHODS 

Our study is based on 82 diamonds recovered from artisanal mines in the southwestern part of 

the São Francisco Craton. Most diamonds are from placer deposits of the Abaeté (n=6), Douradinho 

River (n=25) and Verde River (n=27), and from a Cretaceous conglomerate at Romaria (n=11). In 

addition, this study examined diamonds from placer deposits at Frutal (n=13), in westernmost part of 

study area. The Frutal placer deposits may have received some contribution - via sediment transport - 

from the APIP areas, but such a contribution is currently debated and unconstrained (Figure 5.1). In all 

figures, a specific color is used for each sample locality: orange = Abaeté; blue = Douradinho River; 

grey = Frutal; yellow = Romaria; green = Verde River. The first two letters of all sample numbers 
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indicate the sample location: AB = Abaeté, DR = Douradinho River, FT = Frutal, RM = Romaria, VR 

= Verde River. 

Sample preparation and analyses were performed using facilities at the University of Alberta, 

Canada. Ranging in mass from 0.08 to 2.2 ct, the diamonds were broken using a steel-crusher for the 

recovery of mineral inclusions and analysis of diamond fragments.  

Diamond fragments were analyzed for their nitrogen concentrations and aggregation states using 

a micro-Fourier transform infrared spectrometer (µ-FTIR), Thermo Fisher Nexus 470, attached to a 

Continuum IR microscope. The detector was cooled with liquid nitrogen. Using a squared aperture size 

of 100 µm, spectra were taken in transmission mode over the range of 4000 to 650 cm−1 by averaging 

200 scans with a resolution of 4 cm-1. Spectral deconvolution and nitrogen quantification were 

accomplished following the procedure described in Stachel et al. (2018a). 

Mineral inclusions were recovered from 21 diamonds via cracking. The inclusions were 

mounted individually in epoxy resin in 6 mm brass pips and polished for microprobe analysis. Major 

and minor element concentrations were measured using a JEOL JXA-8900R EPMA with an accelerating 

voltage of 20 kV and a beam current of 30 nA. For a sulfide inclusion, an accelerating voltage of 15 kV 

was used. Peak count times were 15–20 s and background time was half the peak time, resulting in oxide 

detection limits of typically ≤ 0.02 wt%. Al, Ca and Cr trace concentrations in olivine were measured 

using a CAMECA SX100 Electron Probe Microanalyzer (EPMA) with an accelerating voltage of 20 kV 

and a beam current of 300 nA. The detailed protocols of the trace analysis can be found in Bussweiler 

et al. (2019). Our analyses of reference material SC-GB agree within uncertainty with the values stated 

in that study. For all microprobe analyses, three spots on average were measured per sample and, after 

assessing compositional homogeneity, averaged. 

Trace element concentrations of garnet and clinopyroxene inclusions were analyzed using a 

Resonetics M-50-LR 193 nm ArF excimer laser ablation system with a Laurin-Technic S-155 two-

volume ablation cell coupled to a Thermo Scientific Element IIXR inductively coupled plasma mass 

spectrometer (ICP-MS). Depending on the inclusion size, samples and standards were ablated with a 

spot size of 15 to 90 µm at a frequency of 10 Hz and a laser fluence of ∼3.5 J/cm2. Trace elements were 

measured on the following masses: 45Sc, 49Ti, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 137Ba, 139La, 140Ce, 141Pr, 146Nd, 
147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, 178Hf, 180Hf and 181Ta. Each spot 

analysis consisted of 40 s of background acquisition and 60 s of sample ablation, followed by a wash 

time of 40 s. For spot sizes from 23 to 90 µm, NIST SRM 612 glass was used as the primary standard 

and NIST614 was used as a quality control. For spot sizes of 15 µm, NIST SRM 610 was used as the 

primary standard and NIST612 to assess the accuracy of the concentrations. 43Ca contents, previously 

measured by EPMA, were used as internal standard. The agreement of values measured for secondary 

standards was better than 10% for all spot sizes employed. 
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For some mineral phases, their chemical structure was confirmed via Raman spectroscopy. 

Raman spectra were collected using a Horiba Scientific’s LabRAM HR Evolution mounted with an 

Olympus optical fiber microscope. Using a monochromatic laser with a 532 nm frequency, Raman 

spectra were collected using 3 accumulations, acquisition time of 30 seconds, and 50% laser intensity. 

 

5.4 – RESULTS 

5.4.1 – Diamonds characteristics 

All diamonds were examined for their color, morphology, surface features, and nitrogen 

characteristics. Colors range from colorless to brown, with additional yellowish/yellow and rare pink 

and greenish samples. Most diamonds are intensely resorbed and dodecahedral shapes predominate. 

Widespread surface features are hillocks, plastic deformation lines and minor frosting. In addition, edge 

abrasion related to alluvial transport is widespread. The occurrence of irradiation-induced green and 

brown spots on diamond surfaces is restricted to the Verde River and Frutal populations. 

Figure 5.2a and b show the distribution of color and morphology among the five diamond 

populations studied. Brown diamonds principally occur in the Douradinho River, Verde River and 

Abaeté populations, while Frutal and Romaria diamonds are typically colorless. Considering diamond 

morphology, Douradinho River has a unique population of flat dodecahedrons, and two hemimorphic 

diamonds occur. Less resorbed octahedral and transitional dodecahedral-octahedral morphologies are 

most prominent in Romaria diamonds.  

Nitrogen contents range from below detection (<5 at.ppm) to ~2300 at.ppm, with nitrogen 

abundances >1000 at.ppm being restricted to diamonds from Frutal and Romaria (Figure 5.2c). For 

~10% of the diamonds, significant intra-crystal variations in nitrogen content (>300 at.ppm) were 

detected; in these cases, rims are generally lower in nitrogen content and aggregation state. The full 

range in aggregation (0-100 %B with %B=100NB/(NA+NB)) from pairs of nitrogen (A-centres) to four 

nitrogen around a vacancy (B-centres) was observed. Douradinho River diamonds are distinct by an 

unusual dominance (56%) of high aggregation states (>89 %B; Figure 5.2d) and a high proportion 

(~30%) of diamonds with [N] <12 ppm (mainly as Type IaAB). At Frutal and Romaria, low to 

intermediate (0-67 %B) aggregation states dominate. Despite high nitrogen aggregation states of 

Douradinho River diamonds, the planar defects (platelets) invariably associated with the formation of B 

centers (Woods, 1986) are not common. Plastic deformation, which is widespread among samples from 

Douradinho River, or thermal pulses are regarded as causes for platelet degradation (Woods, 1986; 

Evans et al., 1995). Approximately 80% of the diamonds show hydrogen-related impurities (absorbance 

at 3107 cm-1). Overall, Frutal diamonds have the strongest hydrogen-related absorbance, with no 

relationship to total nitrogen contents. A positive correlation between N and H contents is, however, 
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recognized for diamonds with eclogitic inclusions. The single websteritic diamond from Douradinho 

River is also notably hydrogen-rich. 

 

Figure 5.2: Characteristics of the studied diamonds regarding a) color, b) morphology, c) nitrogen content 
and d) nitrogen aggregation state. In (b) the following abbreviations for morphologies are used: Oct/D-oct 
= Octahedral/dodecahedral-octahedral; Dod = Dodecahedral; Hemi = Pseudo-hemimorphic; Cleav = 
Cleavage fragment. In (d) diamonds are grouped according to the relative percentage of nitrogen in A and 
B centers (expressed as %A and %B), or the abundance of nitrogen (<5 ppm for Type IIa). 

 

5.4.2 – Mineral inclusions 

 Mineral inclusions from 21 diamonds were analyzed for major and trace element compositions. 

Four locations are represented among these diamonds, as indicated in Table 5.1. No inclusions were 

recovered from Romaria diamonds. Inclusions range in size from ~30 to 500 µm (Figure 5.3), and 

mainly display cubo-octahedral morphologies imposed by their host diamonds. Chemically identified 

minerals, in order of decreasing abundance, are olivine, omphacite, enstatite, Cr-diopside, pyrope-

almandine, Cr-pyrope, Mg-chromite, coesite and sulfide. Based on inclusion chemistry (Appendix C, 

Table C1), diamonds are assigned to the peridotitic (n=14), eclogitic (n=6) and websteritic (n=1) suites 

(Table 5.1).  

5.4.2.1 Major element chemistry of peridotitic/websteritic inclusions 

Olivine was recognized in 10 diamonds, mainly as multiple colorless inclusions of a single 

phase or together with enstatite, Cr-diopside and garnet. In one case, olivine forms a touching, graphite-

coated pair with a Cr-diopside (Figure 5.3a and b; Appendix D, Figure D1a). Graphite-coating of 
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olivine is widespread among Douradinho River diamonds (Figure 5.3a and c). Olivine Mg# (molar 

100Mg/(Mg+Fe)) varies from 91.2 to 94.4. For three diamonds of lherzolitic paragenesis (based on co-

occuring Cr-diopside inclusions), olivine Mg# ranges from 91.5 to 92.0. Calcium contents reveal two 

distinct groups; a high-Ca group (CaO > 340 ppm), in which samples display positive correlations of Ca 

with Cr and Al, and a low-Ca group (CaO < 215 ppm), in which such correlations are absent (Figure 

5.4a). Olivines from the low-Ca group all have Mg# >93 and are likely of harzburgitic paragenesis 

(Stachel and Harris, 2008). Olivines in the high-Ca group have Mg# <92.5 and are likely lherzolitic, 

especially as this group includes all samples of known lherzolitic paragenesis. Douradinho River 

olivines display the highest Cr2O3 contents in both the low- and high-Ca groups. 

 

Table 5.1: Characteristic of the diamonds analyzed for their mineral inclusions. TNitrogen for a mantle 
residence time of 2 byr calculated after Taylor et al. (1990, 1996). For diamonds with 0%B and with 100%B, 
the assumed detection limits for nitrogen B and A centers (1 and 99 %B) were used instead to obtain 
maximum and minimum residence temperature estimates, respectively. 

 

 

Colourless to faint green enstatite occurs in five diamonds, both as single crystals and touching 

with clinopyroxene (Figure 5.3d and 5a). Mg# ranges from 92.8 to 94.0, with the exception of one 

enstatite (Mg# 89.4) touching with a clinopyroxene in a Douradinho River diamond (Figure 5.5b). The 

low Mg-number of the latter is comparable to enstatite of the transitional websteritic-lherzolitic 

association in diamonds from Voorspoed, South Africa (Viljoen et al., 2018). Compared to Voorspoed 

websteritic and transitional websteritic-lherzolitic enstatites, the Douradinho River enstatite, however, 
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has higher CaO (Figure 5.4b), TiO2, and Na2O contents (1.25, 0.12 and 0.23 wt%, respectively). Based 

on its low Mg# and Cr and high Na-Ti-Mn contents, this enstatite is likely of websteritic (pyroxenitic) 

paragenesis (c.f., Stachel and Harris, 2008). All other enstatites coexisting with clinopyroxene fall into 

the lherzolitic field (Figure 5.4b). A magnesium-rich enstatite (Mg# 93.9) from a Frutal diamond, which 

cannot be assigned to a specific paragenesis based on co-existing inclusions, has CaO-Mg# 

characteristics that suggest a likely harzburgitic paragenesis (Figure 5.4b). 

 

 

Figure 5.3: a) Garnet, clinopyroxene and olivine inclusions in diamond DRR08; on the right side, note a 
touching cpx-ol pair that is covered by a thick graphite layer. b) Released cpx-ol pair observed in (a) with 
thick graphite coating. c) Graphite coating of olivine inclusions and associated small fractures in a 
Douradinho river diamond. d) Olivine, greenish enstatite, and purple garnet in a lherzolitic diamond from 
Abaeté. e) Opaque chromite inclusion in a Verde River diamond. f) Eclogitic garnet and clinopyroxene in a 
diamond from Douradinho River; note a touching pair of grt-cpx and the bluish color of the non-touching 
cpx. 
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Figure 5.4: a) Cr2O3 vs. CaO contents (ppm) in olivines; the data points may be grouped according to their 
Mg#. The open circles correspond to samples assigned to the lherzolitic paragenesis based on coexistence 
with clinopyroxene. b) CaO vs. Mg# in enstatites from this study (see (a) for legend of symbols) and from 
websteritic and transitional websteritic-lherzolitic diamonds from Voorspoed (Viljoen et al., 2018); the 
fields for the various parageneses are from Stachel and Harris (2008). c) Cr2O3 vs. CaO diagram for garnets 
with fields for parageneses after Grütter et al. (2004). Garnet inclusions from this study (large colored 
circles), garnet inclusions from previous studies (small colored diamonds; Kaminsky et al., 2001; Meyer and 
Svisero, 1978; Tappert et al., 2006), and garnet xenocrysts from the Canastra (small triangles; Andrade, 
2012; Costa, 2008; Hill et al., 2015), Romaria deposit (small squares; Coelho, 2008), and Coromandel areas 
(small circles; Andrade, 2012; Andrade and Chaves, 2011; Carvalho et al., 2022; Coldebella et al., 2020; 
and shaded area representing the density of garnet xenocryst compositions from Skinner (1996) reported 
in Pereira and Fuck (2005)). 
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Figure 5.5: Backscattered electron images of a) touching pair of opx-cpx in a lherzolitic diamond from 
Abaeté; b) touching pair of opx-cpx in the single websteritic diamond from Douradinho River; c) cpx (light 
grey) containing a silica- and aluminum-rich phase (darker grey) in an eclogitic diamond from Douradinho 
River, and d) rutile exsolution in a grt-cpx touching pair from a Douradinho River diamond (photo of 
inclusion still inside diamond is shown as Figure 5.3f). 

 

Cr-diopside occurs in four diamonds, both as touching or non-touching associations with 

olivine, enstatite and Cr-pyrope (Figure 5.3a and b, Figure 5.5a and b). The typical emerald-green 

color of Cr-diopside is not very saturated in the studied samples, with Cr2O3 contents varying from 0.47 

to 1.18 wt%. Mg# varies from 93.8 to 94.5, except for the one augite grain (Mg# 88.9; sample DRP01) 

that forms a touching pair with the websteritic enstatite described above. Intergrowth/exsolution of 

orthopyroxene and clinopyroxene is a common feature in websteritic and transitional websteritic-

lherzolitic diamonds from Voorspoed (Viljoen et al., 2018) and Namibia (Leost et al., 2003). Like the 

touching enstatite, the low Mg# of this clinopyroxene is comparable to transitional websteritic-

lherzolitic clinopyroxenes from Voorspoed, but at lower CaO and higher TiO2 contents. High Ca in 

enstatite and low Ca in clinopyroxene document a high formation temperature for this websteritic 

inclusion pair (Brey and Köhler 1990; see below). Relative to the lherzolitic Cr-diopsides from this 

study, the websteritic crystal has an elevated jadeite content and is Cr poor. 
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Purple Cr-pyrope was found in two diamonds from Douradinho River and one diamond from 

Abaeté (Figure 5.3a and d). Based on chemical composition (Figure 5.4c) and consistent with their 

coexistence with Cr-diopside, two garnets are assigned to the lherzolitic paragenesis. The third garnet, 

from Douradinho River, does not coexist with other minerals and despite a formal harzburgitic 

designation (classification of Grütter et al., 2004), falls right onto the compositional boundary between 

harzburgitic and lherzolitic garnets (Figure 5.4c). In addition, this garnet has the lowest Mg# (85.1) of 

the set, which is closer to the average value for worldwide lherzolitic inclusions (84.7) than to 

harzburgitic inclusions (88.2; Stachel and Harris, 2008), consistent with a lherzolitic origin. In general, 

Mg# from the studied garnets, varying from 85.1 to 86.5, are relatively high compared to lherzolitic 

garnet inclusions worldwide (Stachel and Harris, 2008). Cr2O3 varies widely between the analyzed 

crystals (5.44 to 12.8 wt%) and MnO content ranges from 0.23 to 0.28 wt% and is positively correlated 

to Cr2O3. 

Black Mg-chromite occurred in two diamonds, one from Verde River and one from Douradinho 

River, and based on composition (Mg# 57.2-57.9 and Cr# of 82.8-89.7, respectively) was assigned to 

the peridotitic suite. The Mg-chromite from Verde River has an unusually high and variable ZnO content 

(0.44 to 1.44 wt%) with an average value of 12 points (0.88 wt%) presented in Appendix C, Table C1. 

High Zn chromites were previously reported as inclusions in diamonds from the Canastra area, in Brazil 

(Tappert et al., 2006). The high Zn inclusion has a cubo-octahedral morphology and no fractures 

connecting to the diamond surface were observed, excluding an epigenetic origin (Figure 5.3e). One 

additional Mg-chromite, with Cr# of 68.2, was identified as a minute (5 μm) inclusion in an olivine from 

an Abaeté diamond. The composition of this chromite is poorly constrained due to analytical overlap 

with the host olivine. The low Mg# (91.9) of the host olivine suggests a lherzolitic paragenesis. 

5.4.2.2 Major element chemistry of eclogitic inclusions 

Omphacite was recognized in five diamonds, showing both green and blue colors. The observed 

colors cannot be linked to variations in chemical composition. Omphacite is included without and with 

eclogitic garnet, both as touching and non-touching pairs, and always outnumbers garnet inclusions in 

the same diamond (Figure 5.3f). In one diamond, omphacite coexists with garnet and coesite (DRR04). 

Omphacite contains up to 6.45 wt% NaO and up to 11.7 wt% Al2O3, with a near 1:1 correlation between 

Na and Al (r2 = 0.98). Aluminum slightly predominates over Na + K in apfu, indicating the additional 

presence of a small Tschermaks component. The Mg-number range is 58.4 to 69.8 and K2O varies from 

0.05 to 0.50 wt%. In two Douradinho River diamonds, omphacite exsolved a TiO2 phase, identified as 

rutile via Raman spectroscopy (Appendix D, Figure D1b). In two diamonds, one from Douradinho 

River and one from Verde River, small patches and veins of a SiO2 and Al2O3 rich material were 

observed in two otherwise notably K2O poor omphacites (Figure 5.5c). 
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Orange colored pyrope-almandine was recovered from four diamonds, two from Douradinho 

River and two from Verde River, all coexisting with clinopyroxene (Figure 5.3f). The garnets have a 

low Cr2O3 content (max. 0.04 wt%), low Mg# (34.1 to 41.2), and variably high CaO concentrations 

(from 7.15 to 13.4 wt%; Figure 5.4c). Although falling into the normal compositional ranges for 

eclogitic garnet inclusions worldwide (Stachel and Harris 2008), the studied garnets are notably Ti-rich 

(TiO2 up to 1.48 wt%). The only garnet with TiO2 <1 wt% is in direct contact with the above mentioned 

omphacite crystal with rutile exsolutions (Figure 5.5d); a second, non-touching garnet in the same 

diamond has a TiO2 content of 1.46 wt%. High TiO2 (>1 wt%) garnet inclusions are common in eclogitic 

diamonds from Argyle (Jaques et al., 1989b; Stachel et al., 2018a) and Voorspoed (Viljoen et al., 2018) 

and widespread among low-Cr majoritic garnet inclusions in diamonds from the Juína area, Brazil 

(Wilding, 1990, Burnham et al., 2015), and the Monastery (Moore et al., 1991) and Premier kimberlites 

(Korolev et al., 2018), South Africa. In the garnets studied here, TiO2 is negatively correlated with Al2O3 

and positively correlated with CaO and Na2O (0.23 to 0.40 wt%). 

Coesite coexists with pyrope-almandine and omphacite in a diamond from Douradinho River. 

One of the coexisting clinopyroxenes in this diamond contains the silica-rich patches and veins 

described above. The coesite composition is essentially pure silica and the crystal structure was 

confirmed via Raman spectroscopy (Appendix D, Figure D1c). 

A golden colored, cubo-octahedral sulfide was recovered from one diamond from Verde River. 

Based on a low Ni content (1.69 wt%), it was assigned to the eclogitic paragenesis. The sulfide grain 

has a homogeneous composition and no exsolutions were observed. Fe and S contents are 56.7 and 38.5 

wt%, respectively, matching the composition of pyrrhotite. Concentrations of Cu range from 0.73 to 

2.64 wt%, with the average value of nine points (1.55 wt%) presented in Sup. Table 1. 

5.4.2.3 Trace elements 

Clinopyroxene and garnet trace element compositions (Appendix C, Table C2) were analyzed 

via LA-ICP-MS and the resulting rare earth element patterns (REEN, N = CI-chondrite normalized; 

McDonough and Sun 1995) patterns are presented in Figure 5.6. Coexisting assemblages document that 

LREE are preferentially partitioned into clinopyroxene while garnet is the main host for MREE and 

HREE. 

Peridotitic clinopyroxenes have REEN patterns with negative slopes for the LREEN-MREEN or, 

in one instance, flat MREEN-HREEN. MREE and HREE are generally strongly depleted relative to CI-

chondrite (Figure 5.6a). A clinopyroxene that occurs touching with enstatite in a lherzolitic diamond 

from Abaeté (ABT03 in Figure 5.5a) has an incomplete REEN pattern due to the small laser spot size 

used but nevertheless documents superchondritic concentrations of Eu, Ho, Er and Lu, with a positive 
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MREEN-HREEN slope. The single websteritic clinopyroxene (DRP01) has a humped pattern, peaking 

at Nd (~ 10x chondritic abundance), followed by a gradual drop-off to Lu (Figure 5.6a). 

 

 

Figure 5.6: CI-chondrite-normalized (McDonough and Sun, 1995) REE element patterns of peridotitic (a) 
clinopyroxene and (b) garnet, and eclogitic (c) clinopyroxene and (d) garnet inclusions in diamonds. For 
comparison, the websteritic clinopyroxene DRP01 is presented in both (a) and (c) plots. Garnets and 
clinopyroxenes are represented by solid and dashed lines, respectively (see legend as inset in (d)). In (b), 
dotted lines represent calculated patterns for varying degrees of equilibration of garnet with 0.15 to 3% of 
a hypothetical carbonatitic melt (after Shu and Brey, 2015). In grey, the field for lherzolitic inclusion garnets 
from Victor kimberlite is indicated (after Stachel et al., 2018b). Yellow shaded field indicates average 
composition of lherzolitic garnet inclusions from worldwide sources (after Stachel et al. 2004). For ABT03 
and ABT04 clinopyroxenes, due to a very small laser beam (<33 µm), only a limited number of REE are 
above the limit of detection (as seen in (a)). 

 

Lherzolitic garnets either have sinusoidal REEN patterns peaking at Ce-Nd and showing a 

minimum at Dy (at Douradinho River) or are strongly LREE depleted with a positive slope from TbN to 

LuN (at Abaeté; Figure 5.6b). All three garnets have approximately chondritic Lu concentrations and 

enrichment in LREE decreases with increasing Mg#.  

Omphacite has humped REEN patterns, peaking at Nd for most samples, followed by negative 

slopes for MREEN-HREEN (Figure 5.6c). An omphacite from Douradinho River (DRR04), coexisting 

with garnet and coesite, has lower LREEN abundances and a steeper positive slope within LREE, 

peaking at Sm-Eu (Figure 5.6c). Omphacite VRM17 from Verde River is unusual with a steep drop-off 

from Nd to Sm, followed by a negative slope within MREEN and relatively flat HREEN. 
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Eclogitic garnets have steep positive slopes within LREEN, up to SmN, followed by fairly flat 

MREEN-HREEN at ~30x chondritic abundance (Figure 5.6d). The highest LREE, with a chondritic La 

abundance, occur in a garnet from Verde River (VRM17).  

5.4.3 – Geothermobarometry 

 Application of various geothermobarometers to the studied touching and non-touching inclusion 

assemblages results in estimates of the pressure and temperature conditions of last equilibration or of 

diamond formation, respectively. Data for multiple inclusions of the same type (either touching or non-

touching) within the same diamond were averaged. 

Diamond ABT04 from Abaeté contains a non-touching lherzolitic assemblage of garnet, 

clinopyroxene, orthopyroxene and olivine allowing an evaluation of multi-phase equilibrium and 

consequent assessment of the reliability of the applicable mineral exchange thermobarometers used for 

the remaining diamonds: coexisting garnet and clinopyroxene, coexisting orthopyroxene and 

clinopyroxene, and olivine only (cf., Nimis and Grütter, 2010). Equilibrium between clinopyroxene and 

orthopyroxene is documented by very good agreement of the Ca-in-opx (1036 °C, Brey and Köhler, 

1990), enstatite-in-cpx (1048 °C, Nimis and Taylor, 2000) and two pyroxene (1069 °C, Taylor, 1998) 

thermometers, calculated for a fixed pressure of 50 kbar. Equilibrium between garnet and the two 

pyroxenes is indicated by very similar temperature estimates to the pyroxene-based results using the 

Mg-Fe exchange between garnet and clinopyroxene (1109 °C; Krogh 1988). On the other hand, the 

temperatures given by the Al-in-olivine (1216 °C, Bussweiler et al., 2017; 1231 °C, De Hoog et al., 

2010) and Cr-in-olivine (1215 °C, De Hoog et al., 2010) thermometers, although in mutual agreement, 

are noticeably higher, differing by 146 to 195 °C from the enstatite-in-clinopyroxene based estimates. 

For lherzolitic diamond ABT03, containing a touching enstatite-Cr-diopside pair plus non-

touching olivine and enstatite, the same difference was noticed between the olivine-based and pyroxene-

based thermometry results. For the non-touching enstatite, the Ca-in-opx thermometer (Brey and Köhler, 

1990) gives a temperature of 1037 °C, while the olivine thermometers (Bussweiler et al., 2017; De Hoog 

et al., 2010) give temperatures between 1206 and 1222 °C. 

Diamond DRR08 contains a touching assemblage of olivine-clinopyroxene-orthopyroxene and 

non-touching garnet, olivine and clinopyroxene inclusions. Disagreement between pyroxene, pyroxene-

garnet and garnet-olivine based thermometers indicates disequilibrium for both the minerals in the 

touching assemblage and among the non-touching inclusions. Observation of disequilibrium for a 

touching inclusion assemblage is unusual and likely relates to incomplete re-equilibration to changing 

thermal conditions (e.g., Stachel and Luth, 2015). 

After application of the compositional filters of Grütter (2009), the single clinopyroxene 

thermometer of Nimis and Taylor (2000) in combination with the updated calibration of the Cr-in-cpx 
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geobarometer of Sudholz et al. (2021) was applied to the inclusions in the two well-equilibrated 

lherzolitic diamonds from Abaeté (ABT04 and ABT03). For the non-touching assemblage of ABT04 

we obtain a temperature of 1038 °C and a pressure of 45 kbar, while cpx touching with opx in ABT03 

yields 1089 °C and 50 kbar. Clinopyroxene touching with opx from the single websteritic diamond 

(DRP01 from Douradinho River) records a much higher temperature and pressure of ~1350 °C and 63 

kbar.  

For the samples containing only olivine, temperatures were calculated with the Cr-in-olivine 

(De Hoog et al. 2010) and Al-in-olivine (Bussweiller et al. 2017; De Hoog et al. 2010) thermometers, 

assuming a fixed pressure of 50 kbar. This results in temperatures between 1209 and 1260 °C for olivine-

bearing Douradinho River diamonds and between 1040 and 1171 °C for Abaeté and Frutal samples. 

Based on the above comparison with pyroxene thermometry, these olivine-based temperature estimates 

may, however, be 100-200 °C too high.  

The chromite inclusion in diamond DRS06 yields a temperature of 1194 °C (Zn-in-spinel; Ryan 

et al. 1996). Given the extremely high Zn content in chromite from diamond VRM11, the thermometer 

was not applied to this inclusion as it would result in an unrealistic low temperature estimate.  

For the eclogitic garnet and clinopyroxene pairs (n=3), temperatures range from 1238 to 1280 

°C (Krogh 1988), calculated at a fixed pressure of 50 kbar. A touching pair of garnet and clinopyroxene 

in diamond DRP05 results in a ~100 °C lower temperature. 

 

5.5. DISCUSSION 

5.5.1 – Diamond substrate - a heterogeneous mantle 

Here we discuss the compositionally heterogeneous lithospheric mantle beneath the 

southwestern margin of the São Francisco Craton and compare the diamond inclusion data from this 

study with diamond and xenocryst data from adjacent areas. In our dataset, peridotite appears to be the 

dominant diamond substrate, followed by eclogite. The additional presence of exotic websteritic 

diamond sources is indicated by a single sample. This compositional heterogeneity is well represented 

in diamonds from Douradinho River only, where all paragenesis were recorded (n=10; where 6 are 

peridotitic, 3 are eclogitic and 1 is websteritic). 

5.5.1.1 Re-fertilized peridotitic mantle 

Olivines trapped within diamonds are reliable indicators of the depletion level in cratonic 

lithosphere (Pearson and Wittig 2014). The high abundance of inclusions with lherzolitic affinity 

observed in the Abaeté and Douradinho River populations (Table 5.1; 70% of peridotitic diamonds) 

indicates that the mantle beneath the Coromandel/Abaeté areas is less depleted, or more re-fertilized, 
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compared to neighboring areas within the confines of the Sao Francisco Craton, as revealed by other 

diamond studies (Kaminsky et al., 2001; Tappert et al., 2006) (Figure 5.1). Kaminsky et al. (2001) 

analyzed diamonds from the Rio da Prata system, located more than 100 km to the northeast of 

Coromandel (between Presidente Olegário and João Pinheiro), recording an average olivine Mg# of 93.4 

(n=28), consistent with strongly depleted (harzburgitic) sources. Tappert et al. (2006) studied diamond 

inclusions from the Canastra area, ~200 km south of Coromandel, again documenting the predominance 

of highly magnesian (depleted) olivines (n=4; Mg# of 93.8) over possible lherzolitic olivine (n=1; Mg# 

of 91.5). The limited data obtained for Frutal diamonds in this study (n=2; Table 5.1), ~250 km to the 

southwest of Coromandel (Figure 5.1), also indicate strongly depleted (harzburgitic) mantle sources, 

consistent with the olivine inclusion data from the nearby Canastra area (Tappert et al., 2006). 

An overall lower degree of depletion in the mantle beneath the Coromandel area is also evident 

from our garnet inclusions and previously published xenocrysts data from five kimberlites in the 

Coromandel area (Figure 5.4c; n=532; Andrade, 2012; Andrade and Chaves, 2011; Carvalho et al., 

2022; Coldebella et al., 2020), which show an almost complete absence of harzburgitic garnets, 

indicating that the sub-cratonic lithospheric mantle beneath Coromandel experienced only 

comparatively low degrees of partial melting, or was strongly re-fertilized. The shaded area in Figure 

5.4c includes 7363 analyses of garnet xenocrysts from five additional kimberlites in Coromandel area 

by DeBeers (Pereira and Fuck, 2005; Skinner, 1996). These data are consistent with the moderately 

depleted character observed here for inclusions in diamond. In keeping with the olivine compositions, 

garnet from the neighboring Rio da Prata and Canastra areas reveals a more depleted mantle compared 

to Coromandel and Abaeté. Garnet inclusions studied by Kaminsky et al. (2001; n=4) indicate a highly 

depleted mantle source for Rio da Prata system diamonds, with CaO contents varying from 0.91 to 4.61 

wt%. Xenocryst data for kimberlites from the Canastra area (n=1482) (Andrade, 2012; Costa, 2008; Hill 

et al., 2015) are also consistent with a higher degree of depletion in the sub-cratonic lithospheric mantle 

for that area. 

In this study no inclusions were recovered from diamonds from Romaria. Literature data for 

inclusions in Romaria diamonds (Meyer and Svisero, 1975; Svisero, 1978) indicate the presence of 

heterogeneous diamond source rocks, similar to the Coromandel lithospheric mantle. For four diamonds, 

the previous work documented a harzburgitic garnet-enstatite pair, an eclogitic sulfide, a lherzolitic 

clinopyroxene (Cr-diopside), and an olivine with Mg# 92. Xenocryst data for Romaria (n=72) (Coelho, 

2010) register an overall mildly depleted signature, similar to Coromandel. 

Steep positive HREEN slopes observed for the lherzolitic garnet inclusions of Abaeté and 

Douradinho River indicate highly depleted precursors for both areas (Figure 5.6b; Stachel et al., 2004). 

Sinusoidal/LREE-enriched trace element patterns indicate that the lithospheric mantle under these areas 

was affected by metasomatism, re-fertilizing the original depleted substrates. The LREEN-HREEN 
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patterns observed for lherzolitic garnet inclusions in this study strictly differs from the low degree of 

sinuosity common to worldwide lherzolitic inclusions (Stachel et al., 2004; Figure 5.6b). Unlike 

worldwide occurrences, garnets from the dominant lherzolitic diamond population from the Victor 

kimberlite, Canada, show a strong degree of sinuosity (Stachel et al., 2018b; Figure 5.6b). Regarding 

the type of metasomatism (melt versus fluid), the widely used Zr/Y indicator (Griffin and Ryan, 1995; 

Figure 5.7a) shows that worldwide lherzolitic garnet inclusions invariably follow a melt metasomatic 

trend, while Victor lherzolitic garnets fall along a fluid metasomatic trend. In our case, the metasomatic 

agent cannot be determined from the Zr/Y ratios in garnet, as concentrations are too low, reflecting a 

depleted signature (Figure 5.7a). Nevertheless, the dominant sinusoidal character of the garnet REEN 

patterns is indicative of fluid-dominated or mild melt-driven metasomatic overprint (e.g., Stachel and 

Harris, 2008). 

The intensity of metasomatic overprint for the Abaeté and Douradinho River areas, however, is 

markedly different. The one lherzolitic garnet from the Abaeté area, which has subchondritic LREE, 

fairly unfractionated LaN/EuN and low LREEN/HREEN (Figure 5.6b), is the least metasomatized of all 

the garnets. Following modelling by Shu and Brey (2015), the REEN pattern of garnet ABT04 could be 

explained through equilibration of pre-metasomatic garnet with only ~0.15% carbonatitic melt (relative 

to garnet). The high Ti/Eu of the Abaeté garnet (Figure 5.7b), however, implies modification through a 

medium carrying significant Ti, such as protokimberlite or megacryst magma (Kargin et al., 2016). The 

Douradinho River garnets, showing sinusoidal REEN patterns with LREE from 1 (DRR08) to 10x 

(DRS04) chondrite abundances, would be consistent with equilibration with ~1 to 3% of metasomatic 

carbonatitic melt. Based on their elevated Zr/Hf and moderately low Ti/Eu (Figure 5.7b), the 

Douradinho River garnets suggest metasomatic equilibration with a medium that is transitional between 

carbonatite and kimberlite melts. 

Similar to the garnets, clinopyroxenes from lherzolitic diamonds from Douradinho River show 

highly fractionated REEN patterns, with La at ~10x chondritic abundances and subchondritic HREEN 

(Figure 5.6a). The two clinopyroxenes from Abaeté have much lower LREE–HREE ratios than the 

Douradinho River clinopyroxene, with La at chondritic (ABT03) to subchondritic (ABT04) abundance, 

consistent with the mild metasomatic overprint inferred for garnet ABT04. Clinopyroxenes ABT03 and 

ABT04 both have positive HREEN slopes. ABT03 carries super-chondritic MREEN-HREEN and has the 

highest level of Ti enrichment observed in this study. As discussed above, the high Ti for cpx in ABT03 

is inconsistent with carbonatite-driven metasomatism and points to interaction with a proto-kimberlite 

or megacryst magma-like melt. 

5.5.1.2 Evidence for a recycled oceanic crust component 

Eclogitic xenocrysts recovered in the Coromandel area are rare compared to the relatively high 

abundance of eclogitic inclusions in diamonds (~30%) in this study and their documented occurrence in 
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the larger region (Rio da Prata system, Kaminsky et al., 2001; Abaeté area, Meyer and Svisero, 1975; 

Romaria, Svisero, 1978; Canastra, Tappert et al., 2006). A similar situation exists for the Argyle 

lamproite, where, although more than 90% of diamonds are derived from eclogitic sources, not a single 

eclogitic xenocryst has ever been documented (Luguet et al., 2009; Stachel et al., 2018a). 

 

Figure 5.7: a) Y versus Zr plot (after Griffin and Ryan, 1995) for lherzolitic garnet inclusions. Colored fields 
indicate the composition of lherzolitic garnet inclusions from worldwide localities (green) and the Victor 
kimberlite (blue) (after Stachel et al. 2018b); b) Zr/Hf versus Ti/Eu for lherzolitic garnet inclusions in 
diamonds. Indicated fields are after Shu and Brey (2015); c) CI-chondrite-normalized (McDonough and 
Sun, 1995) REE for reconstructed eclogite bulk rock compositions from this study. The NMORB 
composition of Gale et al. (2013) is shown for reference. 
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Eclogitic garnet and clinopyroxene inclusions studied here have a restricted compositional range 

in Mg# (34-41 for garnet and 58-70 for clinopyroxene). Based on the Ca# (26-37, with molar 

Ca=100Ca/(Ca+Mn+Fe+Mg)) and Mg# of non-touching garnet inclusions, the protoliths can be 

classified as high-Ca (Ca# > 20) and low-Mg (Mg# < 60) (Aulbach and Jacob, 2016). Using the proposed 

mineral modes of Aulbach and Jacob (2016; 55% garnet and 45% cpx), whole-rock compositions were 

reconstructed for eclogitic diamonds with analyzed garnet and clinopyroxene inclusions (DRR04, 

DRP05, VRM17; Appendix C, Table C1). High FeO (12.9-15.5 wt%) and low MgO (6.3-8.5 wt%) 

contents result in low Mg# (45 to 52), reflecting an evolved character of the eclogitic protoliths. The 

calculated bulk rock major-element compositions, with Al2O3 varying from 15.2 to 16.5 wt% and CaO 

from 10.9 to 13.6 wt%, are broadly similar to that of MORB (Gale et al., 2013). Such evolved 

compositions, combined with elevated Na and Ti contents and the presence of coesite inclusions, point 

to derivation as oceanic crust through recycling (Jacob, 2004). This interpretation of recycled oceanic 

crust as the source of eclogitic inclusions in diamonds is consistent with the widespread occurrence of 

eclogitic diamonds along craton margins, as observed at Orapa, Jwaneng, Argyle and Voorspoed 

(Aulbach et al,. 2017; Richardson et al., 2004; Stachel et al., 2018a; Viljoen et al., 2018), where younger 

material was accreted to the cratonic nuclei via subduction (Shirey et al., 2001). 

The flat MREEN-HREEN patterns observed in garnets (Figure 5.6d) provide further evidence 

for a low-pressure origin like MORB (Jacob 2004). Due to strong partitioning of Eu2+ into plagioclase 

(McKenzie and O’Nions, 1991), the presence of positive Eu anomalies (EuN/Eu* > 1.05; Eu* = 

(0.5*GdN + 0.5∗SmN)) is commonly used to identify plagioclase accumulation and consequently 

gabbroic protoliths (Aulbach and Jacob, 2016; Jacob, 2004). Among the analyzed eclogitic garnets 

(n=4), only one from Verde River shows a minor positive Eu anomaly (VRT04; EuN/Eu* = 1.10), while 

the other three garnets have small negative anomalies (EuN/Eu* = 0.87 to 0.93). Therefore, gabbros 

located in the deeper portions of oceanic crust are not the principle protolith for the eclogitic diamond 

substrates but instead basaltic pillow lavas and sheeted dikes from the shallow oceanic crust that 

experienced minor plagioclase fractionation dominate. Due to strong Sr partitioning into plagioclase 

(McKenzie and O’Nions, 1991), plagioclase fractionation should also be documented by negative Sr 

anomalies in photoliths. Calculated bulk trace element patterns (Appendix C, Table C2) display 

negative Sr anomalies (SrN/Sr* < 1.05; Sr* = (0.5*PrN + 0.5∗NdN), with SrN/Sr* varying from 0.8 to 

1.02, consistent with the observation of minor negative Eu anomalies. 

 Bulk rock trace element patterns show a positive slope within the LREEN and almost flat 

MREEN–HREEN at ~20x chondritic abundance (Figure 5.7c). MREE-HREE for calculated Douradinho 

River bulk rocks perfectly match NMORB (Gale et al., 2013) while the Verde River bulk rock falls 

slightly below NMORB. LREE are depleted relative to NMORB for all calculated bulk rocks (Figure 

5.7c). Such LREE depletion combined with NMORB-like MREE-HREE patterns indicates extraction 
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of 10-20% melt in the garnet facies during protolith subduction (e.g., Stachel et al., 2004). A peak at Nd 

for one calculated bulk rock (VRM17) and a slightly concave slope in the LREEN for DRP05 suggest 

that melt depletion was followed by minor metasomatic re-enrichment in highly incompatible trace 

elements such as the LREE. 

Low Mg# of the analyzed garnets, omphacites and calculated bulk rocks indicate that the 

eclogitic diamond substrates did not have a cumulate origin, even for the one sample with the slight 

positive Eu anomaly. Instead, major and trace element data suggest that the eclogitic diamond substrates 

originated from shallow subducted oceanic crust (pillow lavas and sheeted dikes), as already inferred 

from the presence of mild negative Eu anomalies in three samples. 

5.5.1.3 Presence of a websteritic substrate 

 Websteritic suite diamonds are relatively rare, accounting for only ~2% worldwide (Stachel and 

Harris, 2008). Their occurrence was first noted at Orapa (western edge of the Zimbabwe craton; Gurney 

et al., 1984), and other important localities with websteritic diamonds include Venetia (Limpopo Belt; 

Aulbach et al., 2002), Voorspoed (eastern Witwatersrand Block of the Kaapvaal Craton; Viljoen et al. 

2018), and the coastal deposits of Namibia (Leost et al., 2003). Here, we report the first occurrence of a 

websteritic diamond in Brazil. The formation of websteritic diamond substrates has previously been 

related to reactions between slab-derived dacitic melts and peridotitic lithospheric mantle (Yaxley and 

Green, 1998; Aulbach et al., 2002). Alternatively, an inclusion suite ranging from lherzolitic over 

lherzolitic-websteritic to websteritic in diamonds from the Voorspoed mine was interpreted to reflect 

plume impingement and melt infiltration of the lithospheric mantle during the 2.72 Ga Ventersdorp large 

igneous province (Viljoen et al., 2018).  

The MREEN-HREEN concentrations and pattern of the websteritic clinopyroxene from 

Douradinho River (DRP01) are similar to those of eclogitic clinopyroxenes (Figure 5.6c). The positive 

slope within LREEN, peaking at Nd-Sm, however, is steeper than observed for eclogitic omphacites. A 

minor negative Eu anomaly (EuN/Eu*=0.96) observed for the websteritic clinopyroxene further suggests 

a link to subducted oceanic crust. Thus, for the case discussed here, the origin of the websteritic diamond 

substrate likely relates to hybridization of lithospheric lherzolite through reaction with eclogite-derived 

melt, as proposed in other studies (Aulbach et al., 2002; Smit et al., 2014; and references therein).  

5.5.3 – Pressure and Temperature Constraints 

For the Abaeté area, a non-touching clinopyroxene (diamond ABT04) and a touching opx-cpx 

pair (ABT03), the former indicating the conditions of diamond formation and the latter the conditions 

of last equilibration, both follow a ⁓39 mW/m2 model geotherm (Hasterok and Chapman, 2011; Figure 

5.8). From Douradinho River, a touching pair of websteritic opx-cpx (DRP01) falls onto the high P-T 

end of the same conductive model geotherm. The calculated temperatures for the eclogitic diamonds 
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from Douradinho and Verde rivers (average 1257 ± 23°C) indicate that they formed at unusually hot 

conditions, compared to worldwide eclogitic inclusions (mean: 1174 °C; Stachel and Harris, 2008). 

Similar high temperatures are documented for eclogitic diamonds from Argyle (mean: 1250 °C; Stachel 

et al., 2018a). Further support for eclogitic diamond formation at high temperatures comes from the high 

Ti contents in the studied eclogitic garnet inclusions. The strong negative correlation between Ti and Al 

(r2 = 0.97) observed for the eclogitic garnets indicates that Ti in garnet was mainly accommodated via 

substitution in the octahedral site. Aulbach (2020) argued that a temperature-dependent coupled 

substitution with Na is the dominant incorporation mechanism for Ti in garnet from mantle eclogite. 

Consequently, elevated Ti in the studied garnets indicates higher-than-average temperatures of diamond 

formation. The occurrence of rutile exsolutions then is a consequence of cooling after diamond 

formation, causing the solubility of Ti in garnet/clinopyroxene to decrease. Further evidence for cooling 

after eclogitic diamond formation is provided by a ~100 °C lower temperature derived from touching 

(1184 °C) compared to non-touching (1280 °C) garnet-clinopyroxene in eclogitic diamond DRP05. 

 

Figure 5.8: Pressure and temperature conditions derived from clinopyroxene inclusions (Nimis and Taylor, 
2000; Sudholz et al., 2021) in two lherzolitic diamonds from Abaeté (filled and open orange circles) and the 
single websteritic diamond from Douradinho River (blue circle). Clinopyroxene touching with 
orthopyroxene (diamond mantle residence conditions) is indicated as open symbols, isolated clinopyroxene 
(diamond formation conditions) as filled symbol. Temperatures for eclogitic garnet and clinopyroxene (open 
and filled symbols again for touching and non-touching inclusions, respectively; thermometer of Krogh 
(1988) in diamonds from Douradinho and Verde rivers, calculated for a fixed pressure of 50 kbar and 
(associated grey field with arrow) projected onto a 39mW/m² model geotherm. The diamond/graphite curve 
is from Day (2012). Geotherms and mantle adiabat are from Hasterok and Chapman (2011). 

 

A paleo-geotherm for the study area was previously constructed by Read et al. (2004), using 

clinopyroxene xenocrysts from 95–89 Ma kimberlites in the Alto Paranaíba Igneous Province. Their 

data approximately correspond to a 37 mW/m2 model geotherm (Hasterok and Chapman, 2011). This 

geotherm falls below the ~39 mW/m2 model geotherm derived here from touching and non-touching 
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inclusions in diamond. Projecting the garnet-cpx thermometry for eclogitic inclusions onto a 39 mW/m2 

geotherm (Figure 5.8) indicates a deep lithospheric origin. Projection onto a 37 mW/m2 model geotherm 

results in even higher pressures, with some inclusions reaching temperatures in excess of the mantle 

adiabat. This observation, however, is not conclusive evidence against a conductive geotherm as low as 

the one derived by Read et al. (2004) and the observed difference of 2 mW/m2 to our results is still 

considered within the uncertainty range of geothermobarometry-derived geotherms. 

5.5.4 – Time-averaged mantle residence temperatures based on nitrogen aggregation 

 The aggregation of nitrogen via diffusion in the diamond lattice is a time and temperature 

dependent process and mantle residence temperatures can be estimated using an approximation of 

mantle residence time and the interrelationship between nitrogen content and nitrogen aggregation state 

(Figure 5.9; Taylor et al., 1990, 1996). In the absence of radiometric ages for diamonds from the Alto 

Paranaíba Province, we use indirect geological constraints to derive possible mantle residence times. 

The occurrence of eclogitic diamonds and the almost complete absence of peridotitic inclusions with a 

highly depleted, harzburgitic-dunitic character, point to diamond formation younger than 3.0 Ga (Shirey 

and Richardson, 2011). In the context of the southwestern São Francisco Craton, subduction events with 

the potential to re-fertilize the lithospheric mantle and initiate growth of eclogitic and lherzolitic 

diamonds occurred during a Paleoproterozoic orogeny (2.2–1.9 Ga) and during the Brasiliano Orogeny 

(650–610 Ma) (Alkmim and Teixeira, 2017; Barbosa and Barbosa, 2017; Heilbron et al., 2017). The 

latter involved consumption of voluminous oceanic lithosphere of the Goiás-Pharusian Ocean, 

culminating in the formation of the Brasília Belt (Pimentel, 2016). Kimberlites related to the Alto 

Paranaíba Igneous Province intruded in the Cretaceous (~90 Ma; Read et al., 2004). 

Hence, we calculate “minimum” temperatures for diamond storage in the mantle considering a 

maximum residence time of 2.0 byr; shortening the residence time to 500 myr would increase mantle 

residence temperatures by only about 37 °C, on average. Two groupings in time-averaged equilibration 

temperatures can be identified (Figure 5.9): 1) Residence temperatures >1200 °C, which include >90% 

of Douradinho River samples, at least 50% of Abaeté samples, ~ 40% of Verde River samples and few 

samples from the Frutal and Romaria areas; 2) Residence temperatures <1150 °C, which includes most 

samples from the Frutal, Romaria and Verde River areas.  

Average mantle residence temperatures (2.0 byr residence) are ~100 °C higher for Douradinho 

River samples (1270 °C) compared to the other studied diamond populations (Verde River: 1170 °C; 

Romaria: 1140 °C; Frutal: 1130 °C). No average residence temperature is given for Abaeté diamonds 

as only six samples were studied, of which two were Type IIa diamonds (no nitrogen detected). The 

high average residence temperature of Douradinho River samples matches that calculated for the 

eclogitic diamonds (1260 °C) and of the residence temperature of the single websteritic sample (1310 

°C). 
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Figure 5.9: Nitrogen concentration vs. aggregation state (%B=NB/(NA+NB)) for the different diamond 
sample populations studied (Abaeté = orange; Douradinho River = blue; Frutal = grey; Romaria = yellow; 
Verde River = green). The paragenesis of diamonds with analyzed mineral inclusions is indicated by the 
different symbol shapes. Isotherms are calculated after Taylor et al. (1990, 1996) for mantle residence times 
of 0.5 and 2 byr, as indicated. 

 

Compared to diamond populations worldwide, the residence temperatures for Douradinho River 

diamonds and, more specifically, for the eclogitic population from Douradinho and Verde rivers, are 

very high. Calculated for a shorter storage time of 0.5 byr, eclogitic diamonds from worldwide localities 

have an average mantle residence temperature of 1167 °C (Stachel et al., 2018a). Unusually high 

residence temperatures are, however, recognized for eclogitic diamonds from Argyle (average and 

median: 1300 °C; Stachel et al., 2018a). Recalculating the temperatures for eclogitic diamonds from the 

present study to 0.5 byr mantle residence (i.e., formation related to the Brasiliano Orogeny), then the 

average values increase from 1299 to 1342 °C. Temperatures for the eclogitic diamonds calculated at 

2.0 byr mantle residence are, however, more consistent with the mineral inclusion geothermometry 

(Table 5.1), suggesting that the Paleoproterozoic orogeny is a more likely cause of diamond formation. 

The generally high temperatures for the eclogitic diamond population in the Coromandel area further 

show that the subducted oceanic crust likely accreted to the base of the lithosphere, similar to the case 

of the Argyle area (e.g., Jaques et al. 1989b; Stachel et al. 2018a; Timmerman et al. 2019).  

Peridotitic diamonds occur in both the low and high temperature groups. The very small number 

of diamonds with mineral inclusions in the low temperature group prevent a meaningful assessment of 

the involved diamond substrates. At Douradinho River diamonds, peridotitic (average: 1215 °C) and 

eclogitic (1295 °C) diamonds were both exposed to high time-averaged residence temperatures. 
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5.5.5 – A diamond and mantle formation model for the Coromandel area 

The nature of the cratonic lithosphere in the Coromandel area is poorly constrained due to 

Neoproterozoic (and younger) cover rocks occurring in the southwestern margin of the São Francisco 

Craton (Pimentel, 2016) that obscure the basement and due to limited mantle xenolith studies. Based on 

diamond inclusion chemistry, we propose that the lithosphere underlying the Alto Paranaíba Igneous 

Province either is post-Archean, as previously suggested by Read et al. (2004), or represents originally 

Archean lithosphere that was highly re-worked and re-enriched during Proterozoic times.  

The São Francisco Craton clearly comprises an Archean core (Teixeira et al., 2017). Dominantly 

harzburgitic diamond populations typical of Archean depleted mantle were previously recognized at 

Canastra and Rio da Prata areas (Kaminsky et al., 2001; Tappert et al., 2006). Our diamond inclusion 

study, however, documents a less depleted, lherzolitic lithospheric mantle beneath the Alto Paranaíba 

region, containing additional eclogitic and rare websteritic diamond sources. The eclogitic inclusion-

bearing diamonds from this study record low Mg# and reconstructed bulk rock trace element patterns 

consistent with recycled oceanic crust. Two main orogenies could account for the subduction of oceanic 

crust in the area: a Paleoproterozoic event (2.2-1.9 Ga) and the Brasiliano Orogeny (650-610 Ma) 

(Alkmim and Teixeira, 2017; Barbosa and Barbosa, 2017; Heilbron et al., 2017). As mantle residence 

temperatures calculated for 2.0 byr mantle residence are comparable to the formation temperatures of 

non-touching eclogitic inclusions, an origin during the Paeloproterozoic orogeny is considered more 

likely. This interpretation is supported by the presence of subduction-related segments of 

Paleoproterozoic orogens occurring in the southernmost (Alkmim and Teixeira, 2017) and northeastern 

portions (Barbosa and Barbosa, 2017) of the São Francisco craton margin. The absence of strongly 

subcalcic garnets and an overall very low proportion of harzburgitic garnets as xenocrysts in kimberlites 

characterizes lithosphere of late Archean to Paleoproterozoic origin (c.f., Grütter et al., 1999; Figure 

5.4c). Lherzolitic diamonds are particularly abundant in pericratonic/thermally-modified areas, as 

observed for the Victor mine (Superior Craton affected by 1.1 Ga Midcontinent rift; Stachel et al., 

2018b), the Buffalo Hills kimberlites (Paleoproterozoic Buffalo Head Terrane; Banas et al., 2007), and 

Ellendale olivine lamproites (Neoproterozoic King Leopold Orogen; Smit et al., 2010). The dominantly 

lherzolitic and eclogitic diamond population recorded in the Alto Paranaíba region is therefore consistent 

with post-Archean lithosphere. 

Radiogenic isotope studies of magmatism in the region support the influence in the mantle of 

the Paleoproterozoic orogeny. Kamafugitic, kimberlitic, and lamproitic rocks from the APIP have been 

studied for Os-Sr-Nd-Pb isotope systematics, showing a lithospheric source for these magmas (Carlson 

et al., 1996). In particular, the radiogenic Os of kamafugitic samples indicates 

pyroxenite/websterite/eclogite source rocks in the lithospheric mantle, consistent with the eclogitic and 

websteritic diamond discovery in our study for the same region. Pb isotope compositions of alkaline 
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rocks in the southwestern part of the São Francisco Craton indicate the influence of an old (>2 Ga) 

component in the lithosphere (Carlson et al., 1996). Similarly, a HIMU component (hybridization of an 

ancient subducted oceanic crust-derived melt with the ambient mantle; Hanyu et al., 2011) has been 

hypothesized to be present in the base of the lithosphere or brought up by a mantle plume (Bizzi, 1996). 

The HIMU signature could also be created by a metasomatic overprint. 

Projecting the hot temperatures of eclogitic diamonds onto a 39 mW/m² geotherm indicates 

formation between ~180 and 200 km depth. This is consistent, within error, with a seismically defined 

lithosphere/asthenosphere boundary at 181 km in the region (Priestley et al., 2018). The absence of a 

majorite component in the studied garnet inclusions, or of any other sublithospheric inclusions, implies 

that sublithospheric diamond sources were not tapped during the Alto Paranaiba igneous event, unlike 

in the Juína region to the NW (Burnham et al., 2015; Wilding, 1990). 

5.5.5.1 Implications for diamond exploration 

The results from this study motivate a reevaluation of best approaches to diamond exploration 

in the Alto Paranaíba region. The observed low abundance of diamonds with harzburgitic inclusions 

indicates that traditional exploration techniques, focusing on the presence of sub-calcic garnets in 

mineral concentrates (Gurney, 1984), do not apply here. The prevalence of lherzolitic inclusions in 

diamonds from Alto Paranaíba (42%; comprising at least 67% of the peridotitic diamond population) 

highlights that exploration techniques must consider lherzolitic (G9) garnets as well. Although an 

effective way to explore for lherzolitic diamonds has not been developed to date, Grütter et al. (2004) 

showed that besides Cr2O3 in garnet as a barometric proxy, low MnO contents and Ca intercept values 

may indicate likely derivation of lherzolitic garnets from the diamond stability field. Another approach 

should consider the presence of lherzolitic xenocryst garnets displaying the same sinusoidal REEN 

patterns frequently observed for lherzolitic inclusions. Sinusoidal REEN patterns are not a common 

feature of lherzolitic garnet xenocrysts (Stachel et al., 2004), so if observed, the style of metasomatic 

overprint documented by such patterns may be employed to indicate the presence of lherzolitic 

substrates likely associated with diamonds.  

Exploration for eclogitic diamond populations in the region (~30% of inclusion-bearing 

diamonds) is hampered by the low abundance of eclogitic garnets in the xenocryst record (Figure 5.4c). 

This bias may imply limited preservation of eclogitic xenocrysts caused by the character of the 

magma(s) that brought the diamonds up to the Earth’s surface (e.g., absence of eclogitic garnet 

xenocrysts in the Argyle lamproite; Stachel et al., 2018a). A recent study of an “exotic” kimberlite from 

the Coromandel area (Carvalho et al., 2022) reveals a rock with an enriched component in the magma 

source (including Ti-, Ca- and Zr-rich phases, atypical of kimberlites), sharing similarities with 

lamproites. Consequently, even a low abundance of eclogitic garnets recovered during exploration may 

be a good indication for the likely presence of eclogitic diamonds. 
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5.6 – CONCLUSIONS 

 Silicate inclusions in diamonds produced at Abaeté, Verde River and Douradinho River, in the 

Alto Paranaíba Igneous Province, reveal a prevalence of the lherzolitic and eclogitic suites (>70%) and 

the first occurrence of a websteritic diamond in Brazil. This contrasts with findings for diamond 

populations from neighboring regions in the southwestern São Francisco Craton that formed dominantly 

in harzburgitic substrates. Consistently low levels of chemical depletion of peridotitic lithospheric 

mantle underlying the Alto Paranaíba Igneous Province, recorded in mineral inclusions from this study 

and in garnet xenocryst data compiled from literature, suggest either a post-Archean origin or significant 

re-enrichment and reprocessing of older mantle in the Proterozoic. Sinusoidal REEN patterns of 

lherzolitic garnet inclusions are related to variably low levels of metasomatism by carbonatite-kimberlite 

or proto-kimberlite melts for the Coromandel and Abaeté areas in the Alto Paranaíba Igneous Province. 

Trace element patterns of eclogitic inclusions suggest derivation from upper sections of subducting 

slabs, while a single websteritic inclusion pair may relate to precipitation from eclogite-derived melts 

that were hybridized through interaction with ambient lherzolitic mantle. High temperatures calculated 

for the eclogitic and websteritic inclusion suites indicate crystallization near the base of the lithosphere. 

Very high aggregation states of nitrogen, observed especially in Douradinho River diamonds, indicate 

prolonged mantle residence at unusually high temperatures. Prolonged residence near the base of the 

lithosphere is consistent with the high abundance of deformed/brown diamonds and an origin related to 

Paleoproterozoic orogenic accretion and growth of the craton (2.1-2.0 Ga), rather than subduction and 

collision related to the relatively young Brasiliano Orogeny (0.65-0.61 Ga). The predominance of 

lherzolitic and eclogitic diamonds in the Alto Paranaíba region documented here, combined with the 

poor representation of eclogitic garnets among xenocryst populations, require new approaches to 

evaluate the diamond potential of kimberlite or kimberlite-like rocks carrying diamonds derived from 

these substrates. 
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CHAPTER 6  

CONCLUSIONS 

 

With the objective of providing new insights into the nature of the mantle roots beneath the 

southwestern margin of the São Francisco Craton, this thesis discussed mantle minerals sampled by a 

90 Ma kimberlite from the Alto Paranaíba Igneous Province (Chapter 4), and minerals included in 

diamonds that occur in alluvial deposits of the same region (Chapter 5). Here, I integrate the outcomes 

of the mineral concentrates in the Osvaldo França 1 kimberlite with those of mineral inclusions in 

diamonds from the APIP region and present a coherent story regarding the composition of the 

lithospheric mantle on the southwestern margin of the São Francisco craton, the effects of metasomatism 

on the lithospheric roots and its relationship to diamond formation, as well as the implications of the 

outcomes of this study for diamond exploration. 

 

6.1 – THE LITHOSPHERIC MANTLE OF THE SOUTHWESTERN SÃO FRANCISCO 

CRATON. 

Although the lithotypes of the APIP intrude the rocks of the Neoproterozoic Brasília mobile 

belt, garnet xenocrysts sampled by the 90 Ma Osvaldo França 1 kimberlite derive from depths of at least 

140 km. This shows derivation from the subcontinental lithospheric mantle, attesting that the subcratonic 

lithosphere of the São Francisco Craton extends underneath the Brasília belt. The mantle roots in this 

part of the craton are dominated by moderately depleted lherzolites, as evidenced by limited occurrence 

of depleted harzburgites in garnet xenocrysts from this and previous studies. The high abundance of 

olivine with low Mg#, Cr-pyrope with high Ca, and Cr-diopside as inclusions in diamonds is consistent 

with the dominant presence of lherzolites in the prevalent peridotitic mantle, also showing that 

lherzolites constituted important substrates for diamond formation in this part of the craton. The 

presence of eclogitic, websteritic, and harzburgitic inclusions in diamonds in this study further attests to 

the heterogeneity of the mantle under the APIP. A heterogeneous mantle has been previously proposed 

to explain the range of magmatic products of this province (Gibson et al., 1995; Carlson et al., 1996, 

2007), though not properly recorded in garnet xenocrysts. Low velocity anomalies recognized in APIP 

area are in agreement with the presence of lherzolites and eclogites in the underlying mantle (Rocha et 

al., 2011). 

Clinopyroxene geothermobarometry reveals that the alluvial diamond populations from Abaeté 

to Coromandel areas have formed over a wide range of depths, from ~140 to 200 km, along a ~39 

mW/m² geothermal gradient. Within this mantle column, the peridotitic diamonds mostly formed at 

shallower depths. Thermometry in combination with projected pressures for eclogitic diamonds yield 



Carvalho, L.D.V., 2022 O Manto Litosférico Subcontinental e as Ocorrências de Diamantes... 

 

114 

 

results that are in good agreement with the 39 mW/m² geotherm, with eclogitic (and websteritic) 

diamonds dominating the lower parts of the lithosphere (~180 to 200 km). Very high aggregation states 

of nitrogen in diamonds, especially for the diamonds from the Douradinho River, in Coromandel, 

indicate prolonged mantle residence (~2 byr) at unusually high temperatures (>1200 °C), consistent with 

the base of the lithosphere. Prolonged residence near the base of the lithosphere is consistent with the 

high abundance of deformed/brown diamonds in alluvial deposits of the region. The diamond-based 

geotherm shown here is hotter than the ~37 mW/m² geotherm previously calculated based on 

clinopyroxene xenocrysts sampled by 89-95 Ma kimberlites in the APIP and based on garnet xenocrysts 

from the 90 Ma Osvaldo França 1 kimberlite studied here. The difference of 2 mW/m² is, however, 

considered within the uncertainty range of geothermobarometry-derived geotherms. The mild chemical 

depletion of peridotitic mantle sources recorded in garnet xenocrysts and mineral inclusions from this 

study allow inference of a post-Archean age for the lithospheric mantle underlying the Alto Paranaíba 

Igneous Province, southwestern margin of the São Francisco Craton. 

 

6.2 – METASOMATISM AND DIAMOND FORMATION 

Sinusoidal REEN patterns observed for garnet inclusions and xenocrysts are caused by variable 

low levels of metasomatism re-fertilizing previously depleted substrates. The correlation of Cr2O3 

contents, REEN patterns, and depth estimates for garnet xenocrysts from the Osvaldo França 1 kimberlite 

demonstrate that the deeper, heterogeneous, and most depleted sections of the mantle register 

preferential re-enrichment in the most incompatible trace elements. Shallower lherzolites, outside the 

diamond stability field, register lower degrees of partial melting, tending to fertile compositions. The 

presence of diamonds from various parageneses indicating derivation from deep and metasomatized 

sections of the lithosphere corroborate the observations of the Osvaldo França 1 xenocrysts. The 

metasomatic agents affecting the deeper parts of the lithosphere cannot be well defined due to the 

depleted signatures revealed by the widely used Y-Zr indicator. However, Ti/Eu ratios show the 

dominance of silicate compositions that would be related to carbonatite-kimberlite to proto-kimberlite 

melts as the metasomatic agents. 

The presence of eclogitic and websteritic diamonds reveals the influence of subduction related 

processes on the nature of the lithospheric mantle of the southwestern São Francisco Craton. Trace 

element patterns of eclogitic and websteritic inclusions suggest derivation from upper sections of 

subducting slabs, with the websteritic compositions possibly being related to hybridization of eclogite-

derived melts interacting with lherzolitic ambient mantle. Revisiting the tectonic evolution of the São 

Francisco craton, subduction related events associated with a Paleoproterozoic orogeny (~2.2-1.9 Ga) 

are the most likely candidates for the modification of the lithosphere and diamond formation in the 

southwestern margin of the São Francisco craton. The observed high aggregation state of nitrogen in 



Contribuições às Ciências da Terra – Série D, vol. 80, 145p., 2022 

 

115 

 

diamonds requires prolonged residence times in the mantle and thus an origin related to the relatively 

young Brasiliano Orogeny (650-610 Ma) is considered less likely. REE patterns and relatively high Mg# 

(85.1-86.5) of lherzolitic garnet inclusions in diamonds, compared to low Mg# of garnet xenocrysts 

(average 81), testify the preference of more depleted substrates for diamond precipitation. 

 

6.3 – EXPLORATION FOR DIAMONDS IN THE APIP AREA 

The results from this study have important implications for diamond exploration in the Alto 

Paranaíba region. The non-Archean lithosphere inferred from low depletion levels evidenced by garnet 

xenocrysts and inclusions in diamonds demonstrate an unusual setting for diamonds, where traditional 

evaluation techniques based on sub-calcic, harzburgitic compositions may not be effective. Mineral 

inclusions in diamonds recovered from alluvial deposits in Coromandel/Abaeté areas reveal a prevalent 

lherzolitic and eclogitic paragenesis (>70%) and the first occurrence of a websteritic diamond in Brazil. 

The evaluation of lherzolitic diamondiferous substrates is hampered by the low effectiveness of existing 

techniques. A hypothesis to be tested is if xenocrystic garnets displaying the same sinusoidal REE 

patterns observed for lherzolitic inclusions are indicative of the presence of diamonds in the lherzolitic 

substrates. The study of garnet xenocrysts from the 90 Ma Osvaldo França 1 kimberlite shows that 

garnets displaying these patterns crosscut the diamond stability field. Regarding the abundance of 

eclogitic diamonds among studied populations (~30%), the exploration for this type of diamonds is 

hindered by the poor representation of eclogitic garnets among xenocryst populations. Not a single 

eclogitic garnet was found in the mineral concentrate of Osvaldo França 1 kimberlite and this may be 

related to limited preservation controlled by the exotic character of the magma. The limited preservation 

of eclogitic xenocrysts and xenoliths appears to be common throughout the province and does not 

necessarily indicate the absence of eclogitic diamonds. Years of exploration for the primary sources of 

the valuable diamonds that occur in the Alto Paranaíba region are now put to the test. Further studies on 

diamonds and their mineral inclusions may reveal particular characteristics of the local sources and 

better guide exploration. Reevaluation of known primary sources potentially linked to rich alluvial 

deposits in the Alto Paranaíba region, considering the outcomes of this study, may bring success in 

finding the primary sources of our esteemed diamonds and add an important chapter to the history of 

diamonds in Brazil. 
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Appendix A – Supplementary Tables Chapter 4 

__________________________________________________________________________________ 

 

Supplementary table A1 (major element data): 

https://ars.els-cdn.com/content/image/1-s2.0-S1674987121001456-mmc1.xlsx 

 

Supplementary table A2 (trace element data): 

https://ars.els-cdn.com/content/image/1-s2.0-S1674987121001456-mmc2.xlsx 

 

Supplementary table A3 (thermobarometric data): 

https://ars.els-cdn.com/content/image/1-s2.0-S1674987121001456-mmc3.xlsx 

 

Supplementary table A4 (U/Pb data): 

https://ars.els-cdn.com/content/image/1-s2.0-S1674987121001456-mmc4.xlsx 
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Appendix B – Supplementary Figures Chapter 4 

__________________________________________________________________________________ 

 

 

Figure B1: Correlation diagrams of (a) CaO vs. Cr2O3; (b) MgO vs. Al2O3; (c) Cr2O3 vs. Al2O3; (d) CaO 
vs. Al2O3; (e) MgO vs. Cr2O3 and (f) MgO vs. CaO for pyrope garnets from the Osvaldo França 1 
kimberlite. Lherzolitic garnets are represented in red (circles), harzburgitic in purple (diamonds) and 
wehrlitic in green (squares). 
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Figure B2: Primitive mantle normalized REE (a) and multielement (b) diagrams for andradite garnets 
recovered from the Osvaldo França 1 kimberlite. Pronounced negative anomalies of Pb, Sr, Zr and Hf are 
consistent with mantle origin for andradite garnets. 
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Figure B3: (a) Compositional plot of the studied micas in the phlogopite–tetraferriphlogopite–
tetraferriannite –annite system; (b) Fe3+ vs. Si plot indicating a negative correlation in tetrahedral site 
occupancy for the studied micas. 
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Figure B4: Primitive mantle normalized diagrams of minerals from the Osvaldo França 1 kimberlite: (a) 
zircon REE; (b) zircon multielement; (c) baddeleyite REE; (d) baddeleyite multielement; (e) calzirtite REE; 
(f) calzirtite multielement; (g) anatase REE; (h) anatase multielement; (i) titanite REE; (j) titanite 
multielement; (k) pyrochlore REE; (l) pyrochlore multielement. In all diagrams, core analyses are 
represented in black, and rim analyses in gray. For comparison, average zircon patterns of kimberlites, 
carbonatites and lamproites (Belousova et al., 2002) were plotted in the plot (a). In the plot (e), calzirtite 
compositions of carbonatite samples from the Jacupiranga alkaline complex (ZJ-2; Brazil), Prarie Lake 
carbonatite complex (NW-1; Ontario, Canada), Kola Peninsula (Afrk-1, Russia) and Guli complex (8/13504; 
Russia) were plotted (Wu et al., 2010). 
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Appendix C – Supplementary Tables Chapter 5 

__________________________________________________________________________________ 

 

Diamond characteristics: 

https://docs.google.com/spreadsheets/d/1XlWYQqihCNo6EyqBvEx9UuxfuvV_8ame/edit?usp=sharin

g&ouid=112551975854206958871&rtpof=true&sd=true 

 

Diamond photos: 

https://drive.google.com/file/d/124upCPCq1TM791vUdk_J1PUnrOAoYccL/view?usp=sharing 

 

Supplementary table C1 (major element data): 

https://docs.google.com/spreadsheets/d/1QHF8xCLSGconYhj0snkjAGRVkoZb2nn2/edit?usp=sharing

&ouid=112551975854206958871&rtpof=true&sd=true 

 

Supplementary table C2 (trace element data): 

https://docs.google.com/spreadsheets/d/174V6ODKCWktKd22EgvwIUJNisUe23l-

G/edit?usp=sharing&ouid=112551975854206958871&rtpof=true&sd=true 
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Appendix D – Supplementary Figures Chapter 5 

__________________________________________________________________________________ 

 

Figure D1: Representative Raman spectra of (a) graphite coat on olivine (diamond DRR08, shown as Fig. 
3a), (b) rutile exsolutions (spectrum of non-touching omphacite from diamond DRP05), and (c) coesite 
inclusion in diamond DRR04. All spectra were recorded after inclusion extraction from the host diamond 
at room temperature. 


