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INTRODUCTION
Niobium is designated as a strategic or critical refractory 

metal, which has several high-tech industrial uses such as 
manufacturing of high-strength low-alloys steel, corrosion 
and heat resistant alloys, variety of superconductors, high 
performance batteries and magnets (Chakhmouradian 
et al., 2015; Chebotarev et al., 2017; Mitchell et al., 

2020). Although Nb has numerous high-tech industrial 
applications, which has increased its global production by 
four times since 2000 (Chebotarev et al., 2017; Mitchell 
et al., 2020), however, there are few limited exploitable 
deposits of Nb in the world. The largest Nb production in 
the world comes from three major operating mines, i.e., 
Araxá and Cataláo-II, in Brazil, and St. Honoré, in Canada 
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(~92% and 7% of global production, respectively); 
(Cordeiro et al., 2011; Mitchell et al., 2020). Due to the 
increasing demand in high-tech, and as an important 
economic interest metal, many countries are focused on 
exploring new resources of Nb indigenously. 

The bulk of commercial Nb comes from pyrochlore group 
minerals which commonly occur in economically viable 
amounts in carbonatites and their weathering products 
(Chakhmouradian and Williams, 2004; Chakhmouradian 
et al., 2015). Pyrochlore group minerals show significant 
structural and compositional variations due to exchange 
reactions during the process of evolution of carbonatite 
complexes (Nasraoui and Bilal, 2000; Cordeiro et al., 
2011; Chebotarev et al., 2017; Khromova et al., 2017; 
Walter et al., 2018). This study describes new occurrence 
of pyrochlore mineralization from the Loe-Shilman 
carbonatite complex in NW Pakistan, and is focused 
on to delineate the chemical composition of pyrochlore 
group minerals found in various carbonatite bodies and in 
its overlying supergene laterite deposits of the complex. 
Main focus of the present data and interpretation are to 
characterize pyrochlore composition, and better compute 
their geochemical evolution in carbonatite system of the 
Loe-Shilman carbonatite complex, NW Pakistan.

GEOLOGICAL AND MINERALOGICAL DESCRIPTION
The Loe-Shilman carbonatite complex is located 

in the Khyber district, in the vicinity of Pakistan and 
Afghanistan border (Figure 1a). Along with the Sillai 
Pattai, Koga and Jambil carbonatites, and the Warsak, 
Shewa-Shahbazgarhi and Ambela granitic complexes, it 
is combined into the Peshawar Plain Alkaline Igneous 
Province (Figure 1a); (Kempe and Jan, 1970, 1980; 
Butt, 1981; Jan et al., 1981; Ahmad et al., 2013). The 
Loe-Shilman complex is an East-West trending sill-like 
intrusion that separate Precambrian slates and phyllites 
in the south from Paleozoic schists, and metasedimentary 
dolomite in the north (Figure 1b). The complex is ~2.5 
km long, and ~170 m wide in its central part (Jan et al., 
1981). The complex has yielded K-Ar phlogopite age of 
31±2 Ma (Le Bas et al., 1987) and apatite fission track 
age of 30±1.54 Ma (Khattak et al., 2008). However, the 
first author of this article has recently documented a U-Pb 
zircon crystallization age of 90.6 ± 1.0 Ma (MSWD=1.6, 
n=33) (Khan, 2021). Moreover, the complex can be 
divided into calcite and dolomite carbonatites, and minor 
late-stage carbonatite veins (Figures 1b, 2a). Detailed 
petrographic descriptions of the Loe-Shilman carbonatite 
complex are already given by Jan et al. (1981). These are 
briefly summarized here and we present various textural 
characteristics of the pyrochlore-group minerals, as these 
are the focus of this study. 

Calcite carbonatite
The calcite carbonatite is the most extensive carbonatite 

intrusion of the complex. It is white on fresh surface, and 
pale to dark brown on weathered surface. The calcite 
carbonatite is dominated by calcite (60-70%), and contain 
variable amounts of fluorapatite (10-15%), biotite (10-
15%), amphiboles (8-12%), magnetite (2-4%), pyrochlore 
(1-3%), zircon (~1%) and monazite (<1%); (Figure 2 b,c). 
Calcites occur as equigranular and euhedral to subhedral 
coarse grains, whereas amphiboles (magnesio-arfvedsonit 
and richterite) occur as long pleochroic prisms. Rounded 
or prismatic crystals of fluorapatite observed embedded in 
calcite matrix (Figure 2 b,c). Large flakes of biotite present 
are sometimes oriented and deformed. Pyrochlores exist 
as dark brown to black, and irregularly disseminated 
octahedral crystals. Generally, pyrochlores are 2mm to 
1cm long euhedral crystals, and typically show oscillatory 
zoning pattern without any resorbed pyrochlore cores 
(Figure 3a). Pyrochlores contain inclusions of calcite and 
fluorapatite and in some cases reflect intergrowth texture 
with calcite and fluorapatite (Figure 2f). The association 
of pyrochlores with calcite and fluorapatite, and lack of 
resorbed pyrochlore cores indicate in-situ crystallization 
of pyrochlores in the calcite carbonatite of the complex. 

Dolomite carbonatite
The dolomite carbonatite either intrude the calcite 

carbonatite or occur along the southern contact of calcite 
carbonatite and host rocks (Figure 1b). The dolomite 
carbonatite is predominantly comprised of medium 
to coarse grained, subhedral dolomite (>75%), and 
magnetite (5-10%), ovoid and prismatic fluorapatite 
(5-10%), euhedral pyrochlore (1-3%), minor acicular 
amphibole (magnesio-arfvedsonit and richterite), and 
traces of biotite (Figure 2d). Pyrochlores in the dolomite 
carbonatite are relatively fine grained; however, their 
textural characteristics are similar to the calcite carbonatite 
(Figure 3b).

Late-stage carbonatite veins
The late-stage carbonatitic veins are intruding the 

calcite and dolomite carbonatites and are comprised of 
calcite (60-70%), dolomite (12-16%), barite (8-15%), 
biotite (<10%), monazite (up to 4%), and pyrochlore 
(1-2%); (Figure 2e). Fluorapatite is mainly missing in 
these carbonatitic veins. Pyrochlores in the late-stage 
carbonatite veins occur as anhedral to euhedral, fine 
grained disseminated crystals or aggregates (Figure 2e). 
These pyrochlores show patchy zonation that overprints 
the primary magmatic oscillatory zoning (Figure 3c). The 
patchy overprinting observed starting at the grain margin, 
whereby an alteration front moves towards the centre of 
the pyrochlore (Figure 3c).
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Supergene laterite
Intensive lateritic weathering of the bed rock carbonatites 

of the Loe-Shilman complex under humid-subtropical to 
tropical climatic conditions has developed a supergene 
laterite layer of variable thickness over the carbonatite 
complex. The supergene lateritic layer is consists of dark 

brown ochres with relicts of carbonatite, and contains 
goethite, kaolinite, zircon, pyrochlores, monazite and 
rutile minerals. Pyrochlore grains found in the supergene 
laterite are highly porous with intense patchy zonation 
and vestige of oscillatory zoning (Figure 3d).

Figure 1. a) Map showing distribution of alkaline rocks and carbonatites of the PPAIP between MMT and MBT; b) Geological map of 
the Loe-Shilman carbonatite complex (Modified after Jan et al., 1981).
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Figure 2. a) Outcrop picture of late-stage carbonatite veins cutting calcite carbonatite; b,c) photomicrographs of calcite carbonatite 
comprised of equigranular and subhedral calcite (Cal), subhedral to euhedral apatite (Ap), flakes of biotite (Bt), and amphibole (Amp); 
d) photomicrographs of dolomite carbonatite comprised of predominantly dolomite (Dol), subordinate subhedral to euhedral magnetite 
(Mag) and Bt; e) photomicrographs of hydrothermal carbonatite vein comprised of Cal, Bt, Amp and pyrochlore (Pcl); f) back scattered 
electron image of Pcl containing inclusions of Ap and Cal.
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PYROCHLORE COMPOSITION
Pyrochlore grains collected from various carbonatites 

and supergene laterite were mounted in epoxy resin, 
and were then polished to expose equatorial sections. 
Polished grain mounts were examine to observe zoning 
pattern of the pyrochlore-group minerals through 
scanning electron microscope in Back-scattered electron 
(BSE) mode at the University of British Columbia 
(UBC), Canada. During analysis the scanning electron 
microscope was operated at an accelerating voltage 
of 20 kV, a beam current of 1 nA, and a count time of  
50 s. The BSE images were subsequently used for choosing 
analytical points to determine chemical composition of the 
pyrochlores through Laser Ablation-Inductively Coupled 
Plasma-Mass Spectrometry (LA-ICP-MS) at the Fipke 
Laboratory for Trace Element Research facility housed at 

the UBC, Canada. The LA-ICP-MS setup is comprised of 
a Photon Machines Analyte 193 Excimer laser coupled 
to an Agilent 8900 triple quadrupole ICP-MS. Helium  
(0.7 L/min) was used as the ablation cell carrier gas, and 
was mixed with Argon (0.9 L/min) before the plasma 
using an in-house glass mixing valve that also served as 
a signal smoothing device. The instrument was optimized 
before each analytical run using the Standard Reference 
Material NIST610 for maximum signal coupled with 
maintaining oxide and doubly charged ion ratios below 
1% of the certified value. Target domains were ablated 
with a laser spot size of 50 µm at the repetition rate of 
8 Hz, and a fluence of 5 J/cm2. Trace element data were 
normalized to NIST 610 using 43Ca as the internal standard 
with NIST 612 and BCR-2G serving as secondary check 
standards. All data were processed using Iolite v4 (Paton 

Figure 3. Back scattered electron image of oscillatory zoned pyrochlore crystals in calcite and dolomite carbonatites (a,b) patchy zoned 
pyrochlore overprinting primary oscillatory zoning occurring in late-stage carbonatite vein (c) and patchy zoned, porous pyrochlore in 
supergene laterite (d).
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et al., 2011). 
The general formula of pyrochlore super-group is A2−

mB2X6−wY1−n∙pH2O (Hogarth, 1977; Atencio et al., 2010). 
The A-site is typically occupied by large cations such 
as As, Ba, Bi, Ca, Cs, K, Mg, Mn, Na, Pb, REE, Sb, Sr, 
Th, U and Y. The B-site normally accommodate highly 
charged smaller cations such as Nb, Ta, Ti, Zr, Fe3+, Al, 
Si and W+5 (Zurevinski and Mitchell, 2004; Caprilli et 
al., 2006). The Y and X are anions and filled with O, OH 
and F. The A and Y sites can be either partially or fully 
vacant (Lumpkin and Ewing, 1995; Wall et al., 1996). 
The structural formulae of the analyzed pyrochlores from 
the Loe-Shilman complex have been calculated on the 
basis of 2 B-site cations which classify the Loe-Shilman 
pyrochlore within the pyrochlore group (Figure 4a).

Pyrochlore-group minerals are the principal Nb phases 
observed in the Loe-Shilman carbonatite complex. 
Representative compositions of pyrochlore-group 
minerals are presented in Table 1. In general, the Nb2O5 
contents of the all analyzed pyrochlore are high (55.25-
62.14 wt%), while the concentrations of radioactive 
elements are low i.e. ThO2 concentration varies from 
0.19 to 1.37 wt% and UO2 from 0.14 to 1.75 wt% (Table 
1). Like the radioactive elements the total REE+Y 
concentrations are also low (Y+REE2O3=1.75-3.86 wt%) 
in the calcite and dolomite carbonatites, but may reach up 
to 4.16-9.41 wt% in the pyrochlore occurring in late-stage 
carbonatite veins and supergene laterite (Table 1). 

Oscillatory zoning patterns of pyrochlore crystals in 
calcite and dolomite carbonatites are indistinguishable 
but there are compositional variations in pyrochlores 
from the two carbonatite types. The chemical data also 

show that none of the pyrochlore-subgroups which are 
found in the calcite carbonatite occur in the dolomite 
carbonatite, except the core of a few larger pyrochlore 
crystals in dolomite carbonatites, which show similarity 
to pyrochlore composition in calcite carbonatites. 
Pyrochlores in the dolomite carbonatites are relatively 
rich in Nb2O5 (60.04-62.14 wt%), TiO2 (4.35-5.21 
wt%), BaO (1.45-2.30 wt%) and SrO (1.79-2.69 wt%), 
but low in Ta2O5 (2.12-5.11 wt%) with similar contents 
of CaO, Na2O, UO2, ThO2, ZrO2 and REE oxides as in 
calcite carbonatites (Table 1). In calcite and dolomite 
carbonatites, pyrochlores with vacancies at A-site are 
absent, and are Ca-Na-pyrochlores in composition 
(Figure 4b). However, the overprinting patchy zones in 
pyrochlores found in late-stage carbonatite veins and 
supergene laterite are predominantly A-site vacant Ba-
REE-Sr rich pyrochlore and bariopyrochlore. Moreover, 
the proportions of A- site vacancies and Ba content 
increase from late-stage carbonatitic veins to supergene 
laterite pyrochlore (Figure 4b, Table 1). The overprinting 
patchy zones are characterized by lower Nb2O5 (<59.1 
wt%), Ta2O5 (<2.15 wt%), CaO (<5.62 wt%), Na2O 
(<1.13 wt%), and higher BaO (up to 13.42 wt%), SrO (up 
to 4.16 wt%), and REE oxides compared to oscillatory 
zoned areas, which resemble either the composition 
of oscillatory zoned pyrochlores in calcite or dolomite 
carbonatites (Table 1). Moreover, pyrochlores in 
supergene laterite contain Fe2O3 from 1.1-4.2 wt%.

INTERPRETATION AND DISCUSSION
The Loe-Shilman carbonatite complex: A potential Nb deposit

In general, the contents of Nb2O5 in pyrochlore crystals 

Figure 4. (a) Classification diagram of pyrochlore-group minerals from the Loe-Shilman carbonatite complex (after Hogarth, 1977) and 
(b) ternary plots of Ca, Na and A-site vacancy showing the hydrothermal and supergene trends of the pyrochlores.
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Niobium mineralization in the Loe-Shilman carbonatite complex

rich pyrochlores in calcite carbonatite can be interpreted 
as less evolved (primitive) phases and relatively Ta poor, 
and Nb rich pyrochlores in dolomite carbonatite as more 
evolved phases (Cordeiro et al., 2011) . 

Pyrochlores characterized by patchy zonation which 
overprint primary magmatic oscillatory zoning in late-
stage carbonatite veins and supergene laterite are typical 
of hydrothermal and supergene alterations of pre-existing 
pyrochlores derived either from calcite or dolomite 
carbonatites (Lumpkin and Ewing, 1995; Wall et al., 1996; 
Nasraoui and Bilal, 2000; Chebotarev et al., 2017; Walter 
et al., 2018). The patchy zones in pyrochlores found in 
late-stage carbonatite veins in the Loe-Shilman complex 
are characterized by A-site vacancies, enrichment of Ba-
REE-Sr and strong depletion of Na with moderate loss 
of Ca (Figure 4b). The A-site vacancies and enrichment 
of Ba increase in addition to complete loss of Na and 
almost complete loss of Ca in patchy zoned pyrochlores 
in supergene laterite of the Loe-Shilman complex (Figure 
4b). The trend from Ca-Na-pyrochlores in calcite and 
dolomite carbonatites towards A-site deficient Ba-REE-
Sr rich pyrochlore and bariopyrochlore in late stage 
carbonatite veins and supergene laterite is linked with 
substitution of Ba-REE-Sr with Ca and Na, and subsequent 
vacancies at the A-site (Nasraoui and Bilal, 2000; Cordeiro 
et al., 2011; Chebotarev et al., 2017; Walter et al., 2018; 
Figure 4b). Similar trends are described from pyrochlores 
in the Kola carbonatite, Russia (Chakhmouradian and 
Williams, 2004) and Sokli carbonatite, Finland (Lee et 
al., 2006) attributed to supergene or low temperature 
hydrothermal alteration, and from pyrochlores in the 
Bingo and Lueshe carbonatites, Congo (Williams et al., 
1997; Nasraoui and Bilal, 2000, respectively), as a result 
of surficial weathering. Moreover, presences of Fe2O3 in 
patchy zoned pyrochlores in supergene laterite indicate 
replacement of strongly-bounded Nb at B-site by Fe3+ by 
supergene fluids.

The late-stage veined carbonatites are devoid of 
apatite and contain abundant monazite compared to 
other carbonatites of the Loe-Shilman complex. The 
abundance of monazite crystallization may be at the 
expense of complete dissolution of apatite. The cation-
substitution in pyrochlore is described to occur at 
relatively acidic conditions (Nasraoui and Bilal, 2000). 
The low pH conditions are probably responsible for total 
dissolution of apatite in late-stage carbonatite veins that 
led to the lack of apatite in the late-stage carbonatite 
veins. The crystallization of monazite at absence of 
apatite also suggests an acidic, Na and/or Si poor nature 
of hydrothermal fluids responsible for apatite dissolution 
(Harlov and Förster, 2003; Harlov et al., 2005), and the 
most evolved character of the late-stage carbonatite veins 
(Zirner et al., 2015; Chebotarev et al., 2017).

from the Loe-Shilman carbonatite complex is high (55.25-
62.14 wt%), whereas, Ta2O5 and TiO2 vary from 1.06 to 
10.11 wt% and 1.15 to 5.21 wt%, respectively (Table 1). 
Therefore, the high atomic proportions of Nb (1.62-1.80 
apfu) compared to Ta (0.02-0.18 apfu) and Ti (0.06-0.24 
apfu) at B-site classify the Loe-Shilman pyrochlore-
group minerals as pyrochlore sensu stricto (Figure 4a). 
The Nb concentration of the Leo-Shilman pyrochlore is 
high enough to designate the Loe-Shilman carbonatites 
potential for Nb exploitation. Moreover, the concentrations 
of radioactive elements are low i.e., ThO2 concentration 
varies from 0.19 to 1.37 wt% and UO2 from 0.14 to 1.75 
wt% (Table 1). Highly radioactive pyrochlore are reported 
from the Sokli phoscorite-carbonatite complex, Finland 
(UO2=0.05-21 wt% and ThO2=0.16-5.22 wt%; (Lee et 
al., 2006) and Latium, Italy (UO2=14.74-33.68 wt% and 
ThO2=0.44-2.84 wt%; Caprilli et al., 2006). Exploitation 
of such a high radioactive pyrochlore could give rise to 
environmental pollution by dispersion of radioactive 
elements in the ecosystem of an area. However, the 
Loe-Shilman pyrochlores are similar in composition 
to the non-radioactive pyrochlore of the Panda Hill 
carbonatite deposit in Tanzania (Boniface, 2017). The low 
concentration of radioactive elements in the Loe-Shilman 
pyrochlore points to environmental friendly exploitation 
of Nb in the Loe-Shilman area. Whereas, the low REE+Y 
contents of pyrochlore in calcite and dolomite carbonatites 
(1.75-3.86 wt%), which cover most of the outcrop area of 
the Loe-Shilman complex, indicate unpromising potential 
for REE+Y. 

Chemical evolution of pyrochlore 
Oscillatory zoning in pyrochlores found in the calcite 

and dolomite carbonatite is a typical magmatic feature 
(Hogarth et al., 2000; Walter et al., 2018). In the calcite 
and dolomite carbonatites, pyrochlore and apatite coexist, 
which may reflect that at initial stages of carbonatite 
magmatism Nb and Ta are transported as phosphate 
and fluorine complexes (Knudsen, 1989; Hogarth et 
al., 2000; Cordeiro et al., 2011). Due to relatively high 
solubility of Nb than Ta in carbonatitic magma, Nb-
rich pyrochlore occur in a more evolved magma and 
relatively Nb-poor and Ta-rich pyrochlore in primitive 
magma (Knudsen, 1989; Cordeiro et al., 2011). Similarly, 
pyrochlore progressively evolve into Na-Ca-Nb enriched 
and Ta-Th-U-REE depleted composition in carbonatitic 
magma (Hogarth et al., 2000; Lee et al., 2006). In Kola 
carbonatite complex, Th-Ca-Na dominant pyrochlore 
evolves towards Ba-Sr rich pyrochlores (Chakhmouradian 
and Williams, 2004). Oscillatory zoned pyrochlore in 
the magmatic calcite and dolomite carbonatites of the 
Loe-Shilman complex indicates similar trends but early 
formed Ta enriched pyrochlore are Th and U poor. Ta-
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CONCLUSIONS
Pyrochlore group minerals are the principle Nb phases 

with low contents of radioactive and REE in the Loe-
Shilman carbonatites and overlying supergene laterite. 
The morphology and compositional variations in 
pyrochlore-group minerals found in calcite- dolomite- and 
veined late- stage carbonatites describe the evolution of 
the Loe-Shilman carbonatite complex, and interaction of 
primary magmatic carbonatites with hydrothermal fluids. 
Oscillatory zoned Ca-Na-pyrochlores found in the calcite, 
and dolomite carbonatites describe primary magmatic 
character of the carbonatites. However, relatively Ta poor, 
Nb rich pyrochlores in dolomite carbonatite compared to 
Ta rich pyrochlores in calcite carbonatite indicate a more 
evolved nature of the dolomite carbonatite and relatively 
primate nature of calcite carbonatites. Oscillatory zoned, 
primary magmatic Ca-Na-pyrochlores evolve towards 
patchy zoned, cracked, Ba-REE-Sr rich pyrochlores 
in late-stage hydrothermal veined carbonatites. The 
elemental redistribution and patchy zonation in 
hydrothermal pyrochlores possibly caused by acidic, Na 
and/or Si poor hydrothermal fluids. The porous, patchy 
zoned, iron bearing briopyrochlores in supergene laterite 
indicate complete leaching of Ca and Na from A-site and 
replacement/remobilization of Nb with Fe3+ at B-site by 
supergene fluids. In conclusion, pyrochlore of the Loe-
Shilman complex can be an appropriate economic source 
of Nb with a very low environmental impact due to its 
minor radioactive nature. 
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