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Abstract 6 

The Neoproterozoic St Honoré carbonatite complex is one of three currently mined niobium 7 

deposits. In these and most other carbonatite-hosted niobium deposits, pyrochlore is the principal 8 

ore mineral. Four major pyrochlore-bearing rock types are observed in the St Honoré complex, 9 

namely, biotitite, magnetite-biotite rock, apatitite and carbonatite. The textural relationships 10 

among the different rock types and within each rock type are extremely complex, as are the textures 11 

and crystal chemistry of the pyrochlore. Compositionally, there are two major types of pyrochlore. 12 

Type-1 is enriched in Ta, U, Zr, Sr, Th, Fe, REE and Cl and Type-2 is a Ca-Na-F-rich pyrochlore, 13 

with proportions of other elements close to or below their detection limits. Type-1 pyrochlore is 14 

yellow- to red-brown and, in many cases, displays oscillatory zoning. This variety occurs most 15 

commonly in the cores of crystals in apatitite, where it has its highest concentrations of the 16 

elements listed above. It also is observed in biotitite, but the proportions of the above elements are 17 

much lower. Type-2 pyrochlore is light to dark brown and, generally, does not exhibit oscillatory 18 

zoning. It forms overgrowths on Type-1 pyrochlore in apatitite and biotitite, and occurs as large 19 

crystals in the magnetite-biotite rock (Type-1 pyrochlore is not present in magnetite-biotite rock). 20 

We propose that Type-1 pyrochlore crystallised from a highly evolved, fluid-undersaturated 21 

carbonatitic magma, whereas Type-2 pyrochlore crystallised from a carbonatitic magma that had 22 

undergone fluid exsolution, which depleted the magma in elements that tend to partition 23 

preferentially into aqueous fluids, i.e., U, Sr, Fe, REE, Ba and Cl.  24 

The processes that governed the evolution of the carbonatitic magma (which was mantle-derived 25 

and introduced in numerous small batches) and crystallisation of pyrochlore at St Honoré were 26 

biotitisation (by the magma), crystallisation of calcite and aqueous fluid exsolution. Biotitisation 27 
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of the host syenite consumed MgO, H2O and CO2 from each magma batch (the CO2 was released 28 

as a gas), leading to the crystallisation of Type-1 pyrochlore in biotitite. This process also locally 29 

increased the CaO content of the magma to a level sufficient to saturate it with calcite leaving a 30 

residual phoscoritic magma that crystallised the most Ta-U-enriched variety of Type-1 pyrochlore. 31 

Exsolution of the aqueous fluid occurred as a result of prolonged crystallisation and/or pressure 32 

release and led to the crystallisation of Type-2 pyrochlore. The evolution of each of the magma 33 

batches was different and depended on the extent of biotitisation, on whether calcite crystallised, 34 

and on the timing of fluid exsolution. As the two types of pyrochlore and their temporal 35 

relationship have been described for many carbonatite complexes, the hypotheses presented in this 36 

paper are likely also applicable to the genesis of pyrochlore in these other complexes.  37 

Introduction  38 

Niobium is an essential component in many high technology applications (mostly as a component 39 

of high-strength, corrosion-resistant, low-alloy steels and superalloys) and is considered a critical 40 

metal because of its economic importance and high supply risk. The main sources for niobium are 41 

carbonatite complexes and their weathered products (laterites), in which pyrochlore is the main 42 

ore mineral.  43 

Many studies of pyrochlore have discussed its crystal chemistry, structure (e.g., sector and 44 

oscillatory zoning), classification and nomenclature (Hogarth et al., 2000; Chakhmouradian and 45 

Williams, 2004; Zurevinski and Mitchell, 2004; Lee et al., 2006; Chakhmouradian et al., 2015; 46 

Mitchell, 2015; Guarino et al., 2017; Walter et al., 2018; Mitchell et al., 2020; da Costa et al., 47 

2021; Dey et al., 2021; Zaitsev et al., 2021). Studies that focus on its origin have reached the 48 

conclusion that the magma crystallising the pyrochlore-hosting carbonatite was not the parental 49 

magma for the pyrochlore, i.e., the observed pyrochlore is of xenocrystic or antecrystic origin. For 50 

example, Zurevinski and Mitchell (2004), noting that two or more varieties of pyrochlore 51 

commonly occur in close proximity to each other in the Oka carbonatite, concluded that none of 52 

these pyrochlore varieties crystallised in-situ, and instead, crystallised elsewhere from separate 53 

batches of carbonatitic magma that mixed and transported the pyrochlore to its current location. 54 

Mitchell (2015), in a review of carbonatite-hosted niobium deposits, proposed that the pyrochlore 55 

observed in carbonatites crystallises as an early liquidus mineral from a carbonated silicate magma, 56 

which subsequently evolves to a carbonatitic magma. According to this hypothesis, the pyrochlore 57 

Vasyukova, O., and  Williams-Jones, A., 2023, A new model for the origin of pyrochlore: 
Evidence from the St Honoré Carbonatite, Canada: Chemical Geology, p. 121549.

© 2023. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0/



accumulates on the walls and the floor of the magma chamber hosting the silicate liquid and is 58 

subsequently eroded by and incorporated in the late evolving carbonatitic magma. More recently, 59 

Mitchell et al. (2020), in a study of the Good Hope carbonatite, proposed that the pyrochlore, which 60 

is concentrated in apatite segregations, crystallised as the first liquidus mineral from an 61 

“unidentified” carbonatitic magma and mixed with a second “unidentified” carbonatitic magma, 62 

in which apatite was the first liquidus mineral, producing the apatite-pyrochlore segregations that 63 

were subsequently transported as clasts in a third magma.  64 

A major reason for the complex ex-situ (xenocrystic) models that have been proposed is the 65 

considerable compositional and textural heterogeneity of carbonatite-hosted pyrochlore. In this 66 

paper, we propose an in-situ model that avoids the need to invoke unidentified magma sources and 67 

magma chambers and satisfactorily explains the commonly observed pyrochlore heterogeneity. 68 

The model is based on observations made for the St Honoré carbonatite and a hypothesis presented 69 

in Vasyukova and Williams-Jones (2022) and tested in Vasyukova et al. (2023), in which a reaction 70 

of the carbonatitic magmas with their host rocks and consumption of the major carbonate oxides 71 

(CaO, MgO and H2O) provides an additional means of magma evolution. Instead of attributing the 72 

pyrochlore heterogeneity to its ex-situ crystallisation, this model relates the heterogeneity to its in-73 

situ crystallisation from a mantle-derived carbonatitic magma that evolved through variable 74 

degrees of magma-rock interaction, calcite crystallisation and fluid exsolution (see also Williams-75 

Jones and Vasyukova, 2022). We believe that this model identifies the major factors controlling 76 

the concentration of niobium to economic levels in carbonatites and by so doing also significantly 77 

advances our understanding of the genesis of carbonatite complexes. 78 

Geological setting 79 

The St Honoré alkaline complex (Québec, Canada), which is roughly elliptical in plan (4 x 5 km),  80 

was emplaced at 571 ± 5 Ma (McCausland et al., 2009) in rocks of the ~1 Ga Grenville 81 

Metamorphic Province, and comprises an outer domain of alkaline syenites and lesser nepheline-82 

cancrinite-garnet-bearing syenites and an inner domain of carbonatites (Thivierge et al., 1983).  83 

The carbonatite domain consists of an exterior zone of calcite-rich carbonatites, an interior zone 84 

of dolomite-rich carbonatites and a rare earth element (REE)-rich ferro-carbonatite core (Fig. 1). 85 

Each zone comprises numerous individual intrusions of carbonatite varying in thickness from a 86 

few centimetres to several metres (rare). Our study focused on the south-west part of the complex 87 
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(calcite-rich and dolomite-rich carbonatites), which contains a niobium resource of 416 Mt grading 88 

0.42 wt% Nb2O5 that has been mined since 1976 (Vallieres et al., 2013). Significantly, this 89 

relatively minor part (500 x 800 m) of the complex is centred on a small body of variably 90 

fragmented syenite (Fig. 1) that has been biotitised to varying degrees; in the extreme, the rock is 91 

a fine-grained biotitite (glimmerite). Calcite-rich carbonatites are concentrated proximal to 92 

biotitised syenite. In addition to the carbonatites and variably biotitised syenite, coarse-grained 93 

magnetite-biotitite rock and apatitite are also observed. The apatitite occurs as layers and lenses in 94 

both varieties of carbonatite, but more commonly in the dolomite carbonatite, whereas the 95 

magnetite-biotite rock is concentrated near the contact between biotitite and carbonatite (this unit 96 

is interpreted to be a cumulate). The relationships among the different units are extremely complex 97 

involving numerous intrusions of carbonatite (with both sharp and gradational contacts) and 98 

multiple alteration episodes. 99 

Rock types  100 

The syenite (alkaline syenite) consists dominantly of early perthite, later albite and K-feldspar and, 101 

as mentioned above, has been variably biotitised. The biotitisation was the result of the 102 

replacement of the K-feldspar and perthite by biotite and was most intense where the fragmentation 103 

of the syenite was most advanced (almost invariably, cm-sized fragments of syenite in the 104 

carbonatite have been completely replaced by biotite). Figure 2a illustrates incipient biotitisation 105 

and Figure 2b extreme biotitisation. With increasing distance from unaltered syenite, the 106 

proportion of biotite (fine-grained) increases progressively to form the biotitite that, in places, 107 

reaches tens of metres in thickness. Commonly, but not exclusively, the biotitite passes into the 108 

magnetite-biotite rock or directly into carbonatite that frequently contains apatite-rich layers and 109 

lenses. Pyrochlore is present in all of these units and is described in detail below.  110 

Samples of the biotitite commonly contain up to 70 vol % of fine-grained (5-15 µm) biotite, 111 

although some larger biotite crystals (up to 300 µm) may also be present. Magnetite is the next 112 

most abundant mineral and occurs mainly as small (5-50 µm) anhedral crystals that post-dated the 113 

fine-grained biotite; there are also larger crystals (up to 200-300 µm), typically in association with 114 

interstitial calcite or, more commonly, dolomite. Some samples of the biotitite contain abundant 115 

tiny zircon crystals (5-15 µm) that, in some cases, form aggregates.  116 
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The magnetite-biotitite rock, as noted above, commonly occurs in close spatial association with 117 

biotitite in a zone between the latter and carbonatite. This rock unit comprises variable proportions 118 

of large biotite and magnetite crystals in a matrix of subordinate dolomite (Figs. 2c and d). The 119 

biotite and magnetite crystals are typically euhedral and vary in size on a cm scale (individual 120 

crystals range from less than a mm to several cm in diameter; Fig. 2d). In rare cases, apatite is 121 

observed as inclusions in magnetite and as small aggregates around magnetite. These textural 122 

relationships indicate that biotite and magnetite crystallised at roughly the same time, that they 123 

were preceded by apatite and were post-dated by dolomite. 124 

The apatitite is represented by fluorapatite-rich aggregates (hereafter, apatite refers to fluorapatite) 125 

containing subordinate proportions of biotite, magnetite (Fig. 2e) and minor zircon, and is 126 

observed in both calcite and dolomite carbonatite. All the minerals are euhedral to subhedral, and 127 

their crystals are variable in size. Apatite crystals vary from 150 to 400 µm and 20 to 100 µm in 128 

length and width, respectively. The biotite and magnetite crystals are larger, 0.2-2 mm and 0.1-1 129 

mm in diameter, respectively, and the zircon crystals are somewhat smaller, up to 0.5 mm in 130 

diameter (the zircon contains numerous inclusions of apatite). Textural relationships indicate that 131 

biotite was the earliest mineral to crystallise followed by apatite, magnetite and zircon, which 132 

crystallised pene-contemporaneously.  133 

As mentioned above, the Nb mineralisation is associated with both calcite and dolomite 134 

carbonatites. The early carbonatites are either homogeneous (pink or grey depending on whether 135 

they are altered) or contain layers/lenses of apatitite (banded). In most cases, they contain a single 136 

carbonate mineral, either calcite or dolomite (in very rare cases, both minerals may be found in the 137 

same sample), and, where the carbonate mineral is dolomite, several generations may be 138 

manifested by differences in grain size and the occurrence of small dolomite crystals as inclusions 139 

in larger dolomite crystals. In contrast, the late carbonatites, which do not contain apatitites except 140 

as rare fragments, are invariably dolomitic and homogeneous. Where contacts between the 141 

different carbonatite intrusions are preserved, they are delineated either by a difference in the 142 

colour of the two carbonatites or by crosscutting relationships in which the layering of the early 143 

carbonatite is terminated by the later carbonatite (Fig. 2f). 144 

Analytical methods 145 
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The study was based on a suite of 20 samples from the mine workings and 87 samples from drill 146 

core, from which 32 samples were selected for detailed petrographic examination and quantitative 147 

microanalysis of the pyrochlore. The petrographic examination was conducted with an optical 148 

microscope and a Hitachi SU5000 field emission scanning electron microscope (SEM) equipped 149 

with an Oxford Instruments X-MaxN
 80 silicon drift detector to provide semi-quantitative analyses. 150 

Pyrochlore compositions were determined quantitatively using a Cameca SX 100 FIVE FE 151 

electron microprobe equipped with five wavelength-dispersive spectrometers and an Si(Li) 152 

energy-dispersive spectrometer. The analyses (5 µm beam diameter) were conducted at 20 kV with 153 

a 20 nA beam current.  154 

The nature and distribution of pyrochlore  155 

Pyrochlore has the generalized formula A2–mB2X6–wY1–n, where m, w and n refer to vacancies 156 

(Atencio et al., 2010). At St Honoré, the main A-site elements are Ca, Na, Fe, U, Sr, Th and the 157 

REE and the main B-site elements are Nb, Ti, Si, Ta and Zr. Fluorine and OH are the main 158 

occupants of the Y-site. The texture and mode of occurrence of the pyrochlore differs considerably 159 

within and among the different rock units described above. Compositionally, however, most of the 160 

pyrochlore classifies as calciopyrochlore (Fig. 3). A small proportion of pyrochlore hosted by 161 

apatitite has a large enough proportion of A-site vacancies to classify it as kenopyrochlore (Fig. 162 

3). Below, we describe the nature and composition of the pyrochlore according to its host. A full 163 

set of compositional data for pyrochlore from the different units is reported in Table A1 in 164 

Supplementary material. 165 

Biotitite  166 

Pyrochlore in the biotitite forms tiny euhedral brown crystals (typically 5-50 µm in diameter, 150 167 

µm in diameter in the extreme). They occur either as inclusions in biotite (which, in some cases, 168 

altered to chlorite) or as crystal aggregates between biotite crystals (Fig. 4a) and, in strongly 169 

biotitised syenite, they are surrounded, partly or wholly, by magnetite (Figs. 4b and c). In many 170 

cases, the aggregates define the boundary between fine-grained and coarse-grained biotite (Fig. 171 

4d). The magnetite-associated pyrochlore crystals are larger and lighter in colour than those 172 

associated with biotite. They also contain inclusions of biotite, showing that this pyrochlore post-173 

dates the biotite-associated pyrochlore (Fig. 4c). Optically, the latter appears unaltered, whereas 174 
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the pyrochlore associated with magnetite contains colourless patches (alteration). Zircon crystals 175 

are present in some of the pyrochlore aggregates and also occurs as inclusions in biotite. 176 

Commonly, biotite crystals hosting or adjacent to pyrochlore display radiation damage (Figs. 4a-177 

c). Rare samples of biotitised syenite contain apatite aggregates with subordinate pyrochlore. In 178 

backscattered electron (BSE) images, the biotite- and magnetite-associated pyrochlore contains a 179 

bright core (in many cases with brighter vermicules, which are interpreted to be the result of 180 

alteration) and a darker rim (Fig. 4f). In contrast, the pyrochlore of the apatite aggregates is 181 

homogeneously dark.  182 

The pyrochlore cores are enriched in U and Ta, and are somewhat depleted in Ca, F and Na 183 

compared to the pyrochlore rims (Figs. 5a and b, Table 1 and Table A1). They also contain 184 

appreciable REE (up to 1.5 wt.% total REE) and have a significant A-site deficiency (Fig. 5b); Th 185 

and Zr are at and below the detection limit, respectively (Table 1). The F content of the pyrochlore 186 

cores ranges from 2 to 4 wt.%. The brighter pyrochlore (in BSE images; vermicular/altered) is 187 

compositionally identical to the pyrochlore core except for a higher content of Fe (up to 2.3 wt.% 188 

FeO; Table A1). In addition to Nb, the pyrochlore cores also contain small proportions of Ti, Si 189 

and Fe in the B-site (Fig. 5c). In contrast to the pyrochlore cores, the pyrochlore rims have very 190 

low concentrations of U and Ta (Figs. 5a and c). They also have very few A-site vacancies (Fig. 191 

5b) and a high, effectively constant, F content (4-4.3 wt.%; Table 1). In summary, the pyrochlore 192 

cores are represented by a non-stoichiometric pyrochlore with a significant proportion of A-site 193 

vacancies and elevated proportions of cations other than Ca2+, Na+ and Nb5+ and OH-, whereas the 194 

pyrochlore rims have a composition of nearly stoichiometric fluorcalciopyrochlore. 195 

Magnetite-biotite rock  196 

The pyrochlore crystals in the magnetite-biotite rock are large (250-500 µm on average), euhedral 197 

and light to dark brown (Fig. 6), in rare cases displaying fine oscillatory zoning, in which the layers 198 

are alternately brown and light brown to colourless. The intensity of the brown colour is 199 

determined by the proportion of nano-inclusions of a dark, needle-like mineral (ilmenorutile?). 200 

Most pyrochlore crystals display patchy colourless alteration associated with crystals of 201 

baddeleyite and columbite-(Fe) (Figs. 6c and d). Textural relationships show that the pyrochlore 202 

began crystallising late relative to the biotite (small crystals of pyrochlore are included in the rims 203 

of biotite), but coincident with the crystallisation of magnetite (magnetite contains inclusions of 204 
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pyrochlore and pyrochlore contains inclusions of magnetite). Unlike the pyrochlore in the biotitite, 205 

which comprises bright and dark varieties in BSE images, there is only one, homogeneous variety 206 

in BSE images in the magnetite-biotite rock.  207 

Chemically, the pyrochlore is similar to the dark (in BSE images) pyrochlore in the biotitite in that 208 

the U and Ta contents are below detection and close to detection, respectively, and it has a nearly 209 

stoichiometric composition with very low proportion of A-site vacancies (Figs. 5a and b, Table 1 210 

and Table A1). This pyrochlore differs from the pyrochlore in the biotitite, however, by having 211 

elevated contents of Zr, Th and Ti (Fig. 5c; Table 1), except where altered. Where it is altered, the 212 

Zr content is near the detection limit, which likely explains the association of the alteration with 213 

baddeleyite.  214 

Apatitite  215 

As noted earlier, apatitite occurs in both the calcite carbonatite and the dolomite carbonatite, but 216 

is more common in the latter. Although the textures of pyrochlore in the apatitite are very complex, 217 

the only difference between pyrochlore in apatitite hosted by calcite carbonatite and pyrochlore in 218 

apatitite hosted by dolomite carbonatite is that the crystals in the former tend to be smaller and 219 

more euhedral than in the dolomite carbonatite (Figs. 7a and b). Optically, the pyrochlore can be 220 

subdivided into a darker core and a lighter-coloured rim. In most cases, the core underwent 221 

resorption before being overgrown by the rim (Figs. 7c and d), although in some rare cases, the 222 

rims are overgrown on euhedral cores. Commonly, the cores show evidence of strong alteration, 223 

which destroyed any primary zonation that may have been present (Fig. 7c), but in cases where 224 

the alteration was weaker, up to three zones may be observed (Fig. 7d). The first of these zones is 225 

optically colourless, the second is yellow to red-brown and homogeneous and the third is darker 226 

with oscillatory zoning (zones 1, 2 and 3 in Figure 7d, respectively). In BSE images, Zone 1 is 227 

dark and Zone 2 is bright. By contrast, Zone 3 alternates between dark and bright, suggesting that 228 

it may record the crystallisation of the pyrochlore types in Zone 1 and Zone 2.  229 

The overgrowth and, in some samples, Zone 3, contains numerous inclusions of apatite, some of 230 

which host solid-bearing H2O-CO2 fluid inclusions with variable phase ratios (Fig. 7e). More 231 

importantly, the apatite cores, which most likely crystallised at the same time as apatite included 232 

in the overgrowths, also are rich in solid-bearing H2O-CO2 fluid inclusions with variable phase 233 
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ratios; barite and burbankite { (Na,Ca)3(Sr,Ba,Ce)3(CO3)5} are the most common solids. Less 234 

commonly, the overgrowths contain inclusions of magnetite. Where the pyrochlore displays 235 

oscillatory zoning, the intensity of the colour is determined by the proportion of nano-inclusions 236 

of a needle-like mineral (ilmenorutile?). As noted above, the cores commonly display evidence of 237 

strong alteration. This is manifested by the destruction of primary textures and the occurrence of 238 

baddeleyite. The overgrowths also have been strongly altered, as shown by the occurrence of 239 

colourless patches superimposed upon the oscillatory zoning and radial fractures with light-240 

coloured haloes (Fig. 7d). Commonly, the colourless patches contain small irregularly shaped 241 

crystals of columbite-(Fe) and baddeleyite. Pyrochlore close to the contact between early (banded) 242 

and late (homogeneous) carbonatites has been partially or completely replaced by columbite-(Fe).  243 

The pyrochlore cores hosted by apatitite display a wide range of compositions and reach the 244 

highest contents of U, Ta, Ti, Zr, Si and the maximum proportions of A-site vacancies as well as 245 

the lowest concentrations of Ca, Na and F of any studied pyrochlore (Fig. 5). Other elements that 246 

occur in the highest concentrations in this pyrochlore are Fe, Sr, REE and Th (Table 1). Moreover, 247 

only this pyrochlore contains Cl and significant Ba and Si (Table A1).  248 

As mentioned above, the cores of the unaltered pyrochlore comprise two varieties in BSE images, 249 

one corresponding to Zone 1 (dark) and the other to Zone 2 (bright), with Zone 3 representing an 250 

alternation (oscillatory zoning) of the two varieties. In Ta-U-Ca+Na coordinates, the first variety 251 

(Zone 1) forms a trend with a constant Ta/U ratio and varying proportions of the Ca+Na 252 

component, whereas the second variety lies on a line of constant (and very high) Ta content with 253 

varying proportions of U and Ca+Na (Fig. 8). As expected from the alternation of dark and bright 254 

layers in Zone 3, the composition of Zone 3 pyrochlore plots on both trends.  255 

The overgrowths (dark in BSE images) have a composition very close to that of 256 

fluorcalciopyrochlore (Fig. 5). The only additional components in significant proportions are Ti, 257 

Zr and Th. Compositionally, the overgrowths are remarkably similar to pyrochlore in the 258 

magnetite-biotite rock, in that even the proportions of Ti, Zr and Th are statistically 259 

indistinguishable (Table 1). The pyrochlore cores in the biotitite are also compositionally similar, 260 

but have lower concentrations of Ti, Zr and Th (Fig. 5c).  261 
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As noted above, both the overgrowths and the cores display evidence of alteration. 262 

Compositionally, the altered pyrochlore in the overgrowths (colourless patches) is 263 

indistinguishable from that of the unaltered overgrowth, except for a much lower concentration of 264 

Zr (Table 1A). In contrast, the altered pyrochlore in the core has a composition intermediate 265 

between that of the overgrowths and Zones 2 and 3 of the unaltered core. 266 

Carbonatite 267 

Although much of the pyrochlore is hosted by the rock types described above, some pyrochlore is 268 

hosted by the carbonate fraction of the banded carbonatite and the late dolomite carbonatite (Fig. 269 

9). Most of the pyrochlore in these units occurs in small fragments of biotitite or apatitite. Locally, 270 

the apatitite fragments have partially disaggregated as a result of the dissolution of the apatite (Fig. 271 

9). In rare cases (mainly in the late carbonatite), the pyrochlore occurs as discrete euhedral crystals 272 

between carbonate crystals and as inclusions in carbonate minerals. Compositionally, the 273 

pyrochlore is highly variable and includes the full range of compositions reported for the other 274 

rock types (Fig. 5, Table 1 and Table A1).  275 

Discussion 276 

Compositional types of pyrochlore 277 

As is evident from the preceding descriptions, the pyrochlore in the St Honoré carbonatite can be 278 

subdivided into two types. Type-1 pyrochlore (cores in apatitite and biotitite) is Ta-U-rich and is 279 

also enriched in Sr, Fe, REE, Th and Zr (and in the apatitite, in Ba, Si and Cl). This pyrochlore is 280 

characterised by considerable compositional heterogeneity both within a single sample and among 281 

samples, a high proportion of A-site vacancies and low contents of F, Ca and Na (Fig. 5). In 282 

contrast, the Type-2 variety (overgrowths in apatitite and biotitite and pyrochlore from magnetite-283 

biotite rock) has a nearly ideal stochiometric composition, i.e., a high content of Ca, Na and F, 284 

very few A-site vacancies and low or undetectable concentrations of Ta, U, Sr, Ba, Fe, Si, Th, Zr 285 

and Cl. An exception to this is the Type-2 pyrochlore in the magnetite-biotite rock and pyrochlore 286 

overgrowths in apatitite, which is commonly enriched in Th and Zr. The occurrence of these two 287 

compositional types of pyrochlore and the heterogeneity of the first type is not restricted to St 288 

Honoré. Indeed, it is a feature of almost every carbonatite, for which information on pyrochlore 289 

compositions has been published, e.g., a number of carbonatites in the Kola Peninsula, Russia 290 
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(Chakhmouradian et al., 2004), the Aley carbonatite, Canada (Chakhmouradian et al., 2015), the 291 

Sokli carbonatite, Finland (Lee et al., 2006), the Kaiserstuhl carbonatite, Germany (Walter et al., 292 

2018), the Bailundo carbonatite, Angola (da Costa et al., 2021) and the Catalão I and II carbonatites 293 

(Guarino et al., 2017). The absolute concentrations of Ta, U and the other elements, in the two 294 

types of pyrochlore, however, differs considerably among the different carbonatites.  295 

Most researchers have concluded that the two pyrochlore types are either antecrystic or xenocrystic 296 

and have not attempted to interpret the controls on their composition. To our knowledge, only  297 

Chakhmouradian and Williams (2004) and Chakhmouradian et al. (2015) have tackled this issue. 298 

Both attributed the enrichment of Ta in Type-1 pyrochlore to a greater availability of Ta during 299 

the early stages of carbonatitic magma evolution. The textural relationships involving pyrochlore 300 

at St Honoré clearly indicate that Type-1 pyrochlore crystallised earlier than Type-2 pyrochlore, 301 

consistent with the explanation of Chakhmouradian and Williams (2004) and Chakhmouradian et 302 

al. (2015). However, this explanation cannot account for the enrichment in elements other than Ta, 303 

such as U, Sr, Fe, REE, Ba and Cl. In the case of the Aley carbonatite, Chakhmouradian et al. 304 

(2015) concluded that fluorcalciopyrochlore (Type-2) formed because F-bearing silicate minerals, 305 

such as biotite and amphibole, ceased to crystallise. Although F-rich biotite stopped crystallising 306 

before the crystallisation of pyrochlore Type-2 at St Honoré, this was not accompanied by the 307 

crystallisation of non-F-bearing minerals. Consequently, the increase in the activity of F in the 308 

magma necessary to saturate it with F-rich pyrochlore did not occur.  309 

Below, we propose an alternative model for the crystallisation of Type-1 and Type-2 pyrochlore 310 

at St Honoré. In so doing, we also address the broader question of how a carbonatitic magma might 311 

saturate with pyrochlore and why the processes that explain this saturation inevitably lead to an 312 

evolution of the magmas that is punctuated by the crystallisation of two distinctly different 313 

pyrochlore types.  314 

A model for pyrochlore crystallisation  315 

The evolution of the early (Type-1) pyrochlore at St Honoré is best exemplified by the pyrochlore 316 

hosted in apatitite. As discussed above, this pyrochlore comprises three zones, a colourless but 317 

relatively homogeneous core (Type-1a), a darker homogeneous yellow to red-brown mantle 318 

(Type-1b) and a rim that is characterised by an oscillation of fine layers of Type-1a and Type-1b 319 
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pyrochlore. Both varieties are enriched in Ta, U, Zr, Sr, Th, Fe, REE and Cl, although to a different 320 

extent (Type-1b is more enriched). There are two prerequisites for the enrichment of these 321 

elements in the Type-1 pyrochlore, 1) the magma should contain elevated concentrations of these 322 

elements and 2) the pyrochlore/magma partition coefficients should favour their incorporation into 323 

the pyrochlore. The high concentrations of incompatible elements like U, Ta, Th and Zr in the 324 

magma requires that it must have been highly evolved, which is also consistent with the ability of 325 

this magma to saturate in pyrochlore, a mineral that is extremely soluble in carbonatitic liquids 326 

(Jago and Gittins, 1993; Mitchell and Kjarsgaard, 2002; Mitchell and Kjarsgaard, 2004).  327 

A striking feature of the Type-1 pyrochlore is the alternation of Type-1a and Type-1b varieties. 328 

According to Hogarth et al. (2000), a change in temperature-pressure conditions, magma mixing 329 

or delays in crystal growth should only produce a relatively simple pattern of growth and cannot 330 

explain the complex oscillatory zonation observed in some pyrochlore crystals. They concluded 331 

that an undisturbed environment and alternating supersaturation in two end-members of the 332 

crystallising mineral are the principal causes of oscillatory zoning. We, therefore, propose that the 333 

early pyrochlore at St Honoré, Type-1a, formed under relatively quiescent conditions as a result 334 

of the supersaturation of the magma with the respect to this phase (a more stable, closer to end-335 

member variety) and continued to grow (Zone 1) until it was replaced by a second variety, Type-336 

1b. This variety was much more enriched in Ta, U, Zr and other incompatible elements and 337 

saturated in the magma to form Zone 2. The latter occurred because of the build-up of Ta, U and 338 

other elements in a boundary layer magma and the decrease in the degree of supersaturation of 339 

Type-1a pyrochlore due to its crystallisation. The oscillatory zoned pyrochlore (Zone 3) is 340 

interpreted to represent the alternate crystallisation of Type-1a and Type-1b pyrochlore as 341 

elaborated above, i.e., Type-1a layers were replaced by Type-1b layers when the level of 342 

supersaturation of the Type-1b pyrochlore in the boundary layer magma exceeded that of the Type-343 

1a pyrochlore. We propose that the fine scale of this zoning reflects the evolution of the residual 344 

magma to higher viscosity, which inhibited diffusion of components to and from the crystallising 345 

surface and promoted the development and consumption of a narrow boundary layer. 346 

As mentioned earlier, there was an abrupt compositional change from Type-1 to Type-2 pyrochlore 347 

in apatitite. Whereas Type-1 pyrochlore is enriched in U, Ta and a number of other elements (see 348 

above), Type-2 pyrochlore is generally characterised by a near end-member stoichiometric 349 
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composition (fluorcalciopyrochlore). Significantly, many of the elements, in which the Type-2 350 

pyrochlore is depleted, are typically fluid-mobile (U, Sr, Ba, Fe2+, REE and Cl). Moreover, as 351 

mentioned earlier, apatite inclusions in Type-2 pyrochlore and coexisting apatite cores, both 352 

contain solid-bearing H2O-CO2 fluid inclusions, and the most common solids are barite and 353 

burbankite, i.e., minerals enriched in the fluid-mobile elements, Ba, Sr, and the REE. We propose 354 

that the fluid inclusions in apatite record the exsolution of a magmatic-hydrothermal fluid and that 355 

this exsolution caused the transition from Type-1 to Type-2 pyrochlore by changing the magma 356 

composition through the release of the above fluid-mobile elements. We also propose that the 357 

element release was promoted by the acidic nature of the fluid because of the saturation of the 358 

latter with CO2. This left Na and Ca as the only elements that could occupy the A-site of the 359 

subsequently crystallising Type-2 pyrochlore. As the hydroxide ion was lost to the fluid, the F/OH 360 

ratio in the residual magma increased sharply and, as a result, the Y-site of the Type-2 pyrochlore 361 

is dominated by F. Because of the tendency of Ta to avoid fluorine in pyrochlore (Kjarsgaard and 362 

Mitchell, 2008), this also explains the low content of Ta in Type-2 pyrochlore. In addition, the 363 

strong increase in F activity likely triggered crystallisation of fluorapatite, consistent with the 364 

observation that apatite and Type-2 pyrochlore crystallised at the same time. Finally, the exsolution 365 

of fluid increased the concentration of the fluid-immobile elements (e.g., Zr, Th and Fe3+) in the 366 

residual magma. This increase in concentration, in turn, led to the saturation of the magma in Th-367 

bearing zircon and magnetite.  368 

As discussed earlier, both the apatitite and biotitite contain Type-1 and Type-2 pyrochlore. The 369 

mode of occurrence of the Type-1 pyrochlore in the biotitite, however, differs from that in the 370 

apatitite (it is zoned in the apatitite and unzoned in the biotitite). Compositionally, the Type-1 371 

pyrochlore in the biotitite is similar to the Type-1a pyrochlore in the apatitite, i.e., it has relatively 372 

low (for Type-1 pyrochlore) contents of U and Ta, reflecting a less evolved magma than the magma 373 

that crystallised the Type-1b pyrochlore in the apatitite. The absence of oscillatory zoning in the 374 

biotitite-hosted Type-1 pyrochlore points to a more turbulent and lower viscosity magma than was 375 

the case for the magma that crystallised Type-1 pyrochlore in the apatitite. The Type-2 pyrochlore 376 

in the biotitite is compositionally very similar to the Type-2 pyrochlore in the apatitite and only 377 

differs from the latter in having much lower Zr and Th contents. We consider that Type-2 378 

pyrochlore in the biotitite, like that in the apatitite, crystallised in response to the exsolution of a 379 

magmatic hydrothermal fluid that removed the fluid-mobile elements (U, Sr, Ba, Fe2+, REE and 380 
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Cl) promoting the crystallisation of stoichiometric fluorcalciopyrochlore; the high proportion of F 381 

reflects the loss of OH to the fluid (see above). The unusually low concentrations of Zr and Th in 382 

both Type-1 and Type-2 pyrochlore in biotitite are attributed to the large scale crystallisation of 383 

zircon in response to the high activity of Si that accompanied formation of the biotitite (see below).  384 

Unlike the pyrochlore hosted by apatitite and biotitite, the pyrochlore of the magnetite-biotite rock 385 

is exclusively the Type-2 variety. This pyrochlore is compositionally very similar to the Type-2 386 

pyrochlore in the apatitite. The probable reason for the absence of Type-1 pyrochlore is that the 387 

magnetite-biotite rock only crystallised after the exsolution of the magmatic hydrothermal fluid. 388 

This explanation is consistent with the abundance of magnetite, which we attribute to the elevated 389 

concentration of Fe3+ in the magma due to the loss of the fluid-mobile Fe2+. The near absence of 390 

oscillatory zoning might suggest that this pyrochlore crystallised from a turbulent magma (see 391 

above), but we think it more likely that the reason for this absence was that pyrochlore and other 392 

minerals in the magnetite-biotite rock crystallised during settling under gravity, thereby precluding 393 

formation of a boundary layer.  394 

As discussed earlier, some pyrochlore is hosted by the carbonate fraction of the banded 395 

carbonatites and late dolomite carbonatites. The pyrochlore occurs mostly in fragments of biotitite 396 

and apatitite or as isolated crystals, particularly where the apatite fragments have disaggregated 397 

due to apatite dissolution. This and the fact that, compositionally, the pyrochlore hosted by the 398 

carbonate fraction of the banded carbonatite and late dolomite carbonatite covers the full range of 399 

compositions and types of pyrochlore observed in the other rock units, indicates that most and 400 

perhaps all the carbonate-hosted pyrochlore was mechanically introduced from other units.  401 

Alteration of pyrochlore  402 

Several types of pyrochlore alteration were observed, i.e., resorption of the cores,  partial or 403 

complete replacement by columbite-(Fe), alteration along radial fractures and finally, the 404 

formation of patches of clear pyrochlore with or without inclusions of other minerals (e.g., 405 

baddeleyite, see above). We attribute the resorption of the pyrochlore cores to disequilibrium 406 

among the magma, crystals and exsolved fluid. This fluid was also involved in partial 407 

recrystallisation of the cores and the nucleation and growth of baddeleyite. The radial fractures in 408 

the Type-2 pyrochlore surrounding cores of Ta-U-rich Type-1 pyrochlore in apatitite are 409 
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interpreted to have been created by the swelling of the Type-1 pyrochlore during metamictisation. 410 

This facilitated the infiltration of a late fluid that post-dated crystallisation of Type-1 and Type-2 411 

pyrochlore (and fluid exsolution) and was responsible for the colourless patchy alteration and the 412 

replacement of pyrochlore by columbite-(Fe). A similar proposal was put forward by Duran et al. 413 

(2016) to explain the radial fracturing and alteration surrounding euxenite in granitic pegmatites. 414 

Further detail on the alteration of pyrochlore to columbite-(Fe) at St Honoré can be found in 415 

Tremblay et al. (2017). 416 

The origin of the biotitite, apatitite and magnetite-biotite rock 417 

As mentioned earlier, pyrochlore is extremely soluble (percentage level) in carbonatitic magmas 418 

(Jago and Gittins, 1993; Mitchell and Kjarsgaard, 2002; Mitchell and Kjarsgaard, 2004) and, 419 

consequently, a  carbonatitic magma originating by direct partial melting of the mantle, with a Nb 420 

concentration of ≤300 ppm (Chakhmouradian, 2006; Williams-Jones and Vasyukova, 2022), is 421 

significantly undersaturated in pyrochlore. In order to saturate the magma in pyrochlore, much of 422 

the magma needs to be consumed. Currently, the only process that has been proposed to achieve 423 

this is fractional crystallisation, i.e., crystallisation of calcite or dolomite. Based on the 424 

observations presented in this paper, we believe that two other processes, namely, biotitisation (by 425 

the magma) and fluid exsolution, were also crucial for the saturation of pyrochlore in the St Honoré 426 

carbonatite. Biotitisation was intense at St Honoré and its effect is evident from the presence of 427 

massive, fine-grained biotitite, which may extend tens of metres into the host rock (K-rich syenite) 428 

from its contact with the carbonatite. Moreover, this massive biotitite contains fine-grained 429 

pyrochlore, implying a direct link between the crystallisation of biotite and the saturation of the 430 

magma in pyrochlore. As discussed below, we believe that biotitisation was the result of the 431 

alteration of the K-feldspar by a dolomite carbonatitic magma and that this reduced the mass of 432 

the magma by up to ~50 mol.%, inducing saturation in pyrochlore. The important role played by 433 

fluid exsolution in pyrochlore crystallisation is evident from the occurrence of fluid inclusions in 434 

apatite that crystallised concurrently with pyrochlore and the composition of the Type-2 435 

pyrochlore (see above). This role of aqueous fluids in pyrochlore crystallisation is consistent with 436 

the extremely high solubility of H2O in carbonatitic magmas, i.e., ~15 wt.% at 2 kbar and 437 

potentially much higher at higher pressure (Keppler, 2003). Thus, fluid exsolution, would have led 438 

to a further reduction in the mass of the magma of up to 15 wt.%, ensuring the continued saturation 439 
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of pyrochlore. The model that describes the role of each of the processes referred to above is 440 

presented in the following paragraphs. 441 

Features that characterise carbonatitic magmas and distinguish them from silicate magmas are their 442 

very low viscosity (Genge et al., 1995) and the fact that they are introduced into the host rocks in 443 

large numbers of very small batches (Vasyukova and Williams-Jones, 2022). Such features make 444 

formation of large carbonatitic magma chambers very unlikely and, instead, promote an interaction 445 

of the carbonatitic magmas with their hosts, as suggested for several carbonatites and reproduced 446 

in experiments (Anenburg and Mavrogenes, 2018; Wei et al., 2020; Vasyukova and Williams-447 

Jones, 2022; Vasyukova et al., 2023). As mentioned above, the host rocks at St Honoré (K-rich 448 

syenites) were metasomatised by carbonatitic magmas (dolomitic) to produce massive fine-grained 449 

biotitite. The extent to which this biotitisation occurred varied enormously from one magma batch 450 

to the next and depended on the availability of K-rich syenites with which to react. The biotite was 451 

produced by the idealised reaction: 452 

KAlSi3O8 (K-feldspar) + 3CaMg(CO3)2 (magma) + H2O (magma) = KMg3(Si3Al)O10(OH)2 453 

(phlogopite) +  3CaCO3 (magma) + 3CO2        454 

and led to the consumption of MgO and H2O and the release of CO2 from the system (Fig. 10). 455 

Taken to completion (complete consumption of the MgCO3 component), this process would have 456 

left a residue representing up to 50 mol.% of the initial magma.  457 

With progressive biotitisation, the CaCO3 activity of the adjacent carbonatitic magma eventually 458 

increased to a level high enough to saturate the magma with calcite. The combined effects of 459 

biotitisation and fractional crystallisation of calcite, in turn, saturated the magma with pyrochlore  460 

and led to the formation of a biotitite with abundant disseminated pyrochlore (Type-1). As 461 

crystallisation of calcite in the system CaCO3-MgCO3 can continue until the solidus is reached, 462 

this process would have left behind a residual liquid so enriched in silica, phosphate and iron as to 463 

constitute a magma that we propose to call phoscoritic (the magma that crystallised apatitite). This, 464 

relatively viscous phoscoritic liquid (inferred from the oscillatory zoned apatitite-hosted 465 

pyrochlore and the polymerising effect of the silicate and phosphate components of the magma), 466 

or crystal mush mingled with subsequent batches of magma to form the banded carbonatites that 467 

Vasyukova, O., and  Williams-Jones, A., 2023, A new model for the origin of pyrochlore: 
Evidence from the St Honoré Carbonatite, Canada: Chemical Geology, p. 121549.

© 2023. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0/



constitute much of the niobium resource at St Honoré. The highly evolved nature of the phoscoritic 468 

liquid ensured that it was enriched in Nb and a variety of other incompatible elements (Ta, U, Zr, 469 

Sr, Ba, Th, Fe, REE and Cl) and that it saturated with a Type-1 pyrochlore characterised by a much 470 

higher concentration of these incompatible elements than the Type-1 pyrochlore in biotitite, which 471 

crystallised from a less evolved magma (Fig. 10).  472 

As discussed above, we propose that a key event in the evolution of the carbonatitic magma was 473 

the exsolution of an aqueous fluid (this occurred because of the increase in the H2O activity that 474 

accompanied magma consumption). We propose that this took place during pyrochlore 475 

crystallisation in apatitite and biotitite and that it is recorded in the change from Type-1 to Type-2 476 

pyrochlore. The exsolution led to the loss of fluid mobile elements, like Fe2+, thereby triggering 477 

the crystallisation of magnetite because of the increase in Fe3+ content, and changing the 478 

physicochemical environment substantially. This resulted in the crystallisation of near 479 

stoichiometric Type-2 pyrochlore as an overgrowth on Type-1 pyrochlore (Fig. 10).  480 

In addition to exsolving from the magma as a result of crystallisation, an aqueous phase likely 481 

exsolved at other stages in the development of the complex as a result of periodic changes in 482 

pressure. Thus, in some locations, exsolution of the aqueous fluid could have occurred during or 483 

immediately after biotitisation, but before the crystallisation of calcite and the development of a 484 

phoscoritic liquid. We propose that, if fluid exsolution occurred before the crystallisation of Type-485 

1 pyrochlore, the magma would have saturated in Type-2 pyrochlore. This explains the absence of 486 

Type-1 pyrochlore in the magnetite-biotite rock. It also explains the presence of abundant 487 

magnetite in this rock unit, the crystallisation of which was promoted by the high activity of Fe3+ 488 

due to the loss of Fe2+ to the fluid; the biotite crystallised because of the elevated activity of K, Al 489 

and Si adjacent to the biotitite/syenite. Based on the absence of oscillatory zoning in the 490 

pyrochlore, crystallisation of magnetite, pyrochlore and biotite is interpreted to have occurred 491 

while these minerals settled under gravity (this prevented the development of a boundary layer) to 492 

form a magnetite-biotite rock in which the pyrochlore is exclusively the Type-2 variety (Fig. 10).  493 

Although pyrochlore also is present in the carbonate fraction of the banded carbonatite and the late 494 

dolomite carbonatite, its concentration in these units is low and several lines of evidence suggest 495 

that pyrochlore was mechanically introduced. The evolution of the late carbonate magmas did not 496 
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involve metasomatic interaction with the syenite because of previous biotitisation of this unit by 497 

earlier batches of carbonatitic magma. In the absence of further concentration of Nb, the late 498 

batches of carbonatitic magma most likely evolved by cooling to the liquidus and crystallising as 499 

dolomite carbonatite with rare disseminated pyrochlore (Fig. 10).  500 

Concluding remarks 501 

Experimental studies have shown that the solubility of pyrochlore in carbonatitic magmas is 502 

extremely high, i.e., at percentage levels (Jago and Gittins, 1993; Mitchell and Kjarsgaard, 2002; 503 

Mitchell and Kjarsgaard, 2004). Given that carbonatitic magmas likely contain only a few hundred 504 

ppm of Nb on intrusion, it therefore follows that, initially, the magmas are highly undersaturated 505 

in pyrochlore and that pyrochlore cannot be the first mineral on the liquidus (Williams-Jones and 506 

Vasyukova, 2022). This conclusion, however, is inconsistent with the textural evidence, namely 507 

that pyrochlore typically occurs as euhedra and as inclusions in other (early crystallising) minerals. 508 

Based on the data for the St Honoré carbonatite complex, we have developed a model that resolves 509 

this issue. We believe that there are three processes, which concentrate niobium in carbonatitic 510 

magmas, and cause them to saturate in pyrochlore. These processes are biotitisation, crystallisation 511 

of calcite and exsolution of an aqueous fluid. Biotitisation and crystallisation of calcite consume 512 

MgO, CaO, H2O and CO2 and lead to the saturation of Ta-U-rich Type-1 pyrochlore. Fluid 513 

exsolution removes H2O, Cl and fluid-mobile elements (e.g., U, Fe2+, Sr and REE) and sharply 514 

increases the F/OH ratio, causing the crystallisation of Ta-U-free, F-rich Type-2 pyrochlore. The 515 

extent of biotitisation determines whether there is crystallisation of calcite and the formation of a 516 

residual phoscoritic magma that saturates in a Type-1 pyrochlore, unusually enriched in Ta and U. 517 

Each of the magma batches at St Honoré had a slightly different evolutionary path because of 518 

variations in the proportions of fresh syenite available for biotitisation and the timing of fluid 519 

exsolution. As a result, there is a remarkable heterogeneity in the mode of occurrence and 520 

composition of the pyrochlore. Post-crystallisation mechanical mobilisation by late carbonatitic 521 

magma batches and at least two fluid events added further complexity to the resulting textures.  522 

Extreme textural and compositional heterogeneity, and the occurrence of two types of pyrochlore, 523 

an early Ta-U variety and a later near end-member fluorcalciopyrochlore, are not restricted to St 524 

Honoré. Indeed, most Nb-enriched carbonatites contain these two types of pyrochlore and display 525 

a similar complexity of pyrochlore compositions and textures. Equally common is the occurrence 526 

Vasyukova, O., and  Williams-Jones, A., 2023, A new model for the origin of pyrochlore: 
Evidence from the St Honoré Carbonatite, Canada: Chemical Geology, p. 121549.

© 2023. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0/



of biotitites and the concentration of the pyrochlore in apatite-rich layers and lenses in banded 527 

carbonatites. We, therefore, conclude that the hypotheses presented in this paper are applicable to 528 

most carbonatites in which pyrochlore is an important ore mineral, and encourage other researchers 529 

investigating pyrochlore-enriched carbonatites to further test and refine the model developed here 530 

for carbonatite-hosted niobium mineralisation. 531 
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Figure captions 540 

Figure 1. A schematic geological map of the St Honoré carbonatite modified from an unpublished 541 

map supplied by NiobecNb.  542 

Figure 2. Photographs of drill core from the St Honoré carbonatite. (a) – altered syenite displaying 543 

weak biotitisation, (b) – biotitite (intense biotitisation) cut by a pyrite-bearing dolomite 544 

vein, (c) – the magnetite-rich variety of the magnetite-biotite rock, (d) – the biotite-rich 545 

variety of the magnetite-biotite rock, (e) – banded calcite carbonatite containing a large 546 

apatitite lens and (f) – a dykelet of grey dolomite carbonatite cutting light-coloured 547 

banded dolomite carbonatite containing small fragments of biotitised syenite.    548 

Figure 3. A Ca-Na-A-site vacancy diagram showing the distribution of pyrochlore compositions 549 

in apfu of the different rock units. Also shown are the fields of calciopyrochlore (Ca-550 

Pyr), natropyrochlore (Na-Pyr) and kenopyrochlore (Ke-Pyr). 551 

Figure 4. Modes of pyrochlore occurrence in the biotitite. (a-d) – transmitted light 552 

photomicrographs: (a) –biotite-hosted pyrochlore crystals (partly chloritised), isolated 553 
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or aggregates. Note that the pyrochlore is surrounded by haloes of radiation damage. (b) 554 

– biotite- and magnetite-associated pyrochlore in a sample displaying intense 555 

biotitisation, (c) – the area of the white rectangle in (b) showing tiny biotite-associated 556 

pyrochlore grains (blue arrows) with haloes of radiation damage and larger magnetite-557 

associated pyrochlore containing inclusions of biotite (red outlines). (d) – replacement 558 

of perthite by fine-grained biotite and a concentration of pyrochlore at the contact 559 

between this biotite and coarse-grained biotite, which passes outwards into dolomite 560 

carbonatite. (e-f) – BSE images: (e) – the area of the white rectangle in (d) showing a 561 

layer of pyrochlore aggregates at the contact between fine-grained biotite and coarse-562 

grained biotite, (f) – the area of the black rectangle in (e) showing bright pyrochlore 563 

cores surrounded by darker rims (see the main text for further detail). Bt – biotite, Chl 564 

– chlorite, Dol – dolomite, Mgt – magnetite, Pyr – pyrochlore.  565 

Figure 5. Triangular diagrams showing the distribution of pyrochlore compositions (apfu) for the 566 

crystals from different rock units. (a) – Ca+Na vs. Ta and U, (b) – Ca+Na vs. A-site 567 

vacancy and F and (c) – Nb vs. Ti+Zr+Si and Ta. 568 

Figure 6. Images of pyrochlore in magnetite-biotite rock: (a) – a transmitted light photomicrograph 569 

showing textural relationships among biotite, magnetite, pyrochlore (patchy) and 570 

dolomite. (b) – a transmitted light photomicrograph showing a euhedral crystal of 571 

pyrochlore with colourless alteration concentrated in patches near its rim, (c) – a 572 

transmitted light photomicrograph of an example of an oscillatory zoned (rare) Type-2 573 

pyrochlore crystal that has been extensively altered to colourless fluorcalciopyrochlore 574 

and locally columbite-(Fe). (d) – a BSE image of a partially altered Type-2 pyrochlore 575 

containing patches of columbite-(Fe) and baddeleyite. Bd – baddeleyite, Bt – biotite, 576 

Col – columbite-(Fe), Dol – dolomite, Mgt – magnetite and Pyr – pyrochlore. 577 

Figure 7. Modes of occurrence of pyrochlore in apatitite shown in transmitted light. (a) – dolomite 578 

carbonatite-hosted apatitite containing subhedral to euhedral pyrochlore crystals of 579 

variable size with apatite inclusions in their outer parts. The large crystal contains a 580 

distinctive (yellow to red-brown) core, but the other crystals do not contain 581 

distinguishable cores. (b) – calcite carbonatite-hosted apatitite containing small 582 
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pyrochlore euhedra. (c) – a large pyrochlore crystal with a partially resorbed core in 583 

apatitite hosted by calcite carbonatite. The rim of the pyrochlore is oscillatory zoned and 584 

contains numerous radial fractures. (d) – a large complexly zoned pyrochlore crystal 585 

comprising a core with three zones overgrown by later pyrochlore in apatitite hosted by 586 

dolomite carbonatite (see main text for further description). A BSE image of the same 587 

crystal is shown in the inset. (e) – part of a large pyrochlore crystal containing inclusions 588 

of fluid inclusion-bearing apatite in apatitite hosted by dolomite carbonatite. The inset of 589 

the area outlined in black shows a fluid inclusion containing a vapour bubble and two 590 

anisotropic solids. Ap – apatite, Bt – biotite, Dol – dolomite, Mgt – magnetite, Pyr – 591 

pyrochlore. 592 

Figure 8. A triangular diagram with Ca+Na – U – Ta coordinates showing the composition of the 593 

zones in apatitite-hosted pyrochlore crystals of the type illustrated in Figure 7d. The 594 

dashed lines illustrate the compositional trends of the two varieties of pyrochlore 595 

identified in BSE images (see main text for further detail). 596 

Figure 9. Modes of occurrence of pyrochlore hosted by the carbonate fraction of the banded 597 

carbonatite and the late dolomite carbonatite. (a) – a transmitted light photomicrograph  598 

showing a pyrochlore hosted by a fragment of apatite within late dolomite carbonatite. 599 

(b) – the same image in crossed polarised light. (c) – a transmitted light photomicrograph 600 

of a partially disaggregated fragment of apatitite containing pyrochlore in a matrix of late 601 

dolomite carbonatite. (d) – the same image in crossed polarised light. (e) – a transmitted 602 

light photomicrograph showing two apatite crystals containing small inclusions of 603 

pyrochlore in dolomite carbonatite and two isolated pyrochlore crystals in dolomite 604 

adjacent to the apatite. (f) – a transmitted light photomicrograph showing an inclusion of 605 

pyrochlore and an inclusion of columbite-(Fe) after pyrochlore in dolomite. Two other 606 

columbite-(Fe) crystals are adjacent to the dolomite crystal. The host is a late dolomite 607 

carbonatite. Ap – apatite, Bt – biotite, Col – columbite-(Fe), Dol – dolomite, Pyr – 608 

pyrochlore. 609 
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Figure 10. A schematic diagram illustrating the evolution of the St Honoré carbonatitic magma 610 

and the processes controlling the formation of different units (see the main text for further 611 

detail). 612 
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Table 1. Average compositions (wt.% and apfu) of pyrochlore in biotitite, magnetite-biotite rock, apatitite and carbonatite.

Cores Rims Zone 1 Zone 2 Zone 3

# analyses 22 sd 14 sd 30 sd 4 sd 15 sd 26

Nb2O5 67.6 0.8 69.3 1.1 66.2 1.3 61.4 0.7 48.9 3.0 57.3

Ta2O5  1.4 0.3 0.2 0.1 2.7 0.6 5.2 0.9 2.8

TiO2 2.0 0.4 1.8 0.8 3.4 0.4 3.9 0.2 5.0 0.9 4.1

ZrO2 0.1 0.1 0.7 0.6 2.5 0.2 2.8 1.7 2.1

SiO2 0.2 0.2 0.1 0.0 0.2 0.3 0.2 0.1 2.0 0.9 1.1

CaO 15.2 1.0 16.1 0.7 17.0 0.5 15.1 0.3 10.6 2.1 14.1

Na2O 4.9 1.2 6.5 0.2 6.0 0.1 4.6 0.8 0.9 0.5 3.2

FeO 0.8 0.6 0.3 0.5 0.2 0.2 0.4 0.1 3.1 1.0 1.5

SrO 1.3 0.5 1.0 0.1 0.5 0.1 0.6 0.1 2.2 0.8 1.4

UO2 1.1 0.3 0.8 0.2 6.0 2.5 2.0

ThO2 0.1 0.1 0.1 0.1 0.9 0.7 1.4 0.1 3.3 1.4 2.6

TREO 0.8 0.4 0.8 0.4 0.7 0.3 1.5 0.2 1.3 0.3 1.4

BaO 0.5 0.3 0.3

F 3.4 0.6 4.2 0.1 4.0 0.1 3.5 0.1 1.4 0.6 2.7

Cl 0.1 0.1 0.1

 -O=F2 1.4 0.3 1.8 0.0 1.7 0.1 1.5 0.1 0.6 0.3 1.1

Total 99.0 1.3 100.4 0.5 98.5 0.3 97.3 1.0 92.9 1.2 95.9

APFU
1

Nb2O5 1.872 1.908 1.810 1.689 1.445 1.624

Ta2O5  0.023 0.001 0.003 0.045 0.093 0.049

TiO2 0.094 0.081 0.153 0.178 0.245 0.193

ZrO2 0.004 0.020 0.073 0.090 0.065

SiO2 0.011 0.006 0.013 0.014 0.128 0.069

B-site 2.000 2.000 2.000 2.000 2.000 2.000

CaO 1.002 1.052 1.104 0.985 0.744 0.948

Na2O 0.577 0.771 0.707 0.547 0.115 0.382

FeO 0.042 0.013 0.008 0.018 0.169 0.082

SrO 0.047 0.034 0.019 0.023 0.084 0.053

UO2 0.014 0.010 0.088 0.029

ThO2 0.001 0.001 0.012 0.019 0.049 0.038

TREO 0.019 0.019 0.017 0.034 0.031 0.032

BaO 0.014 0.008

A-site 1.703 1.891 1.869 1.637 1.294 1.571

A vacancies 0.297 0.109 0.131 0.363 0.706 0.429

F 0.663 0.806 0.766 0.679 0.284 0.524

Cl 0.016 0.010

(OH,O,O2,H2O)
20.337 0.194 0.234 0.321 0.700 0.466

APFU
1
 - atoms per formula unit. Calculated on a base that ∑B=2

(OH,O,O2,H2O)
2
 - Site Y, calculated as 1-∑(F,Cl)

sd - standard deviation

empty cells - below the detection limit

Biotitite Magnetite-biotite rock Apatitite
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Table 1. Average compositions (wt.% and apfu) of pyrochlore in biotitite, magnetite-biotite rock, apatitite and carbonatite.

Rim

sd 22 sd 15 sd

4.6 65.3 1.3 66.8 3.2

1.5 0.3 0.2 0.6 1.1

0.4 3.5 0.3 2.1 0.8

1.3 1.0 0.8 0.5 1.1

0.9 0.2 0.2 0.3 0.3

2.2 16.5 0.5 14.6 1.0

1.4 5.9 0.3 6.3 1.1

0.9 0.1 0.1 0.2 0.3

0.9 0.5 0.1 1.4 0.6

1.9 0.1 0.2

0.8 1.6 0.6 1.0 1.6

0.3 1.1 0.3 1.2 0.7

0.4

0.8 3.9 0.2 4.0 0.4

0.1

0.4 1.7 0.1 1.7 0.2

1.9 98.4 0.4 97.4 1.1

1.795 1.864

0.005 0.011

0.162 0.096

0.028 0.014

0.010 0.016

2.000 2.000

1.077 0.968

0.697 0.750

0.007 0.011

0.019 0.050

0.001

0.023 0.014

0.025 0.028

1.849 1.822

0.151 0.178

0.757 0.785

0.243 0.215

Apatitite Carbonatite
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