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Abstract

:

The Bonga complex is composed of a central carbonatite plug (with a ferrocarbonatite core) surrounded by carbonatite cone sheets and igneous breccias of carbonatitic, fenitic, phoscoritic and lamprophyric xenoliths set in a carbonatitic, lamprophyric or mingled mesostase. To reconstruct the dynamics of the complex, the pyrochlore composition and distribution have been used as a proxy of magmatic-hydrothermal evolution of the complex. An early Na-, F-rich pyrochlore is disseminated throughout the carbonatite plug and in some concentric dykes. Crystal accumulation led to enrichment of pyrochlore crystals in the plug margins, phoscoritic units producing high-grade concentric dykes. Degassing of the carbonatite magma and fenitization reduced F and Na activity, leading to the crystallization of magmatic Na-, F- poor pyrochlore but progressively enriched in LILE and HFSE. Mingling of lamprophyric and carbonatite magmas produced explosive processes and the formation of carbonatite breccia. Pyrochlore is the main Nb carrier in mingled carbonatites and phoscorites, whereas Nb is concentrated in perovskite within mingled lamprophyres. During subsolidus processes, hydrothermal fluids produced dolomitization, ankeritization and silicification. At least three pyrochlore generations are associated with late processes, progressively enriched in HFSE, LILE and REE. In the lamprophyric units, perovskite is replaced by secondary Nb-rich perovskite and Nb-rich rutile. REE-bearing carbonates and phosphates formed only in subsolidus stages, along with late quartz; they may have been deposited due to the release of the REE from magmatic carbonates during the hydrothermal processes.
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1. Introduction


Carbonatites s.s. are mantle-derived, igneous rocks made up of more than 50% primary carbonate, normally produced in cratonic domains affected by rifting or, rarely, on some oceanic island [1]. Hence, this definition should exclude crustal “anatectic carbonatites” found in some mobile belts [2]. Carbonatites worldwide [1,3] are important carriers for critical raw materials such as Nb, REE, fluorite and phosphate but also of Cu, Mo, Fe, barite, both in the primary rocks [4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49] or in the weathered carapace [50,51,52]. One of the main problems related to the exploration and exploitation of these elements is still the poor understanding of the crystallization processes in carbonatites. Carbonatite magmas crystallize in plutonic, hypabyssal and volcanic domains with therefore different crystallization processes, including in some cases explosive processes. The existence of large-scale hydrothermal replacements, also leading to the development of mineralization, has been documented either in the host rock (fenitization) [53,54,55] or in the carbonatite itself [56,57,58]. This implies that it is not always simple to determine the importance of the hydrothermal (or carbothermal) overprint of the primary associations. Textural and isotope studies suggest that hydrothermalism overprinted the mineral associations in different grades in many occurrences [59] and that, therefore, it may affect the distribution of critical metals. In addition, carbonatites are generally associated with alkaline undersaturated rocks [60] and ultramafic lamprophyres [61,62,63,64] and a classical problem is the petrogenetic link between these rocks, although some mingling processes among these magmas have been described [65]. The metallogenetic potential of these associated rocks and its influence on the enrichment of critical elements in the carbonatites are still poorly known.



The Angolan carbonatite occurrences often form ring complexes and carbonatite intrusions, most of them associated with undersaturated alkaline rocks or lamprophyres and set in three emplacement levels—plutonic (Tchivira [66,67,68]; Monte Verde [69,70]), hypabyssal (Bonga [67,68,70]; Virulundo [71]) and extrusive (Catanda; [67,68,72]). The intrusions often constitute ring complexes of carbonatite, most of them associated with alkaline rocks [66,67,68,69,70,71,72]. Some of these carbonatite occurrences are among the largest in the world and are mineralized in fluorite [73], iron and pyrochlore [74], with many mining exploration operations currently in process. Pyrochlore chemistry, often used as proxy of magmatic and subsolidus processes, has been used to define the carbonatite evolution [66,67,69,71].



The Bonga complex is one of the largest carbonatitic outcrops in Angola and worldwide [75], with well-known resources in pyrochlore [68,76]. Existing studies focus on the general pyrochlore composition in the carbonatites but there is no information about other minerals also rich in critical elements or on the behaviour of pyrochlore and of these minerals within the different rocks of the complex. For this reason, the objective of this contribution is to show the distribution of these minerals among the different lithotypes (ultramafic lamprophyres and carbonatite facies) of the Bonga complex. This complex is a good representative case of a system integrating different rock types associated with carbonatitic magmatism. In order to establish the distribution of Nb and REE minerals, a detailed petrographic characterization and mineral chemistry study of the Nb and REE rich minerals is presented. We focus on rocks with the highest concentrations of Nb and REE and the processes (magmatic and hydrothermal) by which they accumulate.




2. Geological Setting


The Bonga carbonatite, located SE of Quilengues, Huila Province, Angola (Figure 1), is a carbonatite-alkaline complex related to the Lucapa graben, a megastructure cutting Congo, Kasai and Angola Cratons and reactivated during the opening of the South Atlantic Ocean in Early Cretaceous [77,78]. This magmatism has counterparts at the other side of the Atlantic, forming part of the Parana-Angola-Namibia alkaline province [78,79,80]. The Lucapa extensional stage provided conduits for carbonatite, alkaline and kimberlite magmas rising from the mantle. Kimberlite occurrences are concentrated at the north-eastern part of the graben whereas carbonatites and their associated alkaline rocks are located in the southwestern and central domains [3]. Recent dating analyses confirm that kimberlite (for instance, Catoca, 117 ± 0.7 My; Tchiuzo, 121.2 ± 1 My; Mulepe 1, 116.2 ± 6.5, Mulepe 2, 123.0 ± 3.6 My, Calonda, 119.5 ± 4.3 My, Cat115, 133 ± 10 My [81,82,83]), alkaline rocks (Tchivira nepheline syenites, 112 ± 8 My, 130.8 ± 1.4 My and 130 ± 13.8 My [84]) and ultramafic lamprophyres (Bonga alnöite, 133.9 ± 5.5 My, 136.9 ± 5.6 My [70]) intruded in the Lucapa structure during the Early Cretaceous and having all magmas formed at the same event. However, carbonatite lavas of the Catanda carbonatite (Kwanza Sul, Central Angola) reveal ages of ~0.5 Ma [85,86] implying recent extensional events in some areas of the Lucapa graben.



The Bonga intrusion forms a polygenetic complex with the plutonic Tchivira complex located 10 km southwest [68,70]. Bonga corresponds to a more superficial level than Tchivira.




3. Materials and Methods


Samples were collected during several field trips in Angola. 130 polished thin sections were analysed in order to identify mineral phases and investigate textural features using transmitted-reflected optical microscopy with plane and crossed polarized light. The most representative areas were then selected to be studied by SEM-EDS. Qualitative analyses and detailed characterization of zoning patterns were carried out using a ESEM Quanta Q-200 FEI XTE 325/D8395 Scanning Electron Microscope (Thermo Fisher Scientific, Waltham, MA, USA) coupled with a INCA Energy 250 EDS microanalysis system, located at the Scientific and Technological Centers of the University of Barcelona. Operating conditions were 20 keV and 1 nA beam current and 10 mm between sample and detector. 12 samples were selected in order to quantify pyrochlore types and zoning trends using a JEOL JXA-8230 electron microprobe (JEOL USA, Peabody, MA, USA) with five wavelength dispersive spectrometers (JEOL USA, Peabody, MA, USA), also located at the Scientific and Technological Centers of the Unversity of Barcelona. Operating conditions were 20 keV and 14.4 nA.



The calibration standards and lines used for pyrochlore and perovskite were—UO2 (U, Mβ, PETJ), orthoclase (K, Kα, PETJ), ThO2 (Th, Mα, PETJ), rutile (Ti, Kα, PETJ), LaB6 (La, Lα, PETJ), CeO2 (Ce, Lα, PETJ), corundum (Al, Kα, TAPH), periclase (Mg, Kα, TAPH), albite (Na, Kα, TAPH), wollastonite (Si, Kα, TAPH), fluorite (F, Kα, TAPH), barite (Ba, Lα, LIFH), REE-4 (Nd, Lβ, LIFH), rhodonite (Mn, Kα, LIFH), REE-3 (Sm, Lβ, LIFH), Fe2O3 (Fe, Kα, LIFH), Ta (Ta, Lα, LIFH), wollastonite (Ca, Kα, PETL), PbS (Pb, Mα, PETL), Nb (Nb, Lα, PETL), ZrO2 (Zr, Lα, PETL) and celestine (Sr, Lα, PETL). Standards and lines used for zircon, zirconolite and baddeleyite are the same as for pyrochlore but adding ZrSiO4 (Zr, Lα, PETL), Hf (Hf, Lβ, LIFH) and YAG (Y, Lα, PETL).




4. The Structure and Lithology of the Alkaline–Lamprophyre–Carbonatite Bonga Complex


The Bonga complex has a concentrically zoned structure (Figure 1). The core of the complex is a massive almost circular carbonatite plug, up to 2 km in diameter and about 1000 m in height. It is composed mainly of banded or massive calciocarbonatites. Banding is defined by the enrichment in accessory minerals (apatite, magnetite, phlogopite and richterite). Ankerite, along with the above-mentioned accessory minerals, is the dominant mineral in the core of the plug. This area has been strongly affected by karstification processes and intense weathering; therefore, the primary textures are not preserved and ankerite is strongly replaced by mixtures of goethite and secondary calcite. For this reason, it is difficult to determine if this ankerite is primary magmatic or produced by hydrothermal replacement. Pyrochlore is fluorcalciopyrochlore in composition in the unaltered carbonatite but it may be variably replaced by secondary generations of pyrochlore in hydrothermally altered domains [67,68,76]. It forms euhedral to subhedral crystals (up to 500 μm) scattered in the carbonatite groundmass.



This carbonatite plug is rimmed by a subvertical carbonatitic magmatic breccia up to 100 m wide. The groundmass of these magmatic breccias is generally carbonatitic but may be locally extremely heterogeneous and include complex mixtures of carbonatitic and lamproitic spherical bodies. In addition, these rocks have been affected by subsolidus processes. Therefore, these mixed units (described in this work as Intrusive Mixed Carbonatite-Lamprophyre complex, IMCL) will be described in detail because their complex mineralization allows examination of the Nb minerals distribution’s among carbonatitic and lamprophyric units. Other rare magmatic breccias with carbonatitic groundmass occur as discrete small diatremes (20–50 m in diameter) in the proximities of the complex, 3 km north or 1 km west of the plug (Figure 1). These intrusions do not contain mineralization.



The outer units comprise successive massive calciocarbonatite concentric dykes, 10 to 100 m wide. These dykes dip between 50–75° towards the plug and are therefore interpreted as cone sheets. Many of these dykes have an analogous mineralogy and texture with the carbonatites of the central plug but others are highly enriched in accessory minerals and a clear positive correlation between the pyrochlore content and the proportions of other accessory minerals, that is, apatite and magnetite, has been established in these rocks [67,68,76]. Moreover, pyrochlore crystals can reach up to 1 cm in length and are often intergrown with apatite, magnetite, phlogopite and richterite.



Late trachyte dykes cut the central units and basaltic dykes trending NE–SW were emplaced in the vicinity of the complex; these volcanic rocks do not contain rare-element mineralization. All the above units are hosted by highly fenitized Eburnean granites. Pyrochlore and REE minerals are very rare in these fenites.



Extensive colluvial deposits are present at the base of the calciocarbonatite plug escarpments. Dense minerals such as magnetite, pyrochlore, apatite or barite are concentrated there by weathering of the lateritic products, whereas carbonate minerals are dissolved.




5. Nb and REE Distribution at the Intrusive Mixed Carbonatite-Lamprophyre Complex (IMCL)


The Intrusive Mixed Carbonatite-Lamprophyre (ICML) complex is a local heterogeneous unit composed by angular xenoliths of variable composition cemented by an interstitial groundmass of calciocarbonatite (Figure 2), aillikite or a mixture of both. It has a very irregular shape and their size, difficult to calculate because of dangerous access to the outcrops, can be estimated as more than 100 m width.



The carbonatite groundmass contain aillikite spheroids (0.5–2 cm in diameter) and five types of irregular xenoliths—magnetite-apatite phoscorites, calciocarbonatites, magnesian xenoliths, olivine phoscorites and natrocarbonatites (Figure 3A). REE carbonates and REE phosphates, zirconolite and up to five generations of pyrochlore have an unequal distribution among these units.



Domains with aillikite groundmass contain alnöite spheroids and three types of irregular xenoliths—calciocarbonatite, turjaite and phlogopite-apatite-augite rocks (Figure 3B). These lamprophyres do not present neither pyrochlore nor REE minerals but accessory amounts of Nb-rich perovskite, zirconolite and Nb-rich phlogopite.



5.1. IMCL Domains with Carbonatite Groundmass


5.1.1. Carbonatite Groundmass


Major calcite and lesser amounts of primary apatite, magnetite, phlogopite and pyrochlore make up the carbonatite groundmass. Pervasive subsolidus processes (dolomitization, ankeritization and silicification) cause replacement of the previous minerals extensively. A significant Nb and REE mineralization is represented by late pyrochlore generations, zircon, zirconolite, REE fluorocarbonates and REE phosphates in these replaced units.



Pyrochlore is a minor component (less than 2 modal %) and up to five generations of this mineral are identified. Euhedral primary pyrochlore crystals (named as type I) are intergrown with primary calcite, apatite and magnetite; they have concentric compositional zoning. This generation may form skeletal textures among primary magmatic calcite and apatite, thus suggesting a cocrystallization of pyrochlore with these minerals and a fast growth; zirconolite may be produced during the last stages of pyrochlore growth, along with magnetite (Figure 3A).



Four successive generations of pyrochlore replace the primary one. Type II pyrochlore is associated with early stages of dolomitization usually as irregular overgrowths replacing the primary generations. A thin rim of type III pyrochlore (Figure 4b) may surround few type II pyrochlore crystals in these dolomitized areas. Pyrochlore IV has been found as irregular crystals in dolomitized or ankeritized areas or veins in the above mentioned pyrochlore generations and these crystals are associated with thorutite and uranothorianite (Figure 4c). At last, pyrochlore V grows in highly ankeritized and silicified domains, mainly as veins in the rest of the pyrochlore generations (Figure 4d) and filling geode cavities over saddle ankerite.



Zr minerals such as zircon or zirconolite found in the groundmass could correspond to xenocrysts deriving from disaggregation of apatite-magnetite xenoliths. However, zircon may also form in drusy cavities or replaces baddeleyite along with quartz, thus indicating a very late formation (Figure 4e).



REE carbonates are associated with quartz replacements and are scarce. Parisite-(Ce) forms fine anhedral crystals less than 10 microns in diameter, along with ilmenorutile and synchysite-(Ce). Tiny radial aggregates of synchysite-(Ce) (Figure 4f) occur in ankerite, also associated with late quartz. REE phosphates are less abundant. Rhabdophane-(Ce) forms botryoidal aggregates of fine radial fibres up to 10 microns associated to late quartz replacing apatite, calcite, ankerite and dolomite (Figure 4d).




5.1.2. Carbonatite Xenoliths


Angular fragments of white calcite carbonatite are common in the breccia. Their size is variable but normally in the centimetric order. They have a phaneritic equigranular texture, with a grain size that may reach 1 cm. Calcite is more than 95% of the modal content and is accompanied by minor amounts of other minerals such as apatite, magnetite and at least two generations of pyrochlore (Figure 5a). The second generation of pyrochlore may overgrow or vein the first one. All these accessory minerals tend to be euhedral to subhedral.




5.1.3. Apatite–Magnetite Xenoliths


Apatite-magnetite xenoliths present phaneritic equigranular texture formed by equal amounts of magnetite and apatite with lesser pyrochlore, zircon, phlogopite-tetraferriphlogopite and richteritic amphibole. Grain size tends to be about 1 cm in diameter. Calciocarbonatite groundmass invades the unit, partly filling fractures and as patches, often with secondary dolomite and ankerite.



Pyrochlore forms the same five generations described in the carbonatite groundmass. Type I pyrochlore occurs as subidiomorphic crystals from 50 µm to 0.5 mm long in equilibrium with apatite, tetraferriphlogopite and richterite. Four types of subsolidus pyrochlore appear distributed in veinlets and patches, as observed in carbonatite groundmass but in smaller proportions—type II and type III grow in dolomitized areas; type IV is associated with late dolomite, ankerite and strontianite; type V and late quartz are very scarce.



During late stages of ankeritization, zirconolite may precipitate overgrowing primary pyrochlore with both replacing primary zircon, displaying complex intergrowth textures (Figure 5b). During late stages, fine-grained aggregates of ilmenorutile and lucasite-(Ce) replace ilmenite and magnetite.




5.1.4. Spheroidal Aillikite Inclusions


Rounded inclusions of aillikite are abundant in the calciocarbonatite groundmass. These inclusions usually present concentric structure and heterogeneous composition. Carbonatite angular xenoliths, amphibole or olivine xenocrysts partly serpentinized and apatite-amphibole xenoliths constitutes the inner core; this core is surrounded by an external rim of fine-grained intergrowths of phlogopite, chromite rimmed by magnetite, perovskite and apatite. A late subsolidus association formed by dolomite, ankerite, quartz, strontianite and REE carbonates strongly replaces the outer zone of the aillikite spheroids in most of the cases.



Parisite-(Ce) and synchysite-(Ce) occur as fine radial aggregates or plates (Figure 5c) whereas REE phosphates are not present. Regarding Nb phases, only one crystal of type I pyrochlore was found in the external rim, suggesting that it could be part of the carbonatite groundmass, which is corroding the spheroids.




5.1.5. Magnesian Xenoliths


Some scarce xenoliths consist of calcite with periclase; the latter is partially replaced by brucite and magnetite, accompanied by spherules of sellaite, spinel and portlandite. Radial aggregates of fine synchysite-(Ce) replace primary apatite. Primary pyrochlore is rare (pyrochlore I); it is partially replaced by a late Sr-rich pyrochlore generation (pyrochlore II) and overgrown by vigezzite, aeschynite and hydropyrochlore (Figure 5d).




5.1.6. Natrocarbonatite Xenoliths


These are very scarce tabular crystals resembling the alkaline carbonate nyerereite. However, these crystals are fully pseudomorphized by fine-grained late ankerite. The rest of the original mineral association is also strongly replaced—ilmenorutile overgrows magnetite; dolomite, ankerite and quartz pseudomorphize chloritized phlogopite.



Primary calzirtite pseudomorphized by zircon and replaced by type IV pyrochlore, is commonly disseminated in this ankeritized rock. Type V pyrochlore, ilmenorutile and scarce synchysite-(Ce) in association with latest quartz replace the ensemble (Figure 5e).




5.1.7. Olivine Phoscorite Xenoliths


Unlike the apatite-magnetite phoscoritic xenoliths, the phoscorite xenoliths contain major apatite, magnetite, ilmenite and serpentinized olivine with trace amounts of phlogopite-tetraferriphlogopite, calcite and richterite but do not present pyrochlore. Alternatively, they have zoned zirconolite, which displays patchy zoning owing to variations in the Nb, U and Th proportions. Zircon occurs in late associations, replacing zirconolite along with quartz. Magnetite, ilmenite and zirconolite are further altered to Ti-rich hydrous minerals such as lucasite-(Ce) and kassite, which form secondary fine radial aggregates in their rims (Figure 5f).





5.2. IMCL Domains with Aillikite Groundmass


The IMCL domains with aillikite groundmass host xenoliths of turjaite, calciocarbonatite and phlogopite-apatite-augite; they also contain abundant centimetric-sized alnöite spherical bodies.



5.2.1. Aillikite Groundmass


The aillikite groundmass (Figure 6a) of these domains is made up by major fine phlogopite laths, zoned diopside-augite included in anhedral poikilitic calcite, serpentinized olivine, with minor apatite, chromite overgrown by magnetite and Type I perovskite weakly zoned by Nb-rims (Type II perovskite). Locally, the following subsolidus minerals replaced the primary associations—late rutile, andradite-schorlomite and a late Na-rich alteration by aspidolite and richterite plus dolomite.



The most striking features in terms of hosts for rare elements are the occurrence of apatite-magnetite cumulates with scarce pyrochlore, along with significant baddeleyite and zirconolite (Figure 6b) and the absence of REE minerals.




5.2.2. Turjaite Xenoliths


Some very rare xenoliths are made up by dominant melilite (more than 50 modal %), accessory but abundant (less than 25 modal %) nepheline and aegirine with trace magnetite and perovskite. According to their composition, these melilitolite xenoliths correspond to a turjaite [87]. Most of the crystals are extremely fine-grained (less than 10 microns in diameter). Perovskite occurs as individual microphenocrysts (Figure 6c). They may also overgrow magnetite or form skeletal intergrowths along with nepheline, augite, melilite and pyrrhotite.




5.2.3. Calciocarbonatite Xenoliths


Calciocarbonatite xenoliths (1–5 cm in size) scattered among the aillikite groundmass show similarities with the carbonatite of the main plug, being made up by calcite, with accessory amounts of apatite, magnetite, phlogopite and pyrite. Zirconolite and perovskite are the major Nb carriers, because pyrochlore is extremely scarce. Zirconolite may form zoned subhedral crystals with variable Nb, Ta, Zr, Ti, U and Th locally replacing early calzirtite.




5.2.4. Phlogopite-Rich Xenoliths


These are rare and consist of phlogopite dominant xenoliths, with lower proportions of augite and apatite. These rocks show a phaneritic texture and medium grain size. Two subgroups are identified—the first type presents a strong aillikitic affinity, as it contains zoned phlogopite and augite, lesser interstitial apatite and calcite. However, the second type shows apatite and phlogopite as major constituents having also less augite, calcite and accessory Nb-rich ilmenite overgrown by ilmenorutile. In both types, phlogopite displays a striking oscillatory zoning pattern giving irregular and curved bands of variable Al, Fe and Si contents and Nb enrichments in external rims but also in inner cores (Figure 6d).




5.2.5. Alnöite Spheroids


Spherical to ellipsoidal alnöite inclusions are 1–4 cm in diameter. They show porphyritic texture defined by macrocrysts and xenocrysts of olivine, phlogopite and titanian augite set in an aphanitic groundmass. The alnöite groundmass differs from that of aillikite because the first contains major melilite laths (up to 100 μm in length), along with phlogopite, chromite (mantled by magnetite), primary perovskite (Type I) and apatite, whereas calcite is extremely scarce (Figure 6e).



Cores of perovskite crystals are Nb-poor (Type II perovskite) but the very fine rims are enriched in Nb. In addition, enrichments of apatite-magnetite-calcite are observed. Type I and II perovskite are replaced by late magnetite (Figure 6f) and the ensemble is replaced by symplectitic intergrowths of Na- and Nb-rich perovskite (Type III generation) and IV perovskite which shows LREE enrichments; zirconolite could replace magnetite.






6. Mineral Chemistry of Nb Minerals of the IMCL Bodies


Pyrochlore is the major carrier of Nb in the IMCL bodies of the Bonga complex. Up to five generations have been identified in the ICML domains of carbonatite groundmass (Figure 7 and Figure 8). Pyrochlore types present compositions which may differ from the generations previously defined in other studies of the Bonga carbonatites carried out on the plug or the concentric dykes [67,68,88]. Nb also accumulates inside perovskite, baddeleyite, zircon, ilmenorutile and appear rarely concentrated in the phlogopite crystals from the phlogopite-rich xenoliths. Chemical analyses of Nb and REE minerals are available in the Supplementary Material section.



6.1. Pyrochlore


6.1.1. Type I Pyrochlore


Magmatic pyrochlore occurs in the calciocarbonatite groundmass (Figure 4a,b), calciocarbonatite xenoliths (Figure 5a) and apatite-magnetite phoscorite xenoliths (Figure 4b). It has a narrow range of composition similar to that of pyrochlore from the carbonatite plug and rings dykes [67,68] but it differs from those because the Y site does not contain F (only up to 1 wt %). The B site is fully occupied by Nb (1.6 to 2.0 apfu) with low Ti contents (0.10–0.20 apfu, being up to 0.32 in apatite-magnetite xenoliths) and extremely low Ta, Zr, Fe and Si (Figure 7a,b). The A position is occupied by Na (from 0.66 to 0.97 apfu) and Ca with no or very low vacancies (Figure 8a). Na may be removed and substituted with up to 2 wt % of Ce2O3 and ThO2 (Figure 8b,c). Pyrochlore I can be named as hydroxycalciopyrochlore according Atencio [89].




6.1.2. Type II Pyrochlore


Type II pyrochlore is related to subsolidus dolomitization processes and presents significant proportions of Th and REE (groundmass, Figure 4b; carbonatite xenoliths, Figure 5a, Mg-rich xenoliths, Figure 5d). According to its composition, two subtypes are identified, which compositions depend on the compositions of the early pyrochlore replaced and the composition of the hydrothermal fluids. It corresponds to hydroxycalciopyrochlore [89].




	
Type IIa—at the A site, Na contents are very low, compensated partly by ThO2 and Ce2O3 (up to 6.73 and 3.37 wt % respectively). The B site records higher Ti contents than pyrochlore I (up to 0.35 apfu, Figure 7a).



	
Type IIb—replaces skeletal crystals of pyrochlore I, apatite and calcite and is intergrown with zirconolite. The A site shows LREE enrichments, especially Ce2O3 and Nd2O3 (9.49 and 3.67 wt % respectively, Figure 8b,c). ThO2 is higher than in IIa subtype but lower than the REE sum. Ti content may reach up to 0.48 apfu at the B position.









6.1.3. Type III Pyrochlore


Pyrochlore III overgrows Types I and II, mostly in dolomitized areas (Figure 4b) but appears scarcely in ICML bodies, whereas in the central carbonatite plug and concentric dykes it is abundant [67,68]. Pyrochlore III shows the A site fully occupied by Ca (approximately 1 apfu). High vacancies up to 1 apfu as well as ThO2 and Ce2O3 (up to 2 wt %) balance charge deficiency. B and Y positions do not present any significant change; therefore, it can be classified as hydroxycalciopyrochlore [89].




6.1.4. Type IV Pyrochlore


The fourth generation of pyrochlore occurs either as individual crystals newly formed during ankeritization (Figure 4c) or as a replacement of primary pyrochlores (Figure 4e). It is very heterogeneous but in general it is characterized by Ta (Figure 7a), Ce, Th and U (Figure 8b,e,f) enrichments when compared with the former pyrochlore generations. At the B site, Nb contents are lower than in the early generations; Ta and Ti cations may reach up to 0.35 and 0.56 apfu respectively. Locally, Si and Zr enrichments may be significant. Significant UO2 content has been recorded in the A site from 1.46 to 22.58 wt %. ThO2 is also remarkable, reaching up to 20.23 wt % where ankeritization is stronger. Vacancies are generally greater than 1 apfu to accommodate the resulting charge deficit. The Y site does not contain F. According to its composition, type IV pyrochlore corresponds to a hydroxykenopyrochlore [89].




6.1.5. Type V Pyrochlore


Type V pyrochlore is identified in association with ankerite and quartz in late stages of carbonatite formation (Figure 4d). It is characterized by elevated Si and Sr (Figure 7d and Figure 8d) but heterogeneous composition. Two subtypes are distinguished depending on the earlier generation replaced. It is classified as hydroxykenopyrochlore according to Atencio [89].



	
Type Va occurs as replacement of type II pyrochlore. The A site contains higher ThO2, Ce2O3 and Sr contents, up to 0.56 apfu. Significant Si (up to 0.17 apfu) is recorded at the B site when this pyrochlore occurs in areas with extensive hydrothermal quartz replacement.



	
Type Vb overgrows type IV pyrochlore, therefore, it displays high UO2 and ThO2 (up to 20.15 wt % and 8.60 wt % respectively) (Figure 8e,f). Sr can reach up to 0.69 apfu but locally may be lower than Ca. Charge balance is compensated by vacancies above 1 apfu. Significant Ti and Ta (up to 0.43 and 0.38 apfu, respectively) and Si contents are determined at B site.








6.2. Perovskite


Perovskite is an accessory mineral identified in the alnöite spherical bodies, calciocarbonatite xenoliths and aillikite groundmass. Magmatic crystals and three secondary types are identified on the basis of distinct compositional and textural characteristics.



6.2.1. Perovskite Type I


The most common perovskite has compositions near the CaTiO3 end member (Figure 9). Nb, Na, LREE and Fe contents have similarities with the magmatic occurrences described in kimberlite rocks [83,90]. Contents of Nb2O5 and Na2O are low, reaching up to 1.90 and 0.5 wt % respectively. Nevertheless, LREE contents range from 1.07 to 2.87 wt % and up to 3.43 wt %. Ce2O3 is the major REE oxide present. In addition, early perovskite intergrown with magnetite in calciocarbonatite xenoliths has a similar composition but LREE are below 1.88 wt %.




6.2.2. Perovskite Types II, III and IV


Type II forms fine rims overgrowing early type I perovskite. High Nb2O5 contents can range from 2.16 to 7.34 wt %. Na2O total LREE do not exceed 1.30% and 4.20 wt % respectively. Type II records the highest ThO2 contents, up to 1.38 wt %. Type III perovskite occurs in calciocarbonatite xenoliths replacing types I and II and magnetite. It presents an important lueshite (NaNbO3) end member contribution, having high Nb2O5 and Na2O (8.21–28.90 wt % and 0.99–6.34 wt % respectively). Finally, type IV perovskite is found in some cumulates of magnetite-apatite-calcite in the alnöite groundmass. Although its composition is near CaTiO3, it may contain the highest LREE contents (up to 5.79 wt %, Figure 9). Nb2O5 is also high but Na2O is not significant.





6.3. Baddeleyite


In magnetite-apatite phoscorites, baddeleyite is replaced by zirconolite and zircon; their compositions approach ideal ZrO2, in spite of remarkable HfO2 and Nb2O5 contents (1.14 and 1.91 wt %, respectively).



Baddeleyite in the carbonatite groundmass is overgrown by zircon and displays up to 1.35 wt % HfO2, this being the highest proportions recorded in the Bonga complex.



The highest Nb2O5 contents (up to 7.17 wt %) in baddeleyite crystals have been found in baddeleyite-zirconolite intergrowths in natrocarbonatite xenoliths but also in baddeleyite remnants in pyrochlore crystals (up to 5.44 wt %). Baddeleyite remnants in zirconolite contain significant Ta2O5, up to 0.73 wt %, being the highest proportions recorded in baddeleyite in the Bonga carbonatite.




6.4. Zircon


Zircon presents homogenous composition near to the ZrSiO4 end member in magnetite-apatite, in natrocarbonatite xenoliths, as well as in the carbonatite groundmass. The HfO2 contents are not very significant and the highest (up to 1.01 wt %) have been recorded in zircon xenocrystals from the carbonatite groundmass. Nb2O5 may reach 1.97 wt % in zircon from the magnetite-apatite phoscorites.




6.5. Zirconolite


The composition of “zirconolite” minerals from Bonga could fit well in the structural formula of zirkelite. However, the fine grain size of the crystals and their complex intergrowths with other minerals did not allow to extract XRD information. Therefore, following the normative use of mineral nomenclature accepted by the IMA [91], we apply the term zirconolite sensu lato.



Zirconolite has variable Nb2O5 contents, lower in crystals from the carbonatite groundmass (9.71 to 23.16 wt %) but higher at pyrochlore-zirconolite replacements in apatite-magnetite xenoliths (up to 35.59 wt %). TiO2 and Nb2O5 correlate negatively, therefore, higher TiO2 proportions are recorded in apatite-magnetite xenoliths. Bonga zirconolite contains notable Ta2O5 enrichments (0.97 to 3.11 wt %), especially in crystals from the calciocarbonatite groundmass; these contents are similar to those found in zirconolite from Sebl’yavr carbonatite [92]. ThO2 may be up to 6.87wt % in the zirconolite from the groundmass whereas UO2 proportions are generally negligible, well below the limits of acceptance for these elements in the zirconolite structure [93,94]




6.6. Nb-Rich Rutile (“Ilmenorutile”)


Ilmenorutile in the carbonatite is associated with dolomite-ankerite and quartz and formed during the hydrothermal stages, usually containing minor amounts of Nb2O5 (up to 3.24 and 2.36 wt % respectively). However, the Bonga IMCL bodies do not present noticeable Nb enrichments in rutile when compared with the composition of rutile from other carbonatite complexes. In fact, ilmenorutile from the Tchivira carbonatite (10 km SW to Bonga) or Kandaguba (Kola Peninsula) can reach up to 18.86 wt % of Nb2O5 [25,66].




6.7. Phlogopite


Phlogopite crystals in the phlogopite-apatite-augite xenoliths may presents rare Nb enrichments. Phlogopite-annite solid solution with eastonite and tetraferriphlogopite end member contributions show two types of irregular zoning patterns; the first type shows high Nb2O5 proportions, up to 2.24 wt % at crystal cores and surrounded by rims of high Fe2O3 owing to a tetraferriphlogopite component. A second type of phlogopite has Nb rims (up to 1.88 wt % of Nb2O5) overgrowing Fe2O3 enriched cores.





7. Discussion


7.1. Distribution of Minerals with HFSE Elements


Diverse HFSE-bearing minerals occur in the rock units of the Bonga complex, allowing reconstructions of the evolution of the complex. A synthesis of the distribution of Nb–Ta–Zr–Th–U minerals can be found in Table 1. This table shows the distribution of very early pyrochlore (named here as pyrochlore 0) found in the central units of the Bonga complex and some of the cone sheets [67,68,76].



Early pyrochlore generations (0-II) are the typical primary magmatic mineral in the carbonatitic units of the Bonga intrusion and have the highest tenors of most of the HFSE elements (including Nb, Ta, Ti, U and Th). Zr and Hf can be accommodated also in the primary pyrochlore, although they can also be accommodated rarely in primary baddeleyite. Pyrochlore is rare in the central plug, in part of the cone sheets and in the carbonatitic xenoliths found in the magmatic breccias. However, it is more common in magnetite-phlogopite-apatite-rich carbonatite cone sheets, as it is in the carbonatite groundmass of the magmatic breccias; the highest proportions are achieved in the magnetite-apatite phoscorites. However, it is practically absent in the lamprophyres or in the natrocarbonatites. Secondary pyrochlore generations are found in many of these lithological units where they have been altered (Table 1). Similar late occurrences of pyrochlore are found in many carbonatites such as Tchivira in Angola [67,68,75] or Kovdor in Kola, Russia [95].



Contrastingly, perovskite is the dominant carrier of Nb and Ta in the diverse types of lamprophyres; local occurrences of pyrochlore in the rims of the aillikite spheroids in carbonatite groundmass can be attributed to local contamination by the groundmass. Nb and Ta are accumulated in the last perovskite rims, indicating its late removal from the lamprophyric magma. Zr (and part of Nb and Ta) are also concentrated in these rocks, in minerals of the zirconolite group. These paragenetic differences can be related to a higher Ti activity in the lamprophyres.



Zircon, zirconolite and baddeleyite are absent in most of the rocks of the Bonga complex and is only present in the ICML domains and this fact must be taken into consideration when interpreting the occurrences of this mineral. Baddeleyite is a primary mineral in carbonatites and particularly in phoscorites, as observed in Kovdor in Kola, Russia [33]. Probably there are different generations of minerals of the zirconolite group. Primary zirconolite is found in early pulses of the crystallization of the carbonatite groundmass; magmatic zirconolite has also been described in Kola [33]. However, when present in the ICML domains, zirconolite tends to replace Nb- or Zr- bearing minerals, such as pyrochlore and zircon. A similar trend has been observed in the Kovdor carbonatite [96,97]. Some of these replacement processes are associated with ankeritization; therefore, this zirconolite could be produced during the hydrothermal stages, as suggested in Table 1. Moreover, the existence of intimate mixtures of different rocks may favour the development of a complex paragenesis during the simultaneous hydrothermal alteration of all these rocks. As indicated, the existence of different generations of pyrochlore demonstrates the mobilisation of Nb (and Ta) in the subsolidus stages of the carbonatite evolution and different subsolidus processes also remove Ti in the lamprophyres. Therefore, the simultaneous removal of Nb, Zr and Ti in the different units of the ICML mixtures during late hydrothermal processes may explain the widespread precipitation of late zirconolite and ilmenite. Transport of these HFSE is very effective in hydrothermal fluids associated with alkaline magmatism [98,99,100] and fenitization provides evidence of the large-scale movement of alkaline fluids associated with carbonatite intrusions. Moreover, circulation of alkaline fluids in the lamprophyres is indicated by pervasive hydrothermal processes resulting in the widespread occurrence of aspidolite replacing the previous silicates. The transport of these elements could be effective over limited distances because zirconolite is restricted to ICML domains. Complex zoning in zirconolite can be easily explained by lack of equilibria during the crystallization from the solutions. Minerals of the zirconolite group and baddeleyite seem to be largely unstable in the presence of silica in solution during the late stages of crystallization, which could explain their replacement by zircon.



Finally, Nb-bearing phlogopite have been found in glimmeritic xenoliths. The discussion of Nb in these minerals is beyond the scope of this study and will be discussed elsewhere.




7.2. Compositional and Textural Variation of Primary Magmatic Pyrochlore


As observed, pyrochlore I crystals show almost constant compositions in the calciocarbonatite xenoliths, magnetite-apatite rocks and calciocarbonatite groundmass of the ICML bodies, although some differences occur. Generally, Na and Ca are the major cations at the A site, with lesser Th, U, Ce, Sr and vacancies. However, U content is higher in magnetite–apatite rocks where it correlates positively with Ta and Ti in the B site. In addition, carbonatite groundmass presents slightly more evolved composition as suggested by higher contents of Si and Zr in pyrochlore I.



To illustrate the behaviour of F in early pyrochlore, F is plotted against HFSE, REE and LILE and compared with the rest of the Bonga units and with those from other Angolan complexes—Tchivira, Bonga and Catanda, representative of plutonic, hypabyssal and volcanic carbonatites, respectively (Figure 10). Pyrochlore I of the ICML bodies of Bonga shows extremely low F but with similar trends as in the other Angolan occurrences, including pyrochlore 0 from the plug and dykes. F is even lower than in the extrusive Catanda carbonatites, where the low F has been related to exsolution of F-bearing fluid from the carbonatite magma during explosive processes [67,68]. F depletion in the ICML carbonatite groundmass is another argument to indicate that these units were formed late during the carbonatite processes, after the crystallisation of early F-rich magmas. The occurrence of pyrochlore I both in the breccias and in the carbonatite xenoliths with more evolved compositions than those of pyrochlore 0 means that type I pyrochlore also crystallized in magmatic conditions but in a more advanced stage than type I.



Finally, the other important change in primary pyrochlore during the crystallization sequences is the change in the textural patterns. Pyrochlore crystals from the plug or the concentric dykes, as well as those found in the carbonatite xenoliths, tend to have an euhedral shape and the grain size can be up to 2 mm in diameter. Even though in some cases it may show intergrowths with apatite and magnetite, it is normally free from other mineral inclusions. These textures are favourable for the extraction of these crystals during the industrial beneficiation of the ores. However, the textures in the breccia groundmass, produced in a disequilibrium context, tend to be more complex; skeletal intergrowths with other minerals add a problem for the beneficiation, reduced grain size and the scarcity of the mineral is also a problem. Some of these issues could also be extended to the Nb-bearing minerals from the lamprophyric rocks.



The breccias contain fragments of phoscoritic rocks, thus indicating that at least part of the richest mineralization could had been dispersed. Therefore, the existence of explosive processes in the carbonatites can reduce the interest of a given deposit but potentially lead to an unfragmented exploration target.




7.3. Pyrochlore as Indicator of the Dynamics of the Carbonatite Crystallization


Apatite, pyrochlore, magnetite, phlogopite and amphibole are characteristic minerals of carbonatites [7]. Indeed, they appear in most of the studied Angolan carbonatites such as Tchivira [66,68], Bailundo [101], Virulundo [71], Bonga [67,68,70,76,88] and Monte Verde [69,70] but pyrochlore is irregularly distributed and has different compositions. In the Angolan carbonatite complexes, the highest pyrochlore concentrations usually occur in the calciocarbonatite concentric dykes (pyrochlore 0 with high F and Na) and magnetite-apatite phoscoritic rocks (pyrochlore I with low F and high Na), as well as in the calciocarbonatite groundmass of the external IMCL bodies of Bonga (pyrochlore I with low F and high Na), as observed in this work, instead of being enriched in the central calciocarbonatite plugs.



Pyrochlore generally reaches the highest modal proportions inside apatite-magnetite phoscorite bodies, which can be interpreted as cumulates. Large phoscoritic bodies with identical strong pyrochlore enrichments also appear in the Bailundo carbonatite [101]. In addition, as described for the Brazilian carbonatite complexes belonging to the Paraná-Angola-Namibia carbonatite province, such as Salitre [102], Morro do Padre at the Catalão carbonatite [103] and Catalão I complex [104], Nb accumulates preferentially in phoscorites and carbonatites enriched in apatite-magnetite. On the other hand, and as it was already pointed out in previous works [88], there is a good positive correlation between the pyrochlore grade and the increasing proportion of magnetite and apatite in the banded carbonatites of the central plug and in the concentric dykes around Bonga. Hence, pyrochlore is lacking in carbonatite dykes and bands without magnetite and apatite, whereas intermediate concentrations of pyrochlore crystals are found in some of the concentric dykes with accessory proportions of these minerals.



The main mechanism of pyrochlore accumulation could be explained by crystal fractionation processes, because apatite, magnetite and pyrochlore correspond to the higher density and earlier crystallization phases in these magmas [32]. The Bonga carbonatite bodies normally present banding textures, which may suggest magmatic fluxes [68]. Therefore, the fractional crystallization of liquidus phases in a low viscous magma affected by convection processes would concentrate dense crystals towards outer and colder margins of the magma chamber. However, pyrochlore 0 and I did not crystallize in a single pulse, because they differ, mainly in the proportions of F, thus indicating very different F activities in the magma from which they precipitated. Hence, an accumulation of F should be produced before the crystallization of the pyrochlore type I and therefore, before the crystallization of the magnetite-apatite-pyrochlore phoscorites.



Successive pulses of intrusion and eruption could help to mobilize part of these magmas, with variable crystal content, towards the cone sheets, thus producing the enrichment of pyrochlore, apatite and magnetite (type 0 pyrochlore, typical of the centre of the plug and the concentric dykes) in some of these dykes. Hence, the extraction of magma from the outer part of the intrusion could release a higher proportion of cumulates.



On the other hand, the existence of aillikite and alnöite spheroids can be interpreted as evidences of magma mingling. Hence, successive intrusion of immiscible lamprophyre magmas and its partial crystallization and degassing caused when entering into contact with a cooler magma, could have favoured the overpressure of the magma chamber leading to its rupture [105,106,107]. This cracking of the host rock would have favoured degassing and displacement of carbonatite magmas through the margins of the magma chamber, which could be enriched in pyrochlore and may also form cone sheets intruding from the magma chamber towards the surface, enriched in dense phases.



Pyrochlore II can be present in some weakly altered occurrences and could be, at least in part, primary. It tends to overgrow pyrochlore I but it can also form discrete crystals. It is characterized by decreasing Na proportions, down to undetected. This trend, which is common in most of the studied carbonatites in Angola and worldwide, could be related to a progressive reduction of the Na activity in the carbonatite magma during the late stages of crystallization. Furthermore, crystallization from an evolved carbonatitic magma could also explain their higher contents in incompatible elements such as HFSE (as Th and U) and REE than type 0 and I pyrochlores.



The rest of the pyrochlore generations are associated with quartz or secondary carbonates and therefore they must form part of the subsolidus history of the carbonatite.



To sum up, the following stages of the crystallization of the complex are inferred by the pyrochlore mineral chemistry (Figure 11):




	
Carbonatite magma ascended and formed a magma chamber. Radial dykes and cone-sheet fractures were produced into the country rocks by overpressure, probably as a result of fluid exsolution in the magma chamber. Early intrusive episodes may have produced carbonatite cone sheets dykes without mineralization of apatite, magnetite or pyrochlore. Early carbonatite magma could have had a natrocarbonatite component as suggested by the composition of the early pyrochlore 0 and I compositions (high Na proportion [67,68,76,88]). Liquidus minerals, such as pyrochlore 0, magnetite and apatite, were concentrated in the margins of magma chamber due to convective processes (Figure 11A). Successive intrusive episodes caused the extraction of these marginal magmas, slightly enriched in pyrochlore 0, towards a new set of concentric dykes, which are mineralized. During this, most of F was removed from the magma.



	
The progressive crystallization of the F-poor magma account accompanies the growth of pyrochlore I, forming phoscoritic cumulates in the outer zone of the carbonatite plug along with magnetite and apatite. At the same time, fenitization processes of the country rock progressed; therefore, the carbonatite magma became progressively impoverished in Na (Figure 11B) also due to fenitization.



	
Continuous magma intrusion created new cone sheet fractures, probably leading to eruptions at surface. Magma from the chamber margins, enriched in pyrochlore type I, apatite and magnetite, filled new fractures. Fenitization of hosting granite progressed (Figure 11B).



	
Fractionation of dense minerals (apatite, magnetite and pyrochlore type I) occurred at the margins of the chamber. Simultaneously, aillikite and alnöite magmas intruded into the carbonatite magma chamber and, spheroidal bodies with immiscibility textures form. This mingling may have triggered explosive episodes resulting in the formation of the carbonatite breccias surrounding the plug (Figure 11B). Pyrochlore type II (without Na in the A position) was probably formed at the end of this stage or early in the next one and reflects the very low Na activity in the magma that could be related to the end the fenitization processes.



	
After cooling and crystallization of the magma chamber, pervasive Mg-rich fluids generated dolomitization. Pyrochlore III was formed in this stage and does not contain Na. Then, ankeritization replacement caused the formation of pyrochlore type IV containing high proportions of U, Ta and Th (Figure 11C).



	
At late stages, meteoric hot fluids invaded the carbonatite and caused the extensive formation of quartz. Pyrochlore type V with high Si, Sr and the highest LREE, U, Ta and Th proportions crystallized during this episode (Figure 11D). Replacement of primary carbonates and phosphates may have released large amounts of Sr, REE from the primary carbonates, thus producing strontianite and LREE carbonates and phosphates.








Besides, weathering of the carbonatites produced large pyrochlore concentrations in colluvial sediments and lateritic ores at the external margins of the complex. Therefore, lateritic concentrations may be critical to form economic pyrochlore accumulations [4,5,108,109,110,111].




7.4. REE Distribution


The Bonga magmatic pyrochlore shows lower REE contents than late hydrothermal pyrochlore (types II, IV and V). Alike, REE minerals may correspond to late hydrothermal products related to secondary dolomite, ankerite, barite and quartz. Quartz dissolved from the host rock, probably during the fenitization processes, formed hydrothermal fluids once the carbonatites crystallized. Therefore, if the REE carbonates and phosphates are intergrown with late quartz, they cannot have crystallized during magmatic conditions and must have formed during deuteric processes.



δ13C and δ18O isotopic data of Bonga carbonates (magmatic calcite—δ13C from −6‰ to −4.5 ‰ and δ18O from 7.5 to 8.5‰; late calcite, dolomite and ankerite—δ13C from −8‰ to −3‰ and δ18O from 5‰ to 10‰ but up to 24‰ [68]) indicate the influence of late fluids of meteoric origin in most secondary carbonate crystallization, which would be responsible for late dolomitization, ankeritization and silicification processes affecting the primary calciocarbonatite [68,112].



The REE mineral may have been derived from breakdown of primary carbonates and phosphates, as in carbonatites these phases are usually enriched in these elements [46,113]. The neoformation of secondary carbonates at lower temperature would not have been able to reassimilate the REE released from the primary carbonate dissolution. Therefore, the higher abundance of secondary carbonates in the outer carbonatite plug, concentric dykes and breccia rather than at the central carbonatite plug can be explained by greater interaction with low-temperature fluids in the marginal units. REE minerals precipitate as REE carbonates or phosphates depending on CO32− and PO43− activities of the fluid [51,114]. For that reason, synchysite-(Ce) is the main REE mineral at the Bonga complex; however, REE phosphates can be formed as subsolidus products in primary apatite-rich units.




7.5. Role of Magma Mingling on the Concentration of Critical Elements in Carbonatites


Entry of immiscible magmas in magma chambers can trigger explosive eruptions [115]. These explosive processes, therefore, can be associated with the overpressure leading to the emplacement of the mineralized cone sheets at Bonga, probably by expulsion of fractionated phoscoritic magmas enriched in pyrochlore from the magma chamber. Removal of supercritic fluids during these explosive processes could also be an effective mode of releasing the complexing ligands for the critical metals, thus forcing them to precipitate in large scale during these stages. Hence, the evidence of magma mingling in Bonga can explain the high tenors in HFSE in the cone sheets, which contrast with the low tenors found in the rest of the carbonatite.



The entrance of lamprophyric magmas did not produce a significant input of critical elements in the magma chamber and both types of magmas crystallized separately.





8. Concluding Remarks


The good correlation between magnetite and pyrochlore contents, with the highest proportion of pyrochlore in phoscorites, suggest that the best places to find large pyrochlore deposits are the carbonatite concentric dykes and the phoscorites. The occurrence of increased apatite contents in these domains add another possible resource of a critical raw material in the same units. The most favourable sites seem to be the top and the margins of the intrusions, as well as some of cone sheets.



Conversely, the main plug and the early concentric dykes (or cone-sheets) have scarce pyrochlore or may be considered as barren. Therefore, the use of magnetometric methods of exploration can be very helpful in localizing large reserves of pyrochlore in Bonga and many similar carbonatites in Angola and worldwide. However, caution must be taken when there is evidence of magnetite-bearing lamprophyres. In this sense, the existence of carbonatite breccia can directly reveal the existence of these intrusions, by localizing the corresponding xenoliths or mingled units. The existence of these bodies at depth can probably be inferred indirectly, because magma mingling may favour explosive processes, which can have a negative metallogenetic role because they disperse the mineralization and produce complex textures that can make difficult the industrial concentration of ores.



The lamprophyric units seem to lack economic mineralization of critical elements but they may carry out a determinant influence in the explosive processes leading to redistribute the ores and producing textures unfavourable for ore formation.



The highest contents in other critical metals, particularly Ta, are found in association with the latest hydrothermal processes and these have generally affected the carbonatite irregularly. However, these processes are more intense at the margins and at the top of the intrusions and, therefore, these units can also be targeted for critical elements. Finally, the REE are concentrated in the strongest ankeritized and silicified domains.
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Figure 1. Geological map of units composing the Bonga complex, with the location of the field samples. Modified from Lapido–Loureiro [75] and Bambi [68]. 
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Figure 2. (a) Calciocarbonatite xenolith and sub-spherical aillikite bodies set in a calciocarbonatite groundmass; (b) apatite-magnetite phoscoritic xenoliths replaced and surrounded by fine calciocarbonatite groundmass. 
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Figure 3. (A) Schematic diagram of ICML bodies of carbonatite groundmass—aillikite spheroids and xenoliths of calciocarbonatite, natrocarbonatite, olivine phoscorite, apatite-magnetite and Mg-rich rocks; (B) ICML bodies of aillikite groundmass—alnöite spheroids and xenoliths of calciocarbonatite, turjaite and phlogopite-rich. 
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Figure 4. Nb- and REE- minerals in the carbonatite groundmass of the ICML breccias. SEM images, BSE mode. (a) BG-6l. Skeletal primary pyrochlore (Pcl I) intergrown with calcite (Cal) and apatite (Ap), partly overgrown by zirconolite (Zrc) and magnetite (Mag). (b) BG-6g. Euhedral magmatic type II crystals replaced by type III pyrochlore (Pcl II, Pcl III) among late dolomite (Dol) and apatite; (c) BG-6c. Type IV pyrochlore, replaced by uranothorianite (Uth) and thorutite (Tut), filling porosity in a dolomitized and ankeritized domain of the carbonatite groundmass. (d) BG-9c. Sequence of geode filling in altered groundmass—zoned euhedral ankerite is overgrown by late pyrochlore (Pcl V) followed by zoned ilmenorutile (RtNb), rhabdophane-(Ce) (Rbd) and finally quartz (Qtz); (e) BG-6o. Calcite replaced by dolomite, ankerite and quartz with synchysite-(Ce) (Syn) and zircon (Zrn) replacing baddeleyite (Bdd); (f) BG-7a. Fine aggregate of acicular synchysite among ankerite, quartz and magnetite (Mag). 
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Figure 5. Nb and REE minerals at IMCL bodies cemented by carbonatite groundmass. SEM BSE images, BSE mode. (a) BG-5b. Calciocarbonatite xenolith. Pyrochlore type I (Pcl) intergrown with apatite (Ap) and calcite (Cal). Secondary dolomite (Dol), richterite (Rct) and pyrite (Py) replacing the ensemble. (b) BG-6k. Apatite-magnetite xenoliths. Pyrochlore I (PclI) and zircon (Zrn) replaced by zirconolite (Zrc) and finally by baddeleyite (Bdy); (c) BG-6j. Aillikite spheroid. Inner rim with synchysite-(Ce) (Syn) associated to late quartz (Qtz), ankerite (Ank) and pyrite (Py), all replacing dolomite (Dol). Outer rim is formed by fine magnetite (Mag) and phlogopite (Phl); (d) BG-14b. Mg-rich carbonatite xenolith. Pyrochlore I overgrown by pyrochlore II and both replaced by pyrochlore IV (Hpcl) and vigezzite (Vig); (e) BG-6r. Natrocarbonatite xenolith. A primary crystal (calzirtite?) pseudomorphosed by fine-graMained intergrowths of zircon (Zrn), quartz (Qtz), ilmenorutile (RtNb) and late pyrochlore (Pcl IV) among apatite (Ap), ankerite and magnetite replaced by hematite (Mag-Hem); (f) BG-6m. Phoscorite. Magnetite with ilmenite inclusions (Ilm) replaced by lucasite-(Ce) (Lcs) and kassite (Kss) aggregates. Zirconolite (Zrc) is associated to a stage of quartz replacement. 
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Figure 6. Nb and REE phases at the aillikite groundmass, turjaite, calciocarbonatite and phlogopite-rich xenoliths as well as alnöite spheroids. SEM BSE images, BSE mode. (a) BG-10a. Aillikite groundmass composed by zoned phlogopite (Phl), calcite (Cal), zoned augite (Aug), chromite (Chr) with magnetite rims (Mag) and rutile (Rt) replacing early perovskite; (b) BG-6b. Magmatic pyrochlore (Pcl I) with baddeleyite inclusions intergrown with apatite (Ap), calcite and zirconolite (Zrc). Apatite is associated with richterite (Rct); (c) BG-3a. Intergrowth of perovskite, Nb perovskite (Prv II), augite, nepheline (Nph) and melilite (Mll), with scattered pyrrhotite (Po); (d) BG-10a. Phlogopite-rich xenoliths. Zoned apatite, zoned augite, zoned phlogopite (variable Fe, Nb contents), strontianite (Str) filling phlogopite cleavages, calcite and fine augite. (e) BG-4a. Alnöite groundmass formed by melilite, perovskite (Prv I) with Nb rim (Prv II), phlogopite, apatite and chromite with magnetite rims; (f) BG-4a. Magnetite-apatite in alnöite groundmass. Nb and Na rich perovskite (types II and III) and zirconolite (Zrc) are pseudomorphosing magnetite and older perovskite generations (I and II). 
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Figure 7. Pyrochlore composition subdivided by host unit. Ternary diagrams from (a) to (d) represent the B site cations. Our results are compared to data from central calciocarbonatite plug, ferrocarbonatite, concentric dykes of calciocarbonatite and carbonatite breccia reported by Bambi [68]. 
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Figure 8. Pyrochlore composition subdivided by textural type and host unit. Ternary diagrams from (a) to (f) represent the A site cations. Our results are compared to pyrochlore data from central calciocarbonatite plug, ferrocarbonatite, concentric dykes of calciocarbonatite and carbonatite breccia reported by Bambi [68]. 
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Figure 9. Composition of perovskite in the ternary diagram Nb–Ti–Ce [90]. All generations correspond to perovskite s.s. although type III may enter in the Nb perovskite field. The blue field highlights perovskite near to Ti-rich end member. 






Figure 9. Composition of perovskite in the ternary diagram Nb–Ti–Ce [90]. All generations correspond to perovskite s.s. although type III may enter in the Nb perovskite field. The blue field highlights perovskite near to Ti-rich end member.



[image: Minerals 09 00601 g009]







[image: Minerals 09 00601 g010 550] 





Figure 10. HFSE, LILE and REE vs. F in primary magmatic pyrochlore at the ICML bodies of carbonatite groundmass. (a) to (c) binary diagrams correspond to B-site variations whereas (d) to (i) represent A-site changes. Our results are compared with primary pyrochlore data from the plutonic carbonatites of Tchivira (green area), primary pyrochlore 0 from the central units of Bonga (blue region) and primary pyrochlore from the volcanic complex of Catanda (orange) reported by Bambi [68]. 
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Figure 11. Magmatic and hydrothermal evolution of the Bonga carbonatite. (A) Early intrusion of carbonatite magma, formation of radial fractures and cone-sheets in the host rock, crystallization of pyrochlore 0 with high Na and F; fenitization starts; (B) formation of apatite-magnetite cumulates and intrusion of alnöite and aillikite magma at margins coupled with strong degasification; fenitization progress, loss of Na activity in the magma with crystallization of pyrochlore I without F; late crystallization stages start produce pyrochlore II without Na owing to alkali release during fenitization; (C) Once the calciocarbonatite plug crystallizes, fenitization process stopes and dolomite alteration affects the whole complex as pyrochlore II and III record; (D) Late stages. Ankerite as well as Si, Sr-rich hydrothermal fluids replace the ensemble. Late pyrochlores IV, V and VI are enriched in HFSE. 
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Table 1. Distribution of minerals with HFSE in the rocks of the Bonga complex.
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Unit

	
Primary HFSE Minerals

	
Subsolidus HFSE Minerals




	
Dolomitization/Ankeritization

	
Silicification






	
Carbonatite Plug

	
carbonatite groundmass

	
Pyrochlore 0 Pyrochlore II

	
Pyrochlore III Pyrochlore IV

	
Pyrochlore V




	
Carbonatite Cone Sheets

	
carbonatite groundmass

	
Pyrochlore 0 Pyrochlore II

	
Pyrochlore III Pyrochlore IV

	
Pyrochlore V




	
ICML Domains with Carbonatite Groundmass

	
carbonatite groundmass

	
Pyrochlore I Pyrochlore II Baddeleyite

	
Pyrochlore III Pyrochlore IV Zirconolite Thorutite Uranothorianite

	
Pyrochlore V Zircon Ilmenorutile




	
aillikite spheroids

	
Perovskite I Perovskite II Pyrochlore I

	

	




	
apatite-magnetite phoscorite xenoliths

	
Pyrochlore I Pyrochlore II (Nb)

	
Pyrochlore III Pyrochlore IV Zirconolite

	
Pyrochlore V Zircon Ilmenorutile




	
phoscorite xenoliths

	

	
Zirconolite

	
Zircon Lucasite-(Ce) Kassite




	
magnesian xenoliths

	
Pyrochlore I Pyrochlore II (Nb)

	
Pyrochlore III Pyrochlore IV

	
Aeschynite Vigezzite Pyrochlore V




	
natrocarbonatite xenoliths

	
Calzirtite (?)

	
Zirconolite Ilmenorutile

	
Zircon Pyrochlore V




	
ICML Domains with Aillikite Groundmass

	
aillikite groundmass

	
Perovskite I Perovskite II (Nb)

	
Zirconolite

	




	
alnoite spheroids

	
Perovskite I Perovskite II (Nb)

	

	
Perovskite III Perovskite IV




	
phlogopite-apatite xenoliths

	
Nb-phlogopite Nb-augite Ilmenite

	

	
Ilmenorutile




	
calciocarbonatite xenoliths

	
Calzirtite Perovskite

	
Zirconolite Perovskite III

	




	
turjaite xenoliths

	
Perovskite
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