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ARTICLE INFO ABSTRACT

Keywords: Kimberlites are a class of alkaline igneous rock which sometimes contain diamonds and derive from mantle

Oh"_‘“e depths typically exceeding 150 km. We investigate the Upper Pleistocene to Holocene (12 ka) Igwisi Hills

Zoning kimberlites to characterise the olivine grains and better understand their origins and evolution. We observe four

E/;:;::te distinct olivine populations. Macrocrysts are >1500 pm in diameter, rounded, monocrystalline grains with a Mg-

X rich xenocrystic core (Fo 90.5-92.8) and elevated Ni but depleted Ca and Mn contents, typical of granular mantle
enocryst . . R A . . N .

Kimberlite peridotite. Nodules are >1500 pm in diameter, rounded, polycrystalline grains with an Mg-rich core (Fo

91-92.4), also derived from granular peridotite. Microcryst grains are <1500 pm, subhedral-euhedral and can be
subdivided into two types. Microcryst-a grains have a Mg-rich (Fo 90-92.5) xenocrystic core indicative of a
mantle peridotite origin and microcryst-b grains have a Fe-rich (Fo 89-91) core that likely originated from
disaggregated neoblasts. Olivine in all four populations displays four magmatic zones: internal zone, rim, rind
and outermost rind, typical of kimberlites worldwide. Fe-rich internal zones are likely derived from a primitive
kimberlite melt which entrained the cores. Mg-rich rims formed as the kimberlite melt evolved and crystallised
around the internal zones. Fe-rich rinds formed as the kimberlite melt continued to ascend and further crys-
tallised around the rims. Mg-rich outermost rinds crystallised from the kimberlite melt during the final stages of
ascent. Based on these observations we present a new ascent model for the Igwisi Hills magmas.

1. Introduction these volcanoes is typically absent, with kimberlites generally forming

variously eroded intrusive, sub-surface pipe structures. They are typi-

1.1. Kimberlite volcanology and petrology

Kimberlites are enigmatic, volatile rich, low viscosity igneous rocks
that sometimes contain diamonds. Kimberlite magmas are sourced from
mantle depths (>150 km) and ascend rapidly due to their high volatile
contents (Sparks et al., 2006; Wilson and Head, 2007; Kjarsgaard et al.,
2022; Gernon et al., 2023; Giuliani et al., 2023, 2025). Kimberlitic rocks
are associated with small, monogenetic volcanoes, typically within 50-
100 km wide clusters comprising tens of individual occurrences. Owing
to their age and susceptibility to weathering, the surface expression of

cally only found on cratons where thick lithosphere extends to the
mantle depths at which kimberlite magma exists (Clifford, 1966; Tappe
et al., 2016; Pearson et al.,, 2021). In addition to their economic
importance as the primary source of natural diamonds, the geochemistry
of kimberlites allows us to examine the chemical and physical processes
that occur within the deep lithosphere and asthenosphere (Giuliani
et al., 2025). Nevertheless, many aspects of kimberlite formation, ascent
and eruption remain poorly understood.
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1.1.1. Olivine classification and origins in kimberlite

Kimberlites have a complex mineralogy due to the co-existence of
entrained xenocrystic olivine originating from the mantle and magmatic
olivine crystallised from the primary kimberlite melt, as well as other
crustal and mantle xenoliths. The groundmass of kimberlites includes
heavily serpentinised glass along with unique minerals such as mon-
ticellite, perovskite, apatite, phlogopite, spinel, zemkorite and calcite
(Dawson, 1980; Mitchell, 1986; Golovin et al., 2017; Kjarsgaard et al.,
2022). Early studies of olivine in kimberlites considered that entire
grains were either xenocrystic or phenocrystic, with xenocrysts being
derived from mantle peridotite wall rock during kimberlite ascent and
phenocrysts being crystallised directly from the kimberlite magma
(Mitchell, 1986). However, it is now recognized that most of the olivine
grains from kimberlites have distinct zoning patterns with characteristic
geochemical signatures pertaining to their origins. They feature a ‘core’
derived from mantle peridotite, often showing high Fo content and
peridotite signature trace element patterns. We also observe a suite of
Fe-rich cores which typically sample sheared peridotites or megacrysts
(Howarth and Taylor, 2016; Giuliani, 2018; Soltys et al., 2020). These
xenocrystic cores are often surrounded by an ‘internal zone’ formed
from a primitive kimberlite melt. This zone is surrounded, in turn, by up
to three zones formed directly from crystallisation of the evolved
kimberlite magma, the first being a ‘rim’, surrounded by a ‘rind’ and
occasionally an ‘outermost rind’ (Giuliani, 2018; Howarth and Gross,
2019; Abersteiner et al., 2020, 2022; Casetta et al., 2023).

We recognise the complications around naming conventions for
olivine grains in kimberlites. In our study, we employ the terms used in
Abersteiner et al. (2022), where ‘macrocryst’ describes the large,
rounded, monocrystalline olivine grains and ‘microcryst’ describes the
smaller, more euhedral, monocrystalline olivine grains. We also use the
term ‘nodule’ to describe large, rounded polycrystalline olivine grains
(Shaikh et al., 2021; Abersteiner et al., 2022).

1.2. Igwisi Hills Volcanoes geological background and previous studies

The Igwisi Hills volcanoes (IHV) are located in western Tanzania,
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(—4.887°S and 31.933°E) (Brown et al., 2012), on the ancient Tanzanian
Craton, comprising Archean rocks >3 billion years old (Dawson, 2008).
The average thickness of the crust on the Tanzanian Craton is 39 km
(Baranov and Bobrov, 2018) and the thickness of the lithosphere on this
craton varies from 150 to 250 km (Baranov and Bobrov, 2018; Gibson
et al., 2013; Priestley et al., 2008; Wang et al., 2016). Lithospheric
thickness in the IHV area is estimated at ~195 km according to the
LithoRef model (Afonso et al., 2019) and geothermobarometry con-
ducted by Shaikh et al. (2021) suggests an 180 km thick lithosphere
beneath IHV.

The IHV consists of three small volcanoes: the Southwest Volcano,
the Central Volcano and the Northeast volcano (Fig. 1). Cosmogenic He
dating reveals an age of 12.4 +4.8 ka (Brown et al., 2012), making the
IHV the youngest known kimberlites on the Earth, with the second
youngest being the Kundelungu plateau pipes in the Democratic Re-
public of Congo, dated at 32.3 Ma (Batumike et al., 2008). Conse-
quently, the Igwisi Hills kimberlites are relatively fresh and have not
experienced significant post emplacement alteration (Brown et al.,
2012; Brett et al., 2015), making them ideal for studying the petrology
and geochemistry of kimberlite-type rocks.

The physical volcanology, petrology, mineralogy and geochemistry
of the Igwisi Hills have been studied previously. Brown et al. (2012)
mapped and dated the deposits and produced a detailed stratigraphy of
the volcanoes. Early mineralogical studies in the 1950’s recognized the
unusual rounded shape of the olivine crystals, but there was much
debate at this time as to whether or not these rocks were kimberlites
given their unusual mineralogy (Fozzard, 1956; Bassett, 1954; Sampson,
1953). Further work by Dawson (1971) and Reid et al. (1975) revealed
the presence of some of the minerals typically found in kimberlites, e.g.
pyrope and Cr-diopside. Detailed studies of olivine grain morphology
and implications for ascent processes in the Igwisi lavas have been
conducted by Brett et al. (2015); Jones et al. (2014, 2019), who propose
a rapid and turbulent ascent of these magmas, evidenced by features
such as rounding attributed to particle-particle attrition.

Dawson (1994) and Willcox et al. (2015) provided the first
comprehensive whole rock geochemistry data for Igwisi, as well as
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Fig. 1. Map showing the three volcanoes at Igwisi Hills, with inset to the left showing location of the Igwisi Hills volcanoes within the Tanzanian Craton. Inset to the
right shows stratigraphic log of the olivine bearing lava flow of the Northeast (NE) volcano. Adapted from Brown et al. (2012) and Willcox et al. (2015). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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petrological data. They also discovered new minerals not previously
reported, such as a serpentine like mineral called ‘Serpentine-X’.

Shaikh et al. (2021) also examined the geochemistry of the Igwisi
lavas, with a particular focus on olivines, specifically ‘dunitic nodules’
which are large olivine grains (1-5 mm across) that feature small (<100
pm long axis) recrystallised olivines called ‘neoblasts’. They use trace
elements to determine their origins, and provide equilibration temper-
atures and pressures for cores of dunitic nodules. Shaikh et al. (2021) are
the first to recognise zoning patterns in the IHV olivines, noting the
presence of cores, internal zones and rims.

Our study builds on the work of Shaikh et al. (2021) which focuses
primarily on the dunitic nodules in the IHV lavas. In contrast, our work
focuses on olivine macrocrysts and microcrysts. By studying a larger
number of these grains, taken from 8 units in the lavas of the Northeast
volcano (Fig. 1), we report magmatic zonation in these macrocrysts and
microcrysts that is more complex than previously thought. We document
the presence of rinds and outermost rinds in these grains, as well as the
cores, internal zones and rims observed by Shaikh et al. (2021). We also
find that the microcrysts have two distinct core types, one being Mg-rich
(90.5-92) and the other being Fe-rich (89-90.7) relative to their
respective rim zones. Our work is important for understanding the
evolution of the IHV magma and crystals within them, and the discovery
of new zones may be useful for future applications such as diffusion
chronometry, to provide constraints on the ascent rates of this excep-
tionally young and well preserved kimberlite.

2. Materials and methods
2.1. Sample suite

All samples used in this study were collected from the Northeast
volcano’s lava flow during fieldwork in 2010 and are detailed by Brown
et al. (2012). Table 1 gives details of the samples, and these are mapped
and plotted alongside a graphic log in Fig. 1. Samples were analysed in
thin sections, with 11 sections in total used in this study.

2.2. Optical microscopy

Observations relating to the size, shape and textures of crystals were
made using a Meiji optical microscope at the University of Southampton.
Digital stitched images in both PPL and XPL were made of all sections
using the Zeiss Axioscan 7 optical microscope at the Natural History
Museum, London.

2.3. Scanning electron microscopy

The morphology, mineralogy, and zoning patterns of > 100 olivine
crystals were examined in backscattered electron (BSE) images acquired
using scanning electron microscopes (SEM). The FEI Quanta 650 field

Table 1
Table illustrating different levels within the Northeast lava flow that samples
were collected from, by Brown et al. (2012).

Levels sampled in Northeast lava flow, Igwisi Hills volcanoes

Sampling Height above base of Description

level flow (cm)

IH58 195-205 vesicular olivine poor sample in zoned

lava

IH57 135-145 olivine poor sample in zoned lava

IH56 100-110 olivine poor sample in zoned lava

IH55 60-70 transition zone between olivine rich
and poor lava

IH54 53-60 top of olivine rich zone in zoned lava

IH53 30-43 olivine rich layer of zoned lava

IH52 15-20 slab and oriented sample of zoned lava

IH51 3-13 sample of zoned lava
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emission gun SEM at the Natural History Museum, London, was used to
collect BSE images as well as compositional information over full thin
sections, with a 7 pm pixel resolution, 25 kV accelerating voltage and 13
nA beam current. Data were analysed to produce phase maps of each
thin section using the TESCAN Integrated Mineral Analyser (TIMA)
software. A subset of crystals were imaged at higher resoluton with a 15
kV accelerating voltage, 100 nA beam current. Detailed BSE images and
analyses of zoning patterns across individual olivine grains were also
collected using a Carl Zeiss Leo 1450 variable pressure SEM at the
University of Southampton, operating with a 20 kV accelerating voltage
and 1.2 nA beam current.

2.4. Electron probe microanalysis

Transects were taken across olivine crystals of interest using a
CAMECA SX100 electron probe micro analyser (EPMA) at the Natural
History Museum, London. Major elements (Si, Fe, Mg) and trace ele-
ments (Ni, Mn, Al, Ca, Cr, P, Co) were measured simultaneously using
five wavelength dispersive spectrometers (WDS). An accelerating
voltage of 20 kV, beam current of 100 nA and beam diameter of 1 pm
was used. Calibrations were conducted using international synthetic
standard materials. Line transects were collected from the edge to the
centre of crystals of interest, perpendicular to zoning, as recommended
by Shea et al. (2015). Analysis points were taken every 5-10 pm along
the transects to produce detailed profiles. When choosing locations for
profiles, visible cracks and inclusions in olivines were avoided. When
gathering transects across nodules (see 3.2.1 for description), care was
taken to avoid areas with neoblasts (see 3.2.1 for description).

3. Results
3.1. General description of samples

In hand specimen, the most notable feature of these samples are the
large (>1 mm) rounded olivines, set in a fine grained matrix. The only
other discernible groundmass features visible with the naked eye are
calcium carbonate laths (Fig. 2). When examining the samples under
optical and scanning electron microscopes, we see many smaller oliv-
ines, ~90 % of which are <1 mm. BSE images also reveal that most
olivines exhibit zoning, with crystals often having at least 2 zones
(Figs. 3, 4 & 6). Microscopy also reveals abundant fine-grained
groundmass minerals, such as calcite, chlorite, monticellite, spinel and
apatite. Shearing in the olivines is also evident, in the form of kink
banding and undulose extinction (Fig. 5b).

3.2. Morphology, mineralogy and zoning patterns in olivine

We can split the olivines into four main populations based on grain
size, morphology, mineralogy and zoning patterns. Note, we follow the
zone naming conventions of Abersteiner et al. (2022).

3.2.1. Macrocrysts and dunitic nodules

Macrocrysts have an ellipsoidal to rounded morphology and are
generally large, with a long axis (i.e. length of crystal) range of 1-11
mm, and a mean long axis of 4.1 mm (Figs. 3 & 4). Macrocrysts typically
show complex zoning patterns when viewed in BSE (Fig. 4), similar to
zoning patterns observed in many kimberlite olivines worldwide (Brett
et al., 2009; Howarth and Taylor, 2016; Lim et al., 2018; Giuliani, 2018;
Soltys et al., 2018). They all have a core which is often rounded or
embayed (Figs. 4a, c), although a minor amount (~5 %) are more
euhedral (Fig. 4d). Cores range from 0.6 to 2.7 mm in diameter and
sometimes contain pyrope, diopside, enstatite and phlogopite inclusions
(Fig. 7). Inclusions in the cores can be large, with some enstatite crystals
having long axes of >100 pm. Most macrocrysts have internal zones
between the core and rim, which can appear rounded and slightly
embayed, but much less so than the cores. The internal zones vary in
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Fig. 2. Photograph of lava sample from the IHV Northeast volcano (sampling
site IH51; see Fig. 1).

diameter (175-1240 pm wide) and contain abundant inclusions of Cr-
spinel/chromite (Fig. 4c) and occasional phlogopite. Macrocrysts have
mostly thin rims (~100 pm wide but some can be up to 250 pm). The
macrocryst rims also contain inclusions of euhedral Cr-spinel. It is rare
for rims to be complete around the macrocrysts; the rims are usually
discontinuous/truncated in some areas and are often absent at the
vertices of ellipsoidal grains. Some macrocrysts have thin, discontinuous
rinds of 9-45 pm with Cr-spinel inclusions and a very few have thin,
highly discontinuous outermost rinds (13-68 pm) with occasional Cr-
spinel inclusions. The reader is directed to Fig. 3 for a schematic of
representative crystals with labelled zones. Many macrocrysts contain
thin (~10 um) fractures which can extend across all zones and have
been filled with groundmass minerals such as monticellite, calcite and
chlorite. Zoning is often asymmetrical in the macrocrysts, but there are a
few examples of near symmetrical zoning (Fig. 4d). It is also important
to note that not all macrocrysts preserve all 5 zones: there are a large
number of crystals (~70 %) which only preserve cores, internal zones
and rims, with a complete absence of rinds and outermost rinds.

Dunitic nodules are also present in the Igwisi Hills lavas, as first
identified by Shaikh et al. (2021). The nodules have a largely similar
morphology to the macrocrysts, but unlike macrocrysts, they are poly-
crystalline grains/aggregates, often comprised of several large olivine
crystals and an abundance of much smaller olivine crystals called
‘neoblasts’ (Shaikh et al., 2021) with anhedral to subhedral habits
(Fig. 5). Neoblasts are variable in size, from 80 to 200 pm, but the ma-
jority tend towards the lower end of this range. The nodules exhibit
similar zoning patterns to macrocrysts, but the presence of all 5 zones is
less common, and when present, this zoning is often interrupted by the
occurance of chemically distinct neoblasts.
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3.2.2. Microcrysts

The microcryst crystals are smaller than macrocryst crystals, the
majority having a long-axis length <1500 pm (Figs. 3 & 6). They also
show more variation in their morphology than macrocryst grains, with
most grains being euhedral to subhedral, and a few exhibiting an
anhedral morphology.

Microcryst crystals often show complex zoning patterns, similarly to
macrocryst grains. Two types of microcryst cores exist. Microcryst-a
cores are typically resorbed as indicated by their anhedral shapes and
embayments, and contain mineral inclusions of enstatite. In contrast,
microcryst-b cores are more euhedral-subhedral, also containing min-
eral inclusions such as enstatite. Both core types have similar diameters
ranging from 200 to 450 pm. Where present, internal zones of microcryst
grains are typically euhedral-subhedral, 70-120 pm in diameter and
often contain inclusions of Cr-spinel, which in some grains are very
abundant and seen in a distinctive, near-continuous ring within the zone
(Fig. 6b). The rims of microcrysts are generally euhedral-subhedral,
30-80 pm in diameter and are often continuous around the crystal,
containing inclusions of Cr-spinel. The rinds are euhedral, discontinuous
and 10-60 pm in diameter. The outermost rinds are also euhedral,
discontinuous and 10-20 pm in diameter. Again, like the macrocrysts,
only around 20 % of microcrysts studied preserve rinds and outermost
rinds. Zoning in the microcrysts is generally more symmetrical than in
macrocrysts, but it is still uncommon to find perfectly symmetrical
zones. An illustrative comparison between macrocrysts, nodules,
microcryst-a and microcryst-b grains is provided in Fig. 3. The sub-
population of very small microcryst crystals (<500 pm) do not often
show zoning and are occasionally anhedral. Accordingly, they are
interpreted here as fragments of broken crystals from larger macrocryst
and/or microcryst grains. Similarly to macrocryst grains, some micro-
crysts contain fractures extending across all the zones and have been
filled with groundmass minerals such as monticellite, calcite and
chlorite.

3.3. Olivine mineral chemistry

3.3.1. Macrocrysts and dunitic nodules

Forsterite contents of the measured macrocryst cores range from
90.1 to 92.4 ([Mg/(Mg + Fe) * 100] calculated using atomic % of Mg
and Fe), with most tending towards the higher end of this range (Fig. 9).
NiO contents of macrocryst and nodule cores are elevated at 0.27-0.42
wt%. MnO, CaO, Al,O3 and Cr0O3 in macrocryst and nodule cores are
0.088-0.110 wt%, 0.007-0.08 wt%, <0.01-0.021 wt% and <0.008 -
0.009 wt% respectively. Macrocryst and nodule internal zones have a
restricted range of Fo contents of 89.5-90.4. NiO contents of internal
zones are elevated compared to cores (0.30-0.49 wt%). MnO, CaO,
Al;,03 and Cry03 in internal zones are 0.12-0.22 wt%, 0.04-0.29 wt%,
<0.01-0.046 wt% and <0.008 - 0.052 wt% respectively. Rims of mac-
rocrysts and nodules are Mg rich (Fo 90.7-92.2), with most rims at the
higher end of this range. The rims are more invariable than core Fo. NiO
contents of rims are variable (<0.009 - 0.37 wt%) but depleted
compared to the cores. MnO, CaO, Al;Os and CryO3 in rims are
0.14-0.33 wt%, 0.1-1 wt%, <0.01-0.035 wt% and 0.022-0.091 wt%
respectively. Rinds often have a lower Fo content than their respective
rims, with a range of 89.2-90.5. NiO contents are depleted (<0.009-
0.18 wt%). MnO, CaO, Al,O3 and Cr,O3 in rinds are 0.2-0.25 wt%,
0.21-1.24 wt%, <0.01-0.025 wt% and <0.008-0.052 wt% respectively.
In the few macrocryst and nodule grains where outermost rinds are
present, they have typically very high Fo (90.8-93.2). NiO contents are
heavily depleted (<0.009-0.058 wt%). MnO, CaO, Al,O3 and Cry03 in
outermost rinds are 0.22-0.32 wt%, 0.25-0.57 wt%, <0.01-0.026 wt%
and b.d.l. respectively. The reader is referred to Table 2 for a summary of
macrocryst and nodule geochemistry, and Fig. 8a for a geochemical
profile across a macrocryst grain.

Neoblasts within nodules have Fo ranging from 90.05-91.9, NiO
contents of 0.22-0.38 wt%, CaO contents of 0.02-0.12 wt% and MnO
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Dunitic Nodule

Outerrmost rind, ~F092-93

Rind, ~Fo89

Rim, ~Fo 92

Neoblasts,
~Fo91

1000 pym

Microcryst-b

Rind, ~Fo89

Outermost rind ~Fo92

100 pm

Fig. 3. Cartoon illustrating the morphology and zoning patterns in the four main olivine populations from the Igwisi Hills kimberlite lavas. IZ = internal zone. OR =
outermost rind. Note these illustrations are based on real, SEM imaged crystals from the Igwisi lavas.

contents of 0.10-0.15 wt%, Al,O3 of <0.01-0.021 and Cr,0O3 of
0.015-0.03 wt% (Supplementary Figs. 13-15). These neoblasts are
unzoned.

We find our macrocrysts and dunitic nodule cores, internal zones and
rims have a similar range in compositions to the respective zones in
macrocrysts and nodules analysed in Shaikh et al. (2021) (see supple-
mentary Figs. 2-12).

3.3.2. Microcrysts

As well as being morphologically distinct, microcryst-a and
microcryst-b cores are geochemically distinct in their major oxides and
forsterite contents. Microcryst-a cores are Mg-rich relative to their sur-
rounding zone (internal zone or rim), typically having Fo contents of
90-92.5 (Fig. 10). They display a wide variation in NiO (0.1-0.39 wt%),
have restricted and low MnO (0.10-0.14 wt%), low CaO (0.02-0.16 wt
%), AlO3 (<0.01-0.008 %) and Cry0Os (<0.008- 0.045 wt%).
Microcryst-b cores are Fe-rich relative to their surrounding zone, and
have Fo contents of 89-91 (Fig. 9). NiO values are more restricted and
elevated (0.33-0.46 wt%) compared to microcryst-a cores. Similarly to
microcryst-a cores, microcryst-b cores have low MnO (0.11-0.13 wt%),
CaO (0.04-0.12 wt%), Al,O3 (<0.01-0.016 wt%) and Cry03
(<0.008-0.059 wt%). Observations suggest that, out of all microcryst
grains, ~70 % have Fe-rich cores relative to their rims (microcryst-b
grains) and ~30 % have Mg-rich cores relative to their rims (microcryst-
a grains). Internal zones of microcrysts have restricted and relatively low
Fo contents (89.9-90.5) and low NiO contents of 0.29-0.47 wt%. MnO,
CaO, Al,O3 and Cry0j3 in internal zones are all low at 0.11-0.16 wt%,
0.05-0.13 wt%, <0.01-0.017 wt% and <0.008-0.061 wt% respectively.
It should be noted that microcryst-b grains often lack internal zones;
these zones are much more ubiquitous in macrocrysts and microcryst-a
grains. Rims of microcryst crystals have elevated Fo contents of

90.1-91.4 and a wide range of NiO contents (0.05-0.44 wt%). MnO,
Ca0, Aly,03 and Cry03 of rims are 0.13-0.29 wt%, 0.09-0.45 wt%,
<0.01-0.037 wt% and <0.008-0.079 wt% respectively. Rinds have low
Fo contents (89.2-90.6) and low NiO (0.02-0.18 wt%). MnO, CaO,
Al,O3 and Cry03 of rinds are 0.12-0.26 wt%, 0.17-0.34 wt%,
<0.01-0.06 wt% and <0.008-0.034 wt% respectively. Outermost rinds
have elevated Fo contents (90.5-93.2), with most tending towards the
higher end of this range, and have low NiO (0.009-0.05 wt%). MnO,
Ca0, Al,O3 and Cr503 of outermost rinds are 0.03-0.28 %, 0.25-0.95 wt
%, 0.018-0.312 wt% and <0.008-0.008 wt% respectively. The reader is
referred to Table 3 for summary of microcryst geochemistry. We note
that the geochemistry of internal zones, rims, rind and outermost rinds is
very similar for microcryst-a and microcryst-b grains. The reader is
referred to Figs. 8b and c for examples of profiles across these grains.
Further, we find the phenocrysts analysed in Shaikh et al. (2021) show
largely similar compositions to our microcryst cores.

4. Discussion
4.1. Magma evolution and petrogenesis of Igwisi olivines

4.1.1. Origins of cores

Cores of the macrocrysts, nodules and microcryst-a crystals have
elevated Fo and NiO, but low CaO and MnO, typical of cratonic mantle
derived peridotitic olivine (Arndt et al., 2010; Shaikh et al., 2021;
Abersteiner et al., 2022). Furthermore, low CaO contents have been
suggested to provide evidence of crystallisation at high pressures
(Simkin and Smith, 1970). These core zones also contain inclusionsof
mantle minerals such as pyrope, enstatite and diopside. Together, these
data suggest that the cores in IHV olivines are xenocrystic and mantle-
derived, likely granular peridotites (Fig. 9). Populations of granular
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Fig. 4. BSE SEM images of olivine macrocrysts from the IHV lavas. Panel a) illustrates a particularly large grain featuring a core, internal zone (IZ), rim, rind and
outermost rind (OR). Panel b) shows a close up of the area within the white box of panel a). Here we see a close up view of the internal zone, rim, rind and outermost
rind. Panel ¢) shows an macrocryst grain with a core, internal zone and rim. Panel d) shows a rare macrocryst with a less resorbed core, also featuring an internal zone

and rim.

peridotite derived cores are found in olivines from kimberlites world-
wide (Brett et al., 2009; Lim et al., 2018; Giuliani, 2018; Kamenetsky
et al., 2008; Abersteiner et al., 2020). For example, at Udachnaya-East,
Siberia, a population of olivine cores with Fo 90.5-94 are observed and
attributed to a granular peridotite origin (Casetta et al., 2023). Many
olivine cores from the Kimberley kimberlite, South Africa, and Lac de
Gras, Canada are also Mg enriched with low CaO and plot within
granular peridotite fields (Giuliani, 2018) (see Fig. 9).

Cores of macrocrysts, nodules and microcryst-a crystals are typically
highly resorbed (Figs. 4a, ¢, 6a and b) indicating they were in chemical
disequilibrium with the surrounding melt (again attesting to their xen-
ocrystic origin), resulting in dissolution of the outer portions of the core
into the melt. Microcryst-a cores, which are similar in composition to
those of macrocrysts, likely come from smaller and/or broken granular
peridotite crystals due to their much smaller diameters. The Fo content
of microcryst-b cores is towards the lower end of the range expected for
granular mantle peridotites (De Hoog et al., 2010; Tomlinson and
Kamber, 2021). Microcryst-b cores could represent sheared mantle pe-
ridotites from a dense thermal boundary layer as is the case with other
kimberlite olivines with low Fo, sheared cores particularly in those from
southern Africa (Gernon et al., 2023; Baptiste et al., 2012). However,
shearing in the IHV olivines is not exclusive to microcryst-b crystals.
Shearing textures such as undulose extinction and kink banding are also
observed in macrocrysts, nodules and microcryst-a grains. Also, shearing
does not appear to be exclusive to the core zones of the olivines. These
factors make it unlikely that microcryst-b cores are sheared mantle pe-
ridotites. An alternative explanation is that these low Fo cores originate
from a megacryst suite. Moore and Costin (2016) suggested that some of
the olivine grains from Igwisi may be derived from Cr-rich megacrysts.
The authors noted similarity in grain morphology and some trace oxides

(e.g. TiO3) and in the chemical composition of their clinopyroxene and
garnet inclusions to Cr-rich megacrysts. However, we consider this un-
likely due to the small size of microcryst-b cores compared to mega-
crysts. Megacrysts are typically >1 cm (Schulze, 1984; Nkere et al.,
2021), whereas these cores typically have diameters of <500 um.
Kimberlite melts can entrain large megacryst cores which are later
reduced to smaller sizes due to dissolution and mechanical abrasion
during ascent (Jones et al., 2014, 2019). However, due to the euhedral-
subhedral shape of the cores it is unlikely that they represent fragments
of broken megacrysts. Furthermore, they do not plot within the mega-
cryst geochemical fields (Fig. 9). Another possibility is that microcryst-b
cores originate from the neoblasts commonly found in nodules. These
neoblasts are exclusive to the internal zones of nodules at the IHV
(Shaikh et al., 2021) which have a low Fo content. These neoblasts could
become disaggregated from their host nodules during a rapid ascent. We
find that microcryst-b cores and neoblasts in Igwisi olivines have
elevated trace element concentrations (e.g., Al, Ti and Ca) compared to
macrocryst and microcryst-a cores, and similar euhedral morphologies,
providing evidence that the microcryst-b cores may be neoblasts derived
from granular peridotite nodules. Furthermore, neoblasts and
microcryst-b cores have similar NiO, MnO and CaO contents (Supple-
mentary Figs. 13-15). It is thought that such neoblasts can form by fluid
or melt (enriched in CO, and Hy0) assisted recrystallisation and
annealing of mantle peridotites after deformation (Shaikh et al., 2021).
Similar low Fo cores derived from neoblasts have been reported in other
kimberlites, for instance in the Kimberley kimberlites, South Africa
(Soltys et al., 2020).

A notable difference between the IHV olivine cores and those from
kimberlites worldwide is the Fo ranges of the cores. The IHV olivine
cores (Fo 89-92.5) appear to have a relatively restricted range of Fo
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Fig. 5. BSE images and photomicrographs illustrating dunitic nodules from the Igwisi Hills lavas, with neoblasts labelled ‘N’. Panel a) is an BSE image of a nodule.
Panel b) is an optical microscope image taken under crossed polarised light of the same nodule in panel a). Note the encircled area in panel b) highlights a cluster of
many small neoblasts. Panel ¢) shows another example of a nodule taken using BSE imaging. Panel d) shows the same nodule as in panel ¢) but under crossed

polarised light using an optical microscope.

compared to kimberlites globally, e.g. the Udachnaya kimberlites
mentioned above where several core populations exist, ranging from Fo
85-94. The Fe-rich cores (<Fo 89) seen in many kimberlites worldwide
are derived from megacrysts or sheared peridotites, which are often
affected by metasomatism. The lack of Fe-rich cores at IHV may indicate
that metasomatism does not dominate here to the same extent as other
kimberlite localities. The restricted and relatively high Fo contents seen
in peridotite cores from IHV may also be indicative of sampling from a
refractory sub-continental lithospheric mantle, as seen in other kim-
berlites such as Lac De Gras (Bussweiler et al., 2015; Tovey et al., 2022).
Gibson et al. (2013) also propose a highly refractory lithospheric mantle
exists beneath the Tanzanian craton based on the geochemistry of pe-
ridotites from the Lashaine tuff cone in northern Tanzania.

4.1.2. Origins of internal zones

The magmatic Cr-spinel and lack of mantle derived mineral in-
clusions (e.g. enstatite, diopside) in the internal zones provides evidence
of their magmatic origin. Cr-spinel is one of the first minerals to crys-
tallise from kimberlite melts (Soltys et al., 2018; Mitchell et al., 2019),
suggesting a highly primitive kimberlite melt at IHV may have reacted
with the outer region of the cores and crystallised around them to form
the internal zone. We propose that such a primitive kimberlite melt
would have formed by the early evolution of a proto-kimberlite melt.
The proto-kimberlite melt was likely a carbonate-rich silicate melt with
high Mg and Ca, and low Al, that initially did not have sufficient silica to
crystallise olivine, but assimilates orthopyroxene and clinopyroxene
during ascent, resulting in subsequent olivine crystallisation forming the
internal zones (Giuliani et al., 2023, 2025). Furthermore, a primitive
kimberlite melt would likely have been Mg-rich but relatively Fo

depleted, Si-poor and Ca-rich compared to mantle derived perioditic
cores (Abersteiner et al., 2022), trends which we observe in our grains.
Alternatively, the low Fo contents of the internal zones may suggest they
crystallised from a previous pulse of kimberlite melt that had undergone
fractionation as has been suggested for internal zones in other kimber-
lites (Lim et al., 2018). However, we conclude that the internal zone is
derived from crystallisation of a primitive kimberlite melt due to simi-
larities in composition to an early kimberlite melt and the presence of
key indicator minerals such as Cr-spinel. Internal zones are seen in some
kimberlites from around the world, for example Casetta et al. (2023a)
identify them in the Udachnaya-East kimberlites (Fo 85-87) and Soltys
et al. (2020) note their presence in the De Beers pipe, Kimberley (Fo
89.2-91). The differances in Fo between these internal zones of kim-
berlites worldwide is likely due to the effects of assimilation, with the
early kimberlite magma often being chemically altered by products it
assimilates during its ascent (i.e. wall rocks), which will vary composi-
tionally at each locality (Dalton et al., 2020; Giuliani et al., 2020).

4.1.3. Origins of rims, rinds and outermost rinds

The rims in all types of olivine in the IHV lavas have restricted Fo
contents, low NiO, and elevated CaO and MnO contents. This observa-
tion, along with their euhedral-subhedral habits, supports a late stage
crystallisation origin (Fedortchouk and Canil, 2004). Additionally, there
is a lack of typical mantle-derived mineral inclusions, e.g., enstatite and
pyrope, in the rim zones and we instead see magmatic phases such as Cr-
spinel. A magmatic origin has also been suggested for many olivine rims
of kimberlites globally, which show similar features to the IHV olivine
rims (Brett et al., 2009; Giuliani, 2018; Abersteiner et al., 2020; Soltys
et al., 2020). We therefore infer that the rims of olivines in the IHV are
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Fig. 6. BSE SEM images of olivine microcrysts from the IHV lavas. Panels a) and b) show microcryst-a grains (Mg-rich cores) and panels ¢) and d) show microcryst-b
grains (Fe-rich cores). IZ = internal zone. Rd = rind. OR = outermost rind. Cr-spl = chrome-spinel.

Fig. 7. BSE SEM images illustrating inclusions seen in cores of both macrocryst and microcryst crystals from the Igwisi Hills lavas. Panel a) shows a phlogopite crystal
inclusion observed in the core of a microcryst-b grain. Panel b) shows an enstatite crystal inclusion observed in the core of a microcryst-a grain. Panel ¢) shows an

enstatite crystal inclusion in the core of a macrocryst grain. Panel d) shows a chrome-pyrope crystal inclusion in the core of a macrocryst grain. Phl = phlogopite, Ent
= enstatite, Cr-pyr = chrome-pyrope.
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Fig. 8. Geochemical profiles across olivine grains from the IHV lavas. Each panel shows a BSE image (with zones and transect location labelled) and profiles for Fo,
Ni, Mn and Ca. Panel a) shows data for a macrocryst grain, b) a microcryst-a grain and c) a microcryst-b grain.

magmatic in origin and crystallised from the evolved host kimberlite
melt. Geochemistry of olivine rims worldwide can vary, again a reflec-
tion of processes such as assimilation during ascent of the kimberlite
melt, with rims in the Mark kimberlite, Lac de Gras reaching Fo 97 and
rims in the Udachnaya-East kimberlites, Siberia, having Fo as low as
88.6.

The rinds are also likely to be magmatic rather than mantle derived,
evidenced by their even lower NiO and greater CaO and MnO contents
relative to the cores (with CaO being particularly high), and the similar
lack of mantle-derived mineral inclusions. We also note the ubiquitous
decrease in Fo in the rinds of these olivines compared to their respective
rims. Many kimberlites globally show an increase in Fo in the rind
(Giuliani, 2018; Lim et al., 2018), for instance the Kimberley olivines
which have Fo reaching 92.6 (Soltys et al., 2020) and the Lac de Gras
olivines which have rinds of up to Fo 98 (Abersteiner et al., 2020). The
IHV olivine rinds may be comparatively low in Fo due to late stage
crystallisation within the lithosphere from a Mg—Ni depleted kimber-
litic melt which previously crystallised an abundance of olivine and
spinel.

The outermost rinds show very high Fo, interpreted to be caused by

an increase in oxygen fugacity as the melt evolves and ascends closer to
the surface, causing crystallisation of Fe-rich spinel, as seen in other
kimberlite olivines, such as those from the Kimberely cluster (Soltys
et al., 2018). The increase in Fo could also be due to recharge from a
more primitive magma. While kimberlite eruptions are not fed from a
conventional magma chamber/reservoir system, a single kimberlite
body can be formed from multiple pulses of kimberlite magma (Scott
Smith et al., 2013), as evidenced by chemical zoning (Sparks, 2013).
However, we note that NiO is lowest in outermost rinds, low NiO being a
feature typical of late-stage kimberlite magma crystallisation, suggest-
ing it is unlikely a new pulse of kimberlite magma was involved in the
formation of outermost rinds. A magma recharge event would also not
be consistent with the relatively large range in Fo seen in our outermost
rinds (Fig. 10). Outermost rinds are rare in kimberlites worldwide but
have been seen in olivines from the Lac De Gras field. However, these are
more Mg-rich than the outermost rinds seen at IHV, with Fo contents of
93-95 (Fig. 9) (Abersteiner et al., 2020) which likely reflects their
assimilation of more Mg-rich material or a more marked change in ox-
ygen fugacity during the late-stage ascent (Giuliani, 2018).
Supplementary Fig. 8 shows the large range of CaO values for the
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Fig. 9. Bivariate plots showing concentrations of key elements in cores of the IHV olivines and several other kimberlite olivines (consisting of literature data from Lac
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for the original geochemical data collected in this study only. Note that the error for Fo is smaller than the data markers. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

outermost rinds compared to other zones, with some crystals having
remarkably high CaO relative to the other magmatic zones. This may
indicate a substantial reduction in pressure, that is, a change in magma
depth, during crystallisation of the outermost rinds - as has been noted
for the olivine rims in the Lac De Gras kimberlites, Canada, which also
show a wide range in CaO content of (0-0.25 wt%) (Fedortchouk and
Canil, 2004). Alternatively, it may reflect late-stage fractional crystal-
lisation of a highly evolved melt enriched in CaO, typical of kimberlites.

Again, the compositional differences between the rim, rind and
outermost rind in olivines at the IHV and the respective zones in

10

kimberlites worldwide are likely a result of assimilation during the
ascent of the kimberlite melt.

4.2. Differing morphologies and zone preservations in the Igwisi Hills
olivines

In terms of the grain morphology, macrocryst grains and nodules are
more rounded relative to microcryst grains, which are euhedral-
subhedral. The larger, macrocryst grains and nodules likely become
rounded as they are more susceptible to particle-particle attrition, which
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Table 2

Summary of the range of values of Fo and key oxides in macrocrysts and nodules from the Igwisi Hills lavas. Fo = forsterite in mol %. All other values are in wt% oxide.

Italics denotes detection limit.

Geochemistry of macrocrysts and nodules in the Igwisi Hills lavas

Zone Fo NiO MnO Ca0O Al,O3 Cry03

Core 90.1-92.4 0.27-0.42 0.088-0.110 0.007-0.08 <0.01-0.021 <0.008-0.009
Internal zone 89.5-90.4 0.30-0.49 0.12-0.22 0.04-0.29 <0.01-0.046 <0.008-0.053
Rim 90.3-91.8 <0.009-0.37 0.14-0.33 0.1-1 <0.01-0.035 0.022-0.091
Rind 89.4-90.2 <0.009-0.18 0.2-0.25 0.21-1.24 <0.01-0.025 <0.008-0.052
Outermost rind 90.8-93.1 <0.009-0.058 0.22-0.32 0.25-0.57 <0.01-0.26 <0.008

Table 3

Summary of the range of values of Fo and key oxides in microcryst grains from the Igwisi Hills lavas. Fo = forsterite in mol %. All other values are in wt% oxide. Italitcs

denotes detection limit.

Geochemistry of microcryst grains in the Igwisi Hills lavas

Zone Fo NiO MnO CaO Al,03 Cry03

Microcryst-a cores 90.5-92 0.1-0.39 0.10-0.14 0.02-0.16 <0.01-0.008 <0.008-0.045
Microcryst-b cores 89-90.7 0.33-0.46 0.11-0.13 0.04-0.12 <0.01-0.016 <0.008-0.059
Internal zone 89.9-90.4 0.29-0.47 0.11-0.16 0.05-0.13 <0.01-0.017 <0.008-0.061
Rim 90.2-91.1 0.05-0.44 0.13-0.29 0.09-0.45 <0.01-0.037 <0.008-0.079
Rind 89.2-90.64 0.02-0.18 0.12-0.26 0.17-0.34 <0.01-0.06 <0.008-0.034
Outermost rind 90.8-93.25 <0.009-0.05 0.03-0.28 0.25-0.95 0.018-0.312 <0.008-0.008

is prevalent in kimberlites due to their rapid ascent and has been pro-
posed as an important mechanism occuring during the eruption of the
IHV (Jones et al., 2014; Jones and Russell, 2018). The smaller micro-
crysts may move upwards within the magma more freely, encountering
other particles less frequently, thus more readily retaining their original,
euhedral-subhedral habit. However, we see that the outer edges (10-20
um thick) of microcryst grains often have a skeletal appearance (Fig. 6)
which likely reflects chemical dissolution within a rapidly evolving
kimberlite melt. Furthermore, our microcryst-a grains may be more
euhedral-subhedral because the magmatic zones make up the majority
of each grain, with the xenocrystic cores often being very small, whereas
the opposite is often true for macrocryst grains and nodules. Addition-
ally, microcryst-a and macrocryst cores often show more extreme

resorption textures compared to microcryst-b cores, indicating they are
the likely most out of equilibrium with the primitive kimberlite melt.
We also observe that not all 5 archetypal zones are preserved in all
the IHV olivines. In about 70 % of observed crystals, the core, internal
zone and rims are preserved but there are a lack of rinds and outermost
rinds. This could either reflect attrition and/or chemical dissolution of
grains during rapid ascent. Alternatively, all 5 zones may simply not
have formed on all olivine grains, indicating different ascent histories.
It is also worth noting that although all olivine grains seen in the IHV
kimberlites appear to have similar zoning patterns, a strong bimodal size
distribution of grains exist. This is a reflection of the fact that the
different core types are likely sampling different mantle lithologies, as
suggested by the distinct peaks for Fo in cores seen in Fig. 10,
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particularly for microcryst-b grains.
4.3. Formation, evolution and ascent model for the Igwisi kimberlites

We infer a multi-stage formation process of the zones in the Igwisi
Hills kimberlite olivine grains, as follows:

1) Mg-rich granular mantle peridotite grains (macrocryst, nodule
and microcryst-a cores) were formed at depth.

2) Primitive kimberlite melt rose and came into contact with mac-
rocryst, nodule and microcryst-a cores, entraining them into their
flow.

3) Primitive kimberlite melt crystallises around the peridotite cores
to form Fe-rich internal zones.

4) H,0 and CO;, rich fluid/melt assisted recrystallisation of internal
zones of nodules created Fe-rich neoblasts.

5) The neoblasts became disaggregated from nodules during rapid
and turbulent ascent.

6) The neoblasts became cores for the microcryst-b grains.

7) As the primitive kimberlite melt ascended it evolved into a typical
Ni poor, Ca rich kimberlite melt, which has elevated Fo contents
indicating assimilation of Mg-rich lithosphere.

8) Archetypal, evolved kimberlite melt crystallised around the in-

ternal zones of the macrocryst, nodule and microcryst-a grains,

and cores or internal zones of microcryst-b grains, to form Mg-
rich rims.

The late stage kimberlite melt crystallised around rims of all the

olivines, forming a low-Fo rind, suggesting assimilation of rela-

tively Fe-rich lithosphere.

During final stages of ascent, the high-Mg outermost rind formed

around all the olivines, derived from the kimberlite melt. The rise

in Mg of the melt was likely due to an increase in oxygen fugacity
near the surface and late stage evolution via fractional
crystallisation.

Particularly rapid and turbulent ascent in the late stages resulted

in particle-particle attrition, leading to many crystals not pre-

serving all 5 olivine zones in the surface deposit (along with a

possible influence of chemical dissolution).

9

—
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—

5. Conclusions

We classify the olivine grains found in the Igwisi Hills kimberlite
lavas into four groups, according to their size, morphology, core types,
zoning patterns, Fo content and oxide geochemistry. Macrocryst grains
are >1500 pm, rounded and have a high-Mg (Fo >90) resorbed xen-
ocrystic core derived from granular mantle peridotite, surrounded by
subhedral internal zones, thought to be derived from a primitive
kimberlite magma which entrains the mantle peridotites. These internal
zones are surrounded by thin rims with elevated Fo, rinds with depleted
Fo and outermost rinds with elevated Fo all derived from the evolved
kimberlite melt. Nodules have a similar size, morphology and zoning to
macrocrysts but are polycrystalline, containing many small crystals
called neoblasts. Microcryst-a crystals are <1500 pm, euhedral-
subhedral and have a high-Mg xenocrystic core derived from granular
mantle peridotite and are surrounded by primitive kimberlite melt
derived internal zones and kimberlitic magmatic rims, rinds and
outermost rinds which show similar Fo ranges to the same zones in
macrocrysts and nodules. Microcryst-b are similar in size and
morphology to microcryst-a crystals but possess an Fe-rich core inter-
preted to be derived from disaggregated neoblasts. They sometimes
feature Fo-poor internal zones which we interpret to be derived from the
primitive kimberlite melt, but these zones are not as abundant as in
macrocrysts, nodules and microcryst-a grains. They also feature
magmatic rims, rinds and outermost rinds with the same histories as
macrocrysts, nodules and microcryst-a grains. Importantly, across all
four olivine populations, not all crystals preserve all magmatic zones,
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likely due to particle-particle attrition during rapid, turbulent ascent.
These young and well preserved kimberlite deposits at the Igwisi Hills
contain olivines which show similar zoning patterns to many kimberlites
worldwide. The discovery of this complex zoning in these deposits is
valuable for understanding the evolution of these magmas.
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