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Abstract
Distinctly different groundmass mineralogy characterise the hypabyssal facies, Mesoproterozoic diamondiferous P3 and P4 
intrusions from the Wajrakarur Kimberlite Field, southern India. P3 is an archetypal kimberlite with macrocrysts of olivine 
and phlogopite set in a groundmass dominated by phlogopite and monticellite with subordinate amounts of serpentine, spinel, 
perovskite, apatite, calcite and rare baddeleyite. P4 contains mega- and macrocrysts of olivine set in a groundmass domi-
nated by clinopyroxene and phlogopite with subordinate amounts of serpentine, spinel, perovskite, apatite, and occasional 
gittinsite, and is mineralogically interpreted as an olivine lamproite. Three distinct populations of olivine, phlogopite and 
clinopyroxene are recognized based on their microtextural and compositional characteristics. The first population includes 
glimmerite and phlogopite–clinopyroxene nodules, and Mg-rich olivine macrocrysts (Fo 90–93) which are interpreted to be 
derived from disaggregated mantle xenoliths. The second population comprises macrocrysts of phlogopite and Fe-rich olivine 
(Fo 81–89) from P3, megacrysts and macrocrysts of Fe-rich olivine (Fo 85–87) from P4 and a rare olivine–clinopyroxene 
nodule from P4 which are suggested to have a genetic link with the precursor melt of the respective intrusions. The third 
population represents clearly magmatic minerals such as euhedral phenocrysts of Fe-rich olivine (Fo 85–90) crystallised at 
mantle depths, and olivine overgrowth rims formed contemporaneously with groundmass minerals at crustal levels. Close 
spatial association and contemporaneous emplacement of P3 kimberlite and P4 lamproite is explained by a unifying petro-
genetic model which involves the interaction of a silica-poor carbonatite melt with differently metasomatised wall rocks in 
the lithospheric mantle. It is proposed that the metasomatised wall rock for lamproite contained abundant MARID-type and 
phlogopite-rich metasomatic veins, while that for kimberlite was relatively refractory in nature.
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Introduction

Forsteritic olivines characterized by a wide compositional 
range [Fo = 100 Mg/(Mg + Fe) = 85–94] invariably dominate 
the macrocryst (0.5–10 mm long) assemblages in kimberlites 
and olivine lamproites (Clement 1982; Mitchell 1986, 1995; 
Mitchell and Bergman 1991). Minor element concentrations 
in olivines, especially those of Ni, Ca, Al, Ti, Mn and Cr 
have increasingly been found to be useful in the distinc-
tion of different olivine populations and of melt-derived 
from mantle olivines (Howarth and Taylor 2016 and ref-
erences therein). Olivine cores of zoned macrocrysts from 
kimberlites and lamproites have varied compositions and 
can be either xenocrysts derived from disaggregated mantle 
xenoliths or cognate phenocrysts crystallized from a pro-
tokimberlite melt. Multiple textural and/or compositional 
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populations are also known for phlogopites in kimberlites 
(e.g. Giuliani et al. 2016) and clinopyroxenes in lamproites 
(e.g. Shaikh et al. 2017). However, little work has been done 
to correlate different populations of olivine, phlogopite and 
clinopyroxene within a kimberlite or lamproite in the frame-
work of cognate origin, magmatic origin and inheritance 
from mantle rocks.

The present study is on two intrusions, P3 and P4, from 
the Mesoproterozoic Wajrakarur Kimberlite Field (WKF) 
in southern India, where kimberlites, lamproites and ultra-
mafic lamprophyres are known to occur in close proxim-
ity (Shaikh et al. 2017). The classification of many of the 
WKF intrusions as either kimberlite or lamproite has been a 
controversial issue primarily because of the lack of detailed 
mineralogical studies. P3 and P4 have generally been con-
sidered as ‘kimberlites’ based on preliminary mineralogi-
cal information (Rao and Phadtre 1966; Akella et al. 1979; 
Reddy 1987; Scott Smith 1989; Chalapathi Rao et al. 2004). 
We have undertaken a comprehensive mineralogical study 
of P3 and P4 rocks in order to: (i) establish their affinity to 
kimberlite or lamproite; (ii) identify different olivine popula-
tions based on their major and minor element compositions 
obtained from high precision electron microprobe analysis; 
and (iii) distinguish different populations of phlogopite and 
clinopyroxene and correlate their paragenesis with that of 
olivine.

The choice of P3 and P4 for the present study stems from 
the fact that these are the only intrusions in southern India 
from where rare mantle-derived ultramafic xenoliths have 
been reported (Rao and Phadtre 1966; Akella et al. 1979; 
Reddy 1987) and published major element compositions of 
olivine in the xenoliths are available (Ganguly and Bhat-
tacharya 1987; Nehru and Reddy 1989) for comparison 
with our olivine data. Further, P4 is unique in that it con-
tains olivine megacrysts (> 10 mm long), which we analyse 
along with olivine macrocrysts and examine a possible link 
between them.

Geological setting

The WKF occurs in the Archaean Dharwar Craton, which is 
a typical granite–greenstone terrene comprising 3.4–2.7 Ga 
tonalite–trondhjemite–granodiorite (TTG) gneisses known 
as the Peninsular Gneisses, volcano-sedimentary schist belts 
(3.3–2.6 Ga), and granitoid plutons emplaced between 2.6 
and 2.5 Ga (Ramakrishnan and Vaidyanadhan 2008). Kim-
berlites and lamproites are confined to the eastern part of 
the Dharwar Craton and are distributed in four kimberlite 
fields and five lamproite fields (compilation in Shaikh et al. 
2017). The WKF is the largest field (~ 80 km × 70 km) with 
48 intrusions of mainly kimberlites and lamproites and some 
lamprophyres. Radiometric ages show that the kimberlite 

and lamproite emplacement peaked around 1100 Ma (Anil 
Kumar et al. 2007), except for a younger age of ~ 90 Ma for 
one of the two pulses of TK1 intrusion in WKF (Chalapathi 
Rao et al. 2016).

P3 (14° 55′ 29′’; 77° 17′ 21′’) and P4 (14° 55′ 28′’; 77° 
17′ 49′’) are hypabyssal facies intrusions in the Peninsular 
Gneisses, located ~ 0.8 km apart in the Lattavaram clus-
ter of the WKF (Rao and Phadtre 1966). P3 has a bean-
shaped outline with a dimension of 120 m × 40 m, while 
P4 has an elliptical surface geometry with a dimension of 
265 m × 130 m. Both the intrusions are poorly diamondifer-
ous (Ravi et al. 2013).

Samples and analytical techniques

Rock samples for the present study are from a drill core 
(6 cm diameter) in P3 and from surface outcrops in P4. The 
numbers of polished thin sections studied include two from 
P3 and five from P4. Mineral modes of macrocrysts, and 
microcrysts (0.1–0.5 mm long) were estimated visually by 
examination of thin sections with a polarising optical micro-
scope, while groundmass mineral proportions were assessed 
on back-scattered electron (BSE) images using ImageJ soft-
ware. Quantitative mineral analyses were performed with 
a five channel WDS CAMECA SX-Five electron probe 
micro-analyser (EPMA). The details of analytical techniques 
are described in Supp. Material SM1 and calibration set-
tings of EPMA are given in Supp. Table S1. Modal mineral 
abundances are presented in Supp. Table S2. EPMA data 
for olivine, phlogopite, clinopyroxene, spinel, monticel-
lite, K-richterite, perovskite and apatite are given in Supp. 
Tables S3–S9.

Results

Petrography

P3 and P4 samples are inequigranular textured rocks with 
significant mineralogical differences between them. Based 
on microtextural and compositional characteristics, multi-
ple populations of olivine, phlogopite and clinopyroxene 
are recognised in both P3 and P4. These populations are 
designated as I, II and III with the third population being 
subdivided into IIIa, IIIb and IIIc. Olivine commonly shows 
secondary alteration which is more pronounced in P3 com-
pared to P4.

P3 rock

P3 samples are characterized by macro- and microcrysts of 
olivine and phlogopite set in a groundmass dominated by 
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phlogopite and monticellite with subordinate amounts of 
serpentine, spinel, perovskite, apatite, calcite and rare bad-
deleyite (Supp. Fig. 1a–f). Spinel grains commonly show 
atoll texture. Although olivine crystals are usually highly 
serpentinised, a core-rim structure can be identified in some 
of the macrocrysts in back-scattered electron (BSE) images. 
Mg-rich cores of olivine macrocrysts which are relatively 
dark compared to the rims in BSE images are designated as 
olivine-I. Fe-rich cores of zoned olivine macrocrysts which 
are relatively bright compared to the rims in BSE images are 
classified as olivine-II. Some olivine-II macrocrysts contain 
rare inclusions of ilmenite (Supp. Fig. 1a). Overgrowth rims 
on olivine-I and olivine-II cores, and rare olivine inclusions 
in monticellite (Supp. Fig. 1b) are designated as olivine-III.

Phlogopites of three populations are distinguished. Phlo-
gopite-I includes: (i) glimmerite nodules (Supp. Fig. 1c); (ii) 
phlogopite–clinopyroxene nodules; and (iii) discrete mac-
rocrysts (up to 1.4 mm long) locally showing intergrowth 
with vermicular spinel (Supp. Fig. 1d). Phlogopite II forms: 
(i) lining along intergranular boundaries in glimmerite nod-
ules of phlogopite-I (Supp. Fig. 1c); (ii) overgrowth on the 
phlogopite-I core of macrocrysts (Supp. Fig. 1e); and (iii) 
discrete microcrysts. Crystals of both phlogopite-I and phlo-
gopite-II are often deformed into a bent shape and also show 
resorption, which has resulted in a rounded shape or cor-
roded grain boundary (Supp. Fig. 1d, e). Glimmerite nodules 
also have a resorbed outline (Supp. Fig. 1c). Phlogopite-III 
population modally dominates over other types of phlogopite 
and occurs as: (i) poikilitic laths in the groundmass con-
taining inclusions of spinel, perovskite and apatite (Supp. 
Fig. 1f); (ii) aggregates in groundmass segregations; and (iii) 
numerous tiny needles (< 50 µm long) scattered throughout 
the groundmass and also as filling material in some of the 
pseudomorphs after olivine.

Clinopyroxene grains constituting the phlogopite–clino-
pyroxene nodules mentioned above are classified as clinopy-
roxene-I. Highly corroded and sieve-textured discrete macro-
crysts of clinopyroxene are also included in this population.

P4 rock

P4 samples are marked by mega-, macro- and microcrysts 
of olivine and microphenocrysts of clinopyroxene set in a 
groundmass dominated by clinopyroxene and phlogopite 
with subordinate amounts of serpentine, spinel, perovskite, 
apatite, and occasional gittinsite. Three populations of oli-
vine are identified (Fig. 1a–f). Olivine-I macrocrysts are 
anhedral to sub-rounded and sometimes contain inclusions 
of other peridotitic minerals such as spinel (Fig. 1a) and 
orthopyroxene. Some of the olivine-I macrocrysts display 
evidences of plastic deformation such as undulose extinc-
tion and deformation band, while recrystallisation (Passchier 
and Trouw 2005) in parts of the crystals has resulted in the 

development of a mosaic texture (Arndt et al. 2010) (Fig. 1b) 
and neoblasts or tablets (Brett et al. 2009; Arndt et al. 2010) 
(Fig. 2e, f). Neoblasts have a different optical orientation 
than that of the host olivine (Fig. 2e).

The olivine-II population comprises discrete macro-
crysts and megacrysts, and constituent grains in a rare 
olivine–clinopyroxene nodule (Fig. 2a, b). The nodule 
(~ 2  mm diameter) shows spongy patches marked by 
small inclusions of olivine and spinel (< 30 µm long) in 
the marginal part of clinopyroxene grains. Olivine-III 
includes three sub-groups designated as IIIa, IIIb and 
IIIc. Olivine-IIIa represents symmetrical euhedral phe-
nocrysts and microphenocrysts that are elongate to equant 
in shape (Fig. 1e, f) and contain rare inclusions of ground-
mass spinel. Elongate phenocrysts of olivine-IIIa are up to 
1.5 mm long and have aspect ratios of up to 4.7:1 (Fig. 1e). 
Some of these phenocrysts are deformed into a bent shape 
(Fig. 4c). Olivine-IIIb includes overgrowth rims which are 
up to 200 µm wide and mantle either olivine-I (Fig. 1a) or 
olivine-II (Fig. 4b) core and locally contain inclusions of 
groundmass phases like phlogopite, perovskite and spi-
nel. Olivine-IIIc comprises irregular and patchy altera-
tion zones developed adjacent to intragranular fractures 
(Fig. 1b) and at the rims (Fig. 1d) of olivine-I macro-
crysts and along grain boundaries of olivine-I neoblasts 
(Fig. 1c).

Phlogopite-I and phlogopite-II identified in P3 have not 
been found in P4 samples. Phlogopite-III in P4 includes 
poikilitic laths of phlogopite containing inclusions of other 
groundmass minerals such as perovskite, spinel and clino-
pyroxene (Fig. 2d). Clinopyroxene-I is absent in P4 samples. 
Clinopyroxene occurring in association with olivine-II in the 
olivine–clinopyroxene nodule (Fig. 2a, b) in P4 is designated 
as clinopyroxene-II. Clinopyroxene-II also occurs as inclu-
sions in olivine-II megacrysts. K-richterite is a rare phase 
in P4 occurring along with clinopyroxene-II at the bound-
ary between the olivine-I core and olivine-IIIb overgrowth 
rim (Fig. 2c). Clinopyroxene-III forms microphenocrysts, 
and scattered crystals and radiating aggregates in the P4 
groundmass.

Mineral chemistry

Olivine

The ranges of Fo content and Ni, Ca, Mn, Ti, Al, Cr, Na 
and Co concentrations for different olivine populations from 
P3 and P4 are presented in Table 1. Complete analyses of 
olivines are given in the Supp. Table S3.

P3 olivines Olivine-I macrocrysts are marked by higher con-
tents of Fo (90–93) and Ni relative to olivine-II crystals, but 
lower concentrations of Ca, Co and Mn (Table 1). Further, 
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the olivine-I population is clearly differentiated from oli-
vine-II and olivine-III populations on the plots of Ni vs Ca 
(Fig. 3c) and Ni vs Mn (Fig. 3e). Olivine-II macrocrysts 
form a decreasing trend of Fo (89–81) and NiO (Fig. 3a).

Olivine-III overgrowth rims have moderate Fo contents 
(Fig. 3a), except for the single olivine inclusion in monti-
cellite (Supp. Fig. 1b) which is exceptionally rich in Mg 
with Fo 96. These rims are marked by higher Ca, Mn, Ti, 
Al and Cr, and lower Ni contents compared to olivine-I. 
A line profile of a reverse-zoned (Fe-rich core) macrocryst 
from P3 shows that it has an olivine-II core of fairly uniform 

composition, while the overgrowth rim is marked by almost 
constant Fo content, but decreasing Ni, increasing Mn and 
fluctuating Ca and Cr from the inner margin to the outer 
margin of the rim (Fig. 4a). The plot of NiO vs Fo also 
clearly shows a decreasing trend of NiO at nearly constant 
Fo (Fig. 3a). The olivine-III inclusion in monticellite has the 
highest concentrations of Ca and Mn among the P3 olivines.

P4 olivines P4 olivine-I macrocrysts have similar Fo con-
tents (91–93) and Ni, Ca, Co and Mn concentrations as those 
from P3 (Table 1 and Fig. 3b, d, f). Olivine-II macrocrysts 
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Fig. 1  Olivine textures in P4 samples. a to f are back scattered elec-
tron images in which brighter shades represent relatively Fe-rich 
compositions. a Normal-zoned macrocryst with olivine-I core and 
overgrowth rim of olivine-IIIb. b Olivine-I macrocryst showing par-
tial recrystallisation in the southern part to a fine-grained mosaic 
texture, and alteration zones olivine-IIIc adjacent to intragranular 
fractures. c Neoblasts (N1 and N2) developed from olivine-I macro-

cryst; N1 shows partial alteration to olivine-IIIc at the grain bound-
ary, while N2 is altered for the most part to olivine-IIIc. d Olivine-
IIIc alteration rim with relict islands of Fo-rich olivine; inset shows 
the parent olivine-I macrocryst. e Elongate phenocryst of olivine-IIIa. 
f Equant phenocryst of olivine-IIIa. The phenocrysts lack in discrete 
overgrowth but show higher Fo content towards the rim
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and megacrysts from P4 have relatively low Fo contents 
which mostly fall in a narrow range of 85–87 and overlap 
with the field of megacrysts from worldwide kimberlites 
(Gurney et al. 1979; Hops et al. 1992). The olivine-II crys-
tals have a restricted range of Fo and higher concentrations 
of Ni and Cr compared to those from P3.

Crystals and rims of the three subgroups of olivine-III 
have Fe-rich composition. Olivine-IIIa phenocrysts span 
a wide range of Fo content (85–90), while olivine-IIIb 
overgrowth rims and olivine-IIIc alteration rims have a 
rather restricted range of Fo87–90. The three subgroups 

show marked differences in their minor element distribu-
tion (Fig. 3b, d, f). Olivine-IIIa phenocrysts have high Ni 
and low Ca contents falling within relatively restricted 
ranges compared to olivine-IIIb overgrowth rims, which 
exhibit large variations in these elements. A comparison of 
overgrowth rims from P3 and P4 shows that the latter are 
marked by higher values of Ca, Ti, Al and Cr. Further, the 
P4 overgrowth rims show an overall decrease of NiO with 
Fo (Fig. 3b).

Three olivine crystals have been chosen for the illustra-
tion of zoning patterns: (i) reverse-zoned (Fe-rich core) 

50 µm

Srp

Prv

Ol

Ap

Phl-IIIb

Cpx-IIIb

(b)

Spl

(a)

Ol-IOl-IIIb

Cpx-II

K-rct

50 µm

Fo92.0

Fo87.9

Ol-II

Cpx-II

Fo86.5

Srp

(d)

Srp

Fo86.5

500 µm 500 µm

(f)

200 µm

(e)

Ol-IIIc

Ol-I

200 µm

Crossed nicols Fe X-ray map

Ol-IIIc

Ol-I

(c)

Fig. 2  Photomicrograph (a) and back scattered electron images (b–f) 
of P4 samples. Fo content in olivine is shown at representative spots. 
a Olivine–clinopyroxene nodule of type-II minerals in crossed nicols 
showing different olivine grains marked by distinct interference col-
ours. b BSE image of the same nodule as (a) showing spongy areas 
marked by black arrows in the marginal part of clinopyroxene grain. 
c K-richterite and clinopyroxene-II occurring at the interface of 

olivine-I core and olivine-IIIb overgrowth rim. d Poikilitic laths of 
phlogopite-IIIb in the groundmass containing inclusions of perovs-
kite, spinel and clinopyroxene-IIIb. e Photomicrograph of a part of 
an olivine-I macrocryst; crystals with bright interference colours are 
neoblasts with different optical orientations than the host olivine. f Fe 
X-ray map of the same area as (e) showing Fe-rich alteration zones of 
olivine-IIIc adjacent to intragranular fractures
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macrocryst with a uniform core of olivine-II and over-
growth rim of olivine-IIIb; (ii) reverse-zoned phenocryst 
with a zoned core of olivine-IIIa and overgrowth rim of 
olivine-IIIb; and (iii) normal-zoned macrocryst with a 
uniform core of olivine-I and overgrowth rim of olivine-
IIIb (Fig. 4b, c, d). Identification of overgrowth zoning on 
olivine-IIIa phenocrysts is not straightforward because the 
phenocrysts may originally be zoned during growth. This 
is exemplified in the Fig. 4c, where a smoothly increasing 
trend of Fo content in the phenocryst continues unchanged 
from the core to the rim. But the existence of an over-
growth rim is detected from the sharp increase in Ca and 
Mn and steep fall in Ni and Cr in the outermost part of 
the rim.

Olivine-IIIc alteration rims (Fig. 1d) have clearly resulted 
from solid–melt interaction, the effect of which is also evi-
dent from numerous alteration zones adjacent to intragranu-
lar fractures where the Fo content is appreciably lower than 
that of the parent olivine-I (Fig. 1b). Mosaic textured parts 
(Fig. 1b) and neoblasts (Fig. 1c) developed from recrystal-
lised olivine-I macrocrysts exhibit varying degrees of altera-
tion to Fe-rich compositions. Altered neoblasts sometimes 
show a zoning pattern of increasing Fe (Fig. 2f) and Ca and 
decreasing Mg from the core to the rim with Ni remaining 

uniform. The Mg-rich core of the neoblasts is reminiscent 
of the parent higher Fo olivine-I, while Fe and Ca have 
increased due to solid–melt interaction. Such neoblast zon-
ing contrasts with the olivine-IIIa phenocryst zoning, where 
Mg increases from the core to the rim (Fig. 4c). The altera-
tion rims and zones interestingly show two distinct compo-
sitional trends, designated as M1 and M2. The Ni content 
of the M1 alteration trend is broadly similar to that of the 
parent olivine-I macrocrysts, while M2 alteration trend has 
somewhat lower Ni content (Fig. 3b). The M2 is marked, 
relative to M1, by a sharp increase in Ca and Mn and low 
Ti, Al, Cr and Na. However, the Ca and Mn concentrations 
in both M1 and M2 trends are higher than those of the par-
ent olivine-I.

Phlogopite

The three phlogopite populations I, II and III from P3 have 
 XMg (= Mg/Mg + FeT) in the range of 0.85–0.96 (Supp. 
Table S4). The mica populations can be distinguished in 
terms of their  Cr2O3,  TiO2,  Al2O3, BaO and F contents. 
Phlogopite-I micas are characterized by high Cr–low Ti–low 
Ba composition with 0.1–1.3 wt%  Cr2O3, 0.2–1.7 wt%  TiO2 
and < 0.5 wt% BaO, and are tightly constrained with respect 

Table 1  Ranges of forsterite molar fractions and trace element concentrations for different olivine populations from intrusions P3 and P4

bdl below detection limit, n.a. not analysed, n.o. not observed

Element Intrusion Olivine-I mac-
rocrysts

Olivine-II 
macrocrysts

Olivine-II 
megacrysts

Olivine-IIIa 
phenocrysts

Olivine-IIIb 
overgrowth 
rims

Olivine-IIIb 
inclusion in 
monticellite

Olivine-IIIc 
M1 altera-
tion

Olivine-IIIc 
M2 altera-
tion

Forsterite fraction (mol%)
P3 90–93 81–89 n.o n.o 88–89 96 n.o n.o
P4 91–93 85–87 (one at 

83)
86–87 85–90 87–90 n.o 88–90 87–89

Trace elements (ppm)
 Ni P3 2344–2793 1046–2387 n.o n.o 1132–2206 621 n.o n.o

P4 2084–3192 1709–2648 2377–2469 2085–3168 256–2914 n.o 2292–3045 1526–2589
 Ca P3 100–308 250–599 n.o n.o 306–532 3459 n.o n.o

P4 107–357 226–748 498–645 515–1005 252–2443 n.o 334–976 3753–4417
 Mn P3 632–853 (few 

up to 1107)
870–1416 n.o n.o 853–1195 2231 n.o n.o

P4 566–856 961–1247 947–997 849–1172 800–1415 n.o 800–1154 3446–4361
 Ti P3 bdl–108 75–148 n.o n.o 138–179 n.a n.o n.o

P4 bdl–124 70–162 182–217 86–221 63–308 n.o 72–199 bdl–43
 Al P3 bdl–80 bdl–264 n.o n.o 60–151 n.a n.o n.o

P4 35–137 17–217 62–197 104–703 49–418 n.o 76–170 bdl–19
 Cr P3 142–291 34–297 n.o n.o 180–397 n.a n.o n.o

P4 67–588 123–743 392–605 115–932 171–1036 n.o 116–760 33–139
 Na P3 64–119 53–197 n.o n.o 60–202 n.a n.o n.o

P4 47–185 76–205 170–270 108–264 50–221 n.o 98–236 53–103
 Co P3 131–174 181–266 n.o n.o 155–215 n.a n.o n.o

P4 139–196 196–264 223–252 185–274 172–233 n.o 169–242 206–250
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to their  Al2O3 content (11.3–13.0 wt%). These phlogopites 
exhibit a broadly positive correlation of  Cr2O3 and NiO with 
 XMg. Phlogopite-II micas are of high Cr–high Ti–moder-
ate Ba type with 0.3–1.1 wt%  Cr2O3, 3.8–5.8 wt%  TiO2, 
0.1–2.5 wt% BaO and exhibit a wide range of  Al2O3 con-
tent (12.3–17.4 wt%). Phlogopite-III micas are marked by 
low Cr–low Ti–high Ba composition with < 0.2 wt%  Cr2O3, 
< 1 wt%  TiO2 and up to 6.2 wt% BaO. These micas show a 
wide range of  Al2O3 content (9.3–16.7 wt%) and their fluo-
rine content is usually high (up to 3.3 wt% F). In the  Al2O3 
vs  FeOT and  Al2O3 vs  TiO2 plots phlogopite-III micas fol-
low the Al-enrichment trend without significant variation in 
 FeOT and  TiO2 (Fig. 5a, b).

The single mica population of phlogopite-III from 
P4 has  XMg in the range of 0.72–0.90 (Supp. Table S4). 

The phlogopites are of low Cr–moderate Ti–moder-
ate Ba type with < 0.2 wt%  Cr2O3, up to 3.5 wt%  TiO2 
and up to 4.9 wt% BaO. Their Al content is usually 
low (2.9–12.1 wt%  Al2O3), which is compensated by 
tetraferric iron (0.045–0.976 cations per 22 oxygen). 
Fluorine content of P4 phlogopites (0–5.0 wt% F) is in 
most cases higher than that from P3 (0–3.3 wt% F). P4 
phlogopites show a trend of Al-depletion with increas-
ing  FeOT and either increasing or nearly constant  TiO2 
(Fig. 5a, b).

Pyroxene

Clinopyroxene-I occurring in phlogopite–clinopyrox-
ene nodules from P3 is diopside to augite in composition 
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with moderate values of  Cr2O3 (0.3–1.5 wt%) and  Al2O3 
(0.7–2.0 wt%), and low  TiO2 (< 1.1 wt%) (Supp. Table S5).

Clinopyroxene-II occurring in olivine–clinopyrox-
ene nodule from P4 is also diopside to augite in compo-
sition with low  TiO2 (0.2–0.6 wt%) and moderate  Al2O3 
(0.3–2.1 wt%) contents, but has increased values of  Cr2O3 
(1.4–2.0 wt%). Clinopyroxene-III crystals from P4 are diop-
side to augite with  XMg (= Mg/Mg + Fe) values varying 
widely from 0.53 to 0.93. Although they have low contents 
of  Cr2O3 (< 0.2 wt%) and  Al2O3 (< 1.0 wt%), their  TiO2 con-
tent reaches high values (up to 3.5 wt%), which is typical of 
lamproitic clinopyroxenes (Mitchell and Bergman 1991). In 
the Ti vs Al plot, the P4 clinopyroxene-III compositions fall 
in the field of worldwide lamproites and orangeites (Supp. 
Fig. 2a).

Spinel

P3 spinels show extensive variation in composition from 
titanian (3.2–11.1 wt%  TiO2), aluminous (5.7–13.2 wt% 
 Al2O3) magnesiochromite (24.1–52.5 wt%  Cr2O3), to Mg-
free or magnesian (0–11.1 wt% MgO) Ti-free or titanian 
(0–3.1 wt%  TiO2) magnetite (Supp. Table S6). In the oxi-
dized spinel prism, P3 spinels show the magnesian ulvospi-
nel trend (trend 1) of Mitchell (1986) (Fig. 6a).

P4 spinels show compositional variation from tita-
nian aluminous magnesiochromite through titanian 
magnesiochromite (1.4–7.3  wt%  TiO2; 2.2–17.5  wt%; 
20.1–59.9  wt%  Cr2O3) to Ti-magnetite (1.8–5.8  wt% 
MgO; 0–10.1 wt%  TiO2). In the oxidized spinel prism, 
P4 spinels show the typical Fe-Ti enrichment trend also 
known as titanomagnetite trend (trend 2) of Mitchell 
(1986) (Fig. 6b). A few grains of highly Al-rich spinels 
(27.5–48.2 wt%  Al2O3) with low  XFe (0.18–0.41) form a 
distinct cluster near the base of the spinel prism. The spi-
nel inclusion in the olivine-I macrocryst from P4 (Fig. 1a) 
is an aluminous magnesiochromite with 59.3 wt%  Cr2O3, 

12.7 wt% MgO, 6.8 wt%  Al2O3, which is compositionally 
similar to spinels in lherzolite xenoliths from P3 (Nehru 
and Reddy 1989).

Other minerals

P3 monticellite, perovskite and apatite Monticellites have 
Mg# in the range of 0.89–0.95 and fall in the field for global 
kimberlites in the  Mg2SiO4–CaMgSiO4–CaFeSiO4 ternary 
plot (Supp. Table S7; Supp. Fig. 2b) and are, therefore, diag-
nostic of kimberlite affinity. Perovskite grains are commonly 
zoned with the core enriched in ∑LREE2O3 (up to 4.0 wt%) 
and  Nb2O3 (1.1–1.9 wt%) relative to the rim (1.0–2.1 wt% 
∑LREE2O3 and < 1.3 wt%  Nb2O3) (Supp. Table S8). SrO 
content of perovskites is generally low with values mostly 
below 0.5 wt% in common with other kimberlite perovs-
kites (Mitchell 1986, 1995). Two generations of apatite are 
found. Early formed prismatic crystals are relatively enriched 
in F (2.5–5.1 wt%) and depleted in SrO (< 2.0 wt%) and 
BaO (< 0.05 wt%), while the late formed amoeboid-shaped 
apatites are F-poor (< 1.8 wt%), but highly enriched in SrO 
(2.0–13.6 wt%) with minor amount of BaO (< 0.5 wt%) (Supp. 
Table S9).

P4 K‑richterite, perovskite and apatite K-richterite has low 
 Al2O3 (0.2–1.6 wt%) content (Supp. Table S7) typical of 
most lamproite amphiboles (Mitchell and Bergman 1991). 
In terms of FeO (1.6–3.4 wt%),  TiO2 (0.1–0.8 wt%) and 
F (2.6–3.9 wt%) contents and Na/K ratios (1.4–2.3), it is 
comparable to TK4 lamproite amphibole from the WKF 
(Shaikh et al. 2017). Perovskite grains are broadly homo-
geneous with 0.2–3.3 ∑LREE2O3 and 0.4–1.1 wt%  Nb2O3. 
They contain significant levels of SrO (up to 1.3 wt%) which 
is similar to most lamproite perovskites (Mitchell and Berg-
man 1991). Apatites are of two generations. Early-formed 
apatite crystals have high F (2.6–4.9 wt%) and low SrO 
(< 2 wt%) contents. Late generation apatites, which mantle 
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these crystals, are marked by relatively low F (1.3–3.1 wt%) 
and high SrO (4.0–8.8 wt%) contents. A notable feature of 
the apatites is their high BaO content (1.4–5.3 wt%) in the 
late generation which is similar to those reported in many 
lamproites, especially from Prairie Creek and Walgidee Hills 
(Mitchell and Bergman 1991).

Discussion

Classification

P3 is considered as archetypal kimberlite based on the fol-
lowing groundmass mineralogical data: (i) the groundmass 
is dominated by phlogopite and monticellite; (ii) phlogopite 
micas show the characteristic Al-enrichment trend without 
significant variation in  FeOT and  TiO2 (Mitchell 1986, 
1995); (iii) spinels, commonly with atoll texture, exhibit 
the magmatic trend 1 in spinel prism; and (iv) monticellite 
crystals have composition similar to that of global kimber-
lites. While P3 was classified as monticellite kimberlite by 
Scott Smith (1989), and phlogopite kimberlite by Chalapathi 
Rao et al. (2004), our observation shows that phlogopite is 
equally dominant as monticellite in the groundmass. Hence, 
P3 should rather be classified as phlogopite–monticellite 
kimberlite.

Scott Smith (1989) classified P4 as mica-bearing mon-
ticellite kimberlite, while Chalapathi Rao et al. (2004) 
described P4 as phlogopite kimberlite. However, our min-
eralogical data are at variance with these classifications. 
The following observations on the groundmass mineralogy 
indicate affinity of P4 towards lamproite: (i) the ground-
mass is dominated by Al-poor diopside and phlogopite; 
(ii) phlogopite micas show the characteristic trend of Al-
depletion with increasing  FeOT and either increasing or 
nearly constant  TiO2 (Mitchell and Bergman 1991); (iii) 
elevated F content of the micas; (iv) spinels exhibit the 
magmatic trend 2 in spinel prism; (v) Ba-rich composition 
of fluorapatites; and (vi) elevated SrO content of perovs-
kites. Although some of these mineralogical characteris-
tics are also common in orangeites (Mitchell 1995) and 
there is a lack of typomorphic minerals such as leucite, 
sanidine, priderite and wadeite, P4 can be classified as an 
olivine lamproite of unusual composition because; (i) sev-
eral WKF intrusions (P2-west, P5, 12, P13) with similar 
mineralogical characteristics as P4 have been classified as 
unusual lamproites (Gurmeet Kaur et al. 2013; Gurmeet 
Kaur and Mitchell 2013, 2016); (ii) K-richterite, though 
rare in P4, has similar composition as amphibole from 
TK4 lamproite (Shaikh et al. 2017); and (iii) absence of 
carbonate in P4 which is an essential constituent of most 
orangeites (Mitchell 1995).

Origin of olivine, clinopyroxene and phlogopite 
of different generations

Type I crystals and nodules

Mg-rich olivine-I macrocrysts from both P3 and P4 are con-
sidered to be disaggregated peridotite xenoliths because: (i) 
their compositions with high Fo content and Ni and low Ca, 
Co and Mn are typical of xenocrystic olivine cores from 
kimberlites and lamproites worldwide (e.g. Giuliani et al. 
2017; Shaikh et al. 2017 and references therein); (ii) on the 
plot of NiO vs Fo content, their compositions lie within the 
field of olivines from mantle-derived xenoliths of lherzolite, 
harzburgite and dunite from P3 and P4 (Ganguly and Bhat-
tacharya 1987; Nehru and Reddy 1989); (iii) they contain 
inclusions of other peridotitic minerals such as orthopyrox-
ene and magnesiochromite with compositions similar to 
these minerals in lherzolite and harzburgite xenoliths from 
P3 and P4; and (iv) they exhibit plastic deformation in the 
form of undulose extinction and deformation bands which 
are common features of xenocrystic olivine (Mitchell 1986).

Microtextural attributes of clinopyroxene-I from P3 such 
as its relict nature in phlogopite–clinopyroxene nodules 
and corroded shape of discrete macrocrysts suggest that the 
mineral was out of equilibrium with the P3 kimberlite melt. 
Phlogopite-I micas occurring in phlogopite–clinopyroxene 
and glimmerite nodules, and as discrete macrocrysts in P3 
are all characterised by similar concentration levels of Cr 
and Ti that are comparable with those of phlogopite cores 
in mantle xenoliths from several South African kimberlites 
(e.g. Carswell 1975; Dawson and Smith 1975; Giuliani et al. 
2016). Vermicular spinel, intergrown with phlogopite-I mac-
rocrysts from P3, is known to occur in peridotite nodules 
from the Kimberly pipes, South Africa (Erlank et al. 1987). 
These textural and compositional aspects taken together 
indicate that the macrocrysts of phlogopite-I and clinopy-
roxene-I are derived from disaggregation of the mantle xeno-
liths. Highly Al-rich spinels from P4 which form a distinct 
cluster near the base of the spinel prism are also considered 
to be mantle-derived xenocrysts.

Type II crystals and nodules

P3 samples contain olivine and phlogopite as Type II miner-
als and are marked by the characteristic absence of clinopy-
roxene. Phlogopite-II micas from P3 are interpreted to have 
crystallised at mantle depths based on their elevated chrome 
content (Lloyd et al. 2002; Giuliani et al. 2016). These phlo-
gopites record plastic deformation, which probably occurred 
during their transport in the ascending magma.

In P4, Fe-rich olivine-II macrocrysts, megacrysts and 
constituent grains in the olivine–clinopyroxene nodule have 
overlapping major and minor element compositions. Further, 
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clinopyroxene inclusions in olivine-II megacrysts are com-
positionally similar to the clinopyroxene grains in the nod-
ule. These attributes suggest that the olivine-II macrocrysts 
and megacrysts and olivine–clinopyroxene nodule are all 
genetically related.

The origin of Fe-rich olivines is a matter of debate and 
two options are generally invoked for their origin. These 
are considered either as xenocrysts of mantle material unre-
lated to kimberlite or lamproite development (Bussweiler 
et al. 2015) or as cognate phenocrysts genetically related 
to a precursor melt in the early stage of kimberlite or lam-
proite magmatism (e.g. Kopylova et al. 2009; Kamenetsky 
et al. 2014; Howarth and Taylor 2016). Support for the latter 
comes from geochronological studies of megacryst suites 
from kimberlites which have documented the same age for 
the megacrysts and their host intrusion (Kopylova et al. 
2009; Tappe et al. 2011; Kamenetsky et al. 2014). In the 
case of P3 and P4, the Fo content and minor element com-
positions of olivine-II population overlap with those of the 
magmatic olivine-III population which suggest a genetic link 
of the former to a precursor melt of kimberlite in P3 and of 
lamproite in P4.

While a genetic link is apparent between the type II crys-
tals (including megacrysts) and precursor melts, the exact 
processes which resulted in this link remain unconstrained. 
Several studies on megacryst suites, mainly from kimber-
lites, suggest their crystallisation from precursor melts, 
metasomatism and interaction with wall rocks as megacryst-
forming processes (e.g. Gurney et al. 1979; Kopylova et al. 
2009; Giuliani et al. 2013; Moore and Costin 2016; Kar-
gin et al. 2017). In the present study, the spongy texture 
in the olivine–clinopyroxene nodule from P4 indicates lack 
of recrystallisation and prolonged annealing, which in turn 
suggests an origin by metasomatism (Su et al. 2011). How-
ever, whether the metasomatism occurred immediately prior 
to the magmatic eruption or during transport by the host 
magma is unknown. In P3 kimberlite, olivine-II macrocrysts 
show a wide range of Fo content with the most Fe-enriched 
at Fo81 which is consistent with their formation along with 
phlogopite (Lim et al. 2018). Such Fe-rich composition and 
a positive Fo–NiO correlation are analogous to those of kim-
berlitic megacrysts (Gurney et al. 1979; Hops et al. 1992).

Olivine‑IIIa phenocrysts: high pressure crystallisation

Plastic deformation of olivine-IIIa phenocrysts indicates that 
the crystals were subjected to plastic deformation during 
emplacement which is different from the late-stage (crus-
tal level) olivine deformation manifested in the form of 
brittle fractures traversing the crystals. It is reasonable to 
believe that the phenocrysts crystallised at mantle depths 
under high pressure–temperature conditions and were sub-
sequently emplaced in a plastic or near solid state so that 

they could be deformed by torsional forces applied to the 
magma during intrusion (Kreston 1973). Skinner (1989) 
envisaged crystallisation of olivine phenocrysts at mantle 
depths from small discrete melt pockets before the magma’s 
ascent. Kamenetsky et al. (2008) calculated pressure–tem-
perature conditions of 45–50 kbar and 900–1000 °C for high 
pressure crystallisation of olivine (olivine-II cores in their 
nomenclature) from the Udachnaya-East kimberlite. In order 
to preclude very high speeds of magma’s ascent at this stage, 
Kamenetsky et al. (2008) suggested loading of the magma 
with a large amount of solid materials so that the magma is 
sufficiently viscous and dense. Veter et al. (2017) proposed 
crystallisation of reverse-zoned olivine phenocrysts in Aillik 
Bay aillikites from earlier batches of magma. Mantle pol-
ymict breccias occurring as xenoliths in several kimberlites 
have commonly been linked to an early stage of kimberlite 
magmatism (Giuliani et al. 2014 and references therein). 
In a study of Bultfontein kimberlite, Giuliani et al. (2016) 
suggested high pressure crystallisation of phlogopite ‘ante-
crysts’ at various mantle depths by previous ‘failed’ kim-
berlite activity. These studies clearly suggest that multiple 
pulses of magma have contributed to the final mineral con-
tents and compositions of kimberlites and ultramafic lam-
prophyres. The deformed olivine-IIIa phenocrysts from P4 
are similarly interpreted to have crystallised from an earlier 
pulse of magma at mantle depth.

Olivine‑IIIb overgrowth rims: low pressure crystallisation

The presence of inclusions of groundmass phases such as 
phlogopite, perovskite and spinel in the olivine-IIIb over-
growth rims from P4 indicate concurrent crystallisation 
of both olivine and the groundmass phases at a late stage 
in the eruption of magmas. The overgrowth rims from P3 
show “decoupled behavior” of minor elements (decreasing 
Ni and fluctuating Ca, Cr and Mn) with respect to a near-
constant Fo content which is similar to that reported from 
melt trend olivines (e.g. Kamenetsky et al. 2008; Arndt et al. 
2010; Pilbeam et al. 2013; Bussweiler et al. 2015). Such 
uniform Fo composition of the rim implies buffering of the 
magma at a constant  Fe2+/Mg (Mitchell 1986), which is 
thought to be possible in the carbonate-rich P3 kimberlite 
if the Mg–Fe distribution coefficient between olivine and a 
carbonate–silicate melt is significantly higher than that for 
common basaltic systems (Kamenetsky et al. 2008). On the 
other hand, the Mg–Fe in the carbonate-poor P4 lamproite is 
only partially buffered which can be explained by fractional 
crystallization of olivine either coupled with assimilation of 
orthopyroxene (Pilbeam et al. 2013) or without such assimi-
lation if a high olivine–melt partition coefficient  (DNi > 20) 
is considered (Foley and Jenner 2004; Cordier et al. 2015). 
Fluctuations in Ca, Cr and Mn contents observed in the over-
growth rims can arise from several factors including changes 
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in environmental conditions such as magma composition or 
to differences in growth rate vs diffusion in the melt (Shore 
and Fowler 1996).

Olivine-IIIb overgrowth rims from P3 can generally be 
differentiated from those from P4 by their lower Ca, Al 
and Cr contents. However, an enigmatic aspect of P3 is the 
crystallisation of late-stage olivine with extraordinarily Mg-
rich composition accompanied by very high Ca and Mn and 
low Ni contents as noted from the inclusion in monticel-
lite. Similar olivine compositions have been described in 
previous studies on kimberlite where high-Mg rinds form 
the outermost part of olivine grains (Fedortchouk and Canil 
2004; Kamenetsky et al. 2008; Arndt et al. 2010; Brett et al. 
2009; Pilbeam et al. 2013; Bussweiler et al. 2015; Howarth 
and Taylor 2016). Such Mg-rich olivine compositions can 
result from equilibration with late-stage carbonatitic fluids 
(Pilbeam et al. 2013) or crystallisation from residual kim-
berlite melts at unusually high oxidation state  (fO2) because 
Fe in the ferric state is too large to be incorporated in olivine 
(Fedortchouk and Canil 2004; Bussweiler et al. 2015). The 
latter is a plausible scenario in P3 since the spinel evolu-
tion to magnesio-ulvöspinel-magnetite and then magnetite 
(Fig. 6a) indicates the prevalence of high  fO2 towards the 
late stage of magmatic evolution.

Olivine‑IIIc alteration rims and zones

Olivine-IIIc alteration rims and zones (Fo 87–90) have 
developed by the interaction of Fe-rich melt with Mg-rich 
olivine-I (Fo 90–93). Howarth and Taylor (2016) reported 
the development of Fe-rich alteration zone surrounding a 
polycrystalline Mg-rich olivine and termed it as diffusive 
equilibration zone. However, the solid-melt system may not 
have achieved chemical equilibrium and hence it is more 
appropriate to call these zones as alteration rims and zones.

The presence of intragranular fractures cross-cutting the 
higher Fo cores, which have alteration zones with compo-
sitions similar to the overgrowth zones, suggest that the 
melt at this stage was able to intrude along these fractures. 
Similar fractures have been reported for olivines in kim-
berlites from Canada (Brett et al. 2015) and South Africa 
(Howarth and Taylor 2016) and interpreted to result from 
rapid decompression during ascent. Therefore, the altera-
tion zones develop en route to the surface during transport 
by the ascending magma. Unusual enrichment of Ca and 
Mn in the olivine-IIIc M2 trend is possibly the result of 
interaction with a late-stage residual melt (e.g. Pilbeam 
et al. 2013).

Distinction between neoblasts and phenocrysts of olivine

Unaltered neoblasts developed from olivine-I macrocrysts 
in P4 have the same Mg-rich composition as the parent 

crystal. However, when altered to Fe-rich compositions by 
solid–melt interaction, the neoblasts may be confused with 
true phenocrysts of olivine-IIIa because of morphological 
similarity and one way to distinguish them is by using the 
Fe–Mg zoning pattern. Phenocrysts show increasing Mg 
from the core to the rim, while altered neoblasts exhibit the 
opposite because their Mg-rich core composition is inher-
ited from the parent crystal and their rim is Fe-rich due to 
solid–melt interaction. Phenocrysts contain inclusions of 
magmatic spinel, albeit rarely, which will be absent in neo-
blasts. Another aspect of olivine-IIIa phenocrysts is their 
plastic deformation, though it is limited to a few grains. Oli-
vine neoblasts (Brett et al. 2009) and tablets (Arndt et al. 
2010) are essentially strain-free because they develop by the 
process of recovery (Passchier and Trouw 2005). However, 
there is no reason why the neoblasts cannot be deformed 
later during their transport by the host magma in the same 
way as the olivine-IIIa phenocrysts.

Evolution of kimberlite and lamproite magmas

The key observation in this study is the association of 
olivines of different paragenesis with other minerals such 
as mica and clinopyroxene (Table 2). We provide evidence 
that the relatively Fe-rich olivines formed from precursor 
melts of the intrusions along with phlogopite in kimberlite 
and clinopyroxene in lamproite in the respective mantle 
source regions. In P4, this was followed by crystallisation 
of olivine phenocrysts at mantle depths from an early pulse 
of magma, and an episode of solid-laden viscous magmatic 
flow during which some of the olivine phenocrysts under-
went plastic deformation. Thereafter, the magma ascended 
rapidly. Crystallisation of groundmass occurred at crustal 
levels during which olivine grew on pre-existing olivine 
crystals as discrete overgrowth rims along with occasional 
inclusions of some of the groundmass minerals. Solid–melt 
interaction at various stages of magmatic evolution resulted 
in the alteration of pre-existing Mg-rich olivine crystals 
to Fe-rich compositions along the rims and intragranular 
fractures.

In P3, Fe-rich olivine macrocysts extend to much lower 
Fo composition compared to P4 which is possibly because 
they formed along with phlogopite. Crystallisation of oli-
vine phenocrysts and development of alteration rims in 
P3 remain unconstrained because of extensive serpen-
tinisation of olivine crystals. However, overgrowth rims 
of olivine record crystallisation from  Fe2+–Mg buffered 
magma which is attributed to the carbonate-rich nature of 
the magma.

Although P3 and P4 intrusions are located in close prox-
imity and are temporally equivalent, one is a kimberlite and 
the other lamproite. The close spatial association of kimber-
lites, lamproites and ultramafic lamprophyres in the WKF 
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and their near contemporaneous emplacement at ~ 1100 Ma 
(Shaikh et al. 2017) call for a unifying model which can 
account for the genesis of diverse magmas from a variety 
of geochemical reservoirs. It has been proposed by several 
workers that silica-undersaturated carbonatite-like melts 
assimilate mantle minerals, especially orthopyroxene to pro-
duce kimberlitic melt and olivine saturation (Russell et al. 
2012; Kamenetsky and Yaxley 2015 and references therein). 
In order to explain the development of different magma 
compositions in this process, Tappe et al. (2008, 2011) pro-
posed that an asthenosphere-derived carbonatite-like melt 
interacts with variably metasomatised source regions in the 
sub-continental lithospheric mantle (SCLM). Pilbeam et al. 
(2013) suggested that variation in magma composition can 
further arise due to the digestion of different types of the 
xenolithic and xenocrystic load during ascent through the 
lithosphere. Soltys et al. (2016) documented assimilation 
of clinopyroxene and garnet by kimberlitic melts. For P3 
kimberlite, which contains resorbed nodules of glimmerite 
and phlogopite–clinopyroxene, an assimilation reaction of 
the following type is suggested:

One of the main differences in the groundmass mineral-
ogy of P3 and P4 is the occurrence of monticellite in P3 and 
clinopyroxene in P4. This is clearly the result of higher silica 
activity in the P4 magma which can develop if the propor-
tion of silica-rich phases such as phlogopite and clinopy-
roxene participating in the above assimilation reaction is 
high. Such an explanation is consistent with the findings of 
Giuliani et al. (2015) who invoked MARID-veined perido-
tites as the mantle source for orangeite magmas in southern 
Africa. Similarly, Ammannati et al. (2016) ascribed the ori-
gin of lamproites and leucitites in the Mediterranean alkaline 
field to differences in the SCLM lithology. This leads us to 
believe that the metasomatised wall rock for P4 lamproite 
was marked by a relative abundance of phlogopite-rich and 
MARID-type metasomatic veins (Tappe et al. 2008, 2011), 
while that for P3 kimberlite was refractory in nature.

Conclusions

Mineralogically, P3 rock is classified as phlogopite–mon-
ticellite kimberlite, while P4 is an olivine lamproite of 
unusual composition. Based on microtextures and com-
positions, three distinct populations of olivine, phlogopite 
and clinopyroxene are recognised. The first population 
includes glimmerite and phlogopite–clinopyroxene nodules 

Silica-poor carbonatite melt + orthopyroxene

+ clinopyroxene + phlogopite

= olivine + carbonated silicate melt

from P3, and Mg-rich olivine macrocrysts (Fo 90–93) from 
both P3 and P4. This population is interpreted to be derived 
from disaggregated mantle rocks. The second population 
comprises macrocrysts of phlogopite and Fe-rich olivine 
(Fo81–89) from P3, megacrysts and macrocrysts of Fe-
rich olivine (Fo85–87) from P4, and a rare olivine–clino-
pyroxene nodule from P4. Overlapping major and minor 
element compositions indicate that the megacrysts, mac-
rocrysts and nodule of the second population have a com-
mon origin and a genetic link with a precursor melt of 
the respective intrusions. Minerals of the third population 
are clearly of magmatic origin and include Fe-rich euhe-
dral phenocrysts of olivine crystallised at mantle depths, 
and olivine overgrowth rims formed contemporaneously 
with the groundmass at crustal levels. Among the three 
populations of phlogopite, the first is marked by high 
Cr–low Ti–low Ba compositions, while the second is of 
high Cr–high Ti–moderate Ba type. The third population 
exhibits low Cr–low Ti–high Ba composition in P3 and low 
Cr–moderate Ti–moderate Ba composition in P4. Multi-
ple generations of olivine, phlogopite and clinopyroxene 
indicate a complex evolutionary history of the kimberlite 
and lamproite magmas. Close spatial association and con-
temporaneous emplacement of kimberlite and lamproite is 
explained by a unifying petrogenetic model which involves 
the interaction of a silica-poor carbonatite melt with differ-
ently metasomatised wall rocks in the lithospheric mantle. 
The metasomatised wall rock for P4 lamproite was char-
acterised by abundant phlogopite-rich and MARID-type 
metasomatic veins, while that for P3 kimberlite was rela-
tively refractory in nature.
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