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Abstract The explosive eruption of kimberlite magma is
capable of producing a variety of pyroclast sizes, shapes,
and textures. However, all pyroclastic deposits of kimberlite
comprise two main types of pyroclasts: (1) pyroclasts of
kimberlite with or without enclosed olivine crystals and (2)
olivine crystals which lack coatings of kimberlite. Here, we
propose two hypotheses for how kimberlite magmas are
modified due to explosive eruption: (1) olivine crystals
break during kimberlite eruption, and (2) kimberlite melt
can be efficiently separated from crystals during eruption.
These ideas are tested against data collected from field
study and image analysis of coherent kimberlite and
fragmental kimberlite from kimberlite pipes at Diavik, NT.
Olivines are expected to break because of rapid pressure
changes during the explosive eruption. Disruption of
kimberlite magma, and pyroclast production, is driven by

ductile deformation processes, rather than by brittle
fragmentation. The extent to which melt separates from
olivine crystals to produce kimberlite-free crystals is a
direct consequence of the relative proportions of gas, melt
and crystals. Lastly, the properties of juvenile pyroclasts in
deposits of pyroclastic kimberlite are used to index the
relative intensity of kimberlite eruptions. A fragmentation
index is proposed for kimberlite eruption based on: (a)
crystal size distributions of olivine and on (b) ratios of
selvage-free olivine pyroclasts to pyroclasts of kimberlite
with or without olivine crystals.

Keywords Kimberlite . Fragmentation . Olivine . Juvenile
pyroclast

Introduction

Eruptions of kimberlite volcanoes are poorly understood.
There have been no historical eruptions of kimberlite, and
kimberlite volcanoes are rarely preserved. As a conse-
quence, the styles of explosive eruption of kimberlite
magma are not documented directly. In particular, the
mechanisms of fragmentation have not been established for
explosive eruption of kimberlite. However, mining of
kimberlite pipes for diamonds has allowed detailed petro-
graphic and mineralogic observations of rock textures and
pyroclastic products produced by kimberlite eruptions.
Here, fragmentation processes in explosive kimberlite
eruptions are explored by making observations on pyro-
clastic kimberlite. Pyroclastic products of kimberlite erup-
tions from around the world (Table 1) are diverse and
characterized by the following. They:

& Comprise a limited size range of pyroclasts relative to
pyroclastic deposits of other magma types (Fig. 1a, b)
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Table 1 Summary of key observations of kimberlite pyroclasts that constrain the nature of eruptions

Attribute Where observed/described Notes Reference

1. Deposits contain fine ash-size
particles

Ekati, Diavik, NT Rounded, in accretionary
lapilli (described)

Moss et al. 2008; Porritt
et al. 2008

Star, SK, Canada Fine ash-sized olivine
(described)

Harvey et al. 2009;
Zonneveld et al. 2004

Orapa, Botswana Vesicular, amoeboid (described) Gernon et al. 2009

Aries, WA, Australia Inferred ash (interpreted) Downes et al. 2007

Tokapal, India Serpentinized ash (described) Mainkar et al. 2004

2. Deposits lack large (>50 mm)
pyroclasts

Diavik, NT, Canada Up to 50 mm Moss et al. 2008

Venetia, South Africa;
Mwadui, Tanzania

Lithics <20 cm, olivine <4 mm;
up to 18 mm

Walters et al. 2006;
Stiefenhofer and
Farrow 2004

Star/Orion, SK, Canada Used to recognize individual
eruptions

Kjarsgaard et al. 2009

3. Deposits contain abundant ‘free’
or liberated olivine crystals

Ekati, Diavik, NT, Canada Dominant Porritt et al. 2008;
Nowicki et al. 2004;
Moss et al. 2008, 2009

Orapa, Botswana; Mothae,
Lesotho

Present; low to moderate
abundance in sedimentary
rocks

Brown et al. 2008;
Galloway et al. 2009

Star, SK, Canada Zonneveld et al. 2004

4. Olivine crystal shapes range
from rounded to angular

Victor, ON, Canada Broken crystals in apparent
coherent rocks

van Straaten et al. 2008

Diavik, Ekati, NT, Canada Minor shape modif.; angular
in VK rocks

Moss et al. 2008;
Nowicki et al. 2008

Venetia, South Africa Rounded or highly fractured Walters et al. 2006

Orapa, Botswana Rounded to broken Brown et al. 2008

Udachnaya, Russia Broken crystals Kamenetsky et al. 2008

5. Deposits have variable ratios of
‘free’ olivine crystals to clots of
crystallized kimberlite melt

Diavik, Ekati, NT; Victor,
ON, Canada

Measured Moss et al. 2009;
Nowicki et al. 2008;
Webb et al. 2004

Kimberley, South Africa;
Mwadui, Tanzania

Described Clement 1982; Stiefenhofer
and Farrow 2004

Buffalo Head Hills, AB,
Canada

Described Boyer et al. 2004

Star, Orion, SK, Canada Var. b/w volcaniclastic
deposits; described

Zonneveld et al. 2004;
Pittari et al. 2008

6. Juvenile pyroclasts (JP) contain
variable amounts of vesicles

Diavik, NT, Canada;
Mothae, Lesotho

Variably vesicular Moss et al. 2008, 2009;
Galloway et al. 2009

Attawapiskat, Victor, ON,
Canada

Present, minor van Straaten et al. 2008

Aries, WA, Australia;
Tokapal, India

Present Downes et al. 2007;
Mainkar et al. 2004

FALC, Sturgeon Lake,
SK, Canada

Present to abundant Leckie et al. 1997;
Scott Smith 2008a, b;
Scott Smith 1995

Buffalo Head Hills, AB,
Canada

Present Boyer et al. 2004; Field
and Scott Smith 1999

7. JPs have spherical external
morphologies

Victor, ON, Canada Photographs Webb 2006

Diavik, Ekati, NT, Canada Dominant; rounded
but also elongate

Moss et al. 2008;
Nowicki et al. 2008

Mountain Lake, AB,
Canada

Typically cored by single
olivine crystal

Wood et al. 1998

8. JPs have ‘amoeboid’ or irregular
external morphologies

FALC, Candle Lk, Sturgeon
Lk, SK, Canada

Abundant; present; curvilinear
to amoeboid

Field and Scott Smith 1999;
Mitchell 2009

Buffalo Head Hills, AB,
Canada

Present Boyer et al. 2004; Field
and Scott Smith 1999

Ekati, NT, Canada Maybe due to alteration Porritt et al. 2008
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& Can contain fine ash, although it is commonly a poorly
preserved component of deposits (Fig. 1a)

& Contain pyroclasts with morphologies that are domi-
nantly spherical to sub-spherical, or even amoeboid
shaped (Fig. 2a, b, c, d)

& Comprise juvenile pyroclasts of kimberlite that have
highly variable ratios of olivine crystal/kimberlite
groundmass (Fig. 1g, h)

& Contain pyroclasts with variable (0 to 20%) amounts of
internal vesiculation (Fig. 1e, f)

& Can be dominated by ‘kimberlite-free’ olivine crystals
(Fig. 2g, h)

& Can contain, albeit rarely, accretionary lapilli (Fig. 1c, d)
comprising sub-millimetre-sized angular olivine frag-
ments and fine ash-sized particles

& Can contain pyroclasts of olivine crystals that are partially
to fully coated by a selvage of kimberlite (Fig. 2e, f)

From such observations, it is clear that kimberlite
eruptions are capable of producing a variety of pyroclast
types. Any hypothesis regarding the manner(s) in which
kimberlite magma is disrupted must address this textural
diversity. Olivine crystals and crystal fragments are volu-
metrically important in kimberlite magma and are a
dominant trait of pyroclasts; kimberlite pyroclasts range
from kimberlite-free crystals of olivine to olivine-free clots
of solidified kimberlite magma. Discussions of kimberlite
eruption styles must thus consider properties of these two
pyroclast types.

Here, two hypotheses are proposed for how kimberlite
magmas are modified due to explosive eruption: (1) olivine

crystals break during kimberlite eruption and (2) kimberlite
melt can be efficiently stripped from crystals during
eruption. These ideas are tested against data collected from
field study and image analysis of coherent kimberlite
interpreted as dykes (CK; Moss et al. 2010) and fragmental
kimberlite interpreted as a primary pyroclastic deposit (PK;
Moss et al. 2009) within a kimberlite pipe at Diavik, NT.
Based on these data, possible controls on the formation and
modification of pyroclasts during eruption are discussed.
Olivines are expected to break at intrinsic places of
weakness because of rapid pressure changes during
explosive eruption. Disruption of kimberlite magma into
pyroclasts is driven by ductile deformation processes, rather
than by brittle fragmentation. The extent to which the
olivine crystal cargo is stripped of melt depends on the
relative proportions of gas, melt and crystals. Finally,
properties and proportions of juvenile pyroclasts in deposits
of pyroclastic kimberlite are used to index the relative
intensity of kimberlite eruptions. Specifically, a fragmenta-
tion index is proposed for kimberlite eruptions based on: (a)
olivine crystal populations and (b) ratios of ‘free’ olivine
crystals to pyroclasts of solidified kimberlite magma (with
or without olivine crystals).

Olivine fragmentation during explosive eruption

Angular crystals are common components of pyroclastic
rocks (Cas and Wright 1987; Best and Christiansen 1997;
Schmincke 2004). Crystal breakage during explosive
volcanic eruption has been attributed to crystal-to-crystal

Table 1 (continued)

Attribute Where observed/described Notes Reference

9. Olivine crystals have complete
or partial selvages of melt

Gahcho Kue, Diavik, Ekati,
NT, Canada

Abundant in ‘TK’; ubiquitous;
‘cored’ clasts

Hetman et al. 2004;
Moss et al. 2009;
Nowicki et al. 2008

Pimenta Bueno, Brazil;
Renard, OC, Canada

Abundant in ‘TK’ Masun and Scott
Smith 2008; Fitzgerald
et al. 2009

Koffiefontein, Letlhakane,
South Africa

‘Pelletal’ lapilli with very thin
rims in crystal-supported rocks;
photographs

Naidoo et al. 2004;
Trickett et al. 2006

Yakutia, Russia Kurszlaukis et al. 2006

10. Deposits contain accretionary
lapilli

Diavik, Ekati, DO-27,
NT, Canada

Present to rare Moss et al. 2008;
Porritt et al. 2008;
Harder et al. 2009

Jwaneng, Botswana;
Archangelsk, Russia

Rare Webb et al. 2004;
Mahotkin et al. 2003

Buffalo Head Hills, AB,
Canada

Present Boyer et al. 2004

Venetia, South Africa Abundant Kurszlaukis and
Barnett 2003
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interactions in volcanic vents, plumes and flows and the
expansion of melt and mineral inclusions due to rapid
decompression (Best and Christiansen 1997; Bindeman
2005). Angular and internally fractured olivine crystals are
common in kimberlite deposits (Webb et al. 2004; Nowicki
et al. 2008) and are interpreted to result from explosive
magmatic eruption (e.g. Pittari et al. 2008), phreato-
magmatic explosions (e.g. van Straaten et al. 2008),
decompression associated with intrusive emplacement (e.g.
Basson and Viola 2004), and secondary reworking of
primary deposits (e.g. Boyer et al. 2004).

Preliminary observations of coherent and fragmental
rocks in the A154N kimberlite volcano at Diavik, NT,
suggest olivine crystal shapes and sizes in coherent rocks
are different than those observed in some fragmental rocks
(Fig. 3). For example, olivine crystals in dykes of CK are
ellipsoidal in shape, vary from round to sub-round, cover a
large size range, and have a characteristic crystal size
distribution (CSD) slope (Moss et al. 2010). In contrast,
olivine crystals from pyroclastic kimberlite (PK) in A154N
range from sub-round to angular, may comprise smaller
sizes, and are, internally, highly cracked or fractured (Moss
et al. 2010). The PK and CK reside in the same volcano and
are approximately the same age (Graham et al. 1999).
Assuming that the olivine crystal contents in the magmas
that produced the pyroclastic rocks are the same as those
forming intrusive dykes of coherent kimberlite within
A154N, then the crystal populations from PK and CK can
be used to evaluate the effects of volcanic eruption on
olivine crystal shapes, sizes, and overall population
properties.

Methods

The working hypothesis is that olivine crystals break
during eruption of kimberlite magma. To test this
hypothesis, field study and image analysis are used to
characterize olivine crystal populations in CK intrusions

and pyroclastic rocks (PK) from the A154N kimberlite at
Diavik. For olivine in coherent rocks, data collected by Moss
et al. (2010) are used. Data on olivine in pyroclastic rocks are
from Moss et al. (2008, 2009). Using image analysis
techniques described in Moss et al. (2010), the olivine
grains within each sample are measured for size (area, A),
perimeter (P), crystal shape as defined by circularity
4p � AÞ=P2ð Þ, combined modal area per cent (%), and
cumulative grain size distributions (i.e. frequency, area).

Comparison of the CK and PK datasets is on the basis of
crystal size distribution plots, descriptive numerical param-
eters, and statistical descriptors of shape (Tables 2 and 3).
This allows us to test if eruption changes the sizes, shapes,
and overall population characteristics of olivine CSDs.

Results

To characterize overall differences in the two populations,
conventional grain size parameters from sedimentology and
volcanology are used (Table 2; Inman 1952). The compar-
ative properties of the olivine populations are shown in
Fig. 4 and summarized in Table 2.

A plot of cumulative frequency vs. size shows an overall
finer size distribution for olivines in PK than in CK
(Fig. 4a); crystals ≥1 mm2 comprise 68% of CK olivines
but only 27% of PK olivines by area. PK olivine crystals
have a smaller median size (MdΦ=4.0 vs. 3.8), are more
poorly sorted (σ=3.6 vs. 3.5), and are more skewed in
distribution (α=0.8 vs. 0.5) than olivine crystals from CK
(Table 2). Log–log plots of cumulative frequency vs. size
show olivine in coherent kimberlite to approximate power–
law distributions1 (Fig. 4b), with a characteristic slope (D)
and intercept (l) relationship (Moss et al. 2010). Power–
law equations are fitted to olivine crystals in PK, and the
values of slope (D) and intercepts (l) are shown in Fig. 4c
and Table 2. A comparison of power–law slopes (D) and
intercepts (l) shows an increase in slope (3.61 to 4.29) and
a decrease in the intercept (−2.38 to −2.60) for olivine
crystals from CK to PK (Table 2).

Crystal shapes for olivine from CK and PK are
compared in Fig. 4d and Table 2 in terms of circularity
(0–1, where a perfect circle is 1). PK olivine circularity
ranges from 0.25 to 0.99, with a geometric mean (μ) of
0.73, and are well described by a normal, Gaussian
distribution. CK olivines show circularity ranges from 0.2
to 0.99, with a geometric mean value (μ) of 0.61, and are
inconsistent with a normal distribution. Comparison of the
standard deviation of data about the mean circularity

Fig. 1 Photomicrographs showing types of juvenile pyroclasts
derived from explosive eruption of kimberlite magma in A154N,
Diavik, NT: a very fine ash-sized (<0.1 mm in diameter), round
juvenile pyroclasts of kimberlite cored by olivine crystals; b large
juvenile pyroclast (>3.5 cm in diameter) cored by peridotite xenolith;
c large, concentrically zoned, rim-type accretionary lapillus (sensu
Schumacher and Schmincke 1991) comprising a core of very fine-
grained ash, a central band of olivine crystal fragments, and outer rims
of successively finer-grained ash particles; d multiple rim-type
accretionary lapilli (AL) comprising olivine crystal fragments, fine
ash-sized juvenile pyroclasts of kimberlite (JP), and very fine-grained
ash; e vesiculated juvenile pyroclast (v) featuring serpentinized olivine
crystals and groundmass spinel crystals; f dense, non-vesiculated and
olivine crystal-rich juvenile pyroclast with a serpentinized outer edge;
g crystal-poor pyroclast of kimberlite; h crystal-rich juvenile pyroclast
of kimberlite cored by garnet xenocryst

�

1 There are many two-parameter model equations which appear
similar over small ranges of observation (e.g. gamma, power, log-
normal) (Bonnet et al. 2001; Clauset et al. 2007). Here, power–law
equations of the form Nv (X≥x)=λx−D are used to approximate, rather
than describe, olivine crystal populations after Moss et al. (2010).
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suggests that the two populations are distinct and that
olivines in PK are more rounded than olivines in CK.
Comparison of 3D axial ratios for the two olivine
populations is accomplished using CSDSlice™ (Morgan
and Jerram 2006). In the CSDSlice™ database, a minimum
of 10,000 slices are taken through poly-disperse (sensu
Higgins 2000), randomly oriented model populations
created from over 700 crystal shapes; these data are
compiled in a database and used to identify the 3D axial
ratio which best represents 2D olivine crystal intersection
data from CK and PK. CSDSlice™ shows 2D intersection
data from CK olivines to be best approximated by a 1:1:1
ratio, which is statistically indistinguishable from PK
olivines (1:1:1; Table 2).

Melt-stripping of olivine during explosive eruption

A large proportion of the juvenile pyroclasts found in
deposits of kimberlite occur as individual crystals of olivine
having no kimberlite selvages. Here, we use ‘free’ crystals
to denote such crystals that were derived directly from the
kimberlite magma but were liberated or separated from the
melt because of eruption. Such crystals are common in

many highly energetic volcanic eruptions (Cas and Wright
1987). However, the free crystal pyroclasts found in
kimberlite are unique relative to free crystals of plagioclase,
quartz, and hornblende found in most andesite and dacite
systems (e.g. Fisher 1963; Heiken 1972; Blake et al. 1992;
Hammer et al. 2006; Dunbar et al. 2008; Michol et al. 2008)
because: (a) they feature little to no coating or selvage of
glass or crystallized melt and (b) if a selvage is present, it is
spheroidal to curviplanar in external morphology and
commonly vesicle free (Figs. 1 and 2).

In addition to free crystals, other juvenile pyroclasts
derived from kimberlite eruptions show a variety of textural
relationships between olivine crystals and quenched or

Fig. 2 Photomicrographs showing morphologies of juvenile pyro-
clasts derived from explosive eruption of kimberlite magma in
A154N, Diavik, NT: a round juvenile pyroclasts of kimberlite cored
by olivine crystals; b round, fine ash-sized juvenile kimberlitic
pyroclast enclosing multiple small (<0.125 mm in diameter) olivine
crystals, in a matrix of serpentine; c curviplanar margin of juvenile
pyroclast; d ‘amoeboid’-shaped, ash-sized juvenile kimberlitic pyro-
clast containing vesicles, olivine crystals, and groundmass spinel; e
pyroclasts comprising partial and complete selvages of kimberlite
coating centimetre-scale olivine crystals; f fine ash-sized juvenile
pyroclast with complete, thin (<0.125 mm) selvage of kimberlite
coating olivine; g round, serpentinized olivine crystals in a crystal and
clast-supported matrix; h sub-round to angular, fresh olivine crystals
and ash-sized juvenile pyroclasts of kimberlite in a fine-grained matrix

�

Fig. 3 Photomicrographs illustrating differences in shapes of olivine grains within: a coherent and b pyroclastic kimberlite from Diavik
kimberlite pipes

Table 2 Properties of olivine within CK and PK2

Property CK PK2

Area (%) 46.7–51.2 39.4

Size range (mm) 0.03–12.4 0.025–15.16

ol(n)/OL(na) 72:1 to 138:1 248:1

MdΦb 3.3–3.8 4.0

σc 2.9–3.5 3.6

αd 0.3–0.5 0.8

De 3.53–3.61 4.29

λf 2.22–2.38 2.60

RMSEg 0.16–0.31 0.28

3D shape (R2) 1:1:1 (∼0.8) 1:1:1 (0.83)

3D aspect ratios and correlation coefficients obtained using CSDSIice
(Morgan and Jerram 2006)
a ol=olivine <1 mm, DL=olivine ≥1 mm
bMdΦ=median phi size (−log2(d))
c σ=sorting efficiency= f84ð Þ� f16ð Þ

2
dα=skewness= f84ð Þþ f16ð Þ�Md f

s
eD=slope of best-fit power–law
f l=intercept of best-fit power–law
g Root mean standard error
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crystallized kimberlite (Figs. 1 and 2). For example, olivine
crystals can form the cores of juvenile pyroclasts of
kimberlite or can be partially or completely enclosed by a
thin jacket or selvage of kimberlite (Webb 2006; Moss et al.
2008). Olivine-free juvenile pyroclasts of kimberlite are
rare and typically ash or fine ash in size (Moss et al. 2009).
To simplify the array of sizes, shapes, and crystal and
selvage textures observed in kimberlite deposits, we refer
hereafter to pyroclasts comprising olivine crystals with any
coating of kimberlite as ‘juvenile pyroclasts’ or JPs.
Though ‘free’ olivine crystals are technically also juvenile
pyroclasts, we hereafter refer to them as free olivines or FO.

The sizes, abundances, and morphologies of JPs can
vary significantly, even within a single pyroclastic deposit
(Moss et al. 2008; Mitchell 2009; Porritt and Cas 2009).
Moreover, the amount of FO relative to ash and lapilli-sized
JPs can also vary from deposit to deposit (Webb et al. 2004;
Scott Smith 2008a; Scott Smith and Smith 2009). In some
cases, deposits may comprise almost exclusively FO, while
other deposits comprise abundant JPs (e.g. Fig. 5). In
addition, alteration and textural modification can mask true
textural relationships. The occurrence of FO and JP
together in virtually all pyroclastic deposits of kimberlite
(e.g. Table 1), however, suggests olivine crystals are

liberated from melt during all explosive kimberlite erup-
tions. Based on these global observations, it is hypothesized
that melt is separated from olivine crystals during explosive
kimberlite eruption.

Methods

To test this hypothesis, data collected from a primary
pyroclastic deposit (PK) from the A154N kimberlite pipe
(Moss et al. 2008, 2009) are compared with olivine
abundance data from CK. A low degree of alteration and
textural modification within the CK and PK of A154N
allow for a detailed textural study of this kind. The PK data
include modal abundances of FO and JPs, and these data
are used to investigate the ratio of FO to JPs within the
entire PK deposit (Table 3). We also want to estimate the
volumetric ratio of all olivine crystals (free and within
pyroclasts) to the kimberlite coating attached to olivine (e.g.
within JP; Table 3). To evaluate this ratio, we use image
analysis methods from Moss et al. (2009). These methods
are used to characterize over 200 kimberlitic pyroclasts
from ten different thin sections sampled at 5-m vertical
intervals throughout the PK. The measurements include the
size and modal abundance (area per cent) of the individual
olivine grains, as well as the total surface areas (SAol) of the
olivine content within each juvenile pyroclast. Assuming
that juvenile pyroclasts observed in thin sections are
representative of the entire PK deposit allows us to
determine the total area per cent of kimberlite coating
attached to olivine. The measurements of olivine modal per
cent and SAol within each juvenile pyroclast also allow for
evaluation of whether olivine abundance influences the
ability of melt to separate from crystals. These data are then
compared with olivine to groundmass ratios in CK to
establish how much melt was separated from the olivine
crystals during the PK-producing eruption.

Results

Results are shown in Table 3. Ratios of FO to JPs in PK
range from ∼2:1 to >40:1. Combining all samples in PK
shows an FO/JP ratio of 6.7. Figure 6 is a plot of juvenile
pyroclast size (area in square millimetres) vs. its enclosed
olivine content for two pyroclastic deposits from A154N
(i.e. PK and PK1; Moss et al. 2009). Overall, there is no
correlation between 2D size and enclosed olivine content;
pyroclasts can have any 2D size to olivine content
relationship, except for some extreme ratios (Fig. 6a). The
combined modal percentage of olivine crystals in juvenile
pyroclasts yields a 2:1 ratio of olivine crystals to ground-
mass in juvenile pyroclasts (Table 3). Assuming that the
area per cent ratio of olivine content to kimberlite measured
within the juvenile pyroclasts in this study is representative

Table 3 Representative olivine content in: CK, PK2, and JP of
crystallized kimberlite

Area% Area%

Sample ol gm ol/gm ‘free’ ol jp ol/jp

CK01a 50.0 43.7 1.1

CK02a 48.2 44.1 1.1

CK03a 48.1 40.3 1.2

CK04 46.7 42.4 1.1

CK05 51.2 38.8 1.3

CK_AVG 48.9 41.9 1.2

PK_330b 26.9 3.9 6.9

PK_340b 53.2 2.3 22.9

PK_350b 56.9 1.3 43.8

PK_360b 26.1 5.1 5.1

PK_370b 32.9 5.2 6.3

PK_380b 35.2 18.2 1.9

PK_TOTc 35.8 5.4 6.7

JP_TOTd 66.3 33.7 2.0

PKJP_TOTe 39.4 1.8 22.4

Olivine content measured as area per cent from slab and t.s.
a Replicate samples from a single dyke; gm=groundmass
b Representative sample horizons within 50-m-thick PK2

c Linear combination of ten samples at 5-m intervals in PK2

d Linear combination of olivine in JPs from PK2
e Combined modal per cent of olivine in PK and resident JP in PK2
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and can be applied to all juvenile pyroclasts from PK, the
total (FO + olivine inside JPs) olivine to kimberlite ratio for
PK is >22:1 (Table 3). In contrast, ratios of olivine crystals
to kimberlite groundmass in CK are ∼1:1 relationships
(Table 3). The implication is that, if olivine to groundmass
ratios in the PK-producing magma were similar to the ratios
measured in CK rocks (Table 3), over 90% of the melt
fraction may have been separated from olivine crystals
during eruption.

Discussion

In this section, we discuss implications of the observations
described above. First, factors which may encourage

breaking of olivine crystals are discussed. Secondly, ideas
are developed to show how the properties of kimberlite
magma during eruption can explain the observed shapes,
sizes, textures, and abundances of juvenile kimberlite
pyroclasts.

Olivine fragmentation

Olivine crystals measured in pyroclastic kimberlite rocks
show clear differences from those measured in intrusive
coherent kimberlite. Shape indices, population parameters,
and crystal size distribution model equations all indicate a
fundamental difference in the olivine crystal populations
from CK and PK. The simplest explanation is that the
explosive eruption of kimberlite magma modifies the

Fig. 4 Tests for modification of olivine crystal populations observed
in coherent kimberlite (CK) due to explosive volcanic eruption and
represented by olivines in pyroclastic kimberlite (PK): a cumulative
area per cent vs. area (square millimetres); b ln N (mm-4) vs. ln L data
fitted to power–law distributions (CK, dashed lines; PK, solid line; see
text). Analytical errors are smaller than symbol size; c parameters to
power–law models in b (λ, intercept; D, slope) showing calculated

covariance envelopes (after Moss et al. 2010); d histograms of
circularity for individual olivine crystals based on truncated size
distributions (0.03–150 mm2) for CK (black) and PK (grey) deposits.
The PK dataset is fitted to a normal Gaussian distribution (heavy
dashed line). The inset table shows number of crystals (N), standard
deviation (σ), and mean circularity (μ) of olivine grains in PK and CK
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shapes, sizes, and overall population characteristics of
olivine crystals. Here, we discuss the properties of olivine
crystals in kimberlite magma which can cause crystals to
break. Then, we discuss potential controlling factors
responsible for differences in the populations of olivine
crystals observed in pyroclastic deposits.

Properties of olivine crystals in kimberlite magma

Olivine crystals in kimberlite have several physical attributes
which lend themselves to shape and size modification during
explosive eruption. First, the majority of olivine crystals in
kimberlite magma are xenocrystic and derived from the

lithospheric mantle (Arndt et al. 2006; Kamenetsky et al.
2007; Brett et al. 2009). As such, many crystals store stresses
imposed by mantle processes as evidenced by undulose
extinction or appear to have accommodated stress by
cracking or fracturing, though incompletely (Fig. 7a, b).
Detailed petrography of olivine crystals in coherent and
fragmental rocks at Diavik has indicated evidence of crack-
healing and crack-sealing within olivine crystals. Second,
olivine crystals in kimberlite magma also contain abundant
mineral and melt inclusions (Fig. 7c). Together, these
physical characteristics act as points, lines, and planes of
intrinsic weakness within individual olivine crystals (e.g.
Fig. 7d).

Fig. 5 Variable crystal–kimberlite relationships in pyroclastic kim-
berlite deposits from Diavik, NT: a abundant ‘free’ olivine crystals in
a poorly sorted, crystal-supported matrix; b abundant olivine-cored

juvenile pyroclasts of kimberlite within a poorly sorted, crystal and
clast-supported matrix

Fig. 6 Parametric analysis of JPs from PK (sample 1) and PK1

(sample 2) of A154N: a olivine (%) vs. size (mm2). Shading denotes
regions of no data. b Olivine content (%) vs. size (mm2) of juvenile

pyroclasts from both samples classified as vesiculated and non-
vesiculated. The field defined by dashed lines encloses all vesiculated
(v) pyroclasts
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Explosive volcanic eruption and olivine populations

Experiments have shown the slopes of particle size
distributions in log–log plots (i.e. D values) to correlate
positively with the magnitude of pressure drop attending
fragmentation (Kueppers et al. 2006) and the number of
fragmentation generations (Kaminski and Jaupart 1998).
Furthermore, models that simulate the effects of frag-
mentation on known olivine CSDs suggest a positive
increase in the CSD slope due to fragmentation (Moss et
al. 2010).

Differences in olivine properties (e.g. D values, Inman
parameters, crystal shapes) among pyroclastic deposits may
result from differences in: (a) the amount of strain, cracks,
and inclusions in the pre-eruptive crystals; (b) the pre-
eruptive olivine crystal size distributions; or (c) magnitude
of pressure drop during emplacement. However, the
intrinsic weaknesses in olivine xenocrysts (i.e. stored strain,
cracks, inclusions) are also present in olivines within
coherent kimberlite (Kamenetsky et al. 2007; Brett et al.
2009). Moreover, olivine crystal size distributions world-

wide in coherent kimberlite are believed to be relatively
consistent (Scott Smith 2008b, a). Thus, the most likely
cause for significant differences in olivine crystal size
distributions and shapes in pyroclastic deposits are relative
differences in pressure changes.

Crystal–melt separation during eruption

The physical properties of kimberlite magma govern the
nature and time scales of magma transport as well as the
style of volcanic eruption. Kimberlite is presumed to be a
low-viscosity (0.1–10 Pa s), volatile-rich melt (Price et al.
2000; Sparks et al. 2006). Kimberlite magmas can also
comprise up to 51% olivine crystals (Moss et al. 2010).
Ultimately, kimberlite magmas become 3-phase systems
during ascent (gas, liquid melt, crystals); the low-viscosity,
high-crystal contents and increasing gas volume fraction
can lead to full decoupling of the gas phase from the melt
(Vergniolle and Jaupart 1986; Moss et al. 2009). The
relative ratios of phases may influence the degree to which
melt can separate from olivine crystals, and, thus, most

Fig. 7 Properties of olivine crystals contributing to crystal breaking
during eruption: a partially healed (c1) cracks within olivine from CK
terminate before edge of crystal; b cross-polarized photomicrograph of
large, strained olivine macrocryst within CK containing cracks filled

with carbonate (c2) and internal zones of recrystallized olivine; c melt
and mineral inclusions (incl) in an olivine overgrowth; d angular,
fractured olivine within PK of A154N
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crystal/groundmass textures observed in pyroclasts derived
from kimberlite eruption.

Below, we explore the aspects of each phase (melt, gas,
crystals) that can influence primary pyroclast formation and
the degree to which melt separates, or ‘strips’, from
crystals, including: (1) melt viscosity, (2) the role of the
expanding gas phase in decoupling the melt from olivine
crystals, and (3) the role of crystal content (i.e. olivine) in
determining the size, shape, and crystal–kimberlite ratios of
juvenile pyroclasts.

Viscosity and pyroclast formation

The low-viscosity and high volatile contents of kimberlite
melts have important consequences for the formation of
pyroclasts. Model viscosities have been calculated
(Giordano et al. 2008) for a range of putative kimberlite
melt compositions (Price et al. 2000; Russell et al. 2006;
Sparks et al. 2006). The calculations were made for
kimberlite melts at 1,200°C on an anhydrous basis, as well
as using their nominal water contents. Over this wide range
of melt compositions, viscosity values were low and varied
only slightly (1.5–3 Pa s) regardless of volatile content
(Russell et al. 2006).

The temperature dependence of melt viscosity can also
be used to estimate the glass transition temperature (Tg) of
the melt which is taken as the temperature at which the melt
attains a viscosity of 1012 Pa s (Giordano et al. 2008). If a
melt is cooled to its Tg rapidly enough, crystallization is
bypassed, and glass (quenched melt) is produced. The
computed range of glass transition temperatures for these
same melts is 720–760°C and 690–755°C for anhydrous
and volatile-rich equivalents, respectively (Porritt and
Russell 2011; Russell et al. 2006). There is very little
depression of Tg with increasing H2O contents. This reflects
the fragile nature of these melts and contrasts with the
behaviour of basaltic melts where ∼2 wt.% H2O causes a
200°C depression of Tg (Giordano et al. 2008). Normally,
the depression of Tg with increased H2O content provides a
simple vehicle for rapid quenching and production of glass
during an eruption. Ascent and eruption cause volatile loss
and a concomitant increase in Tg to the point that Tg rises to
meet magma temperature. At this point, melt is quenched to
glass: kimberlite melts do not show the same depression in
Tg and thus lack this means of aiding glass formation. In
addition, the ΔT between Tmagma and Tg is higher than in
many other magmas (Russell et al. 2006). As a conse-
quence, kimberlite melts can remain molten and fluid
longer after disruption or fragmentation than most silicate
melts. For this reason, crystal/groundmass relationships and
external morphologies (i.e. spherical geometry, contact
angle between kimberlite groundmass and crystal) of
juvenile pyroclasts are most likely determined by viscous

properties such as the surface energy between liquid melt
and gas (γm–g) and the interfacial energy between liquid
melt and crystals (γm–x), rather than brittle failure.

Gas content and melt disruption

Gas content can facilitate separation of kimberlite melt
from olivine crystals and disruption of kimberlite melt in
several ways (Fig. 8). First, preferred nucleation of the
exsolved gas phase on the surfaces of olivine (Blander and
Katz 1975) coupled with the high rate of exsolution driven
by depressurization of the volatile-rich kimberlite will
promote coalescence of adjacent bubbles on a crystal
surface. As gas expands and coalesces, it may overcome
the interfacial tension between melt and crystal and begin to
wet the crystal, thereby displacing the melt (Fig. 8b).

Second, high gas fractions within a low-viscosity melt have
been shown to lead to out-gassing through permeability
networks or ‘gas-streaming’ through a body of magma
(Herd and Pinkerton 1997; Parfitt 2004; Gonnermann and
Manga 2007). Two kinds of fluid mechanical instabilities
are created at the interface between a streaming gas and
liquid: (1) Kelvin–Helmholz (K–H) instabilities2, which
create waveforms at the interface, and (2) Rayleigh–Taylor
instabilities3 which disrupt liquid from wave crests formed
by the K–H instability by rolling-over the crest of the
waveforms in a fashion similar to whitecaps on a lake
(Villermaux 1998, 2007). Gas streaming can disrupt the
kimberlite melt by creating such instabilities along the
melt/gas interface due to velocity contrasts between less-
dense gas and surrounding kimberlite melt (Fig. 8b, c).

Third, high volatile content, rapid ascent of magma, and
narrow conduit geometry could lead to very high exit
velocities for the gas phase in erupting kimberlite magma
(Sparks et al. 2006; Head and Wilson 2008; Moss et al.
2009). All other factors being equal (e.g. size, gas density,
drag coefficient; Wilson and Parfitt 2008), the density
(2,700–3,400 kg m−3) of kimberlitic pyroclasts (Cas et al.
2008; Gernon et al. 2008; Moss et al. 2008) would lead to
significant settling velocities relative to the partly expanded
gas-dominated flux of fragmented magma. We use a
sequence of equations as outlined by Bursik (1998) to
estimate settling velocities for kimberlite pyroclasts within
the expanding eruption column. The drag coefficient is

2 Kelvin–Helmholz shear instabilities form asymmetric waves at

the boundary between gas and liquid of wavelength; l ¼ d
ffiffiffiffiffiffiffiffiffiffiffi
r = rg

q
,

where l is the wavelength, δ is the boundary layer thickness, ρ is the
density of the liquid, and ρg is gas density.
3 Rayleigh–Taylor instabilities form as a transverse destabilization of
existing waveforms, due to accelerations imposed on the liquid–gas
interface by the passage of primary undulations. Such transverse
waveforms have a wavelength: l?=d ffi 3Wed�1=3ðr=rgÞ1=3, with
Wed ¼ rgðΔvÞ2d=g, where Δv is the relative gas velocity.
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dependent on flow conditions (i.e. Re) and a shape factor
(F) and is calculated from:

CD ¼ 24

Re
F�0:32 þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:07� F

p
ð4Þ

The appropriate Re is computed as:

Re ¼ UT � d � rg
hg

: ð5Þ

where d is particle diameter, ρg is gas density, UT is settling
velocity, and ηg is gas viscosity. The differential velocity
(UT) of spherical pyroclasts (F=1) within the gas flux is
then calculated for the appropriate Re using the expression:

UT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:75dðrc � rgÞg

CDrg

s
ð6Þ

These equations are used iteratively to converge on a final
differential velocity (cf. Freundt and Bursik 1998) which
represents the velocity difference between a settling spherical
pyroclast and an expanding host gas at the base of the pipe-
shaped conduit. For ηg=4×10

−4 Pa s (i.e. H2O/CO2 gas,
∼1,000 m below surface at 1,000°C), d of 0.01 m, ρc=
3,000 kg m−3, ρg=55 kg m−3, and CD=0.53, the UT is
2.72 ms−1. If gas exit velocities similar to estimates for other
low-viscosity magmas (Wilson 1980; e.g. 106–476 ms−1;
Walker et al. 1984) can be assumed for kimberlite eruptions,

it would imply a minimum net upward particle velocity of
hundreds of metres per second, with a velocity differential of
only a few metres per second for particle sizes similar to
those observed in kimberlite deposits. The erupting flux of
gas + melt + solid will also feel the drag of conduit walls
which is likely to produce strong velocity gradients across
the conduit; these gradients may allow for localized,
transient domains where velocity differentials between the
gas phase and melt + solids fraction are even higher.

Velocity differentials are a key influence in conversion
of bulk liquid into a spray or mist (i.e. collection of drops),
known as ‘atomization’ (Villermaux 2007). Atomization is
triggered when the relative magnitude between inertial (i.e.
stagnation pressure) and curvature (i.e. capillary restoring
pressure) forces for droplets of liquid in a gas suspension
exceeds a critical value. This critical ratio can be expressed
as a dimensionless critical Weber number (Wec):

Wec ¼ ðrgðΔvÞ2ðd0ÞÞ=g ð7Þ
where pg is gas density, Δv is the velocity differential
between liquid and gas, d0 is the initial liquid droplet
diameter, and γ is surface tension (N m-1). One indication
of high velocity contrasts (Δv) is the size distribution of the
droplets created by atomization, as the size of droplets
sprayed off from a liquid surface decreases with the
velocity contrast (Faeth et al. 1995; Wu and Faeth 1995),

Fig. 8 Relationships in 3-phase (solid, liquid, gas) flow driven by
progressive volumetric increase in gas content (left to right) and
changing velocity ratios (vg/vl), and consequences for disruption of
kimberlite: a relatively low gas content and high solids + melt content
lead to fully coupled flow of solids (olivine), liquid (melt), and
exsolved gases; b an increase in gas content (and corresponding
dilution of solids and melt) leads to partial decoupling of solid–melt
mixture from gas phase streaming through the low-viscosity melt.
Nucleation of gas bubbles on olivine crystals may initiate first
separation of melt from solids; c higher gas fractions promote greater
decoupling and an increasing velocity contrast between liquid and gas,

creating two kinds of fluid mechanical instabilities at interface: (i)
Kelvin–Helmholz and (ii) Rayleigh–Taylor (see footnotes 2 and 3 in
the text); d gas fractions >> liquid + solids lead to fully fluidized
magma. The high velocity and large volume of the gas phase lead to
‘stripping’ of liquid from solids. The enlarged box shows gas–liquid–
solid interfaces and critical relationships for Weber numbers (We, Wec;
Eq. 7), work of dispersion, and work of adhesion (Wcrit, Wadh; Eqs. 7,
9) required for (iii) ‘stripping’ of melt from olivine crystals, and (iv)
relaxation of liquid on solid surfaces due to surface tension forming
rounded pyroclasts
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and scales as a function of energy input (Hinze 1959). If
velocity contrasts are great enough between large clots,
blebs, or droplets of kimberlite melt and ambient gas, the
pieces of magma could efficiently disaggregate into much
smaller droplets (Figs. 6 and 8d).

Olivine crystal content and melt separation

The olivine crystal content in kimberlite may also influence
the disruption of the magma. For example, interfacial
energies which cause kimberlite melt to preferentially wet
the outer surfaces of olivine crystals clearly would also
operate to inhibit separation of melt from crystals during
eruption. The total surface area of a population of particles
is a function of the abundance and size distribution of the
particles. Thus, the abundance (i.e. modal per cent) and size
distribution of olivine content within an erupting kimberlite
magma may ultimately control the crystal-to-kimberlite
ratios within juvenile pyroclasts, as well as the sizes of
juvenile pyroclast produced.

To assess the influence of crystal content (i.e. modal
per cent, surface area) on the ability of melt to separate
from olivine crystals, we compare (a) olivine content
(modal per cent) with sizes of JPs (melt-stripping of
olivine during explosive eruption) and (b) estimated
surface area of olivine crystals within JPs with estimated
volumes of JPs. Olivine content (modal per cent) is plotted
against size for all JPs from Fig. 6 in Fig. 10a and is
subdivided according to textural relationships between
olivine crystals and attached or enclosing kimberlite ground-
mass (Moss et al. 2009). These data indicate a general
increase in olivine content with size for JPs with multiple
olivine crystals (M, dashed lines; Fig. 9a). The surface areas
of equivalent-radii spheres are calculated from the 2D

intersections of olivine crystals within JPs and for JP outlines
to find the ratio of estimated surface area of olivine within
each juvenile pyroclast (SAol) to the estimated volume of
kimberlite groundmass in each juvenile pyroclast (Vm) within
the PK dataset. The estimated SAol: Vm ratio is plotted
against the estimated size (Vjp) of the juvenile pyroclast in
Fig. 9b. The SAol increases with the size of JP, but there is an
overall decrease in the SAol:Vm ratio with an increase in the
size of JP. Thus, olivine content (modal per cent) and surface
area (SAol) both show positive correlations with the size of
JP. The overall decrease in SAol:Vm with increasing size of
JP may be due to more boundary-layer effects between
neighbouring olivine crystals and the decreasing influence of
surface tension on retaining the liquid volume of a droplet
with an increase in the size (i.e. surface area) of the droplet
of magma.

For a gas phase to separate a melt from a solid surface, a
dispersive pressure (kg s-2 m-1) applied to the outer surface
of the melt-wetted solid must overcome the work of
adhesion (Wadh) which couples the melt to the solid
(Bangham and Razouk 1937), defined by the Young–
Dupree equation:

Wadh ¼ gð1þ cos qÞ ð8Þ
where γ is the liquid surface tension and θ is the contact
angle between solid and liquid. Wadh has the same units
as surface tension (kg s-2) and is equivalent to work per
unit area (Nm m-2). Thus, the total work required to
separate liquid from a solid surface increases proportion-
ally with increasing total surface area (e.g. crystal
surfaces).

Thin, complete selvages of kimberlite on olivine
crystals (radius ∼0.1 mm) and low contact angles
(approx. 10–30°) between olivine crystals and partial

Fig. 9 Textural and geometric properties of juvenile pyroclasts of
kimberlite: a olivine content (per cent) vs. size (square millimetres) of
pyroclast for: pyroclasts containing multiple olivine crystals (M),
olivine crystals with selvages of kimberlite groundmass (S), olivine
grains with partial selvage (PS), and cored pyroclasts (C); b computed

3D surface area (square millimetres) of all olivine grains within
individual pyroclasts (SAol) ratioed to the model 3D volume of
kimberlite groundmass (cubic millimetres) within enclosing pyroclast
(Vm) plotted against size of pyroclast (cubic millimetres). Note the
decrease in SAol/Vm ratio with increasing size of pyroclast (arrow)
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selvages of kimberlite are observed in many juvenile
pyroclasts in PK (Fig. 10b–d). Such low contact angles
indicate an attraction between the olivine and adjoining
liquid melt (Wadh) that exceeds the cohesive strength of
the melt (i.e. work of cohesion). As the gas fraction rises,
the melt preferentially wets the olivine. The Wadh for a
variety of liquids having viscosities near that of kimber-
lite melt (e.g. 0.1–10 Pa s; Sparks et al. 2006) is modelled
for different contact angles (θ=0–180°) in Fig. 11a.
Observations of contact angles between kimberlite and
olivine crystals on the outside margin of juvenile
pyroclasts suggest a likely range for Wadh required to
separate melt from olivine crystals (Fig. 11a, shaded
region; Wadh=0.2–0.8 kg s−2).

The sizes, morphologies, and types of pyroclasts
produced by an explosive eruption of low-viscosity
kimberlite magma are influenced by: (a) the ratio of inertial
to curvature forces (Wec), (b) the energy per unit area of
melt adhering to crystals (Wadh), and (c) stagnation pressure

rg � ΔvÞ2
� ��

of fluxing volcanic gases. We can model the

critical conditions needed for both ‘atomization’ of the melt
and ‘stripping’ crystals of melt by considering when Wadh is

exceeded by dispersive forces encapsulated by a ‘critical’
work term (Wc):

Wc > Wadh > gð1þ cosqÞ ð9Þ
We can replace the term for surface tension by a

rearranged form of Eq. 7 to obtain an expression that
contains eruption (velocity contrast) and pyroclast (size)
properties:

Wc >
1þ cos qð Þ � rg � do

Wec

� �
ðΔvÞ2 ð10Þ

We have modelled these critical conditions required to
‘atomize’ kimberlite melt and ‘strip’ melt from crystal
surfaces. The gas phase is assumed to be equal parts CO2

and H2O and has a density of 55 kg m−3 dictated by the
pressure conditions (∼15 MPa) in an open conduit 1,000 m
below surface, lifting a partially expanded flux (50% gas)
of kimberlite magma (Fig. 11b). The model considers
pyroclasts with d0 of 0.01, 0.05, and 0.001 m and with
selvage–solid interfacial angles of θ of 15°. The critical
Weber number (i.e. Wec) for atomization of silicate and

Fig. 10 Wetting angles between olivine crystals and kimberlite for
pyroclasts in PK: a schematic showing the wetting angle (θ) between
kimberlite melt (kimb) and crystal in a gas medium; b–d examples of

large (∼0.01 m) juvenile pyroclasts comprising a large olivine crystal
‘core’, incompletely coated by kimberlite. Note low contact angles
(θ<30°) between kimberlite and olivine crystals
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carbonate melts is unknown, and thus, given the low
viscosity of kimberlite, we have used a value similar to that
of water (∼10; Wierzba 1990).

Equation 10 is used to map the critical relationships
between velocity contrasts and ‘critical’ work (Wc) required
to achieve four end-member relationships between kimber-
lite melt and olivine crystals (Fig. 11c): (1) kimberlite melt
is neither separated from olivine crystals (i.e. Wc<Wadh) nor
‘sprayed’ or ‘atomized’ (We<Wec); (2) kimberlite melt is
separated from olivine crystals (i.e. Wc>Wadh), but is not
‘sprayed’ or ‘atomized’ by the flux of surrounding gas (We
<Wec); (3) both melt separation (i.e. W>Wadh) and
‘atomization’ (We>Wec); (4) kimberlite melt remains
attached to olivine crystals (i.e. Wc<Wadh), but droplets
are ‘sprayed’ or ‘atomized’ by the flux of surrounding gas
(We>Wec).

Implications for the volcanic eruption of kimberlite

Interpretation

In this section, we discuss the processes implied by
observations made above. First, olivine crystals are shown
to be modified due to explosive eruption. These changes in
sizes and shapes of olivine grains are efficiently tracked by
D values of olivine crystal size distributions. Changes in
these model D values are most likely the result of pressure
drops and thermal shocks experienced by the ascending
magma. We interpret the most likely cause for crystal
breakage to be the pressure differential during eruption:
rapid pressure changes induced by turbulent behaviour
within an ascending and/or erupting kimberlite magma
could facilitate breakup or fragmentation of olivine crystals

Fig. 11 Model conditions for gas-stripping of kimberlite melt from
olivine crystals (see text for full explanation): a work of adhesion
(Wadh; Eq. 8) vs. wetting angle between liquid and a solid surface (θ)
for basalt melt (thin solid line; γ=0.36 kg s−2 from Walker and
Mullins (1981), carbonatite melt (thick solid line; γ=0.21 kg s−2 from
Wolff (1994), and water (coarse dashed line; surface tension γ=
0.0764 kg s−2). The shaded region indicates range of observed contact
angles between kimberlite selvages and exterior surface of olivine
crystals; b computed density of exsolved fluid phase as a function of
pressures corresponding to depths of 0–1,000 m; calculations assume
a 1:1 molar ratio of H2O/CO2 pressurized by an overlying expanding
flux of magma having on average 50% gas fraction and using a melt +

solid density of 3,000 kg m−3. c Four fields (1–4) marking transitions
in melt–crystal relationships defined by intersection of Wadh at melt–
olivine interfaces and the curve for Wc as a function of Δv for melt
droplets 0.01, 0.005, and 0.001 m in diameter and assuming Wec
similar to that of water. Specific values of Wadh melt-ol for assumed
basalt, carbonatite, or water-similarity with kimberlite melt are shown
as horizontal lines (thin, thick, and dashed lines, respectively). The
fields for interactions between kimberlite melt and olivine crystals are:
(1) no ‘atomization’ or stripping of melt from crystals; (2) no
‘atomization’, but melt is stripped from crystals; (3) both ‘atomization’
and stripping of melt from crystals; (4) ‘atomization’ of liquid but no
stripping of liquid from crystals
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along internal, pre-conditioned areas of weakness. Thus, we
suggest D values of olivine CSDs are modified in
proportion to the change in pressure experienced by the
magma and serve as a gauge of the violence of kimberlite
eruption.

Second, it has been shown that pyroclastic deposits
contain both kimberlite-free olivine and juvenile pyroclasts
comprising olivine crystals enclosed by kimberlite. Gas
contents, exit velocities, or velocity contrasts in an erupting
kimberlite magma can be reflected in pyroclastic products
of kimberlite eruptions in two ways: (1) the relative ratios
of juvenile pyroclasts of kimberlite (JPs) to free olivine
crystals observed in a deposit (FO) and (2) the size
distribution of JPs (i.e. droplets of kimberlite enclosing
olivine) produced during eruption. Therefore, olivine
crystal and kimberlite textures in pyroclasts suggesting
high velocity contrasts (e.g. ‘stripped’ olivine crystals)
imply greater gas content in the erupting kimberlite
magma. Moreover, differences in the degree of melt-
stripping (i.e. FO/JP ratios) among or within pyroclastic
deposits likely reflect differences in gas content in the
magma from which the pyroclasts derive. In addition, the
higher olivine content and corresponding surface area
observed in larger JPs suggest that primary breakup of
kimberlite magma and secondary breakup of un-solidified
pyroclasts by melt ‘stripping’ are attenuated by high
olivine contents and may lead to a biassed preservation
of: (a) pyroclasts with higher olivine contents (and
surface areas) in pyroclastic deposits relative to the
starting magma and (b) larger pyroclasts with higher
olivine contents than smaller pyroclasts. The gas content
of erupting kimberlite magma is also known to correlate
with eruption column height in other low-viscosity
magmas (e.g. Parfitt et al. 1995), suggesting the FO/JP
ratio may also be a proxy for the power of the eruption.
Thus, we suggest that the volumetric properties of gas,
melt, and solids determine how readily melt can separate
from crystals in low-viscosity kimberlite magma, and
these phase proportions can be approximated by the FO/JP
ratios in deposits.

New eruption index

The observation of diverse pyroclast assemblages in
pyroclastic deposits worldwide implies that eruption dy-
namics for kimberlite vary from volcano to volcano
(Table 1). Though efforts have been made to create a
single index (e.g. Volcano Explosivity Index; Newhall and
Self 1982) which can effectively account for a variety of
conventional metrics (magnitude, intensity, peak eruption
height, energy release, power output, destructive potential),
such indices are incapable of describing the behaviour of all
volcanic eruptions (Sigurdsson 2000).

Many of these indices are based on observations and
measurements of actual eruptions (e.g. peak eruption plume
height); others have been created to correlate the eruption
with the resulting pyroclastic deposit (e.g. magnitude=
log10(erupted mass, kg)−7). Walker (1973) suggested using
grain size properties and areal extent of pyroclastic deposits
for comparative purposes and to deduce style and energy
from pyroclastic deposits (Walker 1973; Cas and Wright
1987). These parameters were designed to reflect the rate of
energy release and the manner in which it is released during
volcanic eruption (Walker 1973).

Kimberlite volcanoes rarely preserve extra-crater
deposits that would support this type of analysis. For
example, poor exposure of extra-crater deposits and post-
emplacement alteration mean it is only possible to
constrain minimum estimates of mass involved in
eruptions from kimberlite pipes (Porritt et al. 2008). In
addition, no one has ever observed a kimberlite eruption,
requiring models or inferences of the peak eruption
heights and exit velocities based on physical properties
of kimberlite magmas (Russell et al. 2006; Sparks et al.
2006). Debates concerning the depositional styles (e.g.
fall, surge, flow, fluidized fountain) responsible for
pyroclastic deposits found within kimberlite pipes (Wal-
ters et al. 2006; Gernon et al. 2008; Porritt et al. 2008) are
hampered because Walker's D and F indices (Walker
1973) are designed for extra-crater fallout deposits (rather
than within vent/conduit deposits).

On this basis, we present a new fragmentation index for
kimberlite eruptions that can be applied to any pyroclastic
kimberlite deposit. Caution must be taken to ensure the
deposit is sufficiently fresh such that representative meas-
urements can be made for either all of the olivine
population or all of the juvenile pyroclasts. The index is a
metric for the relative fragmentation intensity attending
kimberlite eruptions (Fig. 12) and is based on data collected
from coherent and pyroclastic rocks, models of dynamical
fluid behaviour, and is in the spirit of the original F–D
diagram of Walker (1973).

Slopes from power–law approximations of olivine
crystal populations (Moss et al. 2010) or ‘D’ values are
used to characterize the extent to which olivine crystals
have broken during eruption (‘D’ values; Fig. 12). D values
are useful because they are scale-independent (i.e. dimen-
sionless) and require significant changes in the overall
properties of olivine crystal populations to change their
values (Kaminski and Jaupart 1998; Walters et al. 2006). If
changes in D values correlate with the magnitude of
pressure changes, the ‘D’ parameter is then analogous to
Walker's ‘F’ (Walker 1973) as a proxy for violence of
eruption, and may be highly affected by environmental
influences. For example, external groundwater, vent clog-
ging (after Walker 1973), or overpressures built up by cap-
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rocks (e.g. Field and Scott Smith 1999) can lead to more
violent explosions and, therefore, a higher D value.

The FO/JP ratio is used to characterize the degree to
which melt has separated from crystals during eruption (‘S’
values; Fig. 12). This ratio is useful because it can be
measured at many scales of observation and because it does
not require a dataset which includes all of the eruptive
products of kimberlite eruptions. Thus, deposits contained
within the vent of a kimberlite volcano (i.e. many intra-pipe
deposits) can be examined, and it is not necessary to know
the full lateral or extra-vent extent of ash (crystalline or
quenched kimberlite w/o olivine crystals) deposition in

order to determine a reasonable estimate FO/JP ratio. Many
of the possible causes for separation discussed above
depend upon the gas content and velocity. Eruption column
height and transport distance are also directly related to gas
content and are a proxy for the ‘power’ of an eruption. The
‘S’ parameter strongly correlates to the power of the gas
blast, is the most affected by relative proportions of phases
intrinsic in the magma, and is thus analogous to Walker's
‘D’ (Walker 1973). For example, increasing magma
viscosity, exsolved gas content, or the depth at which gas
bubbles begin to form can lead to explosions with a higher
‘S’ value.

Fig. 12 Fragmentation index proposed for eruption of kimberlite
magmas (KFI) based on properties of pyroclastic deposits of
kimberlite, on the basis of: (i) D values for linear fits to olivine
crystal size distributions (cf. Fig. 4) and (ii) the separation ratio, ‘S’,
which is taken as the (volumetric) ratio of ‘free’ olivine crystals (FO)
to the volume fraction of kimberlite pyroclasts that enclose olivine
crystals (JP). CSD slopes are dimensionless, are expected to correlate
with eruption overpressures, and are analogous to Walker's fragmen-
tation (i.e. ‘F’) parameter (Walker 1973). The separation ratio, ‘S’, is

also dimensionless, reflects the intrinsic power of the eruption, and is
controlled by the gas fraction of the eruption flux and the velocity
differential between gas and magma (melt + solids). Two kimberlite
deposits from the present study are plotted as red dots: intrusive
coherent kimberlite dykes (A154N-CK) and pyroclastic kimberlite
(A154N-PK). Hypothetical eruption styles (e.g. phreato-magmatism,
high fire-fountain) are attributed to variable ‘S’ vs. ‘D’ textural
relationships. Further data collection from kimberlite deposits is
required to establish these relationships
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Characterizing kimberlite eruptions using this frag-
mentation index has several applications. First, the index
can assist in identifying the volcanic facies (i.e.
pyroclastic vs. effusive, welding, etc.) of kimberlite.
Secondly, the index may be used to assess the relative
intensity (i.e. kilogrammes per second, exit velocity and
volatile content) of kimberlite eruptions. Thirdly, the
index may act as a tool for evaluating potential diamond
grade enhancement or diminishment for a pyroclastic
deposit of kimberlite.

Caveat emptor

An important assumption before using this index is that
the deposits in kimberlite pipes are representative of the
entire range of pyroclasts produced within a kimberlite
eruption. However, elutriation and loss of ash or fines
may lead to a bias in preservation (Nowicki et al. 2008;
Porritt et al. 2008). The result would be deposits with
higher olivine contents and lower kimberlite contents than
was actually produced by the eruption. Moreover, alter-
ation of kimberlite ash and the smallest fraction of olivine
crystals and crystal fragments in the matrix of pyroclastic
rocks may mask its presence in the original deposit. This
will also cause an overestimation of olivine content and
underestimation of the original melt fraction. However, a
key point to remember is that we are only concerned with
the degree to which melt has separated from olivine
crystals (FO/JP). This is a relative relationship and can be
adequately captured if one is confident they have made
representative observations of either all of the olivine
crystals or all of the JPs.
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