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Abstract

Olivine chemistry has been widely used to track the petrogenesis of mafic and ultramafic magmas from their mantle source to
eruption at the surface. A major challenge in these studies is deciphering crystal growth versus diffusion controlled zoning. Here
we report a multi-element approach using high-precision electron microprobe techniques to evaluate crystal growth versus dif-
fusion in kimberlitic olivine from the Benfontein kimberlite, South Africa. These results have implications for both the petroge-
nesis of kimberlite magmas and the understanding of crystal growth and diffusion-based zoning in igneous olivine in general.

The Benfontein olivine contain multiple phosphorous (P)-rich and P-poor zones. Core zones are characterized by homoge-
nous low-P (<78 ppm) concentrations, consistent with xenocrystic origins. Gradational changes in Fo, Ni, Cr and other minor/-
trace elements at core-margins are similarly characterized by constant low-P concentrations that are indistinguishable from the
central regions of the core. Olivine P-maps effectively outline the original xenocryst core, whereas gradational margins are inter-
preted as diffusion controlled zones related to early-stage equilibration of xenocrystic olivine with proto-/kimberlite melt.

Multiple P-poor (100–150 ppm) and P-rich (200–450 ppm) concentric, oscillatory zones with inclusions of kimberlitic oxide
phases are observed surrounding the low-P xenocrystic cores. Oxide phases change from chromite in the inner zones to ilme-
nite in the intermediate zones to magnetite-rich spinel in the outer zones of the olivine. The P-zoning corresponds with
changes in Fo content implying that stages of crystal growth was preserved by both fast and slow diffusing elements rather
than diffusion processes. Elements compatible with olivine (±chromite) crystallization (i.e., Ni and Cr) display a constant
decrease across all zones, suggesting that magma mixing is unlikely a controlling process for P-zoning. We interpret P-rich
zones to result from stages of solute trapping related of rapid disequilibrium growth driven by extrinsic factors such as
changes in pressure-temperature during kimberlite evolution. In contrast, P-poor zones represent stages of equilibrium crystal
growth. The outer olivine zones are characterized by an increase in Fo contents up to Fo96, and in conjunction with a change
to more Fe3+-rich oxides, suggest late stage increase in fO2.

Correlated Fo and P changes in the Benfontein olivine suggest that major element zonation represents an example where
crystal growth-induced Fo zoning has been preserved in olivine. Furthermore, P-rich olivine zones preserve evidence for con-
centric growth rather than common dendritic structures seen in other occurrences. These results have implications for under-
standing the effect of magma dynamics and changes in pressure-temperature-fO2 conditions on olivine growth in igneous rocks.
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1. INTRODUCTION

Olivine is an extremely valuable petrological tool as its
chemistry can be used to decipher magma petrogenesis
and to infer mantle source rock lithology (e.g., Sobolev
et al., 2007; Foley et al., 2013; Herzberg et al., 2016;
Howarth and Harris, 2017; Gordeychik et al., 2018). Diffu-
sion profiles in olivine can also be used to constrain time-
scales for magma residence and eruption in crustal cham-
bers (e.g., Costa and Chakraborty, 2004; Costa et al.,
2008). Using olivine to constrain magma petrogenesis and
source rock lithology relies on the assumption that olivine
chemistry is a function of crystal growth whereas diffusion
profile modelling assumes that olivine chemical zoning is
related to equilibration or diffusion-based formation.
Understanding crystal growth versus diffusion zoning in oli-
vine, however, is no trivial task. The rates of chemical dif-
fusion for different elements in olivine vary significantly,
from those that diffuse relatively quickly (e.g., Fe-Mg; time-
scale of days to years for 5–300 mm scale grain) to those
that diffuse slowly (e.g., Al and Cr; timescale of days to
hundreds of years for 5–300 mm scale grain) and those that
are almost immobile (e.g., P; years to thousands of years for
5–300 mm scale grain) (timescales as summarised by Lynn
et al., 2018 and references therein). Phosphorous zoning
in olivine has recently attracted attention due to its near-
immobile nature in olivine and commonly preserves crystal
growth features that are not seen in other elements (e.g.,
Milman-Barris et al., 2008; Tschegg et al., 2010; Sakyi
et al., 2012; Gross et al., 2013; Shearer et al., 2013;
Elardo and Shearer, 2014; Welsch et al., 2014; Shea et al.,
2015; McCanta et al., 2016; Baziotis et al., 2017; Manzini
et al., 2017; Xing et al., 2017; Ersoy et al., 2019; Watson
et al. (2015)). This has led to debate over crystal growth ver-
sus diffusion-based zoning of Fe-Mg as well as minor ele-
ments such as Ni, Cr, and Al in olivine. Shea et al. (2015)
suggested that growth induced chemical zoning of fast dif-
fusing elements, such as Fe-Mg, may seldom be preserved.
Milman-Barris et al. (2008) as well as numerous other stud-
ies listed above have found that P enriched zones do not
correspond with changes in Fo contents in experimental
or natural sample investigations. Thus, robust evidence
for growth induced major element zoning in olivine is
required and the best way to achieve this would be through
multi-element zoning studies where correlation between fast
and slow diffusing elements can be observed.

Kimberlite magmas are composed of abundant (�50
vol.%) and complex olivine populations ranging in size
from megacrysts (>1 cm), to macrocrysts (>0.5 mm), and
to microcrysts (<0.5 mm) (e.g., Clement and Skinner,
1984; Mitchell, 2008). Kimberlites are commonly divided
based on texture where macrocrystic kimberlites retain their
olivine population en route to the surface while aphanitic
kimberlites are generally interpreted to have fractionated
the coarser grained olivines at some stage en route to the
surface (e.g., Mitchell, 2008; Howarth et al., 2011). Kimber-
lite magmas ascend from the mantle to the surface on the
order of hours to days (e.g., Kelley and Wartho, 2000;
Peslier et al., 2008) and should retain primary olivine chem-
istry with little time for subsequent diffusion with the host
melt. Thus, such olivine grains are excellent candidates to
observe olivine growth features rather than diffusion related
zoning. Complex internal zoning in kimberlitic olivine has
been identified in olivine associated with fresh kimberlites
worldwide (e.g., Fedortchouk and Canil, 2004;
Kamenetsky et al., 2007; Arndt et al., 2010; Pilbeam
et al., 2013; Bussweiler et al., 2015; Cordier et al., 2015;
Sobolev et al., 2015; Howarth and Taylor, 2016; Moore
and Costin, 2016; Giuliani et al., 2017; Lim et al., 2018;
Giuliani, 2018; Sobolev et al., 2018). Olivine cores are gen-
erally interpreted to represent mantle xenocrysts, however,
much debate revolves around a diffusive versus crystal
growth origin for gradational or transitional chemical zones
between xenocrystic cores and surrounding zones (e.g.,
Pilbeam et al., 2013; Cordier et al., 2015; Howarth and
Taylor, 2016; Giuliani and Foley, 2016; Moore, 2017).
Howarth and Taylor (2016) previously showed that the
core-margin zones for the Benfontein olivine were enriched
in Cr and other trace elements relative to the cores and
other surrounding zones. They interpreted these Cr-rich
core-margin zones to be related to early stage equilibration
with a proto-kimberlite melt in the lithospheric mantle.
Other previous studies of olivine in kimberlites from Green-
land have interpreted ‘transitional’ olivine zones at the con-
tact between cores and margins to result from an early stage
of metasomatism in the lithospheric mantle during orthopy-
roxene assimilation preceding the ascent of the kimberlite
magma to the surface (e.g., Cordier et al., 2015). However,
such an interpretation has been met with opposition where
other researchers suggest such transitional zones represent
early liquidus olivine that crystallized after orthopyroxene
assimilation during ascent to the surface (e.g., Giuliani
and Foley, 2016) and can be explained by fractional crystal-
lization using a specific set of appropriate partition co-
efficients (e.g., Moore, 2017). These complex internal xeno-
cryst cores and transitional zones in kimberlitic olivine are
generally surrounded by zones of olivine that was on the
liquidus at that specific time. This ‘‘liquidus olivine” is char-
acterized by decreasing Ni concentrations buffered at con-
stant Fo contents and typically contains chromite
inclusions (e.g., Giuliani, 2018). Subsequent fine rinds of
high-Fo (>90) olivine form the outer zones of these com-
plex kimberlite olivine grains (see Giuliani, 2018 for a
review on olivine in kimberlites for detailed discussion).
Ultimately, kimberlitic olivine tracks multiple stages of pet-
rogenesis from early stages of metasomatism, subsequent
olivine fractionation, and changes in fO2 conditions related
to extremely high olivine Fo contents (up to Fo98)
(reviewed by Giuliani, 2018).

The objectives of the current study are: (1) to explore the
use of phosphorous zoning in kimberlitic olivine to resolve
the conundrum of diffusion vs. crystal growth zones and (2)
observe the features of primary growth induced zoning of
olivine. Here we report the discovery of concentric phos-
phorous zoning in olivine macrocrysts from the Benfontein
kimberlite, South Africa, that corresponds with changes in
Fo contents as well as other minor elements (e.g., Ni) and
trace elements (e.g., Ti, Cr). The results of this study place
constraints on understanding the complex nature of kim-
berlite petrogenesis as well as understanding P-zoning of
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igneous olivine for the use in distinguishing diffusion versus
crystal growth in olivine-bearing magma systems. In addi-
tion, we present robust evidence for the concentric growth
of olivine rather than common dendritic-type growth
observed in many other igneous rocks.

2. HIGH-PRECISION ELECTRON MICROPROBE

(EPMA) TECHNIQUES

Quantitative electron probe microanalyses (EPMA) of
olivine were performed using the JEOL JXA-8200 Super-
probe at Rutgers University (RU) in the department of
Earth and Planetary Sciences. Olivine grains were analyzed
for Si, Mg, Fe, P, Ca, Ti, Cr, Co, Ni, Zn, Mn, and Al using
an acceleration voltage of 15 kV, a beam current of 200 nA,
and a focused 1-micron beam. Peak counting times were
calculated following the method by Sobolev et al. (2007)
and were: 20 s for Si, Fe, and Mg; 180 s for P, Ca, Ti, Cr,
Co, and Ni; and 240 s for Zn, Al, and Mn. The Probe for
Windows MAN protocol was used for background mea-
surements (Donovan, 2012) and the standard ZAF correc-
tion was applied to the data. San Carlos olivine standard
was analyzed at regular intervals throughout every run ses-
sion to correct for potential drift. Analytical standards were
well characterized natural and synthetic oxides and miner-
als including: olivine (Si, Mg), fayalite (Fe), Mn-olivine
(Mn), Co-olivine (Co), Ni-olivine (Ni), corundum (Al),
chromite (Cr), apatite (P), diopside (Ca), rutile (Ti),
Zn-oxide (Zn). Data quality was ensured by analyzing
secondary standards as unknowns. Detection limits at 3r
(99 % confidence level) and errors (1r) were obtained from
the Probe for Windows program (Donovan, 2012). Average
detection limits (in wt.%) are: 0.018 for FeO; 0.017 for ZnO;
0.005 for MnO; 0.006 for SiO2; 0.004 for MgO; 0.002 for
Cr2O3, P2O5, and Al2O3; 0.003 for CoO and NiO; and
0.001 for CaO and TiO2. The average analytical errors of
Si, Mg and Fe are �0.08%, �0.08% and �0.59% respec-
tively. Average analytical errors for trace elements Ni,
Mn, Ca, Cr, Zn, Co, P, Ti, and Al are 21 ppm, 40 ppm,
7 ppm, 15 ppm, 122 ppm, 17 ppm, 16 ppm, 10 ppm, and
10 ppm, respectively. Oxide totals were less then ±1% of
100%. Chemical formulae were calculated for all analyses,
and only data were accepted with T-sites having 1.01–0.99
cations and M-sites having 2.02–1.98 cations when normal-
ized to four oxygens to ensure high data quality.

Backscattered electron images and qualitative elemental
X-ray maps of the olivine were taken simultaneously using
the JEOL JXA-8200 Superprobe at RU with an accelerat-
ing voltage of 15 kV, beam current of 300nA, pixel dwell
times between 450 ms and 700 ms, and a step size between
1 and 2 mm depending on the size of the olivine grains.
Wavelength dispersive spectrometers (WDS) were used to
map for P, Cr, and Ni, with P ka measured on three spec-
trometers simultaneously; Si, Mg, Fe, and Mn were
mapped using the energy dispersive spectrometer (EDS).

3. RESULTS

The sample analyzed in this study is from the John Gur-
ney mantle collection housed at the University of Cape
Town, South Africa. Kimberlites commonly undergo late-
stage deuteric alteration resulting in olivine being com-
pletely serpentinized, however, the sample JJG-2241 ana-
lyzed in this study is a rare example of an ultra-fresh
macrocrystic kimberlite (i.e., fresh olivine with minor ser-
pentine alteration), as previously described by Howarth
and Taylor (2016). Four representative olivine macrocrysts
were selected for detailed high-precision EPMA mapping
and quantitative spot analyses (Figs. 1 and 2). All data is
presented in the online appendix.

The analyzed olivine can be separated into two types
based on their zoning patterns, consistent with previous
interpretations of Howarth and Taylor (2016): (a) Olivine
1 and 3 that are characterized by the presence of P-rich
zones, hereafter termed type I olivine (Fig. 1); and (b) Oli-
vine 2 and 4 that do not contain P-rich zones, hereafter ter-
med type II olivine (Fig. 2). Type I olivine grains are
subdivided into six zones based on major and trace element
concentrations: (1) cores (100–250 mm), (2) core-margin
(10–100 mm), (2a) internal rim (10–20 mm), (3) main rim
(20–150 mm), (4) type I (T1) rim (20–100 mm), and (5) rind
(20–25 mm) (Fig. 3). The type II olivine can be sub-divided
into five zones: (1) core (250–400 mm), (2) core-margin
(20–150 mm), (2a) internal rim (�5 mm), (3) main rim
(35–200 mm), and (4) type II (T2) rim (25–50 mm) (Fig. 3).
The main difference between the type I and II olivine grains
is the absence of P-rich T1 rims and the presence of the
Ti-rich T2 rims in the type II olivine. Each of these zones
from core to outer rind are described in sequence for both
type I and II olivine below (Figs. 1 and 2). Olivine com-
monly contain more than one core (Fig. 1e), which represent
overgrowth of polycrystalline xenocrystic mantle olivine, as
previously shown by Howarth and Taylor (2016).

Oxide phases are observed as chadacrysts in the olivine
grains and display variation in chemistry related to their
location within the grains (Figs. 1 and 2). In the type I oli-
vine, chromite grains are observed within the main rim zone
whereas ilmenite is observed in the T1 (P-rich) zones, and
magnetite-rich spinel at the outer rims (Fig. 1). For type
II olivine, ilmenite is a rare chadacryst phase and is gener-
ally only observed within cracks/fractures whereas chromite
is common in the main rim zone (Fig. 2). The oxide rela-
tionships were observed throughout the thin section in mul-
tiple grains and is not restricted to the four grains analyzed
in detail.

3.1. Core and core-margin chemistry

The core chemistry of individual grains in both the type
I and II olivine analyzed in this study is homogeneous with
no zoning noted in the major and trace elements analyzed.
The type I cores have lower Fo contents (Fo88.9-89.5)
whereas the type II olivine analyzed are more Mg-rich
(Fo92.6). The type I and II cores are also characterized by
differences in minor and trace element concentrations.
The type I cores have higher Ni (2808–2854 ppm), Ca
(625–660 ppm), Mn (850–924 ppm), and Al (141–
243 ppm) relative to the type II with lower Ni (2568–
2616 ppm), lower Ca (255–285 ppm), lower Mn (703–
771 ppm), and lower Al (75–86 ppm).



Fig. 1. Backscatter electron (BSE) images and EPMA phosphorous, nickel, and chromium maps (i.e., P-maps) for type I Benfontein
kimberlite olivine. (a)–(d) olivine 3 and (e)–(h) olivine 1. In the P-maps, the brighter colours (i.e., white) represent higher P concentrations. In
Ni and Cr maps, hotter colours (i.e., red/orange) represent higher concentrations of trace elements relative to colder colours (i.e., blue). The x-
y and a-b solid lines indicate the location of EPMA spot traverses. Zones 1–4 represent: (1) Cores, (2) core-margin, (3) main rim, and (4) T1
rim. The internal rims described in the text are located between 2 and 3. Chr – chromite; Ilm – ilmenite; Mt – Ti-magnetite. (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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Fig. 2. Backscatter electron (BSE) images and EPMA phosphorous, nickel, and chromium maps (i.e., P-maps) for type II Benfontein
kimberlite olivine. (a)–(d) olivine 4 and (e)–(h) olivine 2. In the P-maps, the brighter colours (i.e., white) represent higher P concentrations. In
Ni and Cr maps, hotter colours (i.e., red/orange) represent higher concentrations of trace elements relative to colder colours (i.e., blue). The x-
y solid line indicates the position of EPMA spot analysis traverse. Zones 1–4 represent: (1) core, (2) core-margin, (3) main rim, and (4) T2 rim.
The internal rim is located between 2 and 3. Chr – chromite; Ilm – ilmenite; Mt – Ti-magnetite. (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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Fig. 3. Electron microprobe (EPMA) spot traverses for forsterite (Fo), Ni (ppm), P (ppm), and Cr (ppm) across olivine grains 1, 3 and 4 from
the Benfontein kimberlite, South Africa. Olivine 1 traverse is the x-y traverse indicated in Fig. 1e. Olivine 3 traverse is x-y traverse indicated in
Fig. 1a. Olivine 4 traverse is x-y traverse indicated in Fig. 2a.
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The core-margin zones in both, type I and II, are grada-
tional in BSE images (Figs. 1 and 2). Both type I and II oli-
vine have core-margin zones with higher Ni, Ca, and Mn
than the cores and display gradational changes that
converge at a composition of Fo90.5 with Ni-2900 ppm;
Cr-430 ppm; Ti-130 ppm; Ca-530 ppm; Mn-880 ppm; and
Al-90 ppm (Figs. 4 and 5). In contrast to these trace ele-
ments, P does not show any change and P-maps indicate
that the core and core-margin have homogeneous low-P
(<78 ppm) relative to the surrounding rims (Figs. 1 and 2).

3.2. Internal rim and main rim chemistry

The main rim in both olivine types is characterized by
the occurrence of Cr-spinel inclusions. The contacts
between the core-margins and the main rims are grada-
tional (termed internal rim in Figs. 3–5) with a number of
notable changes in olivine chemistry. In both the type I
and II olivine the Fo content of the internal rims decreases
from Fo90.5 to Fo88.7 along with decreasing Ni and Cr con-
tents from 2900 ppm and 530 ppm to 1900 ppm and
260 ppm, respectively (Figs. 3 and 4). Calcium, Mn, P,
and Ti all increase whereas Al decreases with decreasing
Fo contents in the internal rim. This change marks the
beginning of the main rim with a composition of: Fo88.7,
Ni-1900 ppm, Cr-260 ppm, Ti-176 ppm, Ca-560 ppm,
Mn-1000 ppm, Al-50 ppm, and P-100 ppm (Figs. 2–5).
The main rim displays a constant Fo content (Fo88.7) with
decreasing Ni and Cr, and increasing Ca, Ti, Mn, and P,
and constant Al (Figs. 3–5).

3.3. Type I (T1) rim chemistry

The T1 rims are only present in type I olivine and are
characterized by a sharp increase in P concentration. The
P-rich olivine zones contain inclusions of ilmenite; no Cr-
spinel inclusions are observed. The P contents range from
160 to 420 ppm and overall the T1 rim can be divided into
three sub-zones based on P and Fo changes (labelled as 4a-
4c in Fig. 6): (4a) inner P-rich (250–450 ppm) sub-zone with



Fig. 4. All EPMA data for Benfontein olivine relative to Fo
content. The red star represents the interpreted composition that is
representative of the proto-/kimberlite melt responsible for early
partial equilibration of olivine cores. (For interpretation of the
references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 5. All EPMA trace element data for Benfontein olivine
relative to P concentrations. The red star represents the interpreted
composition that is representative of the proto-/kimberlite melt
responsible for early partial equilibration of olivine cores. (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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low Fo86-87; (4b) a lower-P (<200 ppm) zone with Fo con-
tent of Fo87 and a gradational increase to Fo91 at the outer
edge; (4c) an outer P-rich zone that shows increased P con-
tents (�300 ppm) and a sharp increase in Fo from Fo91 up
to Fo94. Other minor/trace elements within this sub-zone
such as Ca, Ti, Mn, show a constant increase whereas Ni
and Cr show a constant decrease. The outer P-rich zone
has abundant fine inclusions of P-rich material (Fig. 6).
These P-rich inclusions are related to fine cracks that
cross-cut the olivines where kimberlite has invaded and rep-
resent late-stage features rather than primary inclusions
(Fig. 1f).



Fig. 6. BSE image and a-b EPMA traverse for a region of
Benfontein olivine 3 illustrating the sub-division of the P-rich T1
rim (zones 4a–4c). The olivine zones are labelled 4–5 to be
consistent with Fig. 1.
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3.4. Type II (T2) rim chemistry

The T2 rims only occur in the type II olivine. They are
observed surrounding the main rim. No gradational contact
is noted in this case. The T2 rims have higher Fo (Fo89.2)
content than the main rims (Figs. 3–5). The Fo content
increases up to Fo90.5, and is accompanied by decreases
Ni and Cr, increases in Ca, Mn, Ti, and Al, and constant
P. The T2 rims contains the highest Ti contents ranging
from 350 to 385 ppm and is clearly distinguished from rims
of the type I olivine (Fig. 5b).

3.5. Rind (outer most zone) chemistry

The outer rind is observed in the type I olivine only in this
study but does not occur continuously around the entire
grains and is altered to serpentine. Thus, it is unclear whether
this zone is only present in type I olivine or is just coinciden-
tally preserved on the selected type I olivine. The outer rind
shows a notable decrease in Fo from Fo94 to Fo90.8
(Fig. 4). It is characterized by low concentrations of Ni
(<250 ppm) and Cr (<20 ppm), variable P (50–150 ppm),
and sharp increases in Ca (up to 5200 ppm) and Mn (up to
2500 ppm). Aluminum concentrations (�120 ppm) are
higher than in the main rim and T1 rims (Fig. 5). In addition,
it contains magnetite-rich spinel.

4. DISCUSSION

4.1. Internal diffusion controlled zoning and implications for

proto-kimberlite melt association and early liquidus olivine

crystallization

Phosphorous mapping in the Benfontein olivine grains
shows a homogeneously depleted core zone with P concen-
trations of <78 ppm, which is similar to the range of P con-
centrations of <71 ppm for olivine from kimberlite-derived
mantle xenoliths in South Africa, reported by De Hoog
et al. (2010). The core-margin zones form part of this P-
poor core (Figs. 1 and 2) and no increase is observed for
P with increasing concentrations of other trace elements
such as Cr, Ni, and Ti in these zones. This is consistent with
the extremely slow (i.e., essentially immobile) nature of P
diffusion in olivine (e.g., Milman-Barris et al., 2008;
Welsch et al., 2014; Shea et al., 2015; Lynn et al., 2018)
and the P-poor nature of mantle olivine (e.g., Mallmann
et al., 2009; De Hoog et al., 2010). In addition, the P-
poor cores commonly have rounded shapes relative to the
euhedral rim zones and suggests resorption of the olivine
core (Figs. 1e and 2a). Thus, the P-poor core represents
the outline of the original mantle xenocryst grain whereas
the gradational change to the core-margin zone noted by
increases of other trace elements (e.g., Cr) represents a dif-
fusion zone, implying partial equilibration of the xenocrys-
tic cores with a melt phase preceding olivine crystallization
in the proto-/kimberlite melt.

The definition of a clear zone related to diffusion and
partial equilibration (i.e., core-margin zone) allows us to
define the olivine chemistry representative of the early stage
of melt evolution related to kimberlite petrogenesis. Fe-Mg
diffusion in olivine is a rapid process (equilibration in days
to years for 5–300 mm grain; see Lynn et al., 2018 for sum-
mary of diffusion rates) and preservation of the core-margin
equilibration zones in Fo content implies formation imme-
diately preceding the kimberlite ascent to the surface. The
olivine chemistry in this study, representative of the early
melt responsible for core-margin partial equilibration, is
estimated using the convergence of the core-margin zona-
tion trends indicated by the red star in Figs. 4 and 5. The
olivine at this convergence point has Fo90.5, Ni-2900 ppm;
Cr-430 ppm; Ti-130 ppm; Ca-530 ppm; Mn-880 ppm; and
Al-90 ppm. This olivine chemistry is similar to Cr-rich oli-
vine megacrysts reported in southern African kimberlites,
which typically have high-Cr (410–750 ppm) contents and
high-Fo (Fo90.6-Fo91.9) contents (Eggler et al., 1979) rela-
tive to the Cr-poor megacryst suite represented by the Mon-
astery kimberlite olivine megacrysts with low-Cr
(<100 ppm) and low-Fo (Fo<88) contents (e.g., Gurney
et al., 1979; Bell et al., 2004; Howarth, 2018).

Changes in the geochemistry noted from Cr-poor to
Cr-rich megacrysts (including increases in Cr contents)
has been interpreted to result from the assimilation of litho-
spheric mantle material by a proto-kimberlite melt toward
the base of the lithospheric mantle (e.g., Bussweiler et al.,
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2015; Janney and Bell, 2017). The dissolution/assimilation
of orthopyroxene in the lithospheric mantle has been sug-
gested to be a major process in the generation of kimberlite
magmas (e.g., Brett et al., 2009; Russell et al., 2012;
Kamenetsky and Yaxley, 2015) and is reflected by increased
Cr contents in olivine due to high-Cr contents in orthopy-
roxene (e.g., Bussweiler et al., 2015). The Cr-rich, Fo90.5 oli-
vine core-margin zones in this study are consistent with
these previous studies and are interpreted to represents par-
tial equilibration with a Cr-rich proto- /kimberlite melt
within the lithospheric mantle after a previous stage of
orthopyroxene assimilation. This interpretation further
suggests an intimate association between kimberlite and
proto-kimberlite melts in the lithospheric mantle (e.g.,
Nowell et al., 2004; Howarth and Buttner, 2019) and con-
firms a close petrogenetic link between megacrystic and
kimberlitic olivine where both Fe-rich and Mg-rich olivine
xenocrystic cores in kimberlitic olivine may be sourced in
part from olivine megacrysts belonging to the Cr-rich
(Mg-rich > Fo90) and Cr-poor (Fe-rich < Fo88) groups
(e.g., Moore and Costin, 2016).

Internal zonation of kimberlitic olivine was first
observed by Fedortchouk and Canil (2004) and
Kamenetsky et al. (2008) and subsequently has been identi-
fied in a number of more recent studies (e.g., Bussweiler
et al., 2015; Cordier et al., 2015; Sobolev et al., 2015; Lim
et al., 2018; Soltys et al., 2018). In these cases, the internal
zones were defined by compositions intermediate between
the core and the main rim zones and were attributed to
either diffusional equilibration with melt (Pilbeam et al.,
2013), fluid-assisted deformation and recrystallization
(Cordier et al., 2015), or early liquidus olivine crystalliza-
tion after or coeval with orthopyroxene crystallization
(Giuliani and Foley, 2016). It must be emphasized here that
the core-margin zones observed in this study do not repre-
sent intermediate compositions between the cores and main
rim zone but rather between the xenocrystic core and the
inferred proto-kimberlite melt composition and are not like
those described in the aforementioned studies. Rather, the
internal rim zone described in this study (Figs. 3–5)
observed between the main rim trend and the core-margin
zone defines a zone of intermediate composition between
the cores and the main rim olivine zone and thus are equiv-
alent to the internal zonations described in previous studies
discussed above. This internal zone at Benfontein is charac-
terized by an increase in P concentration, which we inter-
pret to reflect the first stage of liquidus olivine
crystallization in the system and we favour the interpreta-
tions of Giuliani and Foley (2016) with regard to internal
zones with composition intermediate between core and
the main rim olivine zones.

4.2. Concentric oscillatory olivine growth

Olivine in this study shows abrupt increases and
decreases in Fo contents between the different rim zones,
which correlate with changes in P concentrations (Figs. 1
and 2). Increases in Fo contents in olivine (i.e., reverse zon-
ing) is commonly attributed to magma mixing/recharge
where a new, more primitive magma enters an existing
magma chamber leading to olivine rims with increased Fo
and Ni contents (e.g., Streck, 2008). However, Ni in Ben-
fontein olivine from this study decreases constantly across
the multiple olivine rim zones and is very low (<500 ppm)
in the P-rich zone (T1 rim). This is consistent with the com-
patible behavior of Ni during olivine fractionation and
inconsistent with magma mixing/recharge. The Fo and Ni
variations generally correspond with the exception of a
sharp increase in Fo contents at the outer portion of the
T1 rim zone (Fig. 3). Such increases in Fo contents in the
outer rims/rinds of kimberlitic olivine in the past have been
interpreted to reflect late stage increase in fO2 conditions
(e.g., Bussweiler et al., 2015; Howarth and Taylor, 2016;
Giuliani, 2018). Similar Mg-rich olivine have been reported
in basaltic magmas, which have been attributed to unusu-
ally high oxidation state (e.g., Cortes et al., 2006; Blondes
et al., 2012). Such an increase in Fo content in olivine is
due to the incompatible nature of Fe3+ in olivine (Roeder
and Emslie, 1970). With the resultant increase of Fe3+/
Fe2+ratio in the melt at high oxidation state, less Fe2+

enters the olivine and thus, Fo-rich olivine forms. The
increase in olivine Fo for the Benfontein olivine rinds coin-
cides with the presence of magnetite-rich spinel inclusions
in the outer portions of the olivine, again indicating an
increase in fO2 conditions at this state of magma evolution.
Therefore, late-stage decoupling of Fo-Ni is likely an effect
of a late-stage increase in oxidation state of the melt. Ulti-
mately, magma mixing/recharge is unlikely the source for
multiple Fo and P zones observed for the Benfontein oli-
vine. This interpretation is also consistent with the interpre-
tation of many recent studies where such concentric P
zoning is observed (e.g., Milman-Barris et al., 2008;
Shearer et al., 2013; Baziotis et al., 2017) who suggested
that magma mixing/recharge is unlikely a controlling pro-
cess in P zoning in olivine.

Phosphorous, unlike other incompatible elements in oli-
vine, diffuses extremely slowly and is an order of magnitude
slower than other slow diffusing elements such as Cr (e.g.,
Welsch et al., 2014; Shea et al., 2015; Watson et al.,
2015). Phosphorous is also an incompatible element
(Dolivine-melt = 0.1–0.01) in olivine and is incorporated in
low concentrations (<0.01 wt.%) during slow growth rate
(<10�9 m/sec) at near-equilibrium conditions (e.g.,
Milman-Barris et al, 2008; Grant and Kohn, 2013;
Baziotis et al., 2017). The concentration of P in olivine dur-
ing equilibrium growth is dependent on the P concentration
of the melt (Milman-Barris et al., 2008; Boesenberg and
Hewins, 2010), as is true for most minor/trace elements in
olivine such as Ni, Ca, and Ti. P-enriched olivine has been
attributed to two possible processes. (1) Fast crystallization
under equilibrium conditions resulting in P enriched
boundary layers surrounding olivine and ultimately enrich-
ment of P in olivine. Such a process was observed in the
experiments of Milman-Barris et al. (2008), however, the
enrichment of P in the boundary layer is only �20 % rela-
tive to the far field melt. This cannot account for the
enriched P zones for the Benfontein olivine from
�125 ppm up to 400–450 ppm, consistent with the interpre-
tations of Milman-Barris et al. (2008) who also suggested
that such a process may contribute but is not the control-
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ling factor in P-enriched olivine zones. (2) Rapid growth
under disequilibrium conditions also known as ‘solute trap-
ping’ allows for the uptake of larger concentrations of
incompatible elements in olivine, such as P (e.g., Milman-
Barris et al., 2008; Welsch et al., 2014; Shea et al., 2015).
Solute trapping is essentially a process whereby olivine
growth rate is greater than the rate at which a cation can
diffuse away from the crystal-melt interface (e.g., Reitano
et al., 1994; Charach and Keizman, 1996). Such a process
is believed to be particularly important for slow diffusing
elements such as P that can be trapped by rapid growth
of olivine. This is a disequilibrium process and can result
in an increase of the olivine-melt partition coefficient to val-
ues up to 0.4–0.5 (e.g., Goodrich, 1984; Milman-Barris
et al., 2008). Baziotis et al. (2017) modelled such conditions
at varying olivine-melt partition co-efficients (0.1–0.01) for
P and showed that growth rates on the order of 10�8 m/
sec or greater are required to account for enrichment of P
in olivine. Such growth rates are an order of magnitude
greater than those modelled for equilibrium growth (e.g.,
Baziotis et al., 2017).

No relationship is observed between P and other incom-
patible elements such as Cr and Al for the Benfontein oli-
vine, however, the sharp increases in P do correspond with
changes in Fo contents in the multiple rim zones surround-
ing the olivine cores (Figs. 1 and 2). Two distinct P-rich zones
are observed in olivine grains 1 and 3 (Figs. 2 and 6). The
inner P-rich zone (4a in Fig. 6) is correlated with a decrease
in Fo content from Fo89 in the main rim to Fo86-87 in the
P-rich T1 rim zone. In contrast, the outer P-rich T1 rim zone
(4c in Fig. 6) corresponds to an increase in Fo contents up to
Fo93. The gradational increase in Fo content between the
lower P zone (Zone 4b; Fig. 6) and outer P-rich zone (Zone
4c; Fig. 6) suggests some Fe-Mg equilibration between these
zones, however, ultimately the P change correlates with
changes in Fo with only minor evidence for diffusion
between the different zones. The overall P zoning observed
for the Benfontein type I olivine is similar to the concentric
oscillatory P-rich zones and multiple closely spaced P-rich
bands described by Milman-Barris et al. (2008) and illus-
trated in their Figs. 1b and 2b. Such P-zoning patterns were
not produced in the experiments of Milman-Barris et al.
(2008) and they interpreted these features to represent
changes in growth rate related to extrinsic factors (tempera-
ture, pressure, pH2O, fO2 etc.) during magma evolution. In
the case of the Benfontein olivine, the P-enriched zones form
after an early stage of equilibrium olivine crystallization rep-
resented by the low-P (100–150 ppm)main rim zone (Zone 3;
Fig. 6). Thus, the enriched P-zones are not a function of the
onset of liquidus olivine crystallization through undercool-
ing such as in other examples where dendritic internal crystal
architecture is preserved by P-rich zones (e.g., Welsch et al.,
2014; Baziotis et al., 2017; Xing et al., 2017). Instead, the
enriched P-zones here represent a later stage of growth rate
increase during magma evolution, which results in an
increase in P concentration through the mechanism of solute
trapping. Therefore, we suggest that the concentric P-poor
to P-rich zones of the Benfontein olivine are tracking
changes in growth rate during the evolution of the kimberlite
magma en route to the surface.
The oscillatory nature of the P-zoning in the type I Ben-
fontein olivine is interpreted to represent staged kimberlite
ascent, likely in the upper-crust, by multiple rapid stages of
ascent resulting in rapid decreases in pressure-temperature
and resultant increased growth rate and disequilibrium oli-
vine growth characterized by increased olivine-melt parti-
tion coefficients for phosphorous through solute trapping.
Between each rapid ascent ‘burp’ a stage of magma ponding
likely occurred resulting in equilibrium low-P olivine
growth. A possible controlling mechanism for such staged
ascent was presented as an early model for kimberlite
magma emplacement in southern Africa by Clement
(1982) (i.e., embryonic pipe model) and subsequently
adopted by numerous other studies (e.g., Field and Scott
Smith, 1999; Howarth and Skinner, 2013). In this model
of embryonic pipe development, kimberlite magma stalls
at more competent crustal units (such as dolerite sills for
Kaapvaal craton kimberlites), followed by slow hydraulic
fracturing until the kimberlite breaches the sill and subse-
quent continuation of rapid ascent. Such changes in ascent
rate may also result in changes from equilibrium to disequi-
librium olivine growth due to episodic rapid pressure-
temperature decrease once lithological barriers are over-
come, as observed in changes in the P contents of the oli-
vine described in this study. Such a process is illustrated
in our summary model for olivine growth in Fig. 7.

4.3. Late-stage magma mixing

The core-margin (zone 2 in Figs. 1 and 2) and main rim
(zone 3 in Figs. 1 and 2) zones for both the type I and type
II olivine have identical chemistries, suggesting similar early
stages of petrogenesis. However, the T1 and T2 rim zones
(zone 4 in Figs. 1 and 2) display different chemical trends
that indicate different late-stage petrogenesis. The T1 rim
zone is characterized by oscillatory Fo and P zones and
are interpreted to form through staged upward intrusion.
The T2 rim zone is characterized by high-Ti content relative
to T1 and constant low-P. Thus, the T2 rim zone does not
undergo rapid disequilibrium growth stages as observed for
T1 olivine. The increase of Ti in the T2 rim zone relative to
the T1 is consistent with the absence of ilmenite in T2 oli-
vine whereas ilmenite chadacrysts in T1 olivine are
observed within the T1 rim zone (Fig. 6). Thus, the constant
Ti in T1 rim zones and increase in Ti in the T2 rim zones is
interpreted to reflect ilmenite crystallization or lack thereof
and ultimately a different melt petrogenesis in each case.
The amount of ilmenite in typical kimberlites varies widely
from up to 10 wt.% to kimberlites devoid of ilmenite and
different kimberlites within a single body commonly con-
taining varying ilmenite proportions (Mitchell, 1986). Thus,
the presence/absence of ilmenite in the T1 and T2 Ben-
fontein olivine is a common feature in kimberlite intrusions
and is not unusual.

The presence of both type I and II olivine within the
same macrocrystic kimberlite sample indicates late-stage
magma mixing after the formation of the T1 and T2 rim
zones. The two separate pulses of magma underwent iden-
tical early stages of melt petrogenesis characterized by
proto-kimberlite melt metasomatism (core-margin zone)



Fig. 7. Simplified illustration of the envisioned stages of kimberlite petrogenesis based on the chemical zoning of olivine, as discussed in detail
in the text Section 4.4.
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and subsequent evolution through olivine (decreasing Ni)
and chromite (decreasing Cr) fractionation (main rim zone
3 in Figs. 1 and 2). The T1 rim zone evolution was con-
trolled by alternating equilibrium and disequilibrium
growth whereas the T2 rim zone was characterized by the
absence of concurrent ilmenite crystallization. Late-stage
magma mixing is consistent with the formation of the Ben-
fontein kimberlite sills through multiple pulses of magma
(e.g., Dawson and Hawthorne, 1973; Abersteiner et al.,
2019). Thus, P-zoning in kimberlitic olivine highlights the
necessity for careful, high-spatial resolution mapping and
high-precision quantitative spot analyses as a further,
independent tool that can be used in discriminating multi-
ple populations of olivine within individual samples. Identi-
fication of multiple olivine populations further highlights
the hybrid nature of kimberlite magmas and the difficulty
in constraining the parent melt composition.

4.4. Model for olivine formation during kimberlite

petrogenesis (Benfontein)

Here we present a summary of the formation and evolu-
tion of the Benfontein olivine. Six stages of olivine forma-
tion are discussed and illustrated (a)–(f) in Fig. 7.
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(a) Proto-kimberlite melt ascends into the base of the
lithospheric mantle where it incorporates olivine as
xenocryst grains and at the same time assimilates
orthopyroxene, which is highly unstable in kimberlite
melt (e.g., Russell et al., 2012; Kamenetsky and
Yaxley, 2015). Prior to significant orthopyroxene
assimilation the proto-kimberlite would crystallize
relatively Fe-rich olivines such as those representative
of the Cr-poor megacryst suite (i.e., Monastery oli-
vine <Fo88; Gurney et al., 1979; Bell et al., 2004;
Howarth, 2018). The early proto-kimberlite melt is
enriched in Cr during progressive orthopyroxene
assimilation and evolves toward more Mg-rich com-
positions, which are represented by the Cr-rich mega-
cryst suite with more Mg-rich compositions (>Fo90).
We discriminate here between proto-kimberlite as
prior to orthopyroxene enrichment and kimberlite
proper after orthopyroxene assimilation.

(b) Olivine xenocryst grains are partially resorbed result-
ing in rounded morphology and partially equilibrate
with Cr-enriched kimberlite melt. The olivine equili-
bration zones trend toward chemistry similar to that
of typical Cr-rich olivine megacrysts, in the case of
Benfontein, with Fo content of 90.5 and Cr content
of �430 ppm. Phosphorous is notable low and simi-
lar to that of the xenocryst core, due to the very slow
diffusivity of P relative to other elements.

(c) The first stage of liquidus olivine crystallization is
represented by an increase in P and the occurrence
of chromite chadacrysts. This zone is characterized
by a decrease in Fo, Ni, and Cr due to olivine and
chromite fractionation. The early liquidus olivine
transitions into the main rim zone characterized by
Fo contents buffered at Fo88.8. Several models have
been suggested in the current literature to account
for the buffered Fo contents of olivine rims. These
include: (1) high Fe-Mg distribution coefficient typi-
cal of carbonate-rich melt (e.g., Kamenetsky et al.,
2008; Moore, 2017); (2) fractionation of olivine and
minor ilmenite coupled with orthopyroxene assimila-
tion (Pilbeam et al., 2013); and (3) low Fe-Mg distri-
bution coefficient but high olivine-melt partition
coefficient (Cordier et al., 2015). For detailed discus-
sion on these processes the reader is referred to the
review paper of Giuliani (2018).

(d) The kimberlite melt enters the crust and temporarily
stalls at more competent lithological layers (e.g.,
Clement, 1982; Field and Scott Smith, 1999;
Skinner, 2008; Howarth and Skinner, 2013). The
lithological barrier is overcome through hydraulic
fracturing due to volatile exsolution and resultant
increase in pressure of the system. Once the litholog-
ical barrier is overcome the kimberlite melt then
ascends rapidly through the crust. The rapid change
in pressure after breakthrough is envisioned to result
in increased growth rate of olivine and incorporation
of P in excess of equilibrium growth through the pro-
cess of solute trapping. This process may be repeated
multiple times depending on the crustal sequence and
lithological barriers. In addition, chromite is no long-
er the oxide phase crystallizing and is replaced by the
crystallization and incorporation of ilmenite chada-
crysts into the growing olivine.

(e) At some point in the crust, the original kimberlite
magma mixed with a new pulse. The latter pulse is
characterized by olivine with different late-stage evo-
lution and without the formation of P-enriched
zones.

(f) The last stage of olivine evolution is accompanied by
an increase in oxidation conditions resulting in the
formation of Fo-rich rinds. In addition, the domi-
nant oxide is magnetite-rich spinel at this stage, con-
sistent with higher oxidation conditions.

4.5. Implications for the growth of igneous olivine

Recent work has shown that olivine commonly grows as
dendritic P-rich crystals under disequilibrium conditions
that are subsequently filled-in during a later equilibrium
crystallization stage to form euhedral crystals (e.g.,
Milman-Barris et al., 2008; Welsch et al., 2014; Shea
et al., 2015; Baziotis et al., 2017; Xing et al., 2017).
Welsch et al. (2014) showed that P-rich dendritic branches
located near the margins of olivine are in fact older than
P-poor inner zones. Thus, an important implication of
work presented here on the Benfontein olivine is that oli-
vine can also grow in concentric growth zones and that den-
dritic growth is not a ubiquitous feature of P-rich olivine.

A major question arising from recent work (e.g., Welsch
et al., 2014; Shea et al., 2015) is whether there are instances
where major element zoning in olivine can be demonstrated
to be unequivocally produced by crystal growth. The best
possible way to demonstrate major element growth zoning
is by using a multi-element approach and correlation
between fast (Fe-Mg), slow (Ni, Cr) and very slow (P) dif-
fusing elements. The correlated changes in Fo and P in the
Benfontein type I olivine indicate that Fo zoning in olivine
can indeed be produced by stages of crystal growth and are
not a feature of diffusive re-equilibration. Thus, the Ben-
fontein olivine in this study represent a rare example of
major element zoning in olivine formed through stages of
crystal growth induced by rapid changes in temperature-
pressure-fO2 during magma evolution.

Experimental studies along with studies of natural sam-
ples have shown a positive correlation between slow diffus-
ing elements such as P-Al-Cr (e.g., Milman-Barris et al.,
2008; McCanta et al., 2016), however, natural olivine grains
do not always show such correlations (e.g., Milman-Barris
et al., 2008; Shearer et al., 2013; Baziotis et al., 2017; Ersoy
et al., 2019), consistent with observations in this study. The
preservation of the Fo zoning (Fe-Mg fast diffusing) in the
Benfontein olivine and correlation with P (slow diffusing)
suggests that preservation of Al and Cr is also likely and
that the absence of any correlation between P and Al-Cr
is a primary feature of the olivine and not a result of later
diffusion and equilibration of the olivine. Such an interpre-
tation leads to the question of why oscillatory zoning is
observed in Fo and P but no other elements that diffusive
on timescales intermediate between Fo and P. One possible
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answer to this question is rapid changes in both growth rate
(tracked by P) as well as fO2. Because Fe

3+ is incompatible
in olivine (e.g., Roeder and Emslie, 1970), at higher fO2

conditions less Fe is taken into the crystal structure and
thus more Fo-rich olivine crystallizes. Changes in Fo con-
tent of the type I olivine is correlated with changes in the
oxide inclusions from chromite (main rim) to ilmenite (P-
rich rim) and finally Ti-magnetite (outer rim) (Fig. 1). Such
an increase in fO2 during kimberlite evolution is also shown
by decreases in V/Sc concentrations from core to margin
(e.g., Howarth and Taylor, 2016; Giuliani, 2018) and con-
sistent with the oxide chadacryst observations in this study.
Thus, we suggest that the rapid changes in Fo contents of
the olivine is tracking changes in fO2 conditions during
the evolution of the kimberlite and coincides with the
growth rate changes observed in P zoning.

5. CONCLUSIONS

We report multiple P-poor and P-rich zones in kimber-
litic olivine. P-poor core zones represent the outline of the
original mantle xenocryst whereas low-P gradational core-
margin zones characterized by the increase of Cr, Ni and
other minor/trace elements represent equilibration zones.
Thus, phosphorous zoning in kimberlitic olivine has great
potential in discriminating between early stages of core
equilibration prior to olivine crystal growth. The low-P
xenocrystic cores are subsequently surrounded by multiple
crystal growth zones characterized by correlated changes
in Fo and P. The P-enriched zones are interpreted to reflect
stages of rapid disequilibrium growth and resultant high P
concentrations through solute trapping controlled by
extrinsic process such as changes in pressure-temperatures
during the evolution of the kimberlite magma. The P-
poor zones are interpreted to represent stages of equilib-
rium growth.

The correlated changes between fast Fe-Mg (i.e., Fo
content) and slow P diffusing elements suggest that crystal
growth can result in major element zoning in olivine. In
addition, multiple concentric zones in olivine can form by
successive stages of olivine crystal growth.

Furthermore, we suggest the following elements in oli-
vine to be useful in understanding various aspects of kim-
berlite crystallization:

1. Phosphorous can be used to discriminate diffusion versus
crystal growth for core-margin gradational (also called
transitional zones) and tracks stages of equilibrium ver-
sus disequilibrium growth in surrounding crystal growth
zones.

2. Multi-element olivine zonation trends of the core-margin
equilibration zones converge at a point source in X-Y
scatter plots and can effectively be used to constrain
the earliest stage of kimberlite melt development in the
mantle. The notable increase in Cr contents and similar-
ity with Cr-rich megacrysts may suggest a common
origin.

3. Nickel and Cr effectively track the fractional crystalliza-
tion of olivine and Cr-spinel during kimberlite evolution.
4. Titanium effectively tracks the onset of ilmenite crystal-
lization. In the case of the type II Benfontein olivine,
ilmenite inclusions are not observed and the outer T2
melt evolution zone is characterized by continued
increase in Ti during late-stage crystallization. In con-
trast, the type I olivine contain ilmenite inclusions within
the inner P-rich zone and increase in Ti is terminated at
this stage of olivine growth.
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