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Abstract
Eruptions of kimberlite volcanoes are a poorly-understood phenomena, as there
have been no historical eruptions of kimberlite, and primary deposits and edifices of
kimberlite volcanoes are rarely preserved. In particular, the styles of explosion, magma
fragmentation, and primary deposition of kimberlite remain unclear. This thesis
comprises field and laboratory study of five kimberlite deposits within the A154N
kimberlite volcano at Diavik, NWT, Canada. These studies provide critical descriptive
and semi-quantitative data on the geometries, component variations, and relative agerelationships of deposits. These data are collected in order to link volcanic deposits with
eruption processes in the following ways:
A) Pyroclastic kimberlite hosted by the A154N pipe is shown to derive from a
different kimberlite volcano. Thus, kimberlite volcanoes can act as receptacles for
primary volcanic products from the eruptions of adjacent kimberlite pipes, leading to a
‘cross-fertilizing’ distribution of magma batches.
B) Image analysis, based on manual and computer-assisted digitization, is used to
establish characteristic properties of olivine crystals in intrusive coherent kimberlite,
including modal %, size range, shape variability, and population parameters. These
properties serve as a baseline in understanding kimberlite eruption style and
fragmentation.
C) Study of A154N deposits documents phase separation of kimberlite magmas in
time and space during ascent and records an evolution in phase proportions (crystals:
melt: gas) within and/or between emplacement events. Phase separation can determine
the surface expression of kimberlite volcanoes, the degree of melt separation from olivine
crystals during eruption and, thus, the amount of preserved crystallized kimberlite around
olivine crystals in deposits.
D) Measured and estimated physical properties of kimberlite magmas are
combined with 3-D models for conduit geometry to show eruption durations of minutes
to hours for the A154N volcano.
E) Observations of primary pyroclastic products in kimberlite deposits show
eruptions can both modify the sizes, shapes and distributions of olivine crystals and
separate melt from olivine. Relative changes in the proportion of these two parameters as
preserved in deposits may serve as a proxy for kimberlite eruption intensity.
Finally, these volcanic processes are shown to have direct implications for the
distribution of diamonds within kimberlite pipes.
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1 Introduction
Kimberlite is an ultra-basic volcanic rock. These rocks are found exclusively in or
adjacent to cratons around the world as 1 – 10 m thick dykes and sills, or in circular,
downward-tapering bodies known as “pipes”, up to 1000 m in diameter at surface. These
pipes are the result of volcanic eruptions and probably represent the near surface (1-3 km)
conduits and craters of the kimberlite volcano. No one has ever observed a kimberlite
eruption.

Aside from the inferred Quaternary kimberlite volcanism at Igwisi Hills,

Tanzania (Dawson, 1994), the youngest published dates for kimberlite pipes on the planet
are of Eocene (~47 Ma) age (Sweet et al., 2003).

Consequently, most of our

understanding of kimberlite eruptions is a result of the mining of kimberlite for diamonds,
and is based on inferred processes from a few scales of observation most efficient in the
economic evaluation of kimberlite bodies, such as core logging and petrography of rock
samples. Furthermore, because the study of kimberlite mainly occurs in conjunction with
the mining industry, only a small fraction of the total information on kimberlite
occurrences is introduced into the public domain.
Volcanology has advanced largely because of observations made on the volcanic
edifice and/or extra-crater deposits of active systems, and field studies of well-preserved
dormant systems. However, the number of studies of exhumed volcanic conduits is few
(Stasiuk et al., 1996; Junqueira-Brod et al., 2005; Valentine and Krogh, 2006). Kimberlite
volcanoes are highly dissected or completely removed by erosion. Commonly, all that is
left is the volcanic “plumbing system”, comprising a downward-tapering conduit filled
with a mixture of kimberlite products, country rock and even surface materials (e.g.,
wood). No volcanic edifices and only a few extra-crater deposits of kimberlite have been
recorded in the literature.
Thus, establishing relationships between well-understood volcanic processes and
kimberlites has been limited by the nature of the available data, and the perspectives from
which observations are made. These limitations present a conundrum in attempting to
understand eruption processes in kimberlite volcanoes: classic volcanology relies on field
observations of active and historical systems to relate deposits with process, but is limited
in conduit observations.

Conversely, kimberlite studies offer a wealth of detailed

petrologic information on conduit shapes and infill, but do not have active or historical
eruptions to connect such observations with process.

The result is that there are
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significant gaps in our understanding of kimberlite eruptions, and there is little consensus
as to the specific style and dynamics of their eruption, or how kimberlite is emplaced in
the upper crust.
The aim of this dissertation is to begin to address the gaps in our understanding of
kimberlite volcanology by providing descriptive data from kimberlite deposits.

To

accomplish this, kimberlite rocks are investigated from one of the first diamond mines in
Canada, at Diavik Diamond Mine Inc. (DDMI), in the Lac de Gras region of the
Northwest Territories. Multiple kimberlite pipes were studied at an active mine over a 4year period, providing the unique opportunity to make in-situ, mine-scale observations of
kimberlite deposits as they were exposed.

The focus of this thesis is the A154N

kimberlite pipe at Diavik, comprising a diversity of coherent and fragmental kimberlite
rocks, previously interpreted as re-sedimented volcaniclastic kimberlite, pyroclastic
kimberlite, and hypabyssal kimberlite (Graham et al., 1999).
Here, descriptive data is collected from A154N by using a combination of volcanic
facies analysis1, three-dimensional modeling and image analysis software.

Volcanic

facies analysis is an approach which recognizes that each deposit type is a direct result of
a volcanic event or set of events, and these deposits have unique properties in terms of
geometry, componentry, internal structure, and sorting.

Volcanic facies analysis

techniques are based on observations of active and historical volcanic eruptions of other
magma types, which have successfully linked textures and deposit types to specific
eruption processes (Cas and Wright, 1987). Collecting descriptive data from A154N by
employing facies analysis tools developed in other volcanic systems allows for analogous
interpretation of kimberlite eruption processes.
The physical character of the kimberlite deposits of A154N was obtained from
field mapping, and study of hand samples and thin sections (Chs. 2-4).

After

quantitatively describing the deposits, these data were used to build and refine 3-D models
that explore and illustrate the facies variations and architecture of a single kimberlite pipe
(Chs. 2,3,4). Simple numerical modeling was then used to evaluate the style, volume and
duration of volcanic eruptions (Chs. 2,4).

These results are shown to have direct

implications on the interpretation of the emplacement of A154N, and are subsequently
developed into a tool for interpreting possible eruption styles of other kimberlite
1

Facies Analysis: Characterization of the geometry, lithology (chemistry, composition, textures), structures
and space and time relationships of a particular geologic occurrence that serves to uniquely distinguish the
occurrence from others.
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volcanoes by examining pyroclastic deposits (Ch. 5). A composite fragmentation index
was created that seeks to reconcile observed rock textures with an interpretation of
eruption style by accounting for both external and internal influences on erupting
kimberlite magma (Ch. 5). Finally, the results from this study are shown to have direct
implications on diamond distributions (Ch. 6).

1.1 Previous kimberlite emplacement models
Below, I review existing models seeking to explain the emplacement and eruption
processes of kimberlite pipes and their contained deposits, in order to highlight gaps in our
knowledge of explosive kimberlite eruptions.
1.1.1 Models derived from southern Africa
The most widely cited composite model for the morphology of kimberlites was
described by Hawthorne (Hawthorne, 1975) and later modified by Mitchell (Mitchell,
1986) (Fig. 1.1). This model shows a shallow crater over a steep-sided pipe (~82º) and a
feeder dyke at depth. The model identifies three petrologically and spatially distinct
zones: root zone, diatreme facies, and crater facies. Root zones are characterized by
dikes, sills and sheets of intrusive kimberlite. The diatreme facies consists of massive,
poorly sorted volcaniclastic kimberlite, containing up to 25% country rock xenoliths. The
crater facies is dominated by pyroclastic kimberlite, re-worked or collapsed pyroclastic
kimberlite from a crater rim, and crater-lake mud deposits. Subsequent morphology
models have also been proposed (Clement, 1982; Lorenz, 1985; Clement and Reid, 1989;
Field and Scott Smith, 1999; Lorenz, 2003; Sparks et al., 2006), but most of these build on
the Hawthorne (1975) model.
There are two classic models for kimberlite emplacement. The first invokes
excavation from the top down whereby
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Figure 1.1: Illustration of a kimberlite pipe from a depth of 2-3 km to surface, showing
root zone, diatreme facies, and crater facies. Modified after Hawthorne (1975), Mitchell
(1986) and Porrit (2008).
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country rock is removed by a downward-propogating explosion front caused by
depressuring of the rising magma or by the interactions between hot kimberlite magma
and meteoric water (Fig. 1.2; Sparks et al., 2006; Lorenz and Kurszlaukis, 2007). The
second model features a relatively slow buildup from the bottom up where kimberlite
magma fractures and fluidizes country rock at depth and culminates in an explosive
excavation of the pipe when magma reaches a point in the crust where the lithostatic
pressure is less than the magmatic overpressures (Clement, 1982; Skinner, 1989; Field and
Scott Smith, 1999; Skinner and Marsh, 2004; Fig. 1.3). These models are largely based
on kimberlites from southern Africa, and most of the southern African pipes are up to
1000 m in surface diameter, and up to 3 km in depth.
1.1.2 Canadian kimberlites and new models
Kimberlite bodies in Canada provide a different set of observations. The Canadian
occurrences are different in size, morphology, and contents (Fig. 1.4; Field and Scott
Smith, 1999; Scott Smith, 2008a). For example, kimberlites emplaced into late Mesozoic
rocks in the central prairies of Canada are interpreted as broad, dish-shaped craters with
little or no diatreme or root zones evident. They are believed to be largely filled with
pyroclastic kimberlite. The kimberlites of the Lac de Gras region show yet another
morphology comprised of small, steep-walled, relatively small radius (<200 m) and deep
pipes that are reportedly filled with resedimented and primary volcaniclastic kimberlite
(Pell, 1997; Field and Scott Smith, 1999; Kjarsgaard, 2001; Kolebaba, 2003; Nowicki,
2004; Scott Smith, 2008a). Observations on Canadian kimberlites have led to a number of
case-specific models for the morphologies and origins of pipes (Field and Scott Smith,
1999; Hetman et al., 2004; Nowicki et al., 2004; Webb et al., 2004).
Much of the petrological work done on Canadian kimberlites, and, for that matter,
the rest of the globe, has used macroscopic to microscopic textural features to: a) identify
the type of kimberlite (Leahy, 1997; Boyer et al., 2004), b) classify the kimberlite by
facies (hypabyssal, diatreme, or crater) (Cookenboo, 1997; Field and Scott Smith, 1999)
c) distinguish lithological units (Kirkley, 1998; Scott Smith et al., 1998; Zonneveld et al.,
2004), and d) correlate diamond grade with rock type for the

5

Figure 1.2: “Top-down” emplacement models: (a) Schematic evolution in four stages of a
downward penetrating root zone with repeated collapse of the overlying diatreme and
surrounding rocks, indicating also the downward cutting on the feeder dyke (modified
after Lorenz et al., 2003). The numbers 1–4 indicate the four stages in the evolution of the
tephra ring, the crater floor, and the lower end of the diatreme (modified after Kurszlaukis
and Lorenz, 2006); (b) Schematic depiction of a three-stage model for kimberlite eruption
modified after Sparks et al., 2006.
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Figure 1.3: Schematic depiction of the explosive magmatic model for the formation of
kimberlite pipes, modified from Field and Scott Smith (1999): (a) ascending magma
utilizes existing fractures in the country rock, and volatiles accumulated at the head of the
magma column fracture the country rock ahead of the magma. Lithological barriers in the
country rocks (e.g., dolerite sills) provide barriers at which volatile pressure builds up and
explosive brecciation occurs, pre-conditioning large volumes of country rock; (b)
explosive breakthrough leads to the excavation of a crater, rapid exsolution causes volatile
streaming and fluidization of the magma and rapid, downward migration of a
fragmentation front in the magma. Sustained eruption leads to erosion of country rocks
and the formation of a smooth-sided diatreme. Modified after Field and Scott Smith
(1999).
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Figure 1.4 Schematic representation of the internal geology of three types of kimberlite
pipe geometries observed in Canada: (a) broad, dish-shaped pipes and generalized
interpretation of observed infills from the Canadian Prairies; (b) deep, narrow pipes and
generalized interpretation of observed infills from Lac de Gras, NWT, Canada,
characterized by a combination of pyroclastic and re-sedimented volcaniclastic kimberlite;
(c) steep-sided, deep pipes with steep, sharp internal contacts. Modified after Scott Smith
(2008).
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purposes of industry (Leckie, 1997; Berryman et al., 2004; Hetman et al., 2004; Scott
Smith, 2009b).
The Canadian occurrences have led to an important revision of kimberlite
emplacement models (Field and Scott Smith, 1999).

After studying a global set of

kimberlite pipe occurrences, Field and Scott Smith (1999) observe that pipe morphologies
(overall size, shape, depth) vary significantly. They argue that regional near-surface
geology is the most significant factor in controlling the morphology of kimberlite pipes.
As kimberlites are observed across space-time throughout global cratonic bodies, Scott
Smith (personal commentary; Mitchell, 1986) identifies kimberlite and its related rocks as
a petrological “clan”; i.e., they are derived from the same depth, have approximately the
same chemistry and volatile content, and bear essentially the same components at all
localities worldwide.

However, kimberlites in South Africa were emplaced into

heterogeneous host rocks that are very different from the host rocks in Canada. On this
basis, the authors concluded that observed differences in pipe morphology and textures are
a function of the country rocks and their ability to control how gas-charged kimberlite
magma makes its way to the surface, and not because of differences in the nature of the
kimberlite magma.
Although reworked kimberlite deposits are volumetrically important in the Lac de
Gras kimberlites of Canada (Field and Scott Smith, 1999; Kolebaba, 2003), very few
models of sedimentological processes in kimberlite pipes exist. After examining drill core
from Lac de Gras pipes, Kolebaba (Kolebaba, 2003) schematized the infill of an “openhole” diatreme, characterizing the nature of deposits expected from seasonal, mass flow,
and interflow settling of tephra material into an excavated diatreme. Examination of core
from the Star kimberlite occurrence in Fort-a-la-Corne, Saskatchewan, led Zonneveld et
al. (2004) to invoke a process of near-shore wave re-working of extra-crater deposits from
multiple kimberlite eruptions.
1.1.3 Contemporary composite models
The lack of consensus in kimberlite emplacement and eruption processes has led to
more studies of kimberlites from an explicitly volcanologic perspective in recent years.
Consequently, several new models for kimberlite emplacement have emerged,
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incorporating principles developed in the study of active and/or historical volcanic
systems.
Sparks et al. (2006) built upon conventional kimberlite emplacement models by
using well-known magmatic dike properties and near-surface eruption dynamics of
volcanoes to constrain an alternative four-stage model based on the observation of a suite
of De Beers pipes in South Africa. In this new model, an initial high-velocity eruption
from a narrow vent gives way to a deepening and widening crater, lower exit velocities of
volcanic material, and a subsequent low-velocity late fluidization/degassing stage
(Walters et al., 2006a; Gernon et al., 2008b).

Finally, a late-stage hydrothermal

metamorphism which utilizes available meteoric water breaks down olivine to form
serpentine, leading to a positive volume change, pore space-filling, and overprinting of
primary textures.
Wilson & Head (2004) combine understandings of dike propogation, pressure
differentials and volatile exsolution to put forward a 6-stage model for rapidly occurring
kimberlite emplacement that focuses on the pressure distribution in a dike throughout its
ascent (Fig. 1.5).

They envision a CO2 foam developing below the dike tip as it

propogates, effectively maintaining cavity pressure at ~70 MPa, and leading to significant
tensile failure and entrainment of wall rocks during the ascent of the kimberlite magma.
A common and distinctive rock texture found in many kimberlite volcanoes is a
massive, poorly sorted, compositionally homogeneous fabric. Such massive volcaniclastic
kimberlite (MVK) is often the most volumetrically dominant portion of kimberlite pipes.
A current hypothesis among some volcanologists (e.g., Cas et al., 2008b; Porritt et al.,
2008), however, is that MVK is formed from the collapse of the volcanic column and
subsequent fluidization (gas-driven stirring) of kimberlite material within the excavated
pipe during the waning stages of eruption (Fig. 1.6).

The hypothesis holds that as

intensity wanes towards the end of an eruption, a point comes when the potential energy
of erupted kimberlite exceeds the kinetic energy of erupting kimberlite, thereby initiating
the return of erupted kimberlite into the vent area. This is also directly related to the
overpressure experienced by the erupting magma; as the magmatic fluid
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Figure 1.5: Schematic composite model by Wilson and Head (2004) for kimberlite
emplacement, showing sequence of events in the generation, ascent and eruption of
kimberlitic magmas and diatreme formation (see text for details). Modified after Wilson
and Head (2004).
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Figure 1.6: Schematic composite model by Cas et al. (2008b) for kimberlite
emplacement, showing sequence of events in the generation, ascent and eruption of
kimberlitic magmas and diatreme formation (see text for details). Modified after Cas et
al. (2008b).
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pressure approaches atmospheric levels, the ability of erupting magma to continue
thrusting material out of the vent is limited.

The depositional event would be

characterized by an en-masse, vertical collapse of poorly sorted material in the volcanic
column, along with simultaneous “fluidization” of the intra-vent material by the lesspowerful but still emanating volcanic gases. This is similar to what is observed in the
collapses of pyroclastic columns generating pyroclastic flows in andesitic volcanism
(Sparks, 1986; Sparks, 1997). When material moves via laminar flow, clasts and grains
have minimal freedom of movement, and therefore remain poorly-sorted when finally
deposited (ex: turbidites, avalanches, debris flows). However, little is known about what
this collapsing column would look like should it be falling into an open hole.
Several authors have proposed an alternative mechanism for creating such massive
texture (McClintock and White, 2006; Ross et al., 2008a; Ross et al., 2008b), whereby
repeated, upward-traveling mixtures of juvenile particles, country rock fragments,
magmatic gases, and in some cases externally derived fluids homogenize the beds of
particles within a diatreme. These mixtures are called “debris jets”. The debris jets are
suggested to propagate within the existing diatreme fill and may or may not reach the
surface; they are proposed to be generated by explosions in deeper portions of the pipe or
in the root zone (e.g., Lorenz and Kurszlaukis, 2007). As debris jets in active systems
would dominantly occur within volcanic piles (i.e. not observable), the manner by which
they propagate and agitate or deposit volcaniclastic material remains poorly constrained.

1.2 Outstanding gaps in kimberlite volcanology
Despite these recent advances, kimberlite eruptions are still not well understood.
Existing models are incapable of completely characterizing kimberlite eruptions for
several reasons. First, eruption models based on textural observations (e.g., Porritt et al.,
2008) are specific to individual occurrences and may only apply to kimberlite volcanoes
with similar rock textures and pipe morphologies.

Second, theoretical models (e.g.,

Wilson and Head, 2004) are based on poorly-constrained properties of kimberlite magma
and do not explain the diversity of kimberlite rock textures or pipe morphologies. Third,
models based on a combination of pipe morphology and rock textures (e.g., Field and
Scott Smith, 1999) assume that the physical properties (i.e., gas, crystal content, melt
viscosity) of erupting kimberlite magmas are constant.

Fourth, models based on
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experimentation (e.g., Gernon et al., 2008) focus on only a few key observations from
within kimberlite pipes and do not explain the diversity of pipe morphologies or deposits.
Lastly, there are no models seeking to explain mechanisms responsible for the formation
of diverse pyroclast types within deposits of kimberlite.
The existing, generalized models indicate the need for more studies which
incorporate rock observations, pipe morphology, and numerical modeling of wellconstrained magma properties into interpretations of volcanic process for specific
kimberlite volcanoes.

In addition, existing models also highlight key gaps in our

understanding of kimberlites. These gaps are discussed below, and include: a) insufficient
metrics for characterizing eruption style; b) a lack of understanding of the physical
properties of kimberlite magma; and c) little to no quantification of pyroclastic deposits to
compare with deposits from historic eruptions of other magma types.
1.2.1 Kimberlite eruption style
Volcanic eruption style is typically described by parameters such as magnitude
(erupted mass, in kg), intensity (eruption rate, in kg/s), peak eruption height (km), energy
release (thermal + kinetic + seismic, in J), power output (W), and destructive potential
(Sigurdsson, 2000). These parameters are usually estimated from observations on active
eruptions. Subsequent efforts have then been made to correlate a specific style of eruption
events with the resulting pyroclastic deposits (Walker, 1971; Sparks et al., 1981). For
example, Walker (1973) recognized the need to investigate the wealth of global
pyroclastic deposits for clues into eruption behavior for active and ancient systems (Fig.
1.7).

Relative comparisons of eruption dynamics of volcanoes are approximated by

examining a combination of clast size distributions and area extents of pyroclastic
deposits (Walker et al., 1971; Walker, 1981; Sparks, 1986; e.g., Bursik et al., 1992). Most
kimberlite volcanoes, however, cannot be analyzed for either eruption characteristics or
resulting pyroclastic deposits for several reasons. First, there have been
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Figure 1.7: Classic volcanological fragmentation index of Walker (1973). Dispersal (D)
is the area within 0.01 Tmax isopach (>1% of maximum deposit thickness). Fragmentation
(F) is the % of juvenile clasts <1mm at the 0.1 Tmax isopach. Enclosed boxes (shaded
yellow) represent parameter space (D vs. F) occupied by pyroclastic deposits resulting
from different styles of explosive eruption (i.e., Hawaiian, Strombolian, sub-plinian,
Plinian). Other explosive eruption styles involving various amounts of water and degassing magma are also shown (i.e., Surtseyan, phreato-Plinian, Vulcanian). Kimberlite
deposits are precluded from this kind of analysis (see text). Modified after Walker (1973).
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no historical eruptions of kimberlite. Second, extra-crater deposits of kimberlite are
poorly-preserved, and there are no examples of kimberlites with completely preserved
volcano architectures (e.g., root zone, volcanic vent, extra-crater tephra ring, full lateral
extent of deposits). Third, post-emplacement alteration of kimberlite rocks complicates
efforts to measure particle size distributions using conventional methods (i.e., sieving).
Therefore, accurate assessment of magnitude (kg) or intensity (kg/s) of kimberlite
eruptions by conventional methodologies is not possible. Because of this, kimberlite
volcanologists and petrologists continue to debate the eruption intensities (e.g., Hawaiian,
sub-Plinian, Surtseyan; Fig. 1.7) and depositional styles (e.g., fall, surge, flow, fluidized
fountain) responsible for most pyroclastic deposits observed within kimberlite pipes (e.g.,
Lorenz, 1975; Sparks et al., 2006; Gernon et al., 2008b; Porritt et al., 2008).
1.2.2 Physical properties of kimberlite magmas
Occurrences of intrusive coherent kimberlite of all ages and around the world
exhibit similar mineralogical attributes. The mineralogical attributes of kimberlite allow
for a petrographic definition of kimberlite as a rock type: that is, kimberlite rocks are
primarily identified by a particular mineral and textural assemblage (Mitchell, 1995;
Woolley et al., 1996) rather than by rock chemistry (e.g., dacite, latite, shonkinite).
Intrusive coherent or hypabyssal (sensu Mitchell, 2008) kimberlites are hybrid rocks
comprising mantle-derived xenocrysts and primary phases (i.e., olivine, spinel, perovskite,
apatite, phlogopite, serpentine, calcite/dolomite), crystallized from the kimberlite magma
(Mitchell, 1986). There are abundant studies which examine the mineral chemistry and
textures of different phases found within intrusive coherent kimberlite rocks (Mitchell,
2008). Kimberlite rocks are shown to be crystal-rich (Fig. 1.8), and kimberlite magma is
believed to be more volatile-rich and lower in viscosity than all other magma types
(Eggler, 1989; Price et al., 2000; Dingwell et al., 2004; Sparks et al., 2006; Mitchell,
2008).
To understand volcanic eruptions and emplacement of kimberlite magma, it is
essential to understand the physical properties of kimberlite magmas. Yet, such physical
properties have received much less attention than mineral chemistry and petrography.
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Figure 1.8: Typical intrusive coherent kimberlite from A154N, Diavik, NWT, Canada: (a)
polished slab of intrusive coherent kimberlite, showing high olivine content (~50%),
garnet and clinopyroxene xenocrysts (gt, cpx), country rock fragments in a massive fabric;
(b) polished thin section of intrusive coherent kimberlite in crossed polars, showing
olivine crystals set in a matrix of serpentine, carbonate and spinel.
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For example, olivine crystal contents have only been measured in a statistically limited
way; data was collected from a single scale of observation (e.g., thin sections; Clement,
1982), a single sample or for a single parameter (e.g., modal %; Shee, 1985). These
limited data have not been useful in interpreting a) the paragenesis of crystals in
kimberlite magma, b) the rheological behaviour of kimberlite magma during ascent, or c)
the methods and styles of fragmentation of kimberlite magmas.
Volatile contents have been estimated based on measurements by whole-rock
geochemical methods in crystallized, intrusive coherent rocks (e.g., Dalton and Presnall,
1998; Price et al., 2000; Sparks et al., 2006), and are suggested to be representative of
kimberlite magmas that have not de-gassed (Mitchell, 2008). However, intrusive coherent
kimberlite rocks are, by definition, un-eruptive. In other volcanic systems, rocks formed
by crystallization of intrusive and un-erupted magma are relatively poor in volatile content
in comparison to correlated extrusive rocks (e.g., Houghton and Gonnermann, 2008;
Namiki and Manga, 2008). This suggests that intrusive coherent kimberlite rocks may be
relatively de-gassed in comparison with kimberlite magmas responsible for pyroclastic
deposits resulting from explosive eruption.

Moreover, volatiles may be added to a

crystallizing body of intrusive coherent kimberlite by late-stage influx from depth or by
post-emplacement alteration. Thus, such measurements represent, at best, a minimum
volatile content associated with a kimberlite melt, and are unlikely to characterize the true
volatile content of ascending or erupting melt.
Furthermore, accurate measurement of the viscosity of kimberlite melts has not
been accomplished, due to the experimental difficulties posed by working with volatilerich melts (Kurszlaukis et al., 1998; Brooker et al., 2001a; Dingwell et al., 2004; Mitchell,
2008).

Quantitative data reflecting these physical properties is essential to advance

understanding of kimberlite ascent and eruption. Thus, physical properties of kimberlite
magma such as crystal content, volatile content, and viscosity, remain poorly understood.
1.2.3 Pyroclastic kimberlite
Crater-facies kimberlite is generally comprised of either primary pyroclastic
material or re-sedimented primary volcanic material sloughing into the volcanic crater
(Mitchell, 1986; Mitchell, 1995; Field and Scott Smith, 1999; Skinner and Marsh, 2004).
Primary pyroclastic deposits are recognized by the presence of juvenile pyroclasts
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comprising melt, crystals and xenoliths and xenocrysts, and an absence of features
suggesting reworking. Resedimented kimberlite deposits are identified by the presence
of: (a) rounding of grains; (b) high matrix mud content; and (c) tractional bed forms
(Clement and Skinner, 1985; Field and Scott Smith, 1999; Scott Smith, 1999a).
On this basis, there are few easily recognized bodies of crater-facies kimberlite.
At present, crater-facies kimberlite has been identified and described at Orapa (Field et al.,
1997; Gernon et al., 2008a) and Jwaneng (Machin, 2001; Webb et al., 2003) in Botswana,
Tokapal, India (Mainkar et al., 2004), Victor, ON. (Webb, 2003; van Straaten et al.,
2008), Tli Kwi Cho (Doyle et al., 1998), Buffalo Hills (Boyer et al., 2003; Boyer et al.,
2004), Ekati, NWT (Porritt et al., 2008; Porritt and Cas, 2009), and Fort-a-la-Corne2, SK.
(Leahy, 1997; Leckie, 1997; Berryman et al., 2004; Zonneveld et al., 2004; Pittari et al.,
2008). The number of bodies at which primary pyroclastic kimberlite has been positively
identified in true crater-facies is even fewer (Field et al., 1997; Berryman et al., 2004;
Boyer et al., 2004; Porritt and Cas, 2009).
The relationships between pyroclast textures in deposits of pyroclastic volcanic
rocks and fragmentation mechanisms (e.g., brittle fragmentation, gas foaming) is welldocumented in other magma types (Papale, 1999; Cashman et al., 2000; Mastin, 2004;
e.g., Bindeman, 2005). However, the relationship between such textures and eruption
dynamics in kimberlite volcanoes is poorly constrained: only a few location-specific
studies exist that attempt to link such textural observations within deposits of pyroclastic
kimberlite with eruption processes (Walters et al., 2006a; Brown et al., 2008; Gernon et
al., 2008a; Pittari et al., 2008; Porritt and Cas, 2009), but these studies are sub-quantitative
and descriptive in nature. There are also no comprehensive studies that attempt to account
for the diversity of pyroclast textures from global occurrences. The manner in which
kimberlite magma disrupts or fragments to produce pyroclastic deposits has only recently
been modeled (i.e., Cas et al., 2008a), and remains unclear. Moreover, there have been
few experimental studies aimed at understanding kimberlite eruption and/or fragmentation
processes (Kurszlaukis et al., 1998; Gernon et al., 2008c).

2

The Fort-a-la-Corne (FALC) bodies are the largest in Canada, some as large as 1.5 km2 in surface
expression, and contain many features suggestive of pyroclastic kimberlite. It is believed that FALC could
represent the only previously-known global occurrence of crater-edifice or extra-crater pyroclastic
kimberlite.
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As there are few examples of bona fide pyroclastic kimberlite, few studies that
attempt to quantify relationships between pyroclastic deposits and eruption style, and no
analogue experimentation attempting to understand kimberlite fragmentation, it is difficult
to determine the relationship between deposits of pyroclastic kimberlite and the pyroclast
textures therein with specific fragmentation processes.

Thus, the lack of studies

quantifying pyroclastic kimberlite deposits hinders any direct linking between kimberlite
deposits and eruption processes. Kimberlite occurrences with pyroclastic kimberlite must
be identified, and descriptively and quantitatively studied in order to link kimberlite
volcanism with the more well-understood processes documented for systems such as
rhyolite, andesite or basalt.

1.3 Diavik kimberlites
There are upwards of 200 pipes in the Lac de Gras region, distributed along a NWtrending axis in excess of 120 km in length (Figs. 1.9,1.10; Graham et al., 1999). The
cluster of economic pipes at Diavik are among the youngest pipes known in the world,
and occur in an area of Lac de Gras characterized by pipes of Late Cretaceous and Eocene
ages (Amelin, 1996; Heaman, 1996). The Diavik pipes included in the current mine plan
are A154N, A154S, A418, and A21 (Fig. 1.11). These bodies form steep-sided to near
vertical cones, between 100-150 m in plan diameter, and penetrate the basement rocks to
upwards of 700 m below the present-day surface. Two pipes (A154N and A154S) are
currently being mined from a large open pit on the east side of an island at the north end
of Lac de Gras. These pipes are within 200 m of each other, and A418 is less than 700 m
away to the south of A154S. In addition, there are 20 other kimberlite pipes within 10 km
of the Diavik occurrences.
The kimberlite pipes at Diavik intrude a package of Late Archean plutonic rocks
within the Slave Structural Province of the Northwest Territories, Canada (Fig. 1.10). The
plutonic rocks likely represent the final stabilizing event in the formation of
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Figure 1.9: Location of Diavik kimberlite cluster, Northwest Territories, Canada. Diavik
is in the Northwest Territories of Canada; (b) Diavik is surrounded by multiple
occurrences of diamondiferous kimberlite pipes (e.g., DO-27), clusters (e.g., Ekati,
Gahcho Kue), and dykes (e.g., Snap Lake); (c) The pipes are located offshore of an island
in the eastern portion of Lac de Gras in the Northwest Territories, Canada (red dots).
There are over 60 kimberlite occurrences on the Diavik property, and three kimberlite
pipes are currently being mined.
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Figure 1.10: Local geology of East Island of Lac de Gras. Kimberlite pipes are indicated
as green circles. Blue indicates water. Modified after Stubley (1998).
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Figure 1.11: 3-D images and summaries of kimberlite pipes at Diavik, NWT. Elevation
in meters above sea level (m asl) is shown on the left. Red lines represent current mining
levels (as of 07.07.09). Pipe dimensions are approximations subject to change with new
drilling information. Grade values represent mean ore grade for the entire pipe. 3-D
images are generated from Diavik geology models in VulcanTM mining software. Kimb =
kimberlite.
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the Slave craton (Davis, 1994).

Current surface exposures in the region comprises

approximately 65% late Archean granitoids (2.7-2.55 Ga) and 35% supracrustal rocks
(mostly 2.72-2.66 Ga) (Kjarsgaard and Wyllie, 1994). The local country rocks at the
Diavik mine site are comprised of two major granitoids, with remnant blocks of biotite
schist (Fig. 1.10). Proterozoic diabase dike swarms in the area trend N-NW, and likely
provided the structural weaknesses utilized by the magmas of the Lac de Gras kimberlites
(Fig. 1.10). Remnants of Phanerozoic cover strata are largely missing, although xenoliths
preserved within Diavik kimberlites suggest that Cretaceous marine shales (~20 – 300 m),
terrigenous arenite sandstone (minor) and organic peat capped the basement rocks during
Eocene time. The basement complex is currently overlain by variably thick, Quaternary,
glacially deposited till cover. These tills are locally capped by a thin veneer of lacustrine
sediments and/or peat.
The A154N kimberlite pipe at Diavik comprises a diversity of coherent and
fragmental kimberlite rocks, previously interpreted as re-sedimented volcaniclastic
kimberlite, pyroclastic kimberlite, and hypabyssal kimberlite (Graham et al., 1999). Study
of this diverse suite of deposits from a single kimberlite volcano at Diavik provides an
opportunity to investigate properties of kimberlite magma and characteristics of
pyroclastic deposits deriving from kimberlite eruption. For example, intrusive coherent
kimberlite rocks at A154N are useful for understanding the nature of kimberlite magma
because they represent unerupted, crystallized kimberlite magma. Moreover, pyroclastic
kimberlite deposits in A154N are useful for providing first-order data on the types,
abundances, sizes, shapes of juvenile pyroclasts deriving from eruption of kimberlite.
An emphasis of this thesis is on studying the properties (e.g., size, abundance,
shapes, etc.) of olivine crystals in kimberlite deposits.

As olivine crystals are the

dominant component in nearly all deposits of kimberlite, they serve as a ‘lens’ through
which we can view kimberlite eruption: comparison of olivine properties in both coherent
and pyroclastic deposits of kimberlite at A154N allows for interpretations of processes
responsible for these properties. In addition, olivine and diamond have similar physical
properties (e.g., size, shape, density), and, as a result, likely exhibit similar hydraulic
behavior in volcanic eruptions. Thus, the accurate characterization of olivine in coherent
and pyroclastic kimberlite rocks has additional economic implications.
Identifying the specific properties of diverse deposits at A154N allows for the
interpretation of volcanic emplacement processes. In addition, specific observations and
24

interpretations at A154N rooted in facies analysis principles may have applicability to
other kimberlite volcanoes at Diavik, as well as general applications to other kimberlite
volcanoes. These results also have implications in the field of volcanology, by providing
first-order data on the physical properties of low-viscosity kimberlite magmas and
component data on conduit infill.

1.4 Organization of thesis
1.4.1 Manuscript chapters
Above, I highlighted the following outstanding gaps in kimberlite volcanology: a)
insufficient metrics to characterize the volcanic style and intensity of kimberlites; b) a lack
of understanding of the physical properties of kimberlite magma; and c) minimal
quantification of pyroclastic deposits.

The main goal of this thesis is to make

contributions that begin to address aspects of these important issues, through the study of
the kimberlite deposits in the A154N kimberlite pipe at Diavik. Specifically, this is
accomplished in the following ways:
1. To ascertain the physical properties of kimberlite magma, this thesis: a) quantifies
and characterizes the olivine crystal content of intrusive coherent kimberlite bodies
(Ch. 3), and b) characterizes the evolving physical nature of kimberlite magmas
from unique emplacement events in space and time (Ch. 4).
2. To assist in characterizing the style and intensity of kimberlite eruptions, this
thesis quantifies and describes the physical character of components and
geometries of specific deposits of pyroclastic kimberlite, leading to an
interpretation of eruption and depositional styles for multiple deposit types (Chs.
2,4).
3. In order to better describe the volcanic style and intensity of kimberlite eruptions,
it is necessary to recover energy properties associated with ascending and erupting
kimberlite magmas. To recover such properties, this thesis: a) uses the physical
nature of magma and geometric constraints of kimberlite bodies to calculate
eruption durations and magma fluxes (Ch. 4), and b) compares olivine and
crystallized melt components in intrusive coherent kimberlite rocks with those
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observed in pyroclastic deposits to characterize the degree of component
modification due to eruption (Ch. 5).
Addressing specific gaps in the knowledge of kimberlite eruptions allows for more
general interpretations of the nature and style of fragmentation during kimberlite
eruptions. Based on observations at A154N, I develop a tool for interpreting the style of
kimberlite eruptions based on consistently observable features in pyroclastic deposits.
This thesis represents a collection of research manuscripts at various stages of
publication aimed at achieving these objectives. Many of the chapters have already been
published (chapters 2, 4, and Appendix 7.2.2) in peer-reviewed international journals or
submitted for publication (chapter 3), while others have undergone extensive internal
review to allow for future publication in international journals (chapters 5 and 6). Efforts
have been made to minimize repetition, though some redundancy is unavoidable. The
order of chapters in the thesis is intended to descriptively “build” a single kimberlite
volcano (A154N) from the bottom up. Before each chapter, a short paragraph is included
to give context to assist the reader, and to segue between separate manuscript-based
chapters. Below, a short précis is provided for each chapter:
In Chapter 2, we describe the geometries, structures, and componentry of deposits
from the uppermost 130 m of the A154N kimberlite pipe. We then interpret the processes
responsible for their emplacement on the basis of these characteristics. Facies analysis of
a deposit filling the uppermost portions of A154N suggest a pyroclastic origin and
hydraulic sorting during en-masse deposition of pyroclastic kimberlite into a deep water
column. Granulometric analysis shows the PK2 deposit was originally transported as a
pyroclastic density current that was sourced from one of the many adjacent pipes in the
Diavik area and inundated the A154N pipe.
Chapter 3 contains the results of the first quantitative characterization of olivine
crystal size distributions (CSD) for magmatic or coherent kimberlite using 2D image
analysis techniques with scaling and stereological corrections. These CSDs yield olivine
crystal properties for olivine in intrusive coherent kimberlite at A154N. The olivine
properties are shown to be capable of uniquely describing deposits of kimberlite. Such
properties are also useful for comparison with other global occurrences of olivine crystals
in intrusive coherent kimberlite, and useful in testing volcanologic hypotheses of crystal
size and shape modification due to emplacement of kimberlite magma.
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In Chapter 4, facies analysis of the A154N kimberlite pipe shows that deposits
filling the pipe record a sequence of four discrete eruptive and intrusive events, for which
relative times and modes of emplacement can be established. Observations from field
mapping and image analysis of polished slabs and thin sections are used to characterize
the magma that erupted to produce each deposit. The ascent of a vigorously degassing
magma is shown to create separate regimes of kimberlite magma due to the physical
separation of phases: (a) the gas-charged front of the magma created by decoupling the
more buoyant gas phase from the silicate melt; (b) a transient, gas-rich body of magma in
which later-stage exsolved fluids/gases are essentially coupled to the melt; and (c) a fluiddepleted tail of magma which remains buoyant within the lithosphere but ascends more
slowly than the fluid and exsolving gas phases. These magma properties are combined
with steady-state assumptions to estimate velocity, magma flux and calculate total
eruption durations.
Chapter 5 represents the application of concepts developed in earlier chapters to
the physical volcanology of kimberlites.

Two hypotheses are tested regarding

fragmentation of kimberlite magma during explosive eruption: 1) olivines break, and 2)
melt separates from crystals. Results from these two tests are used to explain observations
of pyroclast textures at Diavik and around the world. Furthermore, these results are used
to create a theoretical fragmentation index for interpreting observations in pyroclastic
deposits of kimberlite with respect to volcanic style and intensity.
Chapter 6 gives a summary of the significant findings of the thesis, discusses the
significance of these findings on the assessment of diamond grade within kimberlite
deposits. An experiment is conducted on olivine crystal size distributions in another
kimberlite pipe at Diavik, A154S, using methods developed in Chapter 3 and testing ideas
found in Chapter 5.

Lastly, I identify key areas for further research based on the

conclusions of this study.
1.4.2 Appendix overview
Details of methods and data discussed in each chapter are part of an adjoining
digital appendix found at the back of the thesis, organized by chapter into five categories:
1) General notes, datasets, and software macros; 2) Digital images; 3) Matlab script for
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figures and numerical modeling, 4) Methods, and 5) Output Data. Data collected in this
study include the following:


open pit maps



graphic logs



drillhole logs



digital images: open pit exposures, structures, drillholes, polished slabs, thin
sections scans, and thin section micrographs



polished slabs and thin sections (descriptions, physical samples)



crystal and pyroclast component data from field maps, polished slabs and thin
sections (modal %, sizes, relative abundances, etc.)



sample locations and rock types



3D models built in Vulcan and GoCad mining software
Appendix 7.3.1 shows the details of the methodology described in Chapter 3.

Appendix 7.3.2 demonstrates the utility of an automatic image analysis method by
comparing CSDs for olivine within coherent kimberlite using this method versus those
resulting from manual digitization of olivine grains (Chapter 3). Statistical results from
the automatic detection system are shown to correlate well with manual results, while
proving to be much more efficient.

Discrepancies between the two methods and

shortcomings of both methods are discussed in detail.
Open pit mapping of A154N was conducted during 12 trips of 1 week or more to
the Diavik mine site over a 3 year period (2005 (–) 2008), during which the uppermost
160 m (415 m asl to 255m asl) of kimberlite were mined from A154N. In total, 8 benchscale field maps and 11 grid maps (2 x 2 m) were made of open pit exposures. Over 1000
digital photos of rock textures, bench faces, and hand samples were taken in the open pit.
In total, 28 drillholes intersecting all major lithological units and rock types in A154N
were examined; 10 drillholes were logged using Diavik’s logging template (confidential),
and volcanologic graphic logs constructed for 2 drillholes; digital photos and detailed logs
from 15 additional drillholes through A154N from an archived database at Diavik were
also examined. I re-interpreted and re-compiled three-dimensional models in VulcanTM
mining software from existing datasets and models compiled by Diavik mine geologists.
Sampling was conducted in-situ in the open pit, from underground drifts, and from
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drillholes into A154N. Over 500 individual rock samples were collected and catalogued,
and 250 thin sections prepared for kimberlite from A154N, A154S, A418 and A21
kimberlite pipes.
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2 Progressive infilling of a kimberlite pipe at Diavik, Northwest
Territories, Canada: insights from volcanic facies architecture, textures,
and granulometry3
2.1 Introduction
Kimberlite pipes represent the near surface (1-3 km deep) conduits of kimberlite
volcanoes (Mitchell, 1986). As such, they preserve evidence of the different stages of
their formation: (1) the eruptive phase, explosive eruption of kimberlite from the pipe
and deposition of pyroclasts onto the pipe margins and into the pipe; and (2) the posteruptive phase, infilling of the pipe by foundering of the volcanic edifice, hydrothermal
alteration, and deposition of exotic tephras. They are of interest because of their high
economic potential as hosts to diamonds, and because a kimberlite eruption has never
been observed. The youngest known kimberlites date from the Eocene (~47 Ma Creaser
et al., 2004; Heaman et al., 2004). Thus, our understanding of kimberlite eruptions and
diamond distributions is based almost exclusively on observations from core logging and
petrographic analyses of rocks found within kimberlite pipes.
Understanding the volcanic processes attending kimberlite emplacement is a
challenge because of differences in data sets. Conventional volcanology advances mainly
on the basis of observations made on volcanic edifices and their “extra-crater” deposits
because the number of exhumed and well-exposed volcanic conduits is very limited
(Stasiuk et al., 1996; Junqueira-Brod et al., 2005; Valentine and Krogh, 2006). However,
kimberlite volcanoes are either highly-dissected or completely removed by erosion which
precludes study of the volcanic edifice or its associated extra-crater deposits. Commonly,
all that remains is the volcanic ‘plumbing system’, comprising a carrot-shaped conduit
filled with a mixture of kimberlite products, country rock and even surface materials
(e.g., wood). The few rare occurrences of kimberlitic volcanic crater-facies deposits are
identified at Mwadui, Tanzania (Edwards and Howkins, 1966; Stiefenhofer and Farrow,
2004); Orapa and Jwaneng, in Botswana (Field et al., 1997; Machin, 2001); and Tokapal,
India (Mainkar et al., 2004). In Canada, crater-facies kimberlite is known from: Victor,
3
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(Webb et al., 2004); Tli Kwi Cho (Doyle et al., 1998); Buffalo Hills (Boyer et al., 2003;
Boyer et al., 2004; Boyer, 2005); and Fort a la Corne, (Leahy, 1997; Leckie, 1997;
Berryman et al., 2004; Zonneveld et al., 2004). Crater facies kimberlite is characterized
by bedded to massive sequences of moderately-well sorted to poorly sorted pyroclastic
and resedimented volcaniclastic materials. The origins of crater facies kimberlite has
been ascribed to: primary pyroclastic fall-out (Graham et al., 1998; Berryman et al.,
2004); debris and turbidity flows (Machin, 2001); massive collapse and slumping of
surficial pyroclastic material (Nowicki et al., 2004; Stiefenhofer and Farrow, 2004);
alluvial fan formation (Field et al., 1997; Nowicki et al., 2004); deposition of sediments
into a crater lake (Mannard, 1962; Edwards and Howkins, 1966); and fluvial
sedimentation (Smith, 1986). Deposition of re-sedimented volcaniclastic kimberlite is
usually interpreted to occur post-eruption, however, syn-eruptive re-working and resedimentation of pyroclastic deposits is highly likely (Webb et al., 2003). The posteruptive sedimentation processes can fill the kimberlite crater and conduit to a substantial
depth, implying the presence deep holes left by the eruption. For example, sedimentary
processes may be responsible for up to 230 m of crater infill at Mwadui (Edwards and
Howkins, 1966; Stiefenhofer and Farrow, 2004).
This study examines the crater-facies deposits filling the uppermost part of the
A154N pipe at Diavik, Northwest Territories, Canada, and discusses their volcanological
and economic implications. We combine stratigraphic mapping of open-pit exposures
with granulometry data for volcaniclastic kimberlite deposits to produce a facies model
for the uppermost 130 m of the preserved A154N kimberlite pipe. First, we demonstrate
that the original eruption of kimberlite at A154N filled less than 80% of the volume of
the present-day pipe with pyroclastic kimberlite; this resulted in a >200 m-deep crater.
Second, we show that this crater was partly infilled by re-sedimented kimberlite,
accidental lithics, and sediment derived from the volcanic edifice while simultaneously
filling with water. Third, we demonstrate how eruption from another kimberlite pipe
adjacent to A154N led to a ‘cross-fertilization’ event whereby exotic primary pyroclastic
kimberlite was deposited into the remaining crater of A154N.

38

2.2 Geology of the A154N kimberlite pipe
2.2.1 The Diavik kimberlite cluster
The kimberlite pipes at Diavik (Fig. 2.1) intrude the Slave structural province
which consists of (by surface area) approximately 35% supracrustal rocks (mostly 2.722.66 Ga) and 65% late Archean granitoids (2.7-2.55 Ga, Kjarsgaard and Wyllie, 1994).
There are approximately 200 kimberlite pipes in the Lac de Gras region, distributed along
a NW-trending axis in excess of 120 km in length (Graham et al., 1998). The cluster of
economic pipes at Diavik are among the youngest known in the Slave structural province
(56-55 Ma; Amelin, 1996), and occur in an area characterized by pipes of Late
Cretaceous and Eocene ages (75-45 Ma) (Amelin, 1996; Creaser et al., 2004).
The country rocks at the Diavik mine site comprise two areally extensive
granitoids, minor domains of biotite schist, and N- and NW-trending Proterozoic diabase
dikes that may have formed the structural weaknesses exploited by the Lac de Gras
kimberlite magmas (Graham et al., 1998). Phanerozoic strata are missing at Diavik,
although crustal xenoliths preserved within Diavik kimberlite deposits suggest an original
succession of Cretaceous marine shales, terrigenous arenite, and organic peat capping
basement rocks during the Eocene, with variable estimates of thickness ranging from a
thin (< 50 m) veneer to ~300 m (Pell, 1997; Stasiuk, 1999; Sweet et al., 2003). The
basement complex is now overlain by variably thick (5 – 50 m), Pleistocene till, locally
capped by a thin veneer of lacustrine sediments and/or peat.
2.2.2 The A154N kimberlite pipe
The A154N pipe at Diavik is a deep (~600 m), steep-sided, carrot-shaped body
with multiple overhangs and diverse internal geology (Fig. 2.2a). The present-day pipe
has an estimated volume of 5.4 x 106 m3, and is 120 m in diameter at the present-day
surface (390 meters above sea level (m.a.s.l.)). Field mapping within the A154N pipe,
study of drill cores, and petrographic analysis of samples have been used to identify
mappable stratigraphic units or packages and establish a lithofacies for these kimberlite
bodies.

Three stratigraphic units are identified (Fig. 2.2a), including: massive

volcaniclastic kimberlite (MVK; c.f. PK1 from Ch. 4); stratified volcaniclastic kimberlite
(SVK); and a graded pyroclastic kimberlite deposit (PK2a,b; Fig. 2.2b).
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Figure 2.1: Maps of Diavik kimberlite cluster, including: (a) location of Diavik within
Northwest Territories of northern Canada; (b) location of Diavik relative to a selection of
other diamondiferous kimberlite pipes of Slave Craton; and (c) the kimberlite bodies at
Diavik. Ages of Diavik pipes are based on Rb-Sr determinations on mica (Amelin,
1996).
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Figure 2.2: Three-dimensional model constructed in GoCadTM based on open pit survey
and drill core intercepts showing distribution and geometry of major mappable units
within the A154N kimberlite pipe: (a) model for entire pipe (view facing east) showing
late, intrusive dykes of coherent kimberlite (CK2; c.f. CK in Chapter 3), massive
volcaniclastic kimberlite (MVK1; MVK2; c.f. PK1 in Chapter 4), stratified volcaniclastic
kimberlite (SVK) and pyroclastic kimberlite (PK2); (b) Larger scale model (view facing
west) with SVK removed to show the detailed geometry and facies subdivisions of the
PK unit (e.g., PK2a and PK2b) and morphology of contact between MVK and SVK. Large
granite blocks (gr) are shown underneath PK2a.
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2.2.3 Massive volcaniclastic kimberlite (MVK)
The lowest exposed unit within the A154N pipe (< 260 m.a.s.l.) is a deposit of
competent, green-brown, poorly-sorted massive volcaniclastic kimberlite (MVK1,2; Fig.
2.2). Observation of the MVK is essentially restricted to drill core, as there is minimal
(<5 m) exposure of the unit in the open pit. Three-dimensional modeling of drill core
logs shows that the MVK unit exceeds 350 m in thickness, and increases in magnetic
susceptibility towards the center of the pipe. From bottom to top, the deposit records a
subtle gradational change in structure and texture that is used to subdivide the MVK into
a massive and weakly stratified facies (MVK1, MVK2).
Massive volcaniclastic kimberlite (MVK1)
The MVK1 is massive, fragmental, and consists of poorly-sorted clasts supported
by a matrix of serpentine, carbonate, and variable proportions of ash-sized grains (Fig.
2.3a); carbonate and serpentine veins (2 - 20 mm thick) are also ubiquitous.

The

distribution of clasts is homogeneous, exhibiting no appreciable vertical differences in
texture, component size distributions, or diamond grade at the mining scale (pers. comm.
Thompson, 2007). The packing density of clasts varies and the deposit is locally clastsupported near the pipe wall contact with country rocks. Clasts within the MVK1 deposit
consist of 0.5 - 10 mm olivine macrocrysts (crystals representing xenocrysts of
disaggregated mantle peridotite; sensu Clement, 1982), 0.1 - 0.5 mm olivine phenocrysts,
other mantle-derived xenocrysts (e.g., garnets, clinopyroxene, ilmenite), and juvenile
pyroclasts of quenched kimberlite (5 - 30 mm). Olivine crystals commonly have thin
rims (1 - 5 mm) or ‘selvages’ (sensu Scott Smith, 1996) of crystallized kimberlite magma
and are broadly similar in morphology to the ‘pelletal lapilli’ described from the diatreme
facies of other kimberlite pipes (Clement, 1982; Mitchell, 1986). Accidental or accessory
lithics of country rock (granite, biotite schist, grey shale, black shale) up to 30 cm in
diameter, and accessory clasts (2 – 30 cm) of previously deposited fragmental kimberlite
occur throughout the MVK1. Cretaceous mudstone xenoliths are rare to absent (Graham
et al., 1998).
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Figure 2.3: Photographic plate summarizing features of MVK1 and MVK2 deposits in the
A154N pipe: (a) polished slab of massive, poorly-sorted, serpentinized volcaniclastic
kimberlite (MVK1) from 280 m.a.s.l. of A154N showing serptentinized olivine (srp-ol)
and shale fragment (sh); (b) polished slab of weakly-stratified, moderately to well-sorted,
serpentinized pyroclastic kimberlite (MVK2) from 285 m.a.s.l. of A154N showing
serpentinized olivine (srp-ol) and shale fragment (sh); (c) photomicrograph of clastsupported, moderately well-sorted MVK2 showing serpentinized olivine grains (srp-ol)
with thin magmatic selvages, and matrix carbonate (carb) and serpentine (srp); (d) cmscale jointing in massive, well-sorted, fine-grained kimberlite of MVK2 (hammer for
scale).
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Weakly stratified volcaniclastic kimberlite (MVK2)
The upper portion of the MVK deposit comprises 5 – 10 m of massive,
fragmental, competent, green, and volcaniclastic kimberlite that is distinct because of a
subtle stratification defined by elongate shale fragments.

Relative to MVK1, this

volcaniclastic kimberlite (MVK2) is finer-grained (1-5 mm crystals and clasts) and bettersorted (lithics < 1 cm); locally the deposit exhibits a porous clast-supported texture (Fig.
2.3b). The dominant components in the MVK2 are: serpentinized olivine crystals (>50
vol. %; Fig. 2.3c); large (3 - 100 mm) shale fragments (5 - 7 vol. %); small (5 - 30 mm)
juvenile pyroclasts of quenched magma (~3 - 5 vol. %); and 3 - 10 mm clasts of granite.
Locally, the long axes of the shale fragments define a weak horizontal fabric that is subparallel and locally oblique to distinctive cm-scale horizontal jointing (Fig. 2.3d). The
MVK2 is well-indurated, but noticeably less dense than the underlying MVK1.
Observations in the open pit of the A154N pipe and drillcore show a gradational
contact between the MVK1 and MVK2 deposits. In lieu of a clear, well-defined boundary
between these units there is a gradual decrease in clast size, a change in proportions of
xenolith types, and an increase in sorting (poorly-sorted to moderately-sorted).
Therefore, although we have described the MVK1 and MVK2 deposits separately, they
may represent different facies of the same stratigraphic unit.
2.2.4 Stratified volcaniclastic kimberlite (SVK)
The MVK2 deposit is unconformably overlain by an approximately 55 m-thick
sequence of heterogenous, massive to well-stratified kimberlite deposits (Fig. 2.2 and 2.4;
SVK) containing variable proportions of consolidated mud in the matrix. The SVK
deposit includes: i) thin beds (2-20 cm), comprised of shale, mantle xenocrysts and
xenoliths, alternating with beds of olivine-rich kimberlite; ii) massive, coarse-grained,
poorly-sorted granite and shale-rich conglomerates supported in a matrix of brown mud;
iii) cross-bedded, thin (2-10 mm) beds of sand-sized olivine and shale; and iv) laminated,
well-sorted mudstone (Fig. 2.4). In general, layering within these deposits is horizontal
to sub-horizontal, and commonly stratiform throughout the pipe except at the margins of
the conduit where bedding attitudes steepen.
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Figure 2.4: Graphic log summarizing
stratigraphy of MVK1, MVK2, SVK, and PK1
from A154N (330 m.a.s.l. to 280 m.a.s.l.),
showing contacts and stratigraphic and grain
size variations that correspond to changing
components, processes, and environments of
deposition. Marker sub-units of SVK are
bracketed to illustrate relative positions of
different deposit types; rock type or inferred
depositional style are listed to the right. Map
symbols are not to scale. Horizontal dashed
lines indicate unit contacts.
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The lower portion of the SVK deposit comprises coarse (5-12 mm), 2-20 cm
thick, clast-supported beds of volaniclastic kimberlite enriched in olivine, and mantle
xenoliths and containing imbricated clasts of angular shale (Figs. 2.4; 2.5a; 2.5b). Near
the pipe margins, the SVK features thin (5-10 cm) graded deposits (1 mm to 1 cm) of
clast-supported, mantle xenocryst-rich kimberlite with a brown, mud-size matrix. The
basal beds are highly variable in orientation (e.g., SE corner, 045/32°SE; NW corner,
011/24°SE; pipe center, 058/18°NW), and appear to drape an irregular paleo-topography
defined by the underlying massive, moderately-sorted, and relatively fine-grained MVK2
(Fig. 2.2b). In the SE corner of the pipe, the beds terminate disconformably against a thin
veneer (1.3 m) of unaltered, well-sorted, clast-supported, massive, friable MVK2 at the
pipe wall contact (Fig. 2.5a).
Stratigraphically above the basal beds are wedge-shaped, very coarse-grained
(clasts 2-20 cm), matrix-supported, mud-rich kimberlite beds (Fig. 2.5c). These wedges
of sediment are internally massive and poorly sorted. Clasts consist of (in order of
decreasing abundance) shale, granite, free olivine crystals, olivine-bearing mudstone,
mantle xenoliths (eclogite and peridotite) and xenocrysts (garnet, clinopyroxene). The
interclast matrix is composed of consolidated mud or possibly altered kimberlite ash.
The deposits within the middle of the SVK package are pipe-wide, stratiform
interbedded kimberlitic mudstone and cross-bedded olivine sandstone (Figs. 2.4; 2.5d)
mainly comprising olivine crystals, smaller, rounded fragments of shale, and minor
amounts of mantle xenocrysts. Centimetre-scale cross-bedding is commonly observed
near pipe margins. Large lithics (0.5-1 m) of granite and sandstone are commonly found
near the pipe margin, and locally within the interior of the pipe. Bedding is steepest
(~15-17°) near the pipe margins, and horizontal/sub-horizontal in the pipe center.
The uppermost portion of the SVK is dominated by laminated mudstone (Figs.
2.4; 2.5e) and subsidiary lenses of olivine sandstone with fragments of shale. A lense of
laminated mudstone (1-2 m) containing sparse small olivine fragments (1-3 mm) is
evident in the northern half of the pipe, where it is laterally continuous to the pipe walls
(Fig. 2.5e). Deposits of massive, coarse, poorly-sorted debris containing shale, organic
fragments, and large granite and sandstone blocks (2-10 m) are also observed in between
2-4 m-thick horizons of mudstone in the southern half of the pipe.
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Figure 2.5. Photographic plate illustrating main features and properties of the stratified
volcaniclastic kimberlite (SVK) facies: (a) serpentinization front (srp left of person in
foreground) superimposed over bedded grain flow deposits (bgf), terminating
disconformably against (dashed line) a rind of kimberlite (MVK2) beneath overhanging
granite (gr) wall-rock contact (dashed line); (b) close-up of well-sorted and imbricated
shale (sh) and mantle xenocryst (gt, cpx) grain flow deposits; (c) close-up of poorlysorted, matrix supported debris flow deposit with abundant granite (gr) and shale (sh)
xenoliths; (d) cross-bedding in fine-grained olivine sandstone interbedded with siltstone
bearing olivine fragments; (e) 10 m bench face (330-320 m.a.s.l.) showing sharp contact
(dashed line) between SVK and PK1.
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At the base of the SVK unit bedding structures are overprinted by a variable but
pervasive alteration front with an irregular, undulating upper surface that extends to
within 5 m of the pipe margins. The alteration front extends vertically from the MVK2
into the clast-supported, coarse, xenocryst-rich beds at the bottom of the SVK (Figs. 2.4;
2.5a), where it is discordant to bedding. Within the alteration zone, olivine has been
replaced by serpentine and the kimberlite is competent. The altered kimberlite occurs as
either a jointed, porous, competent, green rock in which olivine has been partially
serpentinized, or a very hard, dense, black rock in which olivine grains are black and
appear to have been completely serpentinized. In contrast, outside of the alteration zone,
olivine is relatively fresh and the rock is poorly-consolidated.
2.2.5 Graded pyroclastic kimberlite (PK)
A distinctive 45-55 m thick deposit of kimberlite (Fig. 2.2a; PK) is observed at
the top of the A154N pipe, unconformably capping the SVK (Fig. 2.2b). The PK unit is
comprised of two sub-divisions: (1) a lower, laterally restricted and crudely bedded layer
characterized by diffuse, two-directional (reverse and normal) graded bedding with
fluctuations in average clast size, here named PK1; and (2) a volumetrically-dominant and
laterally continuous, ~45 m-thick layer characterized by a single upward-grading
sequence defined by decreasing clast size and changes in clast type, here named PK2.
Details of the deposits are shown in Figure 2.6.
Five distinct populations of juvenile pyroclasts are observed throughout the PK
deposit: (1) very fine-grained kimberlite ash (~5-10 m) comprising angular olivine
crystals (0.1-0.4 mm), and rounded juvenile pyroclasts of olivine-free, spinel-bearing
kimberlite (0.1-0.4 mm; Fig. 2.7a); (2) vesiculated (5-7% area), carbonate-rich juvenile
pyroclasts (10-20 mm) with olivine macrocrysts (~15% area; Fig. 2.7b); (3) fresh, ‘free’
grains of macrocrystic (0.5 mm - 10 mm) and phenocrystic olivine (<0.5mm), commonly
surrounded by thin (<2 mm) or incomplete selvages of crystallized kimberlite magma
(Fig. 2.7c); (4) juvenile pyroclasts of phenocryst-poor kimberlite; and (5) juvenile
pyroclasts of phenocryst-rich kimberlite.

48

Figure 2.6: Graphic log summarizing
stratigraphy and illustrating features of
sub-units PK2a and PK2b from primary
pyroclastic kimberlite deposit (PK2) from
385 m.a.s.l. to 315 m.a.s.l. in A154N pipe.
Stars indicate sample locations for
granulometry study. Map symbols are not
to scale. Horizontal dashed lines indicate
unit/sub-unit contacts.
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Figure 2.7: Pyroclastic features of PK2: a) photomicrograph showing ‘molded’ ash-sized
juvenile pyroclasts (jp), olivine grains (ol), and mudstone fragments (mf) from 375
m.a.s.l. of PK2; b) vesiculated (v) juvenile pyroclast with olivine macrocryst (ol) and
abundant carbonate (carb) microphenocrysts; c) selvages of crystallized kimberlite
around olivine macrocrysts in a close-packed, clast-supported, ash-depleted fabric from
335 m.a.s.l. of PK2.

50

Crudely-bedded pyroclastic kimberlite (PK2a)
The PK2a deposit (5 – 8 m thick) is restricted to the northern half of the pipe. It
directly overlies a finely-laminated mudstone containing small proportions of olivine
fragments (Figs. 2.5e; 2.6) that fills a topographic low (Fig. 2.2b).

PK2a is clast-

supported, features horizontal beds (5-30 cm thick) showing diffuse normal and reverse
grading, and lacks any tractional bedforms (e.g., clast imbrication, cross-bedding). The
diffusely-graded bedding is sharpest at the bottom and becomes less distinct up section.
Clasts consist of free olivine crystals (1-10 mm), olivine grains with selvages of
crystallized kimberlite magma, mantle xenocrysts and xenoliths (5-200 mm), rounded
granite and biotite schist cobbles (up to 30 cm), and angular shale fragments (1-6 cm).
The transition from PK2a upwards to PK2b is relatively abrupt (<0.5 m), and is defined by
an upward grading from fine-grained (1-10 mm) diffusely-bedded, well-sorted kimberlite
to coarse (4-200 mm), massive, poorly-sorted, kimberlite (Fig. 2.6).
Mega-graded pyroclastic kimberlite (PK2b)
The PK2b unit is poorly- to well-sorted, and is dominantly clast-supported. The
base of the deposit contains abundant mantle xenoliths and xenocrysts (5-200 mm),
juvenile pyroclasts of quenched kimberlite magma (5-30 mm), and rounded to angular
granite blocks (≤3 m) within a matrix of loosely-packed, fresh olivine macrocrysts (0.515 mm) and phenocrysts (0.1-0.5 mm), mantle xenocrysts, and shale fragments. The
average grain size of the deposit decreases steadily upwards, as does the proportion of
mantle xenoliths and fragments of granitic country rock (Fig. 2.6). The top of the unit
(375 to 365 m.a.s.l.) consists of very-fine-grained olivine crystals and crystal fragments
(≤0.5 mm) with minor amounts of elongate, aligned shale fragments. The distribution of
clast sizes and clast types is discussed below.
PK granulometry: methods
In order to better understand the volcanic origins of the PK2 deposit and to
constrain the dynamics of kimberlitic eruptions in general, we performed a quantitative
analysis of the clast populations within the PK2 deposit. Quantitative facies analysis of
the PK2 deposit involved generating granulometry data by processing field maps, hand
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sample slabs, and thin sections using image analysis software (SCION ImageTM). These
data are used below to interpret an emplacement mechanism for the PK2 deposit, and to
compare clast populations from kimberlite eruptions with populations from other
volcanic (non-kimberlitic) deposits.
Observations were made at three scales to ensure that we captured the full range
of size distributions for all components. Ten cross-sectional field maps (1 m2 grid) of the
lower (coarsest) section of the PK2b unit (340-325 m.a.s.l.) were constructed at the mine
site. Subsequently, twenty oriented samples, collected from 5 m vertical intervals within
PK2b, were prepared as polished slabs (~10 cm2) and as thin sections (25 x 45 mm).
These prepared samples were analyzed for grain size, component type, and modal
abundance. Integration of the three different scales of observation was accomplished by
normalizing data from smaller scales of observation to the area of the largest scale (e.g.,
field map). For example, clast-size data generated for polished slabs (clasts 1-20 mm)
was normalized to the area in the field map not occupied by clasts measured at the field
map scale (clasts 20-300 mm); data generated from thin-sections were then normalized to
the residual area in the field map not occupied by either clasts measured at the field map
or slab scale.
Individual grains, crystals, and clasts in the images were digitized manually and
grouped into one of six particle types: (1) olivine grains (including crystals with < 30%
selvage by area); (2) juvenile pyroclasts having > 30% selvages; (3) fragments of
volcaniclastic kimberlite with mud-size matrix; (4) mantle xenoliths (e.g., eclogite and
peridotite) and xenocrysts (e.g., garnet and clinopyroxene); (5) country rock xenoliths
(e.g., granite or metasedimentary rocks); and (6) clasts of shale. In order to estimate the
error associated with manual tracing of particles, the same scanned image from the finest
scale of observation (thin section) was processed five times to generate raw grain size
data. The cumulative size distribution curves for 5 samples define similar slopes (+/- 8
%) over the median size ranges (middle 60% of size distribution); this variation is of
similar magnitude to the standard deviations obtained for conventional sieving of
pyroclastic deposits in the field (e.g. Walker, 1971). Digital images of the manual
tracings were then analyzed for grain size (area in mm2), shape, orientation, and clasttype abundances (as % of the area).
Data generated from a two dimensional surface do not necessarily reflect the true
sizes of the clasts in three dimensions; rather, they underestimate grainsize because a
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surface that randomly cuts spherical particles is more likely to intersect a section that
does not include the true (e.g., maximum) diameter (Cashman and Mangan, 1994;
Sahagian and Proussevitch, 1998). Furthermore, the surfaces of olivine crystals and other
clasts are rarely perfectly smooth which complicates the task of objectively measuring the
maximum diameters of each clast. To account for these complications, exact areas of the
individual grains calculated by SCION ImageTM were converted to an equivalent circular
area. The diameter of that circle is used as the model median clast diameter. The model
median particle (crystal or clast) diameters were then used to compute cumulative
frequency curves, size distributions, and relative volumes of each clast type.
PK granulometry: results
Granulometry data collected from image analysis of the PK2 unit are presented in
Figure 2.8. Apparent size distributions of all clast types from four sample levels in PK2
are shown as poly-component histograms of area percentages against model clast
diameters expressed as phi (-log2(d)) (Fig. 2.8a). These data demonstrate the progressive
vertical changes in the relative abundance and types of components within the PK2 unit;
the base of the deposit is dominated by coarse olivine, mantle xenoliths (~5-9%), and
country-rock xenoliths, whereas the top (upper 20 m) of the deposit consists of very fine
grained free olivine, juvenile pyroclasts, and shale (1-3%). The same data are used to
calculate a cumulative size distribution for the entire PK2 deposit which shows an
approximately log-normal distribution of pyroclasts when plotted as a histogram of area
percentage against equivalent sphere diameters (Fig. 2.8b).
The size distributions of olivine crystals for each sample interval are shown as
cumulative area percentage against model median clast diameter (Fig. 2.8c). The median
olivine size at the slab and thin section scale shows incremental changes in size between
5 m intervals in the PK2b, gradually decreasing in size with elevation from ~4.2 mm at the
base to ~0.4 mm at the top. The olivine grain size distribution curves also record an
increase in sorting efficiency from the bottom to the top of the deposit. Lastly, an
integrated size distribution curve for olivine from the entire deposit (dashed line, Fig.
2.8c) shows the more poorly-sorted character of the total deposit relative to the individual
intervals.
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Figure 2.8: Granulometry data based on image analysis of samples for intervals across
the PK2 stratigraphic unit: (a) poly-component histograms from four levels within PK2
showing relative proportions (by area) of olivine, juvenile pyroclasts, mantle xenoliths,
and country rock xenoliths. Grain size expressed as φ = -log2(d), where d is clast
diameter; (b) cumulative component histogram for the entire PK2 deposit. Data are
shown as the number of clasts in each size class (φ = -log2(d)); (c) olivine grain size
distributions (steeper curve = better sorted) from bottom (330 m.as.l.) to top of PK2 (380
m.a.s.l.). Dashed line represents cumulative olivine size distribution for entire deposit.
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2.3 Interpretation
On the basis of the observations and data presented above, we have interpreted the
origin and formation of each deposit within the A154N pipe.
2.3.1 MVK – deposition from a collapsing eruption column
Interpretation of the MVK deposit is made difficult by the limited exposure within
the open pit workings and our reliance on analysis of drill cores. The overall similarity
between MVK1 and MVK2, together with the presence of a gradational contact suggests
that they represent subtly different facies of the same deposit. The large volume (80% of
present-day pipe) of the deposit, its massive, poorly-sorted character, the presence of
juvenile pyroclasts, and the absence of a mud-sized matrix between clasts suggest that the
MVK is a primary pyroclastic deposit. The absence of bedding other than in the upper
parts of MVK2 suggests rapid (en masse) deposition without efficient grain-size sorting
by either tractional or aerodynamic processes. Furthermore, the absence of tractional
bedforms (e.g., cross-bedding) indicates that particle transport was dominantly vertical.
Therefore, due to its massive, matrix-supported, and poorly-sorted nature, we infer,
tentatively, that the MVK deposit may have been deposited from a waning, fullyfluidized and collapsing pyroclastic column (e.g. Sparks et al., 2006) that was erupted
from the A154N pipe. In such a scenario, only the finest grain-size fraction undergoes
any aerodynamic sorting (i.e. MVK2), having been elutriated into the highest part of the
eruption column before collapse; in contrast the coarsest grain-size fraction is least wellsorted reflecting its rapid emplacement from a lower altitude within the column (i.e.,
MVK1).

Though fluidization may have been involved during the waning stages of

eruption (as the pipe walls are smooth), there is no evidence to suggest the elutriation of
fines during deposition (e.g. gas elutriation pipes). Furthermore, we see no evidence
which might suggest phreatomagmatic fragmentation as a significant part of the
emplacement of the MVK (e.g. high proportion of olivine fragments, ash/mud, or
accretionary lapilli).
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2.3.2 SVK – re-sedimentation from volcanic edifice
The heterogeneous and complex sequence of SVK deposits comprises several
depositional packages.

We interpret the thinly-bedded deposits at the base of the

succession to signify a change in depositional style from the underlying MVK; the
contact represents an interface between the end of en masse deposition of pyroclastic
MVK and the onset of episodic sedimentation represented by the SVK deposit. The basal
deposits indicate multiple, small-volume cascades of clasts from the collapse of an
unstable volcanic edifice. Thus, they represent re-deposited pyroclastic material from the
inner flanks of the kimberlite volcano (i.e., resedimented volcaniclastic kimberlite;
RVK). The thinly-bedded SVK deposits contain similar components types to those found
in the PK1 and have minimal mud-size particles in the matrix. These traits suggest that
there was a relatively short hiatus between the cessation of eruption and the onset of
sedimentation. The presence of steep and overhanging pipe walls adjacent to and above
the basal SVK deposits imply vertical trajectories of transport; transport dynamics were
not controlled by a substrate until the kimberlite reached the base of the crater. The
highly variable bedding orientations in the basal deposits suggest that they were
responding to an existing topography on the crater floor, flowing into and leveling-out
topographic lows left on the final eruption surface defined by massive, moderatelysorted, and relatively fine-grained MVK2. The thickness of the SVK (~55 m) deposited
directly on the MVK deposits that partly filled the crater and conduit suggests the
presence of a deep hole resulting from the eruption of the A154N kimberlite (Fig. 2.2b).
Assuming a minimal thickness of Cretaceous cover strata at the time of eruption (~50 m),
the excavated conduit to A154N would have been in excess of 200 m below the paleosurface, leaving a hole two times deeper than the vent was wide (~100 m).
The structure, componentry and geometry of subsequent deposits in the SVK are
indicative of a long-lived, deep (>100 m) body of standing water. The thinly bedded,
well sorted character of the upper SVK deposits and the pipe-wide, continuous nature of
the bedding is consistent with small-volume, passive, sedimentation of mud and grain
flows into an increasingly deep water column. The superposition of a serpentinizing
alteration front over the facies change from primary volcanic deposition to re-deposition
of crater-rim tephra suggest that hot, aqueous fluids continued to impact the volcanic pile
after the primary eruption had ceased.
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2.3.3 PK2 - exotic tephra deposited into a crater lake
The PK2 deposit represents a clear change in the depositional style and
components from the underlying re-sedimented kimberlite, which shows pipe-wide
laminar bedding, imbrication of clasts, and a matrix dominated by mud-size grains. Field
mapping and slab and thin section analysis of componentry of the PK2 deposit provide
three lines of evidence supporting a pyroclastic origin, including: (1) vesiculated juvenile
pyroclasts of quenched kimberlite magma (Fig. 2.8b); (2) thin selvages of crystallized
kimberlite coating fresh olivine crystals, mantle xenocrysts, and granite fragments (Fig.
2.8c); and (3) the presence of broken olivine crystals and round ash-sized clots of
quenched magma at the top of the deposit (Fig. 2.8a).
The absence of internal structure (bedding, clast imbrication) and the absence of
consolidated mud in the matrix of PK2 preclude a debris flow origin for the deposit.
Additionally, the relative paucity of shale xenoliths, the absence of tractional bedforms
(e.g., cross-bedding), the lack of matrix mud or xenocrystic quartz, the relative
‘freshness’ of unaltered olivine, and the absence of re-worked grain shapes argue against
the possibility of a re-sedimented origin for the PK2 deposit. Furthermore, epiclastic or
sedimentary processes are unlikely to have formed the PK2 deposit due to the presence of
abundant, well-preserved, juvenile pyroclasts, the absence of mud-size material in the
matrix, and the relative paucity of country rock xenoliths (accidental lithics) and
xenocrysts (e.g., quartz).
Several factors suggest the PK2 deposit is unlikely to be massive volcaniclastic
kimberlite (MVK, sensu Sparks et al., 2006) or ‘tuffisitic’ kimberlite (TK) typical of
diatreme facies kimberlite in many South African pipes: (1) evidence of deposition into a
crater lake (e.g., underlying laminated mudstone); (2) the presence of well-sorted,
medium to fine-sized ash; (3) the absence of microlitic clinopyroxene; (4) a lack of
‘pelletal’ lapilli (sensu stricto Clement, 1985); and (5) systematic vertical variations of
clast size and type.
Granulometry data from the graded kimberlite deposit clearly demonstrates the extent of
vertical grading of both clast-size and clast-type within the PK2 facies. Calculation of
Inman parameters (Mdφ vs. σ) from 5 m intervals in the PK2 shows a range of sorting
efficiency relative to median clast size (Fig. 2.9a). These data show a linear trend
grading from moderately-sorted (σ ~2-3), coarse material at the base of the deposit to
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Figure 2.9: Comparison of granulometry from the PK2 deposit with other pyroclastic
deposit types: (a) Inman parameter plot (Inman, 1952) plotting sorting efficiency (σ) vs.
median grain size (Mdφ) of clasts from 5 m intervals within the PK2 deposit. Data points
signify discrete horizons within the PK2 deposit. Star ( ) indicates value derived by
integrating all data from the PK2 deposit. Generalized fields enclose scoria cone deposits,
96% of measured pyroclastic density current deposits, and 96% of measured pyroclastic
airfall deposits; modified from Cas and Wright, 1987; (b) log-log plot showing the clast
size versus the cumulative frequency of clasts. Straight lines on log-log plots obey power
laws with exponent D. Converting data generated from a 2 dimensional surface to 3
dimensions adds 1 to the value of D, such that -2.3 in two dimensions = -3.3 in three
dimensions (after Walters et al., 2006). Inset shows summaries of D-values of
pyroclastic density currents and pyroclastic airfall deposits from Kaminski & Jaupart,
1998.
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very-fine-grained, well-sorted (σ <1) material at the top. Size distributions of olivines
and relative proportions of mantle xenoliths suggest size and density as controlling
factors in the deposition of the PK2 unit (Figs. 2.8a; c). Sorting of this nature over a 4045 m section of the PK2 requires explanation. The high degree of sorting could result
from either:

(1) sub-aerial sedimentation from a steady to waning (e.g., decaying

intensity) volcanic eruption column; or (2) en-masse deposition of a pyroclastic flow into
a sub-aqueous setting.
Normal grading of a pyroclastic airfall deposit can result from the deposition of
single eruption pulse (Cas and Wright, 1987). However, the onset and decay in eruption
intensity observed in most other volcanic eruptions (Klein, 1982; Scandone and Malone,
1985; Ozerov et al., 2003; Houghton et al., 2004) is rarely linear. Therefore, the absence
of distinct beds or variations in grain size on a 1-2 m scale in the entire deposit precludes
sub-aerial sorting of an episodic, waning eruption. In addition, pyroclasts involved in a
kimberlite eruption have an extremely high density relative to other magma types. Even
for the same fluxes, volatile contents and eruption temperatures as observed in a subPlinian eruptions, the level of neutral buoyancy for a kimberlite eruption would be
significantly lower. A lower height of neutral buoyancy would act to limit residence
times in the column and, therefore, inhibit the ability of clasts in a pyroclastic column to
sort sub-aerially. Pyroclastic materials falling through water, however, will sort more
efficiently than if falling through air (Cashman and Fiske, 1991). Increased water depth
could then promote more well-sorted deposits and thinner individual beds and bed sets.
We interpret the spread in sorting efficiencies documented in Fig. 2.9a as the effect of the
ambient medium (water) on clast sorting; integrating these properties allows for the
recovery of properties of the deposit before sorting. The Inman parameters of the entire
PK2 deposit plots within the limits of > 96% of measured pyroclastic flow deposits (after
Walker et al., 1980) (Fig. 2.9a, star), but outside of the boundary capturing > 96% of
airfall deposits (after Walker, 1971).
We interpret the grading over a 40-50 m scale observed in the PK2b to result from
sub-aqueous sorting of an en-masse deposit of a pyroclastic density current into a deep
water column. The bedding observed in PK2a and the large-scale grading observed in
PK2b likely result from efficient hydraulic sorting of pyroclastic material introduced as
relatively small initial volumes (PK2a) followed by a single large volume (PK2b). We
hypothesize that bed thickness and the relative degree of sorting in both bedding units
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and individual beds can result from the interplay between the flux of pyroclastic material
and the depth of the water column.
Therefore we interpret the graded pyroclastic kimberlite deposit as an exoticallysourced pyroclastic density current (pyroclastic flow) that was captured by the
crater/conduit system of A154N. The sorted character of the PK2b deposit requires that
the open crater/conduit hosted a standing body of water; the presence of this crater lake is
strongly indicated by the nature (e.g., water-lain) of the underlying SVK deposits.

2.4 Discussion
2.4.1 Eruption model for the A154N pipe
The present-day measured volume of the A154N pipe is ~6.1x106 m3. Assuming
that the MVK deposits comprise ~5-10% by volume of country rocks, the initial eruption
of the A154N kimberlite excavated and dispersed a minimum volume of ~5.5x106 m3 of
granite (~90% of total). Most overlying shale and sandstone country rocks was also
ejected from the vicinity of the volcanic vent (Fig. 2.10a), as these xenolith types are
rarely preserved in the MVK deposits (1-2%).
Infilling of the A154N immediately ensued, filling ~80% (5.0x106 m3) of the
present-day pipe volume with MVK (Fig. 2.10b). During the waning stages of eruption,
depositional style progressed from en-masse, vertical collapse of the eruption column as a
conduit filling density current (MVK1) to fall-out and crude sorting of the finer size
fractions that may have been suspended in the upper (convecting?) portion of the column
(MVK2). This initial eruption left a large crater >200 m deep. Textures and bedding
orientations at the boundary between MVK and SVK deposits suggest that during the
waning stages of eruption, or immediately post-eruption, loose volcanic debris began to
re-deposit into the open crater from all sides (Fig. 2.10c). The earliest SVK deposits are
high-volume, and represent en-masse movement of coarse, country-rock and mantle
xenolith and xenocryst-rich debris. Groundwater ultimately fills the crater with water at
the same time that denudation of the crater walls and sedimentation into the conduit are
taking place. Hot aqueous fluids serpentinize the interior of the volcanic pile and basal
SVK deposits (Fig. 2.10d). Systematically smaller-volume, finer, mantle-depleted, and
shale-enriched kimberlite continues to deposit into a deepening crater lake (Fig. 2.10e).
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Figure 2.10: Six-stage eruption model for A154N: (a) pipe excavation; (b) collapse of
pyroclastic column, generating poorly-sorted, massive volcaniclastic kimberlite infilling
the pipe and depositing pyroclastic density currents and proximal fallout on the
surrounding landscape; (c) re-deposition of tephra from crater rim introducing largevolume, kimberlite-rich avalanche deposits into crater; (d) alteration front superimposed
over contact between primary volcanic pile and re-deposited tephra; sedimentation
continues as olivine and shale-rich sands; (e) sedimentation of mud-rich, fine-grained
kimberlite into deepening crater-lake; (f) eruption from adjacent kimberlite pipe fills
crater lake with initially small volumes and finally a large volume of pyroclastic
kimberlite.
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Enough time transpired after the eruption of A154N for water to fill the open
crater, a phenomenon observed to develop relatively quickly (weeks to months) in
contemporary maar volcanoes (Kienle et al., 1980; Self et al., 1980). Pit engineers at
Diavik estimate ~20,000 L/hr. of water is pumped from the A154N pit in order to
maintain a consistent water level in the bottom of the pit (pers. comm. Cadrin, 2006).
Assuming the same hydraulic conductivity from the wall rocks observed today, it would
take over 10 years to fill up the crater with water to the water table after the eruption
which made A154N. The climate during the Eocene for the Diavik area was probably
temperate and wet (McIver, 1997; Graham et al., 1998) and, therefore, the time to fill the
crater was probably <<10 years. The SVK deposits record a gradational change from
coarse to fine sub-aqueous sedimentation suggesting the crater lake was long-lived. Fine
sedimentation is a physical manifestation of the volcanic edifice being stabilized; largescale mass-wasting events no longer occur.
At some time after deposition of the last SVK deposits, pyroclastic kimberlite
produced by eruption of a nearby kimberlite volcano was deposited into the A154N crater
lake (Fig. 2.10f). There are, for example, over 20 kimberlite bodies within 20 km of
A154N and many are of similar age (Heaman et al., 2004). At this time, the crater lake
must have been well over 50 m deep in order to cause sorting of the entire PK2b deposit.
The initial deposits were relatively small-volume, evidenced by diffuse, two-directional
grading in PK2a. This was immediately followed by an en-masse influx of a pyroclastic
density current.
2.4.2 Kimberlite eruption dynamics: insights from PK2
Insights into volcanic eruption dynamics can be derived from clast size
distributions of pyroclastic deposits (Walker et al., 1971; Walker, 1981; Sparks, 1986;
Woods, 1988; Bursik et al., 1992). However, as there are few examples of well-preserved
pyroclastic kimberlite and no studies which quantify the clast populations of pyroclastic
kimberlite, it is difficult to draw analogies between kimberlites deposits and the eruption
dynamics used to explain the nature of modern-day pyroclastic deposits.
The integrated granulometry data calculated for the complete (e.g., unsorted) PK2
deposit permit comparison against data sets from known volcanic deposits in basaltic and
andesitic systems. Grain size distributions for the entire deposit show an approximately
62

log-normal distribution (Fig. 2.8b). These data represent realistic constraints on clast
sizes in a pyroclastic deposit from a kimberlite eruption; fragmented kimberlite magma in
PK2 rarely exceeds 2 cm in diameter, mantle xenoliths rarely exceed 15cm in diameter.
The largest clasts are blocks of country rock which could represent accessory lithics
ejected during eruption or accidental lithics picked up locally by a pyroclastic density
current (Cas and Wright, 1987). As shown previously, Inman parameters of the entire
PK2 deposit plot in the middle of >96% of measured pyroclastic flow deposits (Fig. 2.9b)
Several previous studies of kimberlite have quantified lithic populations in
massive volcaniclastic kimberlite (Barnett, 2004; Walters et al., 2006b) using a power
law:
N (R ≥ r) = λr-D

(2.1)

where N (R ≥ r) is the number of fragments with a radius greater than r, λ is an arbitrary
constant and D is the fractal dimension. If the cumulative particle size frequency of a
population of pyroclasts is plotted against particle radius on a log-log plot, a fractal
distribution would appear as a straight line with a slope of D. Large changes in the size
range of particles are required to change the value of D (Kaminski and Jaupart, 1998;
Walters et al., 2006b). Thus, D-values can describe and distinguish pyroclast populations
from different deposit types (Kaminski and Jaupart, 1998); the value of D fitted to the
kimberlite pyroclastic deposit (PK2) allows for comparison against other deposits types.
The central zone on a log-log plot of the granulometry data of the PK2b (Fig.
2.9b) representing intermediate size particles shows a particle size distribution with a
fractal dimension (D) of 2.3 (equivalent to 3.3 in three dimensions); comparison with
data sets from other deposit types (after Kaminski and Jaupart, 1998) show the PK2b to be
higher than most pyroclastic flows, and yet lower than most pyroclastic airfall deposits
(Fig. 2.9b, inset). These data are consistent with the interpretation that the PK2b is the
result of a pyroclastic density current.
The analysis presented above must be taken with some caution because pyroclasts
derived from kimberlite eruptions can have substantially different properties from
pyroclasts produced in conventional volcanic systems. On the basis of this study, we
identify the following distinctive characteristics of kimberlite pyroclasts, including:
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1.

Most (>80 %) pyroclasts comprise low (<10 %) melt fractions; free olivine

crystals are the most abundant type of pyroclast in kimberlite eruptions. In contrast,
pyroclast populations found in rhyolitic or basaltic systems are mainly quenched
fragments of vesiculated melt having subordinate proportions of crystals.
2.

Size range of pyroclasts: the size range of kimberlite pyroclasts are severely

truncated relative to deposits from other volcanic styles. For example, the finest size
fraction of clasts observed in the PK2 (0.1 mm) is substantially coarser than the finest
fraction of a typical Plinian eruption (64% finer than 63 μm, Brazier et al., 1983); the
coarsest fraction of a Plinian eruption is much coarser (m-scale) than that observed in the
PK2 (cm-scale) (e.g. Carey and Sigurdsson, 1982). Furthermore, the median size of PK2
pyroclasts is significantly smaller than those of typical scoria fall deposits (e.g. Parfitt,
1998). The size range of PK2 is likely controlled by the initial size distribution of the
olivines in the kimberlite magma. Comparison of fragmentation processes in crystal and
volatile-rich, low-viscosity kimberlite magmas with those observed in other volcanic
systems is needed to measure the impact of crystal content upon fragmentation processes.
3.

Lack of vesiculation: pyroclasts from the PK2 and from other kimberlitic

eruptions contain few (<10%) or no vesicles (Lorenz, 1975). By contrast, most pumices
from intermediate to felsic volcanic eruptions (e.g., dacite, rhyolite) have 40 to 70%
porosity; mafic explosive volcanism can produce scoria and reticulite which have
porosities of 25-60% and in excess of 75%, respectively. The consequence of low
vesicularity is that kimberlite pyroclasts will not show the same behaviour in an eruption
column as shown by highly vesicular pyroclasts found in conventional hawaiian,
vulcanian, surtseyan, or plinian eruptions. For example, vertical sorting among grain
sizes would be enhanced, and the lateral extent of distributions and rate of heat exchange
from pyroclast to atmosphere in kimberlite volcanism would greatly differ than that
observed in basaltic systems.
4.

High density of pyroclasts: At eruption conditions, kimberlite melts likely have a

density greater than basalt (2700 kg m-3).

In addition, kimberlite magmas are a

mechanical mixture of olivine macrocrysts (>20% by vol.), xenoliths of peridotite (3300
kg m-3) and eclogite (3440 kg m-3), and xenocrysts derived from those xenoliths.
Consequently, the density of the unvesiculated kimberlite magma must have a density
well in excess of 3000 kg m-3. Under minimum conditions of fragmentation (porosity >
50-60%), disrupted kimberlite magma would have an average density of ~1500 kg m-3.
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However, we observe little to no vesiculation in quenched juvenile pyroclasts of
kimberlite suggesting that most kimberlite pyroclasts have densities in excess of 2700 kg
m-3. As a result, there are limits to the potential height to which kimberlite pyroclasts
can be entrained in the eruption column (e.g. Sparks, 1986); most pyroclasts will never
rise above the momentum thrust portion of the column and this height is, itself, limited by
the aggregate density of the erupting kimberlite magma.
Our study reveals several features of kimberlite volcanism. First, the presence of
fine ash at the top of the PK2 shows that kimberlite volcanoes are capable of fine
fragmentation.

Secondly, the pyroclast populations in the PK2 suggest kimberlite

eruptions produce restricted pyroclast size distributions compared to Plinian eruptions
and finer distributions relative to strombolian eruptions. Thirdly, facies analysis and
granulometry of the PK2 show that kimberlite eruptions can produce pyroclastic flows.
2.4.3 Cross-fertilization of kimberlite: economic implications
There is no obvious internal source for the pyroclastic kimberlite (PK2a and PK2b);
nowhere is there evidence of a late volcanic conduit or vent cutting through the
underlying SVK deposits. The presence of sharp, well-defined contacts between the PK2a
and SVK, as well as stratiform, pipe-wide, and well-bedded underlying mudstone
deposits within the SVK suggests the source of material to be outside of A154N. The
PK2, therefore, represents a preserved extra-crater deposit from an, as of yet, unidentified
kimberlite volcano. The A154N pipe simply served as a receptacle for the explosive
pyroclastic materials. The deposits in A154N suggest that infill of kimberlite pipes can
be the result of multiple eruptions from multiple eruption locations. Any efforts to
quantify economic grade of a given pipe must take this possibility into account.
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3 Olivine crystal size distributions in intrusive coherent kimberlite4
3.1 Introduction
Olivine crystals are the most abundant mineral phase in coherent and fragmental
kimberlite rocks.

Olivine crystals can comprise between 5 and 90 volume % of

kimberlite rocks, and typically vary in size from ~0.03 mm to ~10 mm in diameter
(Mitchell, 1986; Scott Smith, 1996). Properties of olivine crystals in intrusive, coherent
kimberlite rocks are locally heterogeneous; modal %, size range, shape, relative
abundance and relationships between sizes appear to vary within and between single
occurrences. However, overall these properties appear broadly similar among global
occurrences of intrusive coherent kimberlite (Mitchell, 1986). These properties likely
reflect end-products resulting from a number of processes, including initial equilibrium
crystallization in the pre-existing mantle, disaggregation, transport, chemical corrosion
and new crystallization of olivine from the kimberlite melt. Accurate estimation of these
properties at all scales is critical to the interpretation of kimberlite paragenesis and
emplacement processes.
In this paper, we present the first complete olivine crystal size distributions
(CSDs) in intrusive coherent kimberlite.

We characterize the population of olivine

crystals in 5 samples of intrusive coherent kimberlite from dykes at the Diavik diamond
mine, NWT, Canada using a method consisting of manual tracing of olivine crystals and
image analysis of the traced crystals. The data was collected at two overlapping scales of
observation: thin sections (12.5 x 28 mm) and slabs (47 x 77 mm). The two datasets
were combined to create a single crystal size distribution (CSD) of olivine crystals from
the full size range, 0.025 to 12 mm in diameter. This study describes the properties of
size, abundance, relative size ratios and shape of the olivine crystals in samples of
intrusive coherent kimberlite, and reports variances obtained using a manual tracing
method. These properties are used to compare olivine populations in intrusive coherent

4
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Brett, R.C. Olivine crystal size distributions in intrusive coherent kimberlite.
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kimberlite at Diavik to previous understandings of olivines from study of occurrences in
South Africa. Furthermore, we show that the entire CSD can be described by a best-fit
power-law model equation over several orders of magnitude of crystal sizes. On the
basis of the power-law models, we show that: a) best-fit equation parameters define a
‘type’ CSD for olivines in intrusive coherent kimberlite that can be used to uniquely
characterize deposits; and b) olivine populations may be used to test hypotheses for the
complex paragenetic origins of olivine crystals.
First, we summarize current understandings of olivine crystals in intrusive
coherent kimberlite as well as previous approaches to characterizing the crystal
populations. Second, we describe the methods used to obtain the first complete CSD for
olivine in coherent kimberlite.

Third, we explain this result and discuss uses and

implications of olivine CSDs.

3.2 Background
3.2.1 Olivine crystals in kimberlite
Olivine crystals in intrusive coherent kimberlite are generally considered to
comprise two generations which are attributed to two distinct processes: the
disaggregation of lherzolites and harzburgites from the mantle (yielding xenocrysts), and
nucleation and growth of olivine due to melt saturation yielding cognate phenocrysts
(e.g., Woolley et al., 1996; e.g., Fedortchouk and Canil, 2004) and/or overgrowths on
xenocrysts (Kamenetsky et al., 2007b).

These processes are thought to yield two

populations of olivine equally represented by mode: larger, anhedral, commonly round to
sub-round olivine xenocrysts termed ‘macrocrysts’ (Boyd and Clement, 1977; Clement,
1982; Clement et al., 1984; Mitchell, 1986), and smaller, sub-hedral to euhedral crystals
of olivine (Clement, 1982; Shee, 1985) interpreted as ‘phenocrysts’. These populations
are considered to be generally distinct in size (‘macrocrysts’ > 0.5 mm > ‘phenocrysts’),
shape (anhedral vs. euhedral), degree of strain (i.e. undulose extinction), and mantle
mineral inclusions, though there is little published data to support these distinctions (e.g.,
Wagner, 1914; e.g., Dawson, 1962; Mitchell, 1970).
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Olivine contents are shown to be highly variable among and within dykes
(Daly, 1925; Komar, 1972; Dawson and Hawthorne, 1973; Donaldson and Reid, 1982;
Shee, 1985; Price et al., 2000; Arndt et al., 2006) but most occurrences of intrusive,
coherent kimberlite usually contain up to ~50% of olivine crystals (Clement et al., 1984;
Mitchell, 1986; Heiken et al., 1988; Woolley et al., 1996). However, existing studies
tend to limit observation to thin sections (e.g., Arndt et al., 2006), and have focused on
chemical characterization of olivine.
3.2.2 Previous measurement and characterization
Modal analyses of olivine crystals and other components in kimberlite rocks were
previously accomplished by a variety of methods.

Point-counting of thin sections

(Clement, 1982; Shee, 1985; Webb et al., 2004) has provided estimates of modal % of
olivine crystals, but little information on size distributions. Based on the petrographic
criteria mentioned above, most previous workers have made genetic interpretations while
point counting thin sections in order to distinguish two populations of olivine in intrusive
coherent kimberlite (i.e., ‘macrocrysts’ vs. ‘phenocrysts’), and semi-quantitatively
estimate modal abundances (Clement, 1982; Shee, 1985). Measured sizes of individual
crystals of these point counts by both Shee (1985) and Clement (1982) suggest that at the
type areas for kimberlite petrology (i.e., the Wesselton, DeBeers and Dutoitspan
kimberlite pipes in Kimberley, South Africa), the two petrographic sub-types have
different sizes, generally greater or less than 1 mm. Recent advances in image analysis
technology have enabled olivine crystal size data to be obtained for some kimberlite
magmas (Appendix 7.3.2; Field et al., 2008; Scott Smith, 2009b).

The latter data,

however, are exclusively collected at the hand sample scale. Manual outlining or tracing
of fragments and crystals to determine clast size distributions has been conducted in
massive volcaniclastic kimberlite (Walters et al., 2006a) and pyroclastic kimberlite
(Chapter 2; Scott Smith, 2009b). None of the previous approaches has quantified the size
distributions of olivines found in coherent kimberlite rocks over the entire range of
crystal sizes.
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3.3 Methods
To characterize olivine crystal populations in intrusive coherent kimberlite, it is
necessary to: a) obtain/collect representative samples; b) accurately identify true
boundaries of olivine crystals in order to measure crystal sizes and shapes; c) capture the
full size range of olivine crystals observed; and d) quantify the population using
measured sizes in a statistically meaningful way. In this section, we describe the methods
used to select samples, recognize olivine crystals, and to statistically evaluate olivine
crystal populations.
3.3.1 Sample selection
Samples for this study were obtained from intrusive dykes of coherent kimberlite
in pipe A154N, one of the four kimberlite pipes currently mined at Diavik Diamond Mine
Inc. (DDMI), in NWT, Canada. The four pipes have different pipe shapes and infill but
all contain coherent kimberlite dykes at original emplacement depths in excess of 650 m
to within 10’s of m of the present day surface (-200 to +350 meters above sea level or m
asl; Fig. 3.1). The intersections show significant diversity in thickness (0.01 – 10’s of m),
olivine crystal content (5 – 65 modal %), carbonate content (0 – 40 modal %), mantle
minerals (e.g., ilmenite, chrome diopside, garnet), and groundmass mineralogy.
However, first-order examination of dyke interiors (centre 1/3) reveals broadly similar
olivine crystal content.
Samples used for this study are intersections of intrusive coherent kimberlite
which cross-cut fragmental kimberlite in drillcores through pipe A154N between +20 m
asl to -200 m asl (Fig. 3.1). Though the 3-D orientation of the planar dyke walls are
indiscernible for individual drillholes, intervals of intrusive coherent kimberlite identified
in 25 drillholes at A154N allow for simple 3-D modeling by Diavik mine geologists of
multiple, vertical and parallel dykes striking at ~35-40° (Fig. 3.1). The emplacement
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Figure 3.1: A154N kimberlite pipe at Diavik, Northwest Territories: oblique view
looking NE of 3D geological model developed by Diavik Diamond Mines Incorporated
(DDMI). Inset shows location of Diavik (D) within Northwest Territories, Canada, and
location of other kimberlites including Ekati (E), Snap Lake (SL), Gahcho Kue (GK),
Jericho (J) and DO-27. Pipe infill of volcaniclastic kimberlite (VK) is translucent to
show location of modeled dykes of coherent kimberlite. Drillholes used to model dyke
geometries are indicated with lines. Samples for this study obtained from drillholes
GTH-78 and A154N-09; stars indicate sample locations.
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depths of the kimberlite dykes are unknown, but the dykes are mapped in drillcore up to
present-day depths of +50 m asl. Dyke rocks are found intruding through volcaniclastic
kimberlite from the A154N pipe and the same dyke is observed elsewhere forming a
contact between volcaniclastic kimberlite and adjacent granite and metasedimentary
country rocks. In most cases, contacts with both volcaniclastic kimberlite and granite are
sharp. Dyke margins are composed of relatively small (<1 mm) olivine crystals set in a
groundmass of spinel, carbonate and serpentine. Finer-grained margin areas are typically
only seen up to 2-3 cm away from the contact.

Dyke interiors contain abundant,

variably-sized olivine crystals, show no apparent preferred orientation, and appear
uniform and consistent both laterally and vertically throughout the observed intersections.
The five carefully selected samples (Fig. 3.2) include three samples (CK01,
CK02, CK03) from a 0.5 to 2.3 m-wide dyke that intrudes fragmental (volcaniclastic)
kimberlite from the interior of the A154N pipe (drillhole GTH-78; Fig. 3.1) and two
samples (CK04, CK05) are from a 1 to 2.5 m-wide dyke found 60m away on the opposite
side of the pipe (drillhole A154N-09; Fig. 3.1). Though spatially-separate, the two
separate intersections may represent either a single, bi-furcating sheet (as modeled; Fig.
3.1), or two or more separate intrusions into the A154N kimberlite pipe. The samples
were collected from the central-third by width of each dyke intersection to minimize the
impact of flow, rapid crystallization, and contact-related alteration. The samples were
also selected on the basis of the lack of alteration of olivine crystals (i.e., no
serpentinization) and the paucity of country rock xenoliths. Each sample is a massive,
competent, black rock containing abundant randomly-oriented olivine crystals in a finegrained groundmass. Olivine crystal sizes and shapes range from coarse (1-10 mm),
anhedral to sub-rounded “macrocrysts” (sensu Clement et al., 1977), to small (0.03 – 1
mm), subhedral to euhedral crystals. Groundmass minerals comprise euhedral spinel
(0.02 - 0.06 mm), monticellite micro-phenocrysts (10 – 25 μm), carbonate, serpentine,
apatite and minor perovskite. Visual estimates of the olivine crystal content (~50 modal
%; 0.03 – 10.0 mm), groundmass mineralogy, apparent dyke thickness, and crystal-rich
dyke interior of coherent kimberlite at A154N suggest it is broadly similar to that
observed in kimberlite sheets and dykes throughout the world (Dawson and Hawthorne,
1970; Scott Smith, 1999b; Basson and Viola, 2004; Caro et al., 2004).
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Figure 3.2: Greyscale images of manual tracings of 5 polished slab samples of coherent
kimberlite at A154N (see Fig. 3.1). Olivine crystals = black; mantle xenocrysts/xenoliths
= dark grey; crustal xenocrysts/xenoliths = light grey.
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3.3.2 Manual tracing method
To characterize olivine crystals in coherent kimberlite, we employed a manual
tracing method which involves tracing observed and interpreted boundaries of olivine
crystals as seen with the human eye on two scales: in polished slabs (47 mm x 77 mm)
and thin sections (12.5 mm x 25 mm). Using this method, we increase accuracy in the
identification of crystal boundaries around olivine crystals, between touching crystals and
within altered crystals. The measured crystals from two scales of observation were then
combined to generate two-dimensional (2D) olivine crystal size data.

The process

necessary to obtain crystal property data for olivine crystals is described in detail in
Appendix 8.2. The manual method comprises four steps: 1) tracing, image creation and
analysis (Figs. 3.2, 3.3); 2) integration of data from thin sections and slabs (Fig. 3.4); 3)
error estimation of scale-integrated data (Fig. 3.5); and 4) area (2D) to volume (3D)
corrections. Data is shown for each step in this process (Figs. 3.3, 3.4, 3.5) to reveal
different properties of olivine crystal populations in intrusive coherent kimberlite rocks.
3.3.3 Crystal size distributions (CSDs)
Crystals change in size, shape, and abundance due to melting, transport,
crystallization, and eruption. Therefore, these crystal properties can portray petrologic
information indicative of geologic processes. One way to characterize these properties is
with a crystal size distribution (CSD). The CSD of a rock is the number of crystals of a
mineral per unit volume within a series of defined size intervals (after Higgins, 2006).
Crystal size distributions have been used to understand nucleation and growth rates of
crystals (Cashman and Marsh, 1988; Cashman, 1990; Peterson, 1990), residence time in
magma chambers (Mangan, 1990; Armienti et al., 1994), and the effects of physical
processes such as crystal-settling (Bindeman, 2003) and fragmentation (Allen and
McPhie, 2003; Bindeman, 2005). There are many ways to characterize crystal size
distributions (e.g., semi-logarithmic, log-log plots), each with emphasis placed on
different aspects of the crystal population (Higgins, 2000). In this study, we use crystal
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Figure 3.3: Digital scan of polished slab (a) and manual tracings of all particles (black)
in polished slab (b) and of thin section (c) for sample CK04 from Figure 3.2. Data
collected from traced images of thin sections (c; Table 1) and polished slabs (b; see Table
3.2) are integrated by normalizing observations made at the thin section scale (12.5mm x
28 mm) to those made at the slab scale (47mm x 77 mm; Table 3.3).
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Figure 3.4: Plots of two-dimensional olivine crystal size data from thin sections (+;
Table 3.1) and polished slabs (○; Table 3.2) of kimberlite: (a) cumulative area % vs. size
(mm2); (b) cumulative frequency vs. size (mm2); (c) cumulative frequency vs. size (mm2)
for combined dataset produced by normalization of thin sections to the slab scale (see
Appendix 8.2).
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Figure 3.5: Scale-integrated and truncated 2D olivine crystal data plots (+; Table 3): (a)
cumulative area % vs. size (mm2); (b) cumulative frequency vs. size (mm2). Insets to
each figure show: (i) variations based on multiple tracings of 1 sample, and (ii) variations
caused by different threshold values and normalization factors in image analysis (see
Appendix 8.2).
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size distributions (CSDs) to: a) statistically describe the overall populations of olivine
crystals in intrusive coherent kimberlite; b) identify possible model equations which can
accurately describe the crystal populations; and c) to model the effects of possible
kimberlite processes on crystal populations.
3.4 Results
The results of this study of olivine crystals in intrusive coherent kimberlite are
presented in the following order: a) crystal sizes; b) crystal abundances (frequencies,
modal %, and relative abundance ratios); c) crystal shapes; and d) overall distribution
characteristics.

Representative 2D crystal size data for thin sections and slabs are

summarized in Tables 3.1 and 3.2, respectively. Normalized and scale-integrated olivine
crystal populations for each sample are shown in Table 3.3, and a representative example
of stereologically-corrected data is shown in Table 3.4.
3.4.1 Crystal sizes
All five samples studied have broadly similar crystal size ranges (~0.03 to ~10.0
mm in diameter), and contain olivine crystals in all logarithmic size bins therein (Fig.
3.6). The observed lower size limits were verified by high-resolution SEM analysis of
polished thin sections; the smallest detected olivine crystal is ~0.025 mm in diameter.
The upper size limits of crystals in different samples range from 8 to 12 mm in
maximum diameter (Table 3.3). Maximum diameters and measured areas of olivine
crystals each cover approximately 2.5 orders of magnitude (Fig. 3.6).
3.4.2 Crystal abundances (frequencies and modal %)
The total number of crystals observed in thin section (12.5 x 25 mm) vary from
2502-5645 (Table 3.1); the number of normalized and scale-integrated total crystals
calculated at the slab scale (47x77 mm) ranged from 24,509 to 39,113 (Table 3.3).
These crystal frequencies represent numbers of crystals per measured area (nA; Table
3.4). The ratio of the number of crystals <1 mm to crystals >1 mm in maximum
diameter ranges from 70:1 to 135:1 (Table 3.3). The integrated and normalized data
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Figure 3.6: Scale-integrated, truncated and binned (log2) two-dimensional olivine crystal
data plots (Table 3.4): (a) frequency vs. size (area; mm2); (b) area (%) vs. size (diameter;
mm).
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show olivine crystals to comprise 46.7-51.2 % by area of the rock samples (Table 3.3).
The ratio of the modal area % of olivine crystals >1: <1 mm in maximum diameter
ranges from 1.6:1 to 2:1 (Table 3.3).
3.4.3 Crystal shapes
More than 95% of crystal shape intersections in 2D are convex ellipses with
aspect ratios between 1:1 and 2:1 (Fig. 3.7a).

Crystal shapes cannot be simply

characterized as ‘circular’ or ‘angular’ by size (Fig. 3.7b,c). However, ~80% of the
crystals with less ‘circular’ shapes (circularity <0.5; Fig. 3.7b) are smaller than 0.5 mm2,
and ~85% of the crystals with irregular or more angular boundaries (P/Peac >1.4; Fig.
3.7c) are smaller than 0.5 mm2. Best-estimate ellipsoid (3D) geometries range from
1.5:1:1 to 1:1:1 for restricted size ranges (Fig. 3.7d), but as an entire population olivine
crystals are best-approximated with an equant axial ratio (1:1:1; Table 3.3).
3.4.4 Distribution characterization
In addition to physical properties of individual olivine crystals (i.e. sizes, shapes),
crystal populations can also be described by attributes of their whole crystal size
distribution. In this section, we a) calculate distribution parameters for the whole olivine
population, and b) describe crystal populations using model equations fit to CSD’s.
Distribution parameters
Common metrics for characterizing the entire size distributions of particles
include a central value (e.g., median), the spread or dispersion of data (e.g., standard
deviation), and distribution symmetry (e.g., skewed vs. symmetrical). Variations of
these metrics commonly used in sedimentology and volcanology are Inman paramaters
(Inman, 1952) of median size ( Md ), sorting efficiency (σ), and skewness (α) of the
particle population:
Md   log 2 median(d )

(3.1)
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Figure 3.7: Olivine crystal shapes as: (a)
perimeter (mm; P) vs. area (mm2; A) for
olivine crystals measured in slabs (○) and thin
sections (+) from five samples. Reference
curves for perfect circles (solid line), and
ellipses with 1.5:1 and 2:1 aspect ratios
(dashed lines) are shown.
Inset shows
expanded view of small sizes; (b) circularity
vs. size (mm2) as a measure of particle
‘round-ness’; (c) Perimeter (P) / [Perimeter of
equivalent area circle (Peac)] vs. size (mm2) as
a proxy for particle ‘roughness’. Olivine
populations (b,c) have been truncated to
remove the effect of pixilation on shape
assessment of the smallest crystals observed
at each scale of observation; (d) “3D”
oblateness vs. size (mm) for sample CK01,
where oblateness = 1 – (long axis/short axis),
using short : intermediate : long axial
approximations found using CSDSliceTM
(Morgan and Jerram, 2006). Inset shows
best-fit axial ratios and corresponding lowcorrelation R2 values for each size interval.
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where 84 and 16 are the crystal sizes for which 84% and 16%, respectively, of the total
area of the particle population are “coarser-than” in a cumulative area % vs. size plot
(e.g., Fig. 3.5a).

These parameters can be meaningfully applied to olivine crystal

populations because they a) evaluate the entire measured particle population, b) minimize
the impact of outlier particle sizes, and c) provide a way to characterize aspects of a
entire population (i.e., mid-point, spread, symmetry) of particles with a single number.
These numbers may be used to compare olivine crystal populations with subsequent data
collected from other occurrences of intrusive or extrusive coherent kimberlite or from
olivines in pyroclastic and resedimented kimberlite to assess volcanic and related
processes. Inman parameters as measured from normalized, scale-integrated 2D olivine
data show limited ranges as follows: Md  = 3.3-3.8; σ = 2.8-3.5; α = 0.3-0.5 (Table 3.3).

Model equations fit to CSDs
Particle populations may also be described using model equations fit to CSD’s
(e.g., Cashman and Marsh, 1988; Higgins, 2002). This provides a means by which size
distributions of crystals can be quantitatively compared and investigated (e.g., Cashman,
1990; Mock, 2003).
Olivine CSD’s are shown as semi-log and log-log plots of population density vs.
size for each of the 5 samples are shown in Figure 3.8a and Figure 3.8b, respectively.
Olivine crystal populations in this study reveal a linear trend in a log-log plot CSD (Fig.
3.8b) across two orders of magnitude of crystal sizes (0.06 – 4 mm). It is implicit from
this data that olivine crystals appear to follow a power law such as the following:
Nv (X ≥ x) = λx-D

(3.4)

88

Figure 3.8: Crystal size
distributions
(CSDs)
of
normalized, truncated, binned
and
stereologically-corrected
olivine crystal data: (a) classic
CSD of ln population density
(N; number/mm-4) vs. diameter
(L; mm) with varying bin sizes
(●,○) and shape assumptions
(shaded region).
Ln N is
calculated
using
CSDCorrections; approximate
shape assumptions calculated
from thin section intersection
intersection data in CSDSliceTM
(Morgan and Jerram, 2006; see
Appendix 8.2); (b) fractal
diagram: ln N vs. ln L with bestfit power-law lines. Error bars
are smaller than the figure
symbols; (c) model parameters
ln λ (y-value at ln L = 0) vs. D
(slope) for best-fit power-law
lines in (b) from spatiallyseparate dykes (A,B) at A154N
(see Fig. 3.1).
Co-variance
envelopes are shown to enclose
the sample variance within and
between individual dykes, and
collectively define a ‘type’
description of olivine in
coherent kimberlite.
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where Nv (X ≥ x) is the number of fragments with a diameter greater than x, λ is an
arbitrary constant and D is the power-law exponent. Power-law equations have been
increasingly employed to describe particle populations (Carey et al., 2000; e.g., Barnett,
2004; Walters et al., 2006a). If the cumulative particle size frequency of a population of
crystals is plotted against particle diameter on a log-log plot, an apparent power-law
distribution would appear as a straight line with a slope of D.
However, it is difficult to confirm that a set of observations truly obeys a powerlaw distribution. Few sets of observations from nature can truly claim scale-invariance
(Mandelbrot, 1982); we are either limited to a few scales of observation by technology or
because natural phenomena only occur over a few scales of observation.

Rigorous tests

can be used to assess whether the data are permissive of a power-law distribution (e.g.,
Goldstein et al., 2004; e.g., Clauset et al., 2007), but require sufficient orders of
magnitude. However, the size range of olivine crystals in kimberlite noted above is
inherently inadequate for rigorous tests of power-law affinity; there are many twoparameter model equations (e.g., gamma, power, log-normal) which appear similar over
small ranges of observation (Bonnet et al., 2001; Clauset et al., 2007).
Here, we use power-law equations to approximate, rather than describe, olivine
crystal populations. Best-fit power-law equations are found (see Appendix 8.2) for each
sample array and plotted in Figure 3.8b. The tails of cumulative frequency vs. size plots
are usually flattened at the finest sizes due to the inability to visualize or capture all of the
smallest size fraction of crystals, and approach the vertical at the coarsest sizes, due to the
relatively fewer numbers of large crystals. However, data are linear for at least 2 orders
of magnitude, and thereby adhere to equation (1). Calculated exponents (D; slope of
best-fit line) of the best-fit model equations range from 3.53 to 3.61; intercepts of the
best-fit model equations (log λ; where x-axis = 0) range from -2.23 to -2.88. Error
estimates for power-law fits to the CSDs are shown in Figure 3.8b, Figure 3.8c, and
Table 3.5, and discussed in Appendix 7.3.1.

Figure 3.8c shows 95% confidence

envelopes
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on the model parameters (D, λ), defining all possible parameter relationships for observed
crystals.
All samples show statistical equivalence: samples within and between dykes of
coherent kimberlite are statistically equivalent (Fig. 3.8c). The total area enclosed by
covariance envelopes from the two dykes represents a parameter range for olivine in
coherent kimberlite at A154N at Diavik (Fig. 3.8c).

The variance on the model

2

are smaller than variance

parameters for samples within a single dyke (e.g., σ
between dykes (σ

2

CK1,2,3

CK4,5)

: σ2CK4,5). The variance in parameters for all samples (σ2s) is
2

greater than the variance attributed to analytical methods (σ a) (e.g., Table 3.5).

3.5 Discussion

In this section, I summarize results, discuss implications of the results on previous
understandings, and identify new attributes of olivine CSDs in kimberlite revealed by this
study. I then discuss possible uses for olivine CSDs.
3.5.1 Olivine crystal properties
Olivine crystals in this study show the following properties: a) limited size range
covering no more than 3 orders of magnitude (0.03 – 10 mm in diameter); b) total modal
crystal content ranging from 46.7-51.2%; c) modal % dominance by crystals >1 mm; d)
frequency dominance by crystals <1 mm; e) equant-axial geometries with no distinct
external morphology with respect to size; and f) apparent characteristic ranges of CSD
statistical parameters (i.e. power-law exponents and Inman parameters).

The data

presented here correspond well to previous assessment of size ranges, the total crystal
content (area %), and general shapes of olivine crystals in kimberlite based on thin
section study (Clement, 1982; Apter et al., 1984; Shee, 1985), and are in general
accordance with conventional understanding of intrusive coherent kimberlite,
synonymous with ‘hypabyssal kimberlite’ (Mitchell, 1986).
Olivine crystals in the present study also reveal aspects of olivine crystal
populations which differ from previous assessments.

Histograms of olivine crystal
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populations show a positively-skewed, normal distribution with a much higher ratio of
small olivines (ol <1 mm) to large olivines (ol >1 mm) (~100:1) than measured in thin
sections from kimberlite dykes in South Africa (13:1 to 19:3; Clement, 1982; Shee,
1985). In addition, the relative ratios between olivine crystals of different sizes reveal an
area % dominance by crystals >1 mm (1.6:1 to 2:1), different from the approximate 1:1
modal distribution of olivine sub-types that correspond to specific size ranges
(‘macrocrysts’ > 1 mm > ‘phenocrysts’) inferred by Shee (1985). Moreover, our data
indicate that olivine shapes are too diverse and complex within any given size range to be
easily described by 'anhedral', ‘round’, ‘angular’ or ‘euhedral’. Olivine crystal shapes are
best-described as convex and approximately axial-equant (short : int : long = 1:1:1)
ellipsoids in both 2D and 3D geometries, across all sizes (0.03 – 12 mm).
Furthermore, this study reveals several new characteristics of olivine crystal
populations in intrusive coherent kimberlite.

Firstly, olivine crystal populations are

consistent with a power-law distribution over at least 2 orders of magnitude. Large
changes in the distributions of particles are required to change the value of power-law
exponents, or D-values (Kaminski and Jaupart, 1998).

In this sense, power-law

exponents from best-fit equations for binned data from relevant size ranges can be
utilized for comparative purposes. Thus, best-fit power-law exponents can approximate
crystal populations in coherent rocks (e.g., Armienti and Tarquini, 2002) which could be
compared to power-law exponents from cogenetic fragmental or pyroclastic rocks (e.g.,
Chapter 2; Kaminski and Jaupart, 1998; Walters et al., 2006). Secondly, though modal
abundances (e.g., 46.7 – 51.4%) and crystal frequencies (e.g., 24,000 – 39,000) measured
in 2D intersections vary, power-law exponents [i.e., slopes (D)] calculated for olivine
crystal populations are statistically equivalent (Fig. 3.8c; Table 3.5), suggesting CSD
slopes are independent of olivine crystal abundance.

This allows us to define a

characteristic slope for the population of olivines in coherent kimberlite dykes at A154N
(D = 3.55 ± 0.21), despite crystal addition and removal processes such as crystal
concentration or hydraulic sorting. Thirdly, the statistical equivalence (i.e., best-fit model
parameters, Inman parameters) of olivine crystal populations from samples within dykes
and statistical similarity between dykes at A154N suggest that spatially-separate dykes
can contain similar populations of olivine crystals, and that a limited range of power-law
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parameters may be descriptive of all olivine crystal populations in coherent kimberlite.
Fourthly, our data show that olivine CSDs are described by a single power-law slope;
there are no clear breaks in slope for the distribution in either semi-logarithmic or log-log
CSD plots. Study of CSDs from other magma types has shown that the mixing of crystal
populations due to new nucleation, magma batch mixing, or assimilation of xenocrysts
are indicated by breaks in slope in either semilog or log-log CSD plots (Marsh, 1988;
Salisbury et al., 2008). The lack of slope breaks in the CSD for olivine in intrusive
coherent kimberlite suggests the observed population represents a single population of
olivine crystals with a shared paragenesis, and is not the end-product of a combination of
two populations of olivine.
3.5.2 Olivine crystals and magmatic geologic processes
Observed CSDs for olivine crystals in intrusive coherent kimberlite could reflect a
variety of processes: crystal growth or re-crystallization within the mantle, mechanical
disaggregation, and/or chemical corrosion by the kimberlite melt, collision and abrasion
during transport, or crystallization of olivine from the melt during transport and eruption.
In addition, hydraulic sorting and phase-separation processes during emplacement can
affect the size distribution of olivine crystals within one phase of kimberlite. These
processes would affect the slope and/or intercepts of CSD curves in semi-logarithmic or
bi-logarthmic plots.
To assess the potential impact of some processes upon olivine CSDs in intrusive
coherent kimberlite, one of the measured CSDs from this study (CK04) was used to
represent a starting population and the hypothetical effects of example processes were
calculated as model populations. The results are shown in Fig. 3.9a, b, and c.
Filter-pressing of a crystal-rich kimberlite magma, in which the liquid fraction of
the ascending magma is efficiently strained out of the crystal fraction, might be reflected
in a vertical movement of the CSD in which slope and maximum size remains constant,
but the intercept shifts up and down to reflect relative degrees of ‘concentration’ (Fig.
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Figure
3.9:
Theoretical
geological processes and their
impact upon olivine crystal size
distributions
(CSDs)
from
intrusive coherent kimberlite.
Results
of
the
following
processes are plotted as ln N vs.
ln L and cumulative frequency
vs. size (mm2; insets): (a) perfect
hydraulic sorting of crystals < or
>1 mm2 (S), and crystal
concentration due to filterpressing or sieving of liquid
fraction (C); (b) closed-system
fragmentation using two different
fragmentation models (F): scaleinvariant fragmentation and
scale-dependent fragmentation;
(c) removal of 5% (X) and 25%
of volume of olivine crystals
from starting population to
recover
possible
original
xenocryst size distribution.
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3.9a). Perfectly-efficient hydraulic sorting or flow-differentiation of intruding kimberlite
magma could lead to local vertical and/or lateral variations in CSDs within dykes or
sheets (cf. Field et al., 2008), resulting in either truncations of coarse or fine size fractions
in the CSD (Fig. 3.9a).
Closed-system fragmentation of olivine crystals (within the magma) could occur
during turbulent, fully-fluidized transport (Wilson and Head, 2003; Sparks et al., 2006) of
kimberlite magma. In Figure 3.9b, the effects of two different styles fragmentation are
illustrated: a) a scale-invariant or ‘fractal’ fragmentation model which assumes that
olivine crystals break into the same number of equal-size fragments (n = 4), independent
of the starting crystal size (Turcotte, 1986); and b) a scale-variant model assumes that
larger crystals are inherently more fragile (i.e., more cracks, mineral/fluid inclusions,
etc.) than smaller crystals. Each fragmentation model reduces the largest size of olivine
crystal expected, but has different net effects on the total number of small olivine crystal
fragments produced, and therefore different slopes and intercepts in classic CSD plots
(Fig. 3.9b).
New olivine crystallization from a saturated melt could also occur on olivine
crystals in kimberlite magma; based on observations of olivine crystals in intrusive
coherent kimberlite at Diavik, Brett et al. (2009) show that both coarse (>1 mm), round
olivine crystals, and small (<1 mm), euhedral olivine crystals are comprised of a newlycrystallized olivine rim surrounding a core. If surface area-controlled crystallization is
assumed, observed rim thicknesses suggest that the total volume of olivine crystallized
during transport is substantially lower (≤ 5%) than commonly assumed (e.g., ~25%), and
that crystallization is dominantly heterogeneous (Brett et al., 2009). Starting with an
observed population of olivine crystals, we remove 5% (expected) and 25%
(hypothetical) of the population volume to recover two possible starting populations of
xenocrysts (Fig. 3.9c).
These processes are likely to change the shape of the olivine CSD. In the case of
concentration, sorting and fragmentation, CSDs retain approximately linear trends in loglog space; theoretical effects of each process on power-law parameters are shown in
Figure 3.10.
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Figure 3.10: Power-law parameters [slope (D); y-intercept at x = 0 (ln λ)], for olivine
from A154N, Diavik, with enclosing co-variance envelope. Arrows indicate general
expected changes in power-law fit parameters due to different geologic processes
described in Figure 3.9 (i.e. S, C, F, X).
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3.5.3 Further applications for olivine crystal data
Fragmentation of olivine crystals can also occur during eruption of kimberlite
melts. If we assume that the narrow range of slopes obtained from the present study
correspond to other populations of olivine crystals in coherent kimberlite, then the crystal
size distribution of olivine crystals in intrusive kimberlite magma (un-erupted) can be
compared to best-fit power-law equations for crystal size distributions of pyroclastic
(erupted) kimberlite (e.g., Chapter 2) to determine how much the solid particles in the
magma break up during volcanic eruption. In addition, typical kimberlites such as those
investigated in this study also have the potential to carry significant quantities of
diamond. Diamond has similar physical properties to olivine, and has been proposed to
be an important proxy for diamond (Field et al., 2008; Scott Smith, 2009b). The data and
methodology presented here can be used to assist in understanding diamond distributions
within and between different phases of intrusive coherent kimberlite and in extrusive
volcanic processes.
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4 Spatial and temporal evolution of kimberlite magma at A154N,
Diavik, Northwest Territories, Canada5
4.1 Introduction

Studies of modern volcanic systems have shown that variations in eruption style
typically relate to the composition and physical properties of the magma, the degree of
magma overpressure, the total volume of magma, and vent geometry. For example, solid,
liquid and gas ratios in erupting magmas have been shown to modulate the style (i.e.
effusive vs. explosive) and intensity (e.g. fountain height) of basaltic eruptions (e.g.
Houghton and Gonnermann, 2008; Parfitt et al., 1995). Moreover, low viscosity magmas
can outgas efficiently and allow for a concomitant reduction of magma overpressure and
eruption intensity (e.g. Namiki and Manga, 2008; Stasiuk et al., 1996). Vent geometry
can also be a significant factor in determining eruption style and intensity (e.g. Bower
and Woods, 1998; Scandone and Malone, 1985; Wilson et al., 1980).
Similar linkages between magma properties, vent geometry, and eruption style
have not been made for kimberlite eruptions for several reasons: (1) kimberlite eruptions
have not been observed, and surface features and extra-crater deposits of even the
youngest kimberlite volcanoes are usually highly eroded or completely removed; (2)
pristine samples of kimberlite melt are rarely preserved because kimberlitic volcanic
deposits are highly susceptibility to post-emplacement alteration and textural
modification; and (3) kimberlite magmas are volatile-rich and likely to have highly
transient physical properties during transport and eruption. For example, due to the high
volatile contents estimated and measured for kimberlite magmas (e.g. Eggler, 1978; Price
et al., 2000; Sparks et al., 2006) the volumetric proportions of melt:solid:gas must evolve
from melt-dominated systems at mantle conditions to gas-dominated systems at the point
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of eruption. Such variations will have profound impacts on the physical properties of
kimberlite magmas and, hence, the mechanisms and styles of eruption.
Though conduit geometries of active volcanoes are difficult to measure, it is
accepted that conduit morphologies are dynamic and subject to change (Scandone, 1996).
In conventional volcanological studies, the data used to constrain unknown conduit
geometries are measured heights of eruption columns from active systems or particle size
distributions in fallout deposits for unobserved systems.

In contrast, mining of

diamondiferous kimberlite permits characterization of conduit and vent geometries of an
erupted volcano. For example, drill-core intercepts, downhole geophysical measurements,
and open-pit surveys provide direct observations of subsurface contacts and, thus,
constrain the 3-D geometry of kimberlite conduits.
The A154N kimberlite pipe in the Eocene Diavik kimberlite cluster (Graham et
al., 1999) in the Northwest Territories, Canada, (Fig. 4.1a) comprises a sequence of
extrusive and intrusive events for which the relative timing, vent geometry and mode of
emplacement are clearly established.

As such, it provides a unique opportunity to

explore the connections between magma properties, vent geometry and eruption style.
Our analysis of this sequence of deposits suggests that transient magma properties
arising from separated three-phase flow involving kimberlite melt, crystals, and an
exsolved CO2-H2O fluid provide a fundamental control on the style of kimberlite eruption
and emplacement. Specifically, we expect and observe the volumetric proportions of the
fluid phase to: (1) increase with ascent; but (2) to decrease with time during the eruption
due to decoupling of the gas and the silicate melt within the flow. We also expect the
fraction of solids (i.e. crystals and xenoliths) to concentrate at the base of the ascending
plug of kimberlite magma during ascent. These processes can account for the diversity of
textures and compositions in pyroclasts and within dykes of coherent kimberlite.

4.2 Field mapping

Field mapping in the open pit at Diavik and logging of drill-core has identified a
minimum of 4 discrete volcanic (e.g. 3 eruptive and 1 intrusive) events in the A154N
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Figure 4.1: Location of the Diavik kimberlite field and internal units of A154N: (a)
Kimberlite pipes at Diavik, East Island of Lac de Gras, NWT, Canada; (b) Plan view of
the A154N and A154S pipes and mapped (solid lines) and inferred (dashed) dykes of
CK1; (c) Inclined 3-D model of A154N looking E, showing five separate units of
kimberlite, including: pre-cursor kimberlite dykes (CK1) (translucent); pyroclastic
kimberlite (PK1); coherent kimberlite dykes (CK2; CK from Chapter 3); re-sedimented
volcaniclastic kimberlite (RVK); upper pyroclastic kimberlite (PK2).
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pipe (Figs. 4.1b and 4.1c), including: (1) an array of dykes (CK1) intruded into country
rock exposed at the present-day surface (415 meters above sea level) during mining; (2)
massive pyroclastic deposits within the pipe (PK1); (3) sub-surface intrusions of coherent
kimberlite (CK2; c.f. Chapter 3) intruded into PK1. The sequence is capped
disconformably by an externally-sourced pyroclastic kimberlite deposit (PK2) captured
by and preserved within the vent to the A154N volcano (Chapter 2). Here, we describe
the macroscopic and geometric properties of the individual deposits, the textures and
components therein, and their spatial context and relative timing within the A154N
kimberlite volcano.
4.2.1 Early dykes (CK1)
An array of 5-150 cm-wide vertical dykes (CK1) of yellow-brown, carbonatealtered kimberlite is observed in the A154N open pit, striking ~038° for over 800 m
through the adjacent country rock (Figs. 4.1b and 4.2a).

The A154N and A154S

kimberlite pipes cross-cut and truncate the center of the known strike length of the dyke
array; there is no evidence of CK1 cross-cutting the fragmental kimberlite within either
pipe. The contact relationship between CK1 and the A154N pipe is evidence of a clear
genetic linkage to the subsequent pipe formation and pipe-filling processes within
A154N: CK1 precedes the formation of A154N; formation of A154N follows the CK1
dyke; pipe-filling is synchronous with and immediately follows pipe formation. This
implies that CK1 dykes are the earliest emplacement event at the volcano. CK1 is within a
downward-tapering zone of vertical fractures in the country rock, which narrows to 6 m
wide at a depth of 245 m (170 m asl). The dyke is variably thick (5-150 cm), vertically
and horizontally discontinuous, and commonly splits into multiple, thin (5-10 cm wide)
dykes (Fig. 4.2); many of the vertical fractures do not contain kimberlite.
The dyke is variably competent; most of the uppermost exposures (i.e. > 300 m
asl) consist of yellow-brown mud with abundant, resistant indicator minerals (e.g.
ilmenite, garnet). In contrast, deeper intersections of the dyke comprise a brown, dense
rock with fine, internal fractures filled by serpentine. Portions of the dyke are rich in
miarolitic cavities and carbonate-filled amygdales (25% by volume), and flow-banding is
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Figure 4.2: Field and hand sample photographs of pre-cursor CK1 dyke at A154N: (a)
thin dykes of CK1 exposed on 10m bench-faces in open pit from 230 – 180 m asl; (b)
exposed section through CK1 dyke, partially-filled with coherent kimberlite (adjacent to
hammer), adjacent to altered fracture zone (projecting into wall) void of kimberlite; (c)
widest intersection of CK1 featuring prominent tension cracks adjacent to dyke margin;
(d) polished sample of CK1 collected from contact in (c), showing well-developed flowbanding, and abundant carbonate filled amygdules; (e) polished sample from interior of
CK1 showing coarse (>1cm) ilmenite, garnet and relatively low olivine content (10-12%).
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locally evident adjacent to contacts with surrounding country rock (Fig. 4.2d). Competent
sections of the dyke generally comprise minor amounts (~5-15 %) of olivine (1-10 mm)
set in a groundmass of spinel, serpentine and carbonate. Garnet and clinopyroxene
macrocrysts (1-10 mm) and ilmenite megacrysts (3-20 mm) are also abundant. The
smaller size fractions of olivine and the groundmass of the dyke are pervasively altered,
and are commonly completely replaced by carbonate, serpentine, and Fe-oxides. Country
rock xenoliths of granite and biotite schist are ubiquitous, but represent a small volume of
the dyke (< 5%), and are typically concentrated at or near dyke margins.
4.2.2 Pyroclastic kimberlite (PK1)
The A154N pipe is largely infilled by a > 500 m thick sequence (5.0x106 m3) of
massive, poorly-sorted, fragmental kimberlite (Fig. 4.3a; PK1) which is interpreted as
primary pyroclastic kimberlite (c.f. MVK1,2 in Chapter 2; Graham et al., 1999). The
contact with overlying bedded, re-sedimented volcaniclastic kimberlite (RVK) is sharp,
reflecting a change in componentry (mud-rich matrix) and a change in depositional style
to small-volume, high-energy sub-aerial and sub-aqueous debris flows (Chapter 2). The
eruption from which PK1 was deposited left a conduit that was only partially filled and,
thus, an open hole at least 200 m deep (Chapter 2). The open hole was floored by a
hummocky topography upon which subsequent sedimentation of crater walls (SVK; c.f.
Chapter 2) and other tephra (PK2) occurred (Fig. 4.3d).
The PK1 comprises mainly liberated olivine crystals and juvenile pyroclasts of
quenched kimberlite (1-30 mm in diameter) supported by a heterogeneous matrix of
serpentine, carbonate, and variable proportions of ash-sized grains of olivine, quenched
kimberlite, and dis-aggregated shale and unconsolidated mud (Fig. 4.3b).

Olivine

crystals are commonly surrounded by thin rims or selvages of crystallized kimberlite
magma. Accidental or accessory lithic fragments of country rock (granite, biotite schist,
grey shale, black shale) up to 30 cm in diameter, and accessory clasts (2 – 30 cm) of
mud-rich, fragmental kimberlite of unknown origin occur throughout PK1 (Fig. 4.3c).
Mantle xenoliths (0.5 – 6 cm) of garnet lherzolite, wehrlite and eclogite are common, as
are
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Figure 4.3: Distribution and properties of PK1 within A154N: (a) 3-D model of A154N
showing sampling locations (stars) along drillhole traces within PK1; (b) polished slab of
PK1 showing granite xenolith (gx), mud-rich kimberlite fragment (k.f.), juvenile
kimberlite pyroclast (jp), and abundant olivine crystals (ol); (c) underground bench-face
with bolt-and-screen covering showing homogeneous distribution of granite xenoliths
(gx) in massive, poorly-sorted pyroclastic kimberlite; (d) close-up of inset in (a) showing
upper-contact between PK1 and overlying RVK and PK2 (translucent). Dashed outline
indicates approximate contact between RVK and overlying PK2.
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derivative xenocrysts from disaggregation of mantle peridotites (e.g. garnet,
clinopyroxene, strained and recrystallized olivine). The PK1 shows variable amounts of
clast and matrix alteration; alteration minerals include serpentine, carbonate and
magnetite.
4.2.3 Coherent kimberlite (CK2)
Multiple vertical dykes of olivine-rich (> 40%), dense, coherent kimberlite (CK2)
are observed in the country rock and PK1 up to 15 m asl (Fig. 4.4b), but not the
uppermost portion of PK1 or overlying RVK (Fig. 4.4d); we infer this to imply that the
late intrusions did not erupt at surface. In several cases, vertical CK2 dykes have intruded
along the margin between the pipe wall and the PK1 deposit. Within the PK1 deposit, CK2
form both, sharp edged sheets having minor alteration halos (< 1 cm) and thin (< 1 cm),
aphyric ‘fingers’ of crystalline kimberlite.
CK2 consists of abundant, fresh, sub-rounded to euhedral olivine crystals (0.03-10
mm) enclosed by a groundmass of spinel, serpentine, apatite, and minor carbonate and
perovskite (c.f. Chapter 3). Garnet and clinopyroxene xenocrysts are minor, and ilmenite
and phlogopite macrocrysts are rare. Granite xenoliths, and xenocrysts of quartz and
altered feldspar are locally abundant (> 10%), and clasts of lithified PK1 are uncommon
but also present as inclusions within CK2.
4.2.4 Re-sedimented volcaniclastic kimberlite (RVK) and pyroclastic (PK2) kimberlite
PK1 is overlain by ~100 m of stratified volcaniclastic kimberlite interpreted as resedimented volcaniclastic kimberlite (Fig. 4.1c, 4.3d; RVK; c.f. SVK, Chapter 2). This
unit is a critical marker, as it defines a hiatus of unknown length in the eruption sequence
at A154N followed by deposition of pyroclastic kimberlite (PK2) from an exotic source
(Chapter 2). The relative timing of CK2 and the emplacement of RVK and PK2 is
unknown, and, thus, RVK and PK2 will not be considered further in this present study.
The field relationships described above rigorously constrain the sequence of
volcanic and subvolcanic events at the A154N pipe (Fig. 4.1c) and allow for an
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Figure 4.4: Distribution and properties of CK2 within lower section (0 to -200 m asl) of
A154N: (a) 3-D model of CK2 of A154N (stars indicate sample locations); (b) drillcore
showing sharp contact between CK2 and PK1; (c) polished sample of crystal-rich CK2; (d)
polished thin-section of CK2 showing round to euhedral olivine crystals set in a finegrained groundmass.
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investigation of the temporal evolution of the physical characteristics of magma(s)
responsible for different facies within the same volcanic succession.

Although the

relative timing between events is well-constrained, the absolute time elapsed between
events is unknown. Previous Rb-Sr (phlogopite) dating of PK1 and PK2 in A154N
yielded dates of 56.0 +/- 0.7 Ma (Amelin, 1996; Moser and Amelin, 1996). Rb-Sr dating
of both pyroclastic and coherent rocks from adjacent economic pipes at Diavik (A154S,
A21, A418) show age ranges from 55.7 +/- 2.1 Ma to 54.8 +/- 0.3 Ma (Barton, 1996;
Heaman et al., 2004). The level of precision in these dates precludes speculation on the
time intervals between events (e.g. PK1 vs. PK2) or the order in which each pipe (Fig.
4.1) was emplaced.

Moreover, further age dating is not undertaken in this study.

However, based on the inclusion of lithified PK1 within CK2, we infer that the
emplacement of CK1 and PK1 was followed by at least a short hiatus before the
emplacement of CK2.

4.3 Componentry

Our characterization of kimberlite samples uses image analysis techniques
developed in Chapter 3 (Appendix 7.2) to quantify abundances and size variations of
olivine, vesicles, amygdales, miarolitic cavities, and primary and secondary carbonate
phases within the groundmass. We use these attributes to uniquely characterize the
individual samples of coherent (CK1 and CK2) and fragmental kimberlite (PK1). Outlines
of olivine crystals in coherent rocks and juvenile pyroclasts in pyroclastic rocks are
manually traced at two scales (polished slabs, 3000 - 10,000 mm2; polished thin sections,
27 x 46 mm) using a digitizing pad and Adobe IllustratorTM and analyzed using ImageJTM
to calculate particle areas. These data sets are then normalized to the largest scale of
observation. For the pyroclastic deposit (PK1) we also use image analysis techniques to
characterize the individual juvenile kimberlite pyroclasts. Thus, we are able to determine
estimates of the size and enclosed modal olivine content of pyroclasts. We also have
recorded textural relationships between olivine, vesicles, carbonate phenocrysts, and
groundmass.
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4.3.1 Olivine crystal abundances
Olivine crystal contents for CK1 and CK2 were estimated for samples collected
from three levels in the open pit (315, 275, and 230 m asl), and from drill-core intercepts
of two separate dykes, respectively. Modal abundance of olivine crystals increases
towards the centre of CK1, and crystals are rare to absent at the margins; the margins are
volumetrically dominated by carbonate amygdales and miarolitic cavities (Fig. 4.2d).
Conversely, olivine crystals are evenly-distributed in CK2 dykes except at the immediate
(< 1 cm wide) margins of the dyke where modal olivine content decreases to < 25% and
crystal sizes are generally < 3 mm. Therefore, for comparison, samples were collected
from the relatively crystal-rich interior portions (> 5 cm from the dyke margins) of both
CK1 and CK2, respectively.
Results from image analysis of slabs and thin sections from two representative
samples of CK1 and five from CK2 are expressed as modal area % olivine vs. size (mm2),
and shown in Figure 4.5. Samples of CK1 contain a truncated size range of olivine
crystals (0.2-100 mm2) relative to CK2 (0.03-100 mm2), and have lower overall modal
abundances of olivine (~5-15% vs. 40-58%) (Fig. 4.5). The difference in olivine crystal
size ranges for CK1 and CK2 may be due to alteration; smaller-sized olivine crystals (0.03
– 0.2 mm) in CK1 are ubiquitous, but are commonly pseudomorphed by serpentine. As a
result, the boundaries between pseudomorphs and groundmass are difficult to distinguish,
and preclude these grains from accurate measurement using image analysis. Lower
overall abundances in CK1 relative to CK2, however, cannot be due alteration alone;
coarser olivine sizes (> 0.2 mm) in CK1 are generally fresh, and smaller-sized olivine
comprises a relatively small fraction of the total abundance (Fig. 4.5) of olivine in fresh
CK2. Therefore, this discrepancy is interpreted to result from intrinsic differences in the
amount of olivine in CK1 vs. CK2.
4.3.2 Juvenile pyroclasts from PK1
To assess the crystal content of the magma parental to PK1, we have examined the
population of juvenile pyroclasts comprising crystalline kimberlite +/- olivine crystals
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Figure 4.5: Olivine size distributions: (a) modal area % olivine vs. olivine size (as mm2)
for early dyke (grey lines; CK1) and late dykes of coherent kimberlite (black lines; CK2).
Range of total area % for CK1 and CK2 samples in parentheses.
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(JPs). Twenty samples were collected at ~10 m intervals throughout a 200 m vertical
section of the PK1 (Fig. 4.3a); ten or more JPs were chosen from each thin section for
analysis based on observable groundmass mineralogy and lack of alteration. The size
(e.g. area) of individual pyroclasts and their olivine crystal contents (area %) were
calculated by analyzing for total pyroclast area (mm2) and the area occupied by olivine
in each clast; the difference is the area of crystallized kimberlite melt. Pyroclast size vs.
olivine crystal contents (modal %) are shown in Figures 4.6a and b, in which pyroclasts
are subdivided into groups based on observations of texture and mineralogy. In Figure
4.6a, JPs are sub-divided into vesiculated (v), non-vesiculated (non-v), carbonate
microphenocryst-bearing (i.e. calcite or dolomite; carb), and vesiculated and carbonate
microphenocryst-bearing (v + carb). In Figure 4.6b, JPs are sub-divided according to
textural relationships between olivine crystals and surrounding crystallized kimberlite
melt: (1) pyroclasts containing ‘multiple’ olivine crystals (M-type) in a groundmass of
crystallized kimberlite magma; (2) single olivine crystals with selvages of crystallized
kimberlite (S-type); (3) single olivine crystals with partial selvages of crystallized
kimberlite (PS-type); and (4) pyroclasts cored by a single olivine crystal (< 70% of total
juvenile pyroclast area) surrounded by other, smaller olivines and crystallized kimberlite
magma (C-type). Juvenile pyroclasts range in size from 0.03 to 20 mm2 and have olivine
contents of 0 – 90% and minimum sizes of 0.03 mm2. Neither small JPs with high
crystal:melt ratios, nor large JPs with low crystal : melt ratios are observed (shaded
regions; Fig. 4.6a). The combined modal % olivine crystals in JPs is 43.7%.
4.3.3 Textural evidence of volatile content
In this section, we describe and quantify textures indicating the presence of an
exsolved fluid phase; their abundance is used as a proxy for the relative fluid content of
the magma at the time of eruption. Vesicles indicative of the presence of an exsolved
fluid phase are found in all deposits; they are differentiated by the amount of infill, and
include: ‘vesicles’ denoting spherical to sub-spherical gas cavities; ‘miarolitic cavities’
denoting gas cavities partially lined by late-stage minerals (e.g. carbonate) in intrusions;
‘amygdales’ denoting gas cavities that are essentially filled by late-stage minerals (e.g.
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Figure 4.6: Parametric analysis of juvenile
pyroclasts from PK1 of A154N: (a) olivine
content (area %) within juvenile pyroclast
vs. size (mm2) of juvenile pyroclasts
containing: vesicles (v), groundmass
carbonate (carb), both (v + carb), or that are
vesicle-free (non-v). Shaded regions denote
olivine : melt relationships that are not
observed; (b) olivine content (%) vs. size
(mm2) for textural subgroups of juvenile
pyroclasts, including: pyroclasts with
multiple olivine crystals (M), selvages of
melt on olivine crystals (S), olivine grains
with partial selvage (PS), and cored (C)
pyroclasts.
Shaded bands indicate
measured modal olivine (%) for CK2 and
CK1; solid lines indicate observational
limits of olivine content vs. size for M;
dashed lines indicate projected limits. Note
the similarity of observed sizes of juvenile
pyroclasts and olivine crystal populations
(Fig. 5). Absence of smallest juvenile
pyroclast sizes attributed to alteration and
elutriation processes (double-arrow); (c)
histograms of components within textural
subgroups
of
juvenile
pyroclasts
(vesiculated, carbonate-bearing, >30%
olivine, <30% olivine).
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carbonate, serpentine).

At the slab and thin section scale, CK1 contains miarolitic

cavities, abundant lath-shaped groundmass carbonate, as well as spherical to subspherical patches of serpentine + carbonate within the groundmass. These domains are
distinguishable from serpentinized olivine grains by remnants of fresh olivine within
serpentinized grains and by the orientation of serpentine fibers perpendicular to the outer
edge of the domains. It also features extensive post-emplacement carbonate alteration of
olivine and groundmass phases (e.g., Fig. 4.2d). Many miarolitic cavities within CK1 are
lined or partially filled with carbonate crystals (i.e. calcite, dolomite).
Juvenile pyroclasts from PK1 range in size from 0.06 mm2 to 32 mm2, and ~14%
of pyroclasts contain vesicles or amygdales filled with carbonate and/or serpentine (Fig.
4.6c).

Vesicle contents range from 0 – 20% by area (i.e. 0 - 40% of non-olivine

groundmass or crystallized melt). Textural sub-types of JPs show restricted size ranges
for vesiculated (0.25 – 32 mm2) and carbonate-bearing JPs (0.5 – 4 mm2) (Fig. 4.6c).
Vesicles occur as both void spaces and as amygdales, infilled with carbonate and
serpentine (Fig. 4.7a). The infills are mineralogically and texturally diverse, occurring
as: granular carbonate, serpentine, euhedral carbonate-linings with serpentine infills, or
fibrous or botryoidal serpentine linings with carbonate crystals in their interiors. The
majority of vesiculated juvenile pyroclasts do not contain groundmass or phenocrystic
carbonate, while the majority of groundmass carbonate-bearing juvenile pyroclasts do not
contain vesicles (Fig. 4.7a). In contrast to CK1 and PK1, late CK2 magmas contain
minimal groundmass carbonate, minimal patches of serpentine and/or carbonate (Fig.
4.4c,d) in the groundmass, and rare miarolitic cavities.

4.4 Discussion and Interpretation:

This investigation reveals important variations in mineralogy, texture and
componentry between CK1, PK1 and CK2.

In this section, I discuss the origins of

variations in olivine crystal size, olivine crystal abundance, and the inferred proportions
of gas and/or fluid.

These observations are then combined with inferred physical

properties of kimberlite magma to estimate possible mass fluxes involved in each
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Figure 4.7: Photomicrographs of selected juvenile pyroclasts (Jp) from PK1: (a) JP
containing olivine (ol), spinel (spl), serpentine +/- carbonate filled amygdules (V/A) in
serpentine groundmass; (b) JP with carbonate laths (carb), olivine (ol) and spinel (spl) in
serpentine and carbonate groundmass; (c) JP with < 30 area % olivine content (ol) in
spinel (spl) and serpentine groundmass; (d) JP with > 50 area % olivine content (ol), and
thin, olivine-free quenched-melt rim and serpentine and carbonate groundmass.
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emplacement event and attempt to constrain the dynamics of kimberlite emplacement in
the A154N pipe.
4.4.1 Variations in olivine content with time
Variations in the olivine crystal contents (area %) of the CK1 and CK2 magmas
are substantial (Table 4.1). These variations are interpreted as first-order differences
between early (CK1) and late (CK2) emplaced magmas. Modal estimates (area %) of
olivine contents also vary widely (0 – 90%) for all sizes of JPs in PK1. Despite this
variability, there is no detectable sorting of JPs by size or type within PK1. Moreover,
JPs from the same thin section and possessing similar groundmass mineralogy (e.g.
spinel, serpentine, perovskite) and grain size can have highly variable olivine contents.
Possible explanations for the variation in olivine content within JPs are discussed below
and include: (1) PK1 hosts JPs derived from multiple eruptions; (2) single batches of
magma can have intrinsically heterogeneous olivine contents (i.e. total modal %); or (3)
single batches of magma having a constant olivine content (i.e. vol. %) can have variable
olivine size distributions (0.01 – 100mm2).
The PK1 is a massive deposit and the lack of any apparent cross-cutting,
pyroclastic kimberlite deposits suggests that it results from a single eruption. To
determine if the variations in the olivine contents of JPs are a function of the modal % or
the crystal size distribution of the olivine in the original magma, the JPs are sub-divided
into four textural classes (Fig. 4.6b): pyroclasts with multiple olivine crystals (M),
selvages of melt on olivine crystals (S), olivine grains with partial selvage (PS), and
cored (C) pyroclasts comprising an olivine crystal core and < 30% enclosing groundmass.
These subdivisions (M; S; PS; C) allow us to filter out the influence of single crystals (i.e.
crystal size) in measurements of JPs which show high crystal : melt ratios; i.e. if an
individual crystal is dominantly responsible for the observed olivine content (e.g. S, PS,
or C).
Each sub-type has an olivine content expected of the textural relationship between
olivine and surrounding crystallized melt (e.g. S > 50% olivine). The presumed low
viscosity of kimberlite melt (cf. Sparks, 2006), likely influences its interaction with
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crystals during fragmentation, and may determine the selvage thickness (i.e. S) and
wetting angles between crystals and melt (i.e. PS) observed in JPs. Observations of the
M sub-type, therefore, likely represent the closest approximation of the crystal : melt
ratios present in the pre-eruptive magma responsible for PK1. However, multiple olivine
(M) pyroclasts of all sizes (0.1 – 80 mm2) still show large ranges in olivine crystal
content (i.e. % low – % high for a given size = 30-50%).
Primary elutriation of fines during eruption and deposition and secondary
alteration can also have an effect on pyroclast diversity. Smaller pyroclasts are less likely
to be preserved; higher surface area to volume ratios of smaller pyroclasts encourage size
reduction or even complete destruction due to alteration, and the finer pyroclasts are also
more susceptible to elutriation and loss during eruption (Fig. 4.6b). Moreover, thin
selvages of crystallized kimberlite magma around large olivine crystals are also
susceptible to corrosion and possible eradication due to alteration.

Preserved JPs,

therefore, likely represent a sample bias towards crystal-rich magmas and may overestimate the olivine content.
Larger pyroclasts (> 100 mm2) and cognate lithic fragments of coherent
kimberlite are rarely observed, but the few that are found have high olivine crystal
content similar to that seen in CK2. The lack of large, crystal-free juvenile pyroclasts
could imply that either the magma was entirely crystal-rich or that the inferred low
viscosity and high gas contents of erupting kimberlite magma leads to efficient
disaggregation of larger clots of kimberlite magma when abundant crystal surfaces are
not available to provide surface tension. However, the presence of smaller JPs having
low olivine contents (Fig. 4.6b), combined with an inferred loss of fine ash-sized JPs of
quenched kimberlite melt provides some evidence for fragmentation of a crystal-poor
magma. Therefore, if the observed JPs are representative of the starting eruptive magma,
then the combined modal % of olivine in JPs (43.7%) likely represents a maximum in
olivine content.
Our reconstruction of olivine contents for these three kimberlite deposits
constrains the olivine contents of the corresponding magmas. These data suggest that the
erupting magmas increased in olivine content with time: CK1 (modal % ol) < PK1 (modal
% ol) < CK2 (modal % ol) (Table 4.1). I suggest that the textural and mineralogical
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diversity of pyroclast types within a single pyroclastic deposit (i.e. PK1) is a result of
heterogeneous olivine distributions and crystal:melt ratios within the erupting magma,
rather than representing products of different magma batches. Furthermore, these results
suggest that the variable olivine content relative to the melt fraction inferred for PK1 (5 44%), may be more representative of explosively erupted kimberlite magma than that
observed in CK2 (40-58%).
4.4.2 CO2 and H2O variation with time
The sequence of kimberlite deposits exposed at A154N document substantial
variations in the proportions of volatiles (i.e. exsolved and dissolved) during
emplacement or eruption. For example, the earliest phase of eruption represented by the
CK1 dyke contains groundmass carbonate, abundant carbonate-serpentine (i.e. CO2 and
H2O) domains or pools, and abundant miarolitic cavities. These features imply the
following for CK1: (1) the presence of an exsolved CO2-H2O fluid phase physically
coupled to the melt (e.g. miarolitic cavities) at the time of eruption; and (2) the presence
of dissolved CO2 within the melt which allowed for crystallization of groundmass
carbonate.
Juvenile pyroclasts from PK1 record variable amounts of volatiles.

Juvenile

pyroclasts can contain 0 – 20% vesicles, however, vesicles are present in only 14% of the
measured JPs within a limited size range (0.5 – 20 mm2). The small proportion of
vesiculated JPs may be the result of elutriation of low-density particles during eruption
and emplacement, or gas-escape from small JPs with high melt temperatures and low
melt viscosities (Cas et al., 2008). Moreover, the small size of kimberlite pyroclasts (all
< 5 cm) enables an efficient release of gas during fragmentation in the erupting system.
However, single sizes of JPs contain both vesiculated and non-vesiculated textures.
Some JPs also contain both lath-shaped carbonate laths and carbonate-serpentine domains
(Fig. 4.7). The diversity in vesicle content found within JPs of PK1 of all sizes implies
that a single magma experienced variable degrees of exsolution prior to disruption into
discrete fragments.

The occurrence of groundmass carbonate, carbonate laths and

carbonate-lined or filled vesicles in the same JP is rare (1 sample); the presence or
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absence of groundmass carbonate and carbonate laths may be due to a heterogeneity in
CO2 solubility reflective of subtle compositional differences within the ascending magma
(Brooker et al., 2001).
Late dykes (CK2) contain only rare carbonate-serpentine domains, minor
miarolitic cavities and never contain microphenocrysts of carbonate minerals. The lack
of textural evidence for an exsolved fluid phase could imply either efficient postemplacement de-gassing of the dyke, or exsolution and escape of gases during its ascent.
However, the crystal-rich nature and presumed rapid-cooling time for thin (< 1 m thick)
dykes would severely inhibit the vertical movement and/or removal of exsolved gases
from a static dyke. Therefore, I suggest CK2 had minimal exsolved fluid when it was
emplaced; the implication is that the majority of fluid exsolution occurred during
transport.
Taken together, these variations in the mineralogical and textural expression of
CO2 and H2O in deposits having an established sequence of emplacement tell us about
the relative proportion of both exsolved and dissolved fluid phases present in erupting
kimberlite magmas: CK1 XCO2+H2O > PK1XCO2+H2O > CK2 XCO2+H2O.
4.4.3 Fluid phase separation in kimberlite
These observations lead to several possible hypotheses regarding emplacement of
kimberlite magmas (CK1, PK1, and CK2) at A154N through time: (1) as three magma
pulses distinct in space and time origins related only by the path they take to the nearsurface; (2) as distinct magma pulses originating from the same location in the mantle at
different times; or (3) as a single, separated three-phase flow originating at the same time
from the same location.
I submit that different physical attributes (% solids, gases, etc.) coupled with clear
differences in emplacement style (fissure dykes, explosive eruption, passive intrusion),
and known relative timing suggest CK1, PK1, and CK2 are genetically-related in space,
time, and composition.
The presumed low viscosity and high volatile contents (Price et al., 2000) in
kimberlite melts implies that buoyant and coalescing gas bubbles may be able to ascend
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at different velocities than kimberlite melt (e.g. Vergniolle and Jaupart, 1990). In this
case, gas-streaming may develop, and the ascending magmas can be described as an
“open-system” (sensu Cashman and Mangan, 1994). During open-system degassing, gas
bubbles can migrate from deeper to shallower parts of a body of magma (Gonnermann
and Manga, 2007; Namiki and Manga, 2008).
If CK1, PK1 and CK2 are derivatives of a single magma pulse, clear differences in
exsolved gas proportions in the magma suggest gas was efficiently moving through the
kimberlite melt in open-system behavior. However, phase separation was not efficient
enough to suppress explosive eruption; high amounts of exsolved gas and a breach of the
present-day surface suggest CK1 was likely explosive, followed by the clearly explosive
PK1 event. This implies that exsolving gas was still coupled to the melt (e.g. Parfitt et al.,
1995). This could result from fast ascent rates which would reduce the differences in rise
velocity between bubbles and the kimberlite melt (Gonnermann and Manga, 2007).
Alternatively, high volatile contents could support continuous production of a fluid phase
during ascent to the point of eruption, whether or not the fluid phase had begun
separating earlier during transport. Furthermore, fresh, unaltered rocks and juvenile
pyroclasts from each unit (CK1, PK1, CK2), contain minerals that may reflect the primary
volatile content of the magma at the time of emplacement (e.g. H2O in serpentine, CO2 in
calcite), and suggests incomplete exsolution of the volatiles. The increasingly higher
crystal content with time (CK1 to PK1 to CK2) could also act to inhibit efficient outgassing of exsolved phases (Klug and Cashman, 1996).
The apparent variations in fluid contents at the time of emplacement and eruption
are interpreted to reflect the efficiency of fluid exsolution and fluid separation within a
single magma pulse during transport from mantle to surface. In addition, observed
variations in olivine crystal content are interpreted to reflect decoupling of the ‘crystal
cargo’ (Davidson et al., 2004) from its host melt. The decoupling of fluid and solids
from the melt is facilitated by the long ascent path (> 200 km) and the high volatile
content and low viscosity (0-100 Pa s) of the kimberlite magma. Moreover, the settling
velocities of particles (i.e. olivine crystals) in turbulent flows can be higher than those in
still fluids (Wang and Maxey, 1993; Yang and Shy, 2005). Combined, these processes
resulted in an ascending magma column that was strongly stratified. The ascending
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column of magma would feature a gas-rich, relatively crystal-poor top or front followed
by relatively fluid-depleted magma that increased in olivine content with depth. The
eruption of the stratified column of ascending magma would tap sequentially a gasdominated magma, a less gas-rich magma showing a range of olivine contents, and lastly
a crystal rich, largely degassed magma. This evolution in magma composition (e.g.
proportions of gas:melt:solid) would greatly modulate the style (i.e. effusion vs.
explosive) of emplacement.
4.4.4 Vent geometry and mass flux (Mf)
One advantage offered to volcanologists by mining of kimberlite is direct
observation of the shape and size of the volcanic conduit. The combination of drill-core
intercepts, downhole geophysical measurements, and open-pit surveys at A154N
provides a robust 3-D model geometry for the volcanic conduit (Figs. 4.1, 4.8a and b).
From this model it is possible to deduce the shape of the vent/conduit system for each
phase of the eruption, and use these geometries to constrain associated mass flux rates.
Here, model cross-sectional areas taken at 615 m below present-day surface (-200
m asl) are used for CK1, PK1 and CK2 to constrain our eruption model of the A154N
kimberlite: CK1 = 500 m2; PK1 = 253 m2; CK2 = 143 m2. These intersections are used
because they represent the minimum cross-sectional areas that all kimberlite magma
(extrusive and intrusive) must have passed through.

These conduit geometries are

combined with measured (e.g. olivine content) and inferred magma properties (e.g. ρmelt,
XCO2+H2O) to provide first-order estimates on mass fluxes for the different phases of the
eruption.
The mass flux (Mf: kg s-1) of kimberlite magma through a dyke and supporting
the eruption of CK1 is computed from:

M f  h  l  B 

(4.1)
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Figure 4.8: Vent geometries for A154N and calculated mass fluxes: (a) Inclined profile
view of A154N delineated by 5m horizontal slices showing smooth, irregular vent
margins and geometries near surface (black; 35m depth), at the widest intersection (grey
dashed; 255 m), and narrowest intersection (grey shaded; 615m); (b) outlines of crosssectional areas of PK1 are shown at surface (35 m below surface), at maximum crosssectional area (255 m), and minimum cross-sectional area (615 m). Outlines of vent
geometry also for CK1 and CK2 at 615m below present-day surface; (c) calculated
relationship between velocity vs. mass flux for CK1 (solid line) and PK1 (dashed line)
eruptions, and intrusion of CK2 (dash-dot) based on estimated magma properties.
Brackets indicate observational limits for least explosive (fire-fountaining) and mostexplosive eruption (Plinian) styles. Bars indicate critical velocities necessary for
turbulence in dykes given conduit geometry and estimated viscosity. A likely
progression based on the nature of emplacement (fissure dyke, pipe-excavation, passive
intrusion) is indicated by numbers (1,2,3). Expected eruption durations for constant mass
flux in PK1 are indicated for a range of velocities (arrow).
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where h is the dyke thickness, l the dyke length, ρB the bulk density of the erupting
mixture of gas, crystals and melt, and μ the velocity of the mixture (Wilson and Parfitt
2007). Bulk density of the magma is estimated from:

 B  (1  n f  nx )   m  (n f   f )  (nx   x )

(4.2)

where ρm is the density of the melt, ρf and ρx are the densities of the exsolved fluid phase
and the solids, respectively, and nf and nx are the corresponding volume fractions.
For these estimates, a ratio of H2O:CO2 of 1 is assumed, and nf of 60%, 90% and
5% for CK1, PK1 and CK2, respectively. Assumptions of volumetric gas fractions are
based on: i) estimates of maximum gas fractions for inflated but non-disrupted (i.e.
coherent; e.g. CK1) magmas (< 65%; e.g. Melnik et al., 2005); ii) conditions for magma
fragmentation (70-99%; e.g. Melnik et al., 2005; Sparks and Wilson, 1982) capable of
producing pyroclastic deposits (e.g. PK1); and iii) textural observations (Section 3.3) on
intrusive rocks (e.g. CK2). Measured modal olivine abundance (Sections 3.1, 3.2) is used
for nx. The model calculated densities include: 117 kg m-3 for the fluid phase (500 bars at
1200°C), 2900kg m-3 for the melt and 3300kg m-3 for olivine crystals (cf. Russell et al.,
2006). Calculated ρB of solid, fluid and melt mixtures are 1238kg m-3, 405kg m-3, and
2951kg m-3 for CK1, PK1, and CK2, respectively.
Model values of mass flux are computed from the observed conduit crosssectional areas and an assumed range of possible eruption velocities (Fig. 4.8c). Our
discussion uses mass eruption fluxes and eruption velocities estimated for two endmember styles of explosive eruption: Hawaiian (fire-fountaining) and Plinian (arrow
brackets; Fig. 4.8c). Minimum estimates of mass fluxes and eruption velocities for lowintensity Hawaiian-style eruptions are 104 kg s-1 and 1 m s-1 (Parfitt et al., 1995),
respectively; Plinian style eruptions have maximum mass fluxes of 109 kg s-1 and
eruption velocities of 400 m s-1 (Schmincke, 2004). An additional constraint is provided
by assuming that transport of gas-rich kimberlite magmas is likely to be turbulent (Head
and Wilson, 2008; Sparks et al., 2006). In order to sustain turbulent flow in an ascending
and erupting kimberlite magma, a critical Reynolds’ number (Rec ~ 1 - 4x103; variable
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with flow geometry) must be maintained (Rott, 1990) requiring a minimum, critical
velocity (vc):

vc 

(Rec ) 
dc   B

(4.3)

where Rec is the Reynolds number threshold for turbulent behaviour in dykes, η is
magma viscosity, dc is characteristic dyke width or pipe diameter, and ρB is the bulk
density.
Assuming a Rec of 2000 (e.g. Campbell, 1985), the critical velocity is calculated
for turbulent ascent of a melt with a η of 10 Pa s and characteristic conduit widths of 0.5,
15 and 1 m for CK1, PK1, and CK2, respectively. Given the ρB calculated above, the
corresponding critical velocities for sustained turbulent flow are 32.3, 3.3, and 6.8 m s-1.
These calculated velocities, therefore, provide an independent constraint on the minimum
eruption velocities at A154N (Fig. 4.8c). These values are in accord with those estimated
by Sparks et al. (2006) (4-16 m s-1) based on turbulent flow, buoyancy-driven crackpropagation, xenolith transport, and minimum velocities required to avoid freezing. Head
and Wilson (2008) suggest large average pressure gradients (60 kPa m-1) between the
source and surface presumed for ascending kimberlite magmas can lead to even higher
minimum velocities (~30-50 m s-1).

These velocity criteria are shown as shaded

parallelograms in Figure 4.8c.
Given these constraints, several observations can be made regarding eruption
behavior at A154N. First, the minimum ascent velocities required for turbulent transport
of kimberlite magma demand relatively high minimum mass flux rates. For example, if a
constant velocity of 10m s-1 is assumed, as estimated for kimberlite magma moving
through dykes (Sparks et al., 2006), minimum mass fluxes would still range between 106106.5 kg s-1 (Fig. 4.8c), several orders of magnitude higher than a low-intensity basaltic
fire-fountaining event (e.g. Houghton and Gonnermann, 2008; Parfitt et al., 1995).
Second, changing vent geometries require either transient eruption velocities or transient
mass fluxes. If mass flux is constant for the three events (CK1, PK1, CK2), velocity must
increase at least one order of magnitude in time from CK1 to PK1 (Fig. 4.8c) followed by
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a subsequent decrease in the transition from PK1 to CK2, due to changes in bulk density
and conduit geometry. If the three emplacement events at A154N are part of a single
eruption cycle, this implies a highly transient eruption style. The eruption of the A154N
kimberlite would have featured both waxing (CK1 to PK1) and waning (PK1 to CK2)
stages in terms of velocity and or mass flux. It is noted, however, that neither velocity
nor mass flux are likely to be steady-state parameters in kimberlite eruptions. In addition,
conduit geometry likely changes during eruption, and may increase in cross sectional area
and deepen as the eruption continues. The implication is that the observed conduit
diameters are absolute maxima.
A more-likely, hypothetical velocity-flux path reflecting transient activity in the
emplacement at A154N is shown with numbers (1,2,3) in Figure 4.8c. Initial eruption
from a fissure dyke would likely begin with a high eruption velocity and high mass flux
(Mf) but, as the vent enlarged with time, velocity would decay. However, given that the
equivalent-area circular radii of vents at A154N are relatively small (< 60 m), it is likely
that the eruptions (CK1, PK1) remained in a highly-pressurized, “choked flow” state at
615 m below surface for the duration of the eruption, until very low magma supply rates
were reached. In this state, gases leaving the vent would expand violently upward and
sideways, as the pressure of the mixture adjusts to atmospheric pressure, maintaining
high eruption velocities.
4.4.5 Eruption duration calculations
Given the mean density and volume of erupting kimberlite involved in the
emplacement events, it is possible to determine the minimum eruption times for
emplacement using:
t

Vk
Mf 

1

(4.4)

B

where t is time (in seconds), Vk is minimum volume of erupting kimberlite (e.g. solid +
melt + fluid), Mf is mass flux, and ρB is the bulk density.
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The fully erupted volume through conduit CK1 is unknown, and therefore
eruption durations for this stage of emplacement at A154N cannot be easily estimated.
However, given properties of CK1 (Mf = 107 kg s-1; v = 33 m s-1; ρB = 1238 kg m-3)
eruption of a similar volume found in PK1 (VPK1 = 5.0 x 106 m3) through the CK1 conduit
would take ~12 ½ minutes. Given properties of the pipe-forming eruption of A154N (ρB
= 405.7 kg m-3; VPK1+Vgas = 5.0 x 107 m3), the portion of the eruption responsible for the
PK1 deposit would have lasted at least 16 ½ hours if the style were Hawaiian (Mf ~105.2
kg s-1 and v ~ 3.3 m s-1). If, however, upon leaving the geometric constraints of the
conduit at A154N, the erupting mixture (i.e. mass flux) could become fully inflated and
match Plinian-style intensities (v ~ 400 m s-1), the PK1 deposits could be produced in a
minimum of ~ 8 minutes (Fig. 4.8c). Given the mean density and an assumed minimum
volume of kimberlite in CK2 above 615m depth (ρB = 2951 kg m-3; VCK2 = 1.1 x 105 m3)
the emplacement of the late dykes would take place in at least ~14 minutes (at 106.5 kg s-1
and 1 m s-1).
Calculated emplacement times of minutes to hours are much shorter in duration
than those hypothesized by Sparks et al. (2006) (hours to days) based on magma supply
rate limitations and inferred properties of kimberlite magmas.

However, kimberlite

eruptions likely eject more kimberlite than is preserved intra-vent (e.g. Porritt et al.,
2008; Sparks et al., 2006); thus, the emplacement times for PK1 are likely a small fraction
of the true, total eruptive times for the entire A154N system, and may be up to an order of
magnitude longer. For example, if an extra-crater edifice formed from the eruption of
PK1 was 80m tall and extended to a radius of 0.5 km away from the vent (VPK1total ~ 3.0 x
107 m3) emplacement of PK1 would take place in at least 1 hour if Plinian in intensity,
and at least 100 hours if the style were Hawaiian.
If extreme ascent velocities (e.g., 50 m s-1 vs. 1 m s-1) are assumed for endmember portions of a single magma pulse (gas-rich vs. gas-depleted) interpreted to result
from phase separation, a maximum total time interval between CK1, PK1, and CK2 can
also be calculated. Gas-rich (~50 m s-1) and gas-depleted (~1 m s-1) portions of a single
magma would ascend 200 km in approximately ~1 hrs and ~55 hrs, respectively, leading
to – at most – a time interval of ~ 2 days for the emplacement of CK1, PK1, and CK2.
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4.5 Emplacement model for the A154N kimberlite

The three events at A154N (CK1, PK1, CK2) are interpreted to record
emplacement of a separated three-phase flow involving kimberlite melt, crystals and a
proportion of exsolved CO2-H2O fluid (Fig. 4.9).

The timing and nature of the

emplacement style (fissure dyke, pipe excavation, intrusive dykes) is suggested to be a
direct result of varying physical properties (crystal, melt and gas content) of the magmas
supplied to the A154N context. First, a transient, low-volume, gas-charged (i.e. CO2,
H2O) fissure eruption of olivine-poor kimberlite magma emplaced CK1. Breach of the
surface would immediately lower the pressure in the ascending magma, triggering rapid
downward movement of a de-pressurization wavefront, allowing for exsolution of
volatile phases (e.g. CO2 and H2O), wall rock erosion and therefore a change in the vent
geometry.
Second, a sustained (i.e. high flux, long duration) eruption of variable gas and
olivine content excavated the A154N pipe and deposited the PK1. De-pressurization of
the magma erupting through the fissure dyke would initially accelerate the eruption
velocity, lower the bulk density, and enhance magma fragmentation. Late-exsolving
gases within magma whose crystal content was increasing with time remain coupled to
the melt, and rapidly expand as the magma approaches the surface, eventually overpressurizing the system, thus leading to explosive excavation of surrounding country
rock. The degree of overpressure in the magma prior to eruption directly determines the
initial vent diameter and geometry (Fig. 4.9). Wall rock erosion would initiate at zones
of structural weakness or lithology contrasts within the country rock, explosively
widening the fissure dyke where these weaknesses intersect.

This explosive vent-

widening focuses the erupting mixture of gas, solids and liquid from the fissure dyke into
a circular vent, which becomes the path of least frictional resistance. The sustained
eruption proceeds to “drill” down into the country rock, efficiently excavating down to
>750m below surface.
Third, non-eruptive, olivine-rich and gas-poor coherent kimberlite (CK2) was
passively emplaced into the interior of PK1 and along the contacts between PK1 and
adjacent country rock. The terminus of the intrusions within PK1 represent levels of
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Figure 4.9: Progressive model for emplacement and eruption of A154N. Upper panel (a)
shows the expected evolution (relative time) in olivine and volatile (CO2+H2O) contents
throughout the eruption cycle. The lower panel (b) denotes the major changes in the
nature (melt:solid:fluid ratios) of the erupting magma, and the size and shape of the
conduit/feeder system. Panels schematically portray presence and proportions of fluid,
olivine and carbonate content for CK1, PK1, and CK2. Stages include: (1) pre-cursor dyke
and fracture system (CK1) is irregular in orientation, and contains intermittent intervals of
coherent kimberlite of variable thickness and country-rock content; (2) PK1 emplacement
initially excavates a crater with width (w), and systematically excavates deeper (z) into
the country-rock with time; (3) late, crystal-rich CK2 only ascends to 0 m asl (i.e., to
within 415 m below the surface).
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neutral buoyancy for the coherent kimberlite magmas: the mixture of liquid, crystals and
gas was not buoyant enough to rise to the surface (ρmagma > ρcountry

rocks),

despite the

relatively low density and semi-permeable texture of the fragmental kimberlite it was
ascending through. This event may have significantly post-dated the eruption which
formed the A154N pipe, but the time gap between events cannot be further constrained.
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5 Fragmentation in kimberlite: products and intensity of explosive
eruption6
5.1 Introduction

Eruptions of kimberlite volcanoes are a poorly-understood phenomena (c.f.
Chapter 1).

There have been no historical eruptions of kimberlite, and kimberlite

volcanoes are rarely preserved. As a consequence, the styles of explosive eruption of
kimberlite magma are undocumented. In particular, the mechanisms of fragmentation
have not been established for explosive eruption of kimberlite. However, mining of
kimberlite pipes for diamonds has allowed for detailed petrographic and mineralogic
observation of rock textures and pyroclastic products produced by kimberlite eruptions.
Here, fragmentation processes in explosive kimberlite eruptions are explored by making
observations on pyroclastic kimberlite. Pyroclastic products derived from kimberlite
eruptions at Diavik, NWT, Canada and from around the world (Table 5.1) show the
following traits:


A limited size range of pyroclasts relative to eruption of other magma types (Fig.
5.1, Plate I: a,b);



the presence of fine ash, as a poorly-preserved component of deposits (Plate I: a);



pyroclast morphologies are dominantly spherical to sub-spherical, and can show
curvilinear amoeboid morphologies (Fig. 5.1 Plate II: a,b,c,d);



crystal:melt ratios are variable within juvenile pyroclasts of crystallized or
quenched kimberlite magma (Fig. 5.1, Plate I: g,h);



pyroclasts show variable amounts of internal vesiculation (Fig. 5.1, Plate I: e,f);



‘free’ olivine crystals are the dominant pyroclast type (Fig., 5.1, Plate II: g,h);



accretionary lapilli (Fig. 5.1, Plate I: c,d) comprising small, angular olivines and
fine ash-sized particles are present in many but not all deposits.



olivine crystals may be partially to fully-coated by jackets of crystallized
kimberlite melt (Plate II: e,f).

6

A version of this chapter will be submitted for publication. Moss, S., Russell, J.K. Fragmentation in
kimberlite: products and intensity of explosive eruption.
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Figure 5.1: Photographic plates (Plate I, II) showing types and shapes of juvenile
pyroclasts derived from explosive eruption of kimberlite magma in A154N, Diavik,
NWT:
Plate I: Types of pyroclasts: (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); (c) large, concentrically-zoned, rim-type accretionary lapillus
(sensu Shumacher 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 crystalline kimberlite (JP), and very finegrained ash; (e) vesiculated juvenile pyroclast (v) with 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 juvenile pyroclast of
crystalline kimberlite with groundmass spinel crystals; (h) crystal-rich juvenile pyroclast
of crystalline kimberlite cored by kelyphitized garnet.
Plate II: Morphologies of pyroclasts (a) round juvenile pyroclasts of crystalline
kimberlite cored by olivine crystals; (b) round, fine ash-sized juvenile pyroclast of
crystalline kimberlite enclosing multiple small (<0.125 mm in diameter) olivine crystals,
in a matrix of serpentine; (c) curvilinear outside margin of juvenile pyroclast; (d) ashsized, “amoeboid”-shaped juvenile pyroclast of crystalline kimberlite with vesicles,
olivine crystals, and groundmass spinel; (e) partial and complete selvages of crystalline
kimberlite around fresh olivine crystals in crystal and clast-supported fabric; (f) fine ashsized juvenile pyroclast with complete, thin (<0.125 mm) selvage of crystalline
kimberlite around a single olivine crystal; (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 crystallized kimberlite in a fine-grained matrix.

141

142

143

From such observations, it is clear that kimberlite eruption styles are capable of
producing a variety of pyroclast types. Any hypothesis regarding the manner(s) in which
kimberlite magma disrupts must address this textural diversity. However, all deposits of
pyroclastic kimberlite are dominated by free olivine crystals and juvenile pyroclasts of
crystallized kimberlite magma. Thus, discussions of kimberlite eruption styles must
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 efficiently separate from crystals during eruption. These ideas are
tested against data collected from field study and image analysis of coherent kimberlite
(CK2; Chapter 2) and pyroclastic kimberlite (PK2) within a kimberlite pipe at Diavik,
NWT. Based on these data, possible controls on the formation and modification of
pyroclasts during eruption are discussed. Olivines are expected to break because of rapid
pressure changes during the explosive eruption and from particle-to-particle collisions.
Disruption of kimberlite magma into pyroclasts is driven by ductile deformation
processes, rather than by brittle fragmentation. The extent to which melt separates from
olivine crystals is a consequence of 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
fragmentation index is proposed for kimberlite eruption based on: a) olivine crystal
populations, and b) ratios of ‘free’ olivine crystals to juvenile pyroclasts of crystalline
kimberlite enclosing olivine crystals.

5.2 Hypothesis 1: olivine fragmentation during explosive eruption

Angular crystals are common components in pyroclastic deposits resulting from
explosive volcanic eruptions (Cas and Wright, 1987; Best and Christiansen, 1997;
Schmincke, 2004). The angular shape of crystals as a consequence of volcanic eruption
has been attributed to crystal-to-crystal interactions in volcanic vents, plumes and flows,
and the failure of melt and mineral inclusions due to rapid pressure changes (Best and
Christiansen, 1997; Bindeman, 2005). Angular, fractured olivine crystals are common in
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kimberlite deposits (Webb et al., 2004; Nowicki et al., 2008), and have been 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 pyroclastic rocks in the A154N kimberlite volcano at
Diavik, NWT suggest olivine crystal shapes and sizes in coherent rocks are different than
those observed in some pyroclastic rocks (Fig. 5.2). For example, olivine crystals in CK2
are ellipsoidal in shape, vary from round to sub-round, cover a large size range, and have
a characteristic CSD slope (Chapter 3). In contrast, olivine crystals from PK2 in A154N
range from sub-round to angular, may comprise smaller sizes, and are, internally, highly
cracked or fractured (Chapter 2). The PK2 and CK2 reside in the same volcano, and are
approximately the same age (Chapter 2; Graham et al., 1999). Assuming that the olivine
crystal contents in the magmas that produced the pyroclastic rocks are the same as those
forming dykes within A154N, then the crystal populations from PK2 and CK2 can be used
to evaluate the effects of volcanic eruption on olivine crystal shapes, sizes, and overall
population properties.
5.2.1 Methods
The working hypothesis is that olivine crystals break during eruption. To test this
hypothesis, field study and image analysis are used to characterize olivine crystal
populations in coherent (CK2) and pyroclastic rocks (PK2) from the A154N kimberlite at
Diavik (Fig. 5.3). For olivine in coherent rocks, data collected in Chapter 3 is used. Data
on olivine in pyroclastic rocks derives from Chapter 2. Using image analysis techniques
described in Chapter 3, the olivines are tested for modal area percent (%), size (area),
perimeter (length), total size distributions (frequency, area), and crystal shape
(circularity).
Comparing the CK2 and PK2 data sets is done by comparison of crystal size
distribution plots, descriptive numerical parameters, and statistical descriptors of shape.

145

Figure 5.2: Olivine crystal shapes: (a) in coherent kimberlite; and (b) pyroclastic
kimberlite.
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Figure 5.3: Location of the Diavik kimberlite field and internal units of A154N: (a)
Kimberlite pipes at Diavik, East Island of Lac de Gras, NWT, Canada; (b) Inclined 3-D
model of A154N looking E, showing four separate units of kimberlite, including:
pyroclastic kimberlite (PK1); coherent kimberlite dykes (CK); re-sedimented
volcaniclastic kimberlite (RVK); upper pyroclastic kimberlite (PK2).
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This allows us to test if eruption changes the sizes, shapes, and overall population
characteristics of olivine crystal size distributions (CSDs).
5.2.2 Results
The comparative properties of the olivine populations are shown in Figure 5.4,
and summarized in Table 5.2. A plot of cumulative frequency vs. size shows a larger size
range in olivine crystals from PK2 than those in CK2, but less coarse olivines (Fig. 5.4).
To characterize overall differences in the two populations, conventional grain size
parameters are used in sedimentology and volcanology (Table 5.1): median size (MdФ),
sorting efficiency (σ), and skewness (α) (Inman, 1952; Cas and Wright, 1987), where:
Md  median log 2 d 





84  16
2

84  16  Md


(5.1)

(5.2)

(5.3)

PK2 olivine crystals have a smaller median size (  = 4.0 vs. 3.8), are more poorly sorted
(σ = 3.6 vs. 3.5), and more skewed in distribution (0.8 vs. 0.5) than olivine crystals from
CK2 (Fig. 5.4). Log-log plots of cumulative frequency vs. size show olivine in coherent
kimberlite to approximate power-law distributions7, with a characteristic slope (D) and
zero intercept (λ) relationship (Chapter 3). Power-law equations are fitted to olivine
crystals in PK2, and the values of slope (D) and intercepts (λ) are shown in Figure 5.4 and
Table 5.2. Comparison of power-law slopes (D) and intercepts (λ) show an increase in

7

There are many two-parameter model equations which appear similar over small ranges of observation
(e.g., gamma, power, log-normal) (Bonnet et al., 2002; 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
Chapter 2.
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Figure 5.4: Tests for olivine crystal modification due to explosive eruption of kimberlite
magma for olivine crystals in coherent kimberlite (CK2) and pyroclastic kimberlite (PK2):
(a) cumulative area % vs. area (mm2); (b) ln N (mm-4) vs. ln L with best-fit power-law
approximations over 6 logarithmic bin sizes (dashed lines = CK2; solid line = PK2).
Analytical error bars are smaller than the symbols; (c) power-law parameters (λ, or zerointercept for ln N; D, or slope) from best-fit lines in (b), with calculated covariance
envelopes (after Chapter 3) for olivine crystals in CK2 and PK2; (d) inter-leaved
probability plots of circularity values for truncated size distributions (0.03 – 150mm2) of
olivine crystals in CK2 (black) and PK2 (grey), where circularity  (4  A) / P 2 .
Theoretical Gaussian distributions are shown for the PK2 dataset (dashed line). Inset
table shows the frequency of crystals (N), standard deviation (σ), and mean shape value
(μ) for olivine crystals in PK2 and CK2, respectively.
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slope (3.61 to 4.29) and a decrease in the intercept (-2.38 to -2.60) for olivine crystals
from CK2 to PK2 (Table 5.2).
Crystal shapes for olivine from CK2 and PK2 are compared in Figure 5.4d and
Table 5.2. PK2 olivine circularity ranges from 0.25 to 0.99, with a μ of 0.73, and possess
a normal, Gaussian distribution of crystal ‘circularities’. CK2 olivines show circularity
ranges from 0.2 to 0.99, with a geometric mean value (μ) of 0.61, and do not adhere well
to a normal, Gaussian distribution. A simple comparison of the standard deviation of
data about the mean circularity suggests that the two populations are distinct.
Comparison of 3D axial ratios for the two olivine populations is accomplished using
CSDSliceTM (Morgan and Jerram, 2006). In the CSDSliceTM 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 CK2 and PK2 (see Appendix 8.2).

CSDSliceTM shows 2D

intersection data from CK2 olivines to be best-approximated by a 1:1:1 ratio, which is
statistically indistinguishable from PK2 olivines (1:1:1; Table 5.2).

5.3 Hypothesis 2: melt is stripped from olivine by eruption processes

A large proportion of the juvenile pyroclasts found in deposits of kimberlite occur
as single, ‘free’ crystals of olivine. Here, I use ‘free’ crystals to denote crystals that were
formed in a magma but are liberated or separated from this magma because of eruption,
and are common in many highly energetic volcanic eruptions (Cas and Wright, 1987).
However, the free crystal pyroclasts found in kimberlite are somewhat 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., 2004;
Dunbar et al., 2008; Michol et al., 2008) because: (a) they feature little to no coating or
jacket of glass or crystallized melt, and (b) if a crystalline jacket is present, it is round to
curvilinear in external morphology, and commonly vesicle-free.
In addition to free crystals, other juvenile pyroclasts derived from kimberlite
eruptions show a variety of textural relationships between olivine crystals and quenched
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or crystallized kimberlite melt (Fig. 5.1). For example, olivine crystals can form the
cores of juvenile pyroclasts of crystallized kimberlite, or can be partially or completely
enclosed by a thin jacket or coating of crystallized kimberlite (Chapter 2; Webb, 2006).
Olivine-free juvenile pyroclasts of crystallized kimberlite are rare, and typically ash or
fine-ash in size (Chapter 4). Round or spherical juvenile pyroclasts comprising any
combination of crystalline kimberlite and attached or enclosed olivine crystals have been
called ‘pelletal ash/lapilli/bombs’ (sensu Cas et al., 2008b) and ‘magmaclasts’ (sensu
Field and Scott Smith, 1999). However, to simplify the array of crystal and melt textures
observed in kimberlite deposits (i.e., pseudo or real; uncored or cored; pelletal, blocky, or
convoluted; ash or lapilli; Cas et al., 2008), I will hereafter refer to pyroclasts comprising
olivine crystals with any attached, crystalline or quenched kimberlite with the umbrella
term “juvenile pyroclasts”, or JP. Though ‘free’ olivine crystals are technically also
juvenile pyroclasts, I will 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 sourced from one eruption (Chapter 2; 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, 2008b). In some
cases, deposits may comprise almost exclusively FO, while other deposits comprise
abundant JPs (e.g., Fig. 5.5). The occurrence of FO and JP together in virtually all
pyroclastic deposits of kimberlite (e.g., Table 5.1), however, suggest olivine crystals are
liberated from melt during all kimberlite eruptions. Based on these global observations,
it is hypothesized that melt is separated from olivine crystals during explosive kimberlite
eruption.
5.3.1 Methods
To test this hypothesis, data collected from a primary pyroclastic deposit (PK2)
from the A154N kimberlite pipe (c.f., Chapter 2) is compared with olivine abundance
data from coherent kimberlite (CK2). The PK2 data includes modal abundances of FO
and JPs, and the data is collated to investigate the ratio of FO to JPs within the entire PK2
deposit (Table 5.3). A further test is required to determine the ratio of total olivine
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Figure 5.5: Variable crystal – melt relationships in pyroclastic kimberlite deposits: (a)
abundant ‘free’ olivine crystals in a poorly-sorted, crystal-supported matrix within a
deposit of pyroclastic kimberlite at Diavik, NWT; (b) abundant juvenile pyroclasts of
crystalline kimberlite with olivine crystal cores in a poorly-sorted, crystal and clastsupported matrix within a deposit of pyroclastic kimberlite at Diavik, NWT.
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crystals (FO + olivine inside JPs) to crystalline kimberlite still attached to crystals within
JPs (Table 5.3). To evaluate this total ratio, I use image analysis methods from Chapter 4
on over 200 juvenile pyroclasts of crystalline kimberlite magma from 10 different thin
sections sampled at 5m vertical intervals throughout the PK2 to determine the size and
modal abundance (area %), and calculate total surface areas (SAol) of the olivine content
within each juvenile pyroclast. If it can be assumed the juvenile pyroclasts observed in

this study of thin sections are representative of the rest of the PK2, this allows us to
determine a value for total crystallized kimberlite attached to olivine that is preserved in
the deposit. The measurement of modal % and SAol within each juvenile pyroclast also
allows 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 CK2 to establish how much melt was separated from the olivine crystals during the
eruption which produced PK2.
5.3.2 Results
Results are shown in Table 5.3. FO content in the PK2 ranged from ~25% to
60%. JPs comprise from ~1 to 20% of the deposit. The remaining volume in PK2
comprises mantle xenoliths (eclogites, peridotites, dunites), and xenocrysts (e.g.,
garnet, clinopyroxene), country rock fragments (e.g., black mudstone, granite, biotite
schist), unconsolidated mud fragments, and matrix (e.g., serpentine, carbonate). Ratios of
FO to JPs in PK2 range from ~2:1 to > 40:1. Combining all samples in PK2 shows an
FO:JP ratio of 6.7.
Plots of the size of juvenile pyroclast relative to its enclosed olivine crystal
content for PK2 of A154N are shown in Figure 5.6; results from PK1 (Chapter 4) are
shown for comparison. These data show juvenile pyroclasts range in size from 0.03 to 30
mm2, have olivine contents of 0 – 90% and minimum sizes of 0.03 mm2, similar to
observations of a different pyroclastic body in A154N from Chapter 4. Overall, there is
no correlation between size and enclosed olivine content; pyroclasts can have any size to
olivine content relationship, except for some extreme ratios. For example, there are no
small juvenile pyroclasts with high olivine to groundmass ratios, or
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large juvenile pyroclasts with low olivine to groundmass ratios (shaded region, Fig. 5.6a).
The combined modal percentage of olivine crystals in juvenile pyroclasts is 66.3%,
yielding a 2:1 ratio of olivine crystals to groundmass in juvenile pyroclasts (Table 5.3).
If it can be assumed the ratio of olivine content (%) to crystalline kimberlite measured
within the juvenile pyroclasts in this study are representative and can be applied to all
juvenile pyroclasts from PK2, the total (FO + olivine inside JPs) olivine to crystalline
kimberlite ratio for PK2 is > 22:1. In contrast, ratios of olivine crystals to crystallized
kimberlite groundmass in coherent kimberlite (CK2) show ~1:1 relationships. If olivine
to groundmass ratios in magma which erupted to produce PK2 were similar to the ratios
measured in CK2 rocks (Table 5.3), these data suggest up to 94 % of the melt fraction
may have been separated from olivine crystals during eruption.

5.4 Discussion

In this section, I 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.
5.4.1 Olivine crystal breaking
Olivine crystals measured in pyroclastic kimberlite rocks show clear differences
from those measured in intrusive coherent kimberlite. Shape indices, sedimentological
population parameters, and crystal size distribution model equations all indicate a
fundamental difference in the olivine crystal populations from CK and PK2. The simplest
explanation is that eruption of kimberlite magmas modifies the shapes, sizes, and overall
population characteristics of olivine crystals. Here, I discuss the properties of olivine
crystals in kimberlite magma and the environmental influences which can cause crystals
to break. Then, I discuss potential controlling factors responsible for differences in the
populations of olivine crystals observed in pyroclastic deposits.
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Figure 5.6: Parametric analysis of juvenile pyroclasts (JPs) from PK1 and PK2 of A154N:
(a) olivine (%) vs. size (mm2) for PK1 (after Chapter 4), and PK2 of A154N. Shaded
regions indicate a lack of observations; (b) olivine content (%) vs. size (mm2) of juvenile
pyroclasts in PK1 and PK2 containing: vesicles (v), groundmass carbonate (carb), both (v
+ carb), or that are vesicle-free (non-v).
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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 likely xenocrystic in origin (Arndt et al.,
2006; Kamenetsky et al., 2007a; Brett et al., 2009), derived from depths as great as
200km below surface.

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. 5.7a,b). Detailed petrography of
olivine crystals in coherent and fragmental rocks at Diavik have indicated evidence of
crack-healing and crack-sealing within olivine crystals (Brett et al., 2009). Second,
olivine crystals in kimberlite magma also contain abundant mineral and melt inclusions
(Fig. 5.7c). Together, these physical characteristics act as points, lines and planes of
intrinsic weakness within individual olivine crystals (e.g., Fig. 5.7d).
Environmental factors within magma

There are also environmental factors within ascending and erupting kimberlite
magma which may enhance the breaking of olivine crystals. First, pressure changes
associated with rapid ascent through the mantle and subsequent eruption can cause solidstate expansion of olivine crystals, volatization of gas from fluid or melt inclusions
(Bindeman, 2005), and re-cracking of pre-conditioned zones of weakness, leading to
failure of olivine crystals. Secondly, turbulent ascent conditions are required by the
presumed viscosities, conduit geometries and source locations of kimberlite magmas
(Sparks et al., 2006; Head and Wilson, 2008). Turbulent behaviour in solid, liquid and
gas mixtures lead to higher numbers of particle to particle interactions (Kruis and
Kusters, 1997), particularly with respect to larger crystals and in systems with high
density contrasts between solid particles and their host fluids (Zhou et al., 2001); such
interactions create high-energy impacts between crystals that can exceed the tensile
strength of olivine.
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Figure 5.7: Properties of olivine crystals contributing to crystal breaking during eruption:
(a) partially-healed (c1) cracks within an olivine crystal in CK which terminate before the
edge of the crystal; (b) cross-polarized photomicrograph of large, strained (undulose
extinction) olivine macrocryst within CK containing cracks filled with carbonate (c2) and
internal zones of recrystallized olivine (recrystallized); (c) melt and mineral inclusions
(incl) in an olivine overgrowth; (d) angular, fractured olivine within PK2 of A154N.

159

Reasons for differences in olivine crystal properties

Experiments have shown the slopes of particle size distributions in log-log plots
(i.e., D-values) to positively-correlate with the magnitude of pressure drop attending
fragmentation (Kueppers et al., 2006), the amount of particle-to-particle comminution
(Kueppers et al., 2006), and the number of fragmentation generations (Kaminski and
Jaupart, 1998). Models calculating new CSDs by fragmentation of existing olivine
crystal population also suggest a positive increase in the CSD slope due to fragmentation
(Chapter 3).
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; (c) magnitude of pressure drop during emplacement, or (d) the
number of particle-to-particle collisions during eruption.

However, the intrinsic

properties described for olivine (strain, cracks, inclusions) are repeatedly observed in
coherent kimberlite (Kamenetsky et al., 2007a; Brett et al., 2009). Moreover, global
olivine crystal size distributions in coherent kimberlite are believed to be relatively
consistent (Scott Smith, 2008c). Thus, the most likely cause for significant differences in
olivine crystal size distributions and shapes in pyroclastic deposits are relative differences
in pressure changes and the number of particle-to-particle collisions during emplacement.
5.4.2 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, volatile-rich melt (Price et al., 2000; Sparks et al., 2006). Kimberlite
magmas can also comprise up to ~51% olivine crystals (Chapter 3).

Ultimately,

kimberlite magmas become three-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 (Chapter 4). The relative ratios of phases
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may be responsible for the degree to which melt can separate from olivine crystals, and,
thus, most crystal/melt textures observed in pyroclasts derived from kimberlite eruption.
Below, aspects of each phase (melt, gas, crystals) are discussed which influence
primary pyroclast formation and the degree to which melt separates, or ‘strips’ from
crystals, including: (1) the impact of melt viscosity; (2) mechanisms by which gas content
could facilitate melt disruption and separation from olivine crystals; and (3) the role of
crystal content (i.e., olivine) in determining the size, shape and crystal-melt 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. Computed viscosities for estimates of
kimberlite melt composition show little decrease in glass transition temperature [Tg (K)]
with increasing H2O contents (Russell et al., 2006). 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 (Russell et al., 2006). 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 causes 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 consequence, kimberlite melts
can remain molten and fluid longer after disruption or fragmentation than most silicate
melts.

For this reason, crystal/melt relationships and external morphologies (i.e.,

spherical geometry, contact angle between melt 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.

161

Gas content and melt disruption

Gas content can encourage separation of kimberlite melt from olivine crystals and
disruption of kimberlite melt in several ways (Fig. 5.8). First, nucleation of exsolving gas
bubbles is energetically easiest on solids (Blander and Katz, 1975). Kimberlite contains
abundant xenocrysts of olivine (e.g., Brett et al., 2009) as crystal cargo, and therefore any
exsolved gas will preferentially nucleate on these crystals. Rapid exsolution of gases
may cause 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. 5.8b).
Second, high gas fractions within a low-viscosity melt has 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) instabilities8, which create waveforms at the interface,
and (2) Rayleigh-Taylor (R-T) instabilities9 which disrupt liquid from wave-crests
formed by the K-H instability by rolling-over the crest of the wave-forms in a fashion
similar to white-caps on a lake (Villermaux, 1998; Villermaux, 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.
5.8b,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 (Chapter 4; Sparks et al., 2006; Head and Wilson, 2008). The high density of
the pyroclasts involved in a kimberlite eruption (Chapter 2; Cas et al., 2008a; Gernon et
al., 2008b) would reduce the exit velocity of particulate matter being ejected from a vent.
The collective behaviors of gas, melt and solid particles in a vent undergoing a flux
8

Kelvin-Helmholz shear instabilities forms asymmetric waves at the boundary between gas and liquid of wavelength;
    /  g , where λ is wavelength, δ is the boundary layer thickness, ρ is the density of the liquid, and ρg is gas

density.
9
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:
 /   3We 1 / 3 (  /  g )1 / 3 , with We   g (v) 2  /  , where ∆v is the relative gas velocity.
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Figure 5.8: Relative volume fractions vs. velocity ratios (vg / vl ) of gas, liquid (i.e., melt)
and crystals, and consequences for disruption of kimberlite magma: (a) relatively high
crystal + melt content (as volume %) leads to coupled transport of crystals, melt and
exsolved gases; (b) nucleation of gas bubbles on crystal cargo leads to first separation of
crystals from melt. Relatively low crystal content leads to gases streaming through low
viscosity kimberlite melt; (c) velocity contrasts between melt and gas create two kinds of
fluid mechanical instabilities at interface: i) Kelvin-Helmholz2, and ii) Rayleigh-Taylor3
(see text); (d) ‘stripping’ of melt from olivine crystals by fluxing gases. Enlarged box
shows sas-liquid-crystal interfaces and critical relationships for Weber numbers (We#,
Wecrit#; eq. 5.4), work of dispersion, and work of adhesion (Wcrit, Wadh; eqs. 5.5, 5.6)
required for ‘stripping’ of melt from crystals (iii) and spherical restoration of melt around
olivine crystals due to surface tension (iv).
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of melt+solids+gas would yield a substantial but highly variable velocity contrast
between phases. In fluid mechanics, such 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  (  g (v) 2 (d 0 )) / 

(5.4)

where pg is gas density, ∆v is the velocity differential between liquid and gas, d0 is the
initial liquid droplet diameter, and γ is surface tension. One indication of high velocity
contrasts (∆v) are 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), 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. 5.6, 5.8d). It is well established that the exit velocity of an
erupting gas-pyroclast mixture is sensitive to the gas content of the magma, with larger
gas contents leading to higher exit velocities (Head and Wilson, 2008). As the terminal
settling velocity of melt globules and crystals are relatively constant, higher exit
velocities imply greater velocity contrasts between gas and entrained particles.
Olivine crystal content and melt separation

The olivine crystal content in kimberlite magma may also influence the
disruption of kimberlite magma.

For example, interfacial energies which cause

kimberlite melt to wet the outer surfaces of olivine crystals in kimberlite magma may
inhibit separation of melt from itself or from crystals. 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 %) and size distribution of olivine content
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within an erupting kimberlite magma may ultimately control the crystal to melt ratios
within juvenile pyroclasts, as well as the sizes of juvenile pyroclast produced.
To assess the influence of crystal content (i.e., modal %, surface area) on the
ability of melt to separate from olivine crystals, I compare a) olivine content (modal %)
with sizes of JPs (Section 5.3), and b) estimated surface area of olivine crystals within
JPs with estimated volumes of JPs. Olivine content (modal %) is plotted against size for
all JPs from Figure 5.6 in Figure 5.9a, and are sub-divided according to textural
relationships between olivine crystals and attached or enclosing crystalline kimberlite
groundmass, as in Chapter 4. These data indicate a general increase in olivine content
with size for JPs with multiple olivine crystals (M; dashed lines; Fig. 5.9a), similar to
observations in Chapter 4. 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 groundmass in each juvenile pyroclast (Vm) within the PK2 dataset.
The estimated SAol : Vm ratio is plotted against the estimated size (Vjp) of the juvenile
pyroclast in Figure 5.9b. 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 %) 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 boundarylayer effects between neighbouring olivine crystals and the decreasing significance of
surface tension with size.
To separate a liquid from a solid surface in a three-phase system of gas, liquid and
solid, a dispersive pressure (force/unit length) on the outer surface of a liquid droplet
enclosing solids must overcome the work of adhesion (Wadh) coupling the liquid to the
solids (Bangham and Razouk, 1937), defined by the Young – Dupree equation:
Wadh   (1  cos )

(5.5)

where γ is the liquid surface tension, and θ is the contact angle between solid and liquid
(Fig. 5.10a). Wadh is a force per unit length, or equivalently energy per unit area. The
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Figure 5.9: Fluid mechanics properties relating gas, liquid and solid surfaces: (a) olivine
content (%) vs. size (mm2) for textural subgroups of juvenile pyroclasts for PK1 and PK2,
including: pyroclasts with multiple olivine crystals (M), selvages of melt on olivine
crystals (S), olivine grains with partial selvage (IS), and cored pyroclasts (C); (b)
estimations of ratio of total surface area of olivines within juvenile pyroclasts (SAol) to
volume of groundmass in enclosing juvenile pyroclast (Vm) vs. size of juvenile pyroclast
(mm3). Note the decrease in SAol : Vm ratio with increasing size of juvenile pyroclast
(arrow); (c) work of adhesion (Wadh; eq. 5.1) vs. wetting angle between liquid and a solid
surface (θ) for water (dashed line; viscosity (μ) = 1 Pa s), olivine oil (solid line; μ = 84 *
103 Pa s), and glycerine (blue line; μ = 1.5 * 103 Pa s). Shaded region indicates range of
observed contact angles between crystalline kimberlite selvages and olivine crystals on
the outer edge of juvenile pyroclasts from PK2; (d) “critical” work fields defined by
intersection of Wadh (water) with WT - ∆v curve for starting drops 1cm in diameter: (1) no
‘atomization’ or stripping of liquid off of crystals, (2) no ‘atomization’ but liquid is
stripped off of crystals, (3) both ‘atomization’ and stripping of liquid off of crystals, (4)
‘atomization’ of liquid but no stripping of liquid off of crystals.
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Figure 5.10: Wetting angles between olivine crystals and kimberlite melt for pyroclasts
in PK2: (a) schematic showing the wetting angle (θ) between kimberlite melt (kimb) and
crystal (olivine) in a gas medium (gas); (b – d) large (~1 cm) juvenile pyroclasts
comprised of a large olivine crystal ‘core’, incompletely coated by crystalline kimberlite.
Note low contact angles (θ < 30°) between crystalline kimberlite and olivine crystals.
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total energy required to separate liquid from a solid surface would increase proportionally
with increasing total surface area (e.g., crystal surfaces).
Thin, complete selvages of kimberlite on olivine crystals (~ 0.1 mm) and low
contact angles (approx. 10 – 30°) between olivine crystals and partial selvages of
kimberlite are observed in many juvenile pyroclasts in PK2 (Fig. 5.10b-d). Such low
contact angles indicate a stronger attraction between the olivine and adjoining melt (Wadh)
than of the liquid to itself (i.e., work of cohesion), allowing the liquid melt spread upon,
or ‘wet’, the olivine. The Wadh for liquids of known viscosities which span the best
estimates for kimberlite melt (e.g., 1-10 Pa s; Sparks, 2006) is modeled for different
contact angles (θ = 0 - 180°) in Figure 5.9b. Observations of contact angles between
crystalline kimberlite and olivine crystals on the outside margin of juvenile pyroclasts
suggest a likely range for Wadh required to separate liquid melt from olivine crystals (Fig.
5.9b, shaded region; ~60-140 dynes cm-1).
Therefore, the sizes, morphologies, and types of pyroclasts produced by an
explosive eruption of low viscosity kimberlite magma may be influenced by: a) the ratio
of inertial to curvature forces (We#crit), b) the energy of melt adhering to crystals (Wadh),
and c) stagnation pressure (  g  (v) 2  d o ) of fluxing volcanic gases.

By combining

equation 5.4 with equation 5.5, the “critical” work (Wcrit) can be found in terms of
velocity contrast required to both ‘atomize’ liquid and ‘strip’ crystals of melt (Fig. 5.9b):
 1  cos     g  d o 
2
Wcrit  
 (v)
#
We
crit



(5.6)

To estimate possible critical work and velocity contrasts required to ‘atomize’ kimberlite
melt and ‘strip’ melt from crystal surfaces, I assume the fluid properties (e.g., μ = 1 Pa s,
γ = 76.4 dynes cm-1) of water at room temperature as a reasonable analogue to bestestimates of kimberlite melt: a We#crit similar to that required for water to ‘atomize’ (~10;
Wierzba, 1990), d0 of ~1 cm, and ρg of 50 kg m-3. Given these assumptions, critical
relationships between viscosity contrasts and total work dictate four theoretical
relationships between kimberlite melt and olivine crystals (Fig. 5.9d): (1) kimberlite melt
is neither separated from olivine crystals (i.e., Wcrit < Wadh) nor ‘sprayed’ or ‘atomized’
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(We# < We#crit); (2) kimberlite melt is separated from olivine crystals (i.e., Wcrit > Wadh),
but is not ‘sprayed’ or ‘atomized’ by the flux of surrounding gas (We# < We#crit); (3)
both melt separation (i.e., W > Wadh) and ‘atomization’ (We# > We#crit); (4) kimberlite
melt remains attached to olivine crystals (i.e., W < Wadh), but droplets are ‘sprayed’ or
‘atomized’ by the flux of surrounding gas (We# > We#crit).

5.5 Interpretation

In this section, I interpret processes responsible for observations from the two
tests in this study. First, olivine crystals are shown to be modified due to explosive
eruption. These changes to the sizes and shapes of olivine populations are most likely the
result of pressure drops, thermal shocks, and particle-to-particle collisions experienced by
the ascending magma, and are easily characterized by looking at D-values. Together,
these causes indicate the pressure differential as a likely factor in the extent to which
olivine breaks during eruption: rapid pressure changes, thermal shock, and particle-toparticle collisions induced by turbulent behaviour within an ascending and/or erupting
kimberlite magma could facilitate break-up or fragmentation of olivine crystals along
internal, pre-conditioned areas of weakness. Thus, I suggest D-values of olivine CSDs
are modified in proportion to the change in pressure experienced by the magma, and
serve as a guage of the violence of kimberlite eruption.
Second, it has been shown that pyroclastic deposits contain both abundant free
olivine and juvenile pyroclasts comprising olivine crystals and attached or enclosing
crystalline 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 crystalline kimberlite (JPs) to free
olivine crystals observed in a deposit (FO), and (2) the size distribution of JPs (i.e.,
droplets of crystalline kimberlite enclosing olivine) produced during eruption. Therefore,
crystal-melt 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
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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
existing pyroclasts by melt ‘stripping’ is attenuated by high olivine contents, and may
lead to a bias of pyroclasts with high olivine contents and surface areas preserved in
pyroclastic deposits relative to the starting magma.

The gas content of erupting

kimberlite magma is also known to correlate with eruption column height in other lowviscosity magmas (e.g., Parfitt et al., 1995), suggesting the FO:JP ratio may also be a
proxy for the power of the eruption. Thus, I 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.

5.6 New eruption index

The observation of diverse pyroclast assemblages in pyroclastic deposits
worldwide implies that eruption dynamics for kimberlite vary from volcano to volcano
(Table 5.1). Conventional metrics of volcanic eruptions include magnitude (erupted
mass, in kg), intensity (eruption rate, in kg/s), peak eruption height (km), energy release
(thermal + kinetic + seismic, in J), power output (W), and destructive potential
(Sigurdsson, 2000). Though efforts have been made to create a single index which can
effectively account for these different metrics (e.g., Volcano Explosivity Index, or VEI),
such indices are incapable of describing the behaviour of all volcanic eruptions. For
example, there is not a simple or consistent relationship between magnitude and intensity
for many eruption styles and/or magma types. In addition, eruption duration, deposit
volumes, and vent geometries vary independently of either magnitude or intensity.
Many of these parameters are based on the characteristics of the eruption, and
some have been developed to correlate the phenomenon with the resulting pyroclastic
deposit. For example, Walker (1973) recognized the need to investigate the wealth of
global pyroclastic deposits for clues into eruption behaviour for active and ancient
systems. Relative comparisons of volcanic energy are made for unobserved eruptions by
using the combination of grain size distributions and areal extent of pyroclastic deposits
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(Walker, 1973). For example, ‘F’ values which represent the % of fragments < 1 mm at
isopach contour of 0.10 Thicknessmax are used for comparative purposes and to deduce
volcanic style and energy from grain-size properties of 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. Poor exposure of extra-crater deposits and post-emplacement alteration
means it is only possible to constrain minimum estimates of mass involved in eruptions
from kimberlite pipes (Porritt et al., 2008). Thus, accurate assessment of magnitude (kg)
or intensity (kg/s) for kimberlite eruptions using methods described above are not
possible. Furthermore, many volcaniclastic deposits of kimberlite are enriched (> 50%)
in crystals (e.g., olivine) and, thus, the energetics behind fragmentation of crystal-rich
kimberlite magmas may be considerably different from other magmas. Moreover, the
high density of juvenile pyroclasts (Chapter 2; Porritt et al., 2008) combined with
relatively high volatile contents presumed for kimberlite eruptions (Sparks et al., 2006)
would inherently impact the transport distance and plume stability, thereby complicating
the application of a conventional fragmentation and dispersal index.
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).

As a further complication, kimberlite

volcanologists and petrologists continue to debate the depositional styles (e.g., fall, surge,
flow, fluidized fountain) responsible for most pyroclastic deposits observed within
kimberlite pipes (Walters et al., 2006a; Gernon et al., 2008b; Porritt et al., 2008),
precluding use of Walker’s D-F index (Walker, 1973) which assumes the examined
deposits are the result of pyroclastic airfall. Given these constraints, we must look to
either a) conduit and crater geometries of kimberlite pipes and dykes (e.g., Field and
Scott Smith, 1999), or b) pyroclastic products derived from kimberlite eruptions and
contained within kimberlite pipes and dykes to characterize eruption magnitude, intensity
and associated style(s).
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Here, I present a new fragmentation index for kimberlite eruptions. The index is a
metric for the relative fragmentation intensity attending kimberlite eruptions (Fig. 5.11),
and is based on data collected from coherent and pyroclastic rocks, models of dynamical
fluid behaviour presented above, and is in the spirit of the original F-D diagram of
Walker (1973).
Slopes from power-law approximations of olivine crystal populations (Chapter 3),
or “D” values, are used to characterize the extent to which olivine crystals have broken
during eruption (‘D’ values; Fig. 5.11). D-values are useful because they are scaleindependent (i.e. dimensionless), and require significant changes in the overall properties
of olivine crystal populations to change their values (Kaminski and Jaupart, 1998;
Walters et al., 2006a). As changes in D-values are shown to positively correlate with the
magnitude of pressure changes, the “D” parameter is then analogous to Walker’s “F”
(Walker, 1973) as a proxy for increased violence of eruption, and may be highly affected
by environmental influences. For example, external groundwater, vent clogging (after
Walker, 1973) or overpressures built up by cap-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. 5.11). This ratio is useful because it is
dimensionless and because it does not require a dataset which includes all of the eruptive
products of kimberlite eruptions; deposits contained within kimberlite pipes can be
examined, and it is not necessary to know the full extent of ash production (crystalline or
quenched kimberlite w/o olivine crystals) 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 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.
This index utilizes data collected on olivine crystals and juvenile pyroclasts from
the PK2 and CK2 from A154N kimberlite volcano (Fig. 5.11). Characterizing kimberlite
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Figure 5.11: New fragmentation index for erupting kimberlite magmas based on
measurable characteristics of pyroclastic deposits of kimberlite. The vertical axis are
olivine crystal size distribution (CSD) slopes, or “D” values. CSD slopes are
dimensionless numbers which reflect the pressure differentials for kimberlite magma
during an eruption of kimberlite, and are largely controlled by external influences,
analogous to Walker’s fragmentation or “F” parameter (Walker, 1973). The horizontal
axis are ratios of ‘free’ olivine crystals (FO) to juvenile pyroclasts of crystalline
kimberlite enclosing olivine crystals (JP). The separation ratio, “S”, is also a
dimensionless number which reflects the intrinsic power of the erupted kimberlite, and is
largely controlled by the relative ratios of gas, liquid (i.e., melt) and solids (i.e., crystals,
xenoliths). Two kimberlite deposits from the present study of A154N at Diavik are
shown as red dots: intrusive coherent kimberlite dykes (A154N-CK) and pyroclastic
kimberlite (A154N-PK2).
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eruptions using this fragmentation 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. kg/s, 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 observed or studied deposits in
kimberlite pipes capture or are representative of the entire suite of products from a
kimberlite eruption.

However, elutriation of ash or fines may lead to a bias in

preservation. This could retain higher olivine crystal to preserved crystalline or quenched
kimberlite ratios in a deposit than what was actually produced by the eruption.
Moreover, alteration 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, also leading to skewed olivine to preserved crystalline kimberlite ratios in a
deposit than what was actually produced by the eruption. 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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6

The volcanology of A154N: implications for kimberlites and

diamonds
The investigation of the A154N kimberlite pipe at Diavik has resulted in
descriptive data for a variety of kimberlite deposits. These data are intended to contribute
to the following areas in kimberlite volcanology:




metrics to characterize the volcanic style and intensity of kimberlites;
the physical properties of kimberlite magma
quantification of pyroclastic deposits.
The descriptive data from this thesis has led to interpretations of volcanic

processes at A154N, and resulted in several contributions to our knowledge of the
physical volcanology and emplacement of kimberlite volcanoes. Here, I summarize the
most important data results from Chapters 2-4, and review the interpreted emplacement
model of A154N. I then highlight the most significant implications of the data and
emplacement model for kimberlite volcanology and diamond grade evaluation within
kimberlite deposits. The chapter concludes with a breviary of areas for future study.

6.1 Summary of descriptive data on A154N from chapters 2 – 4
Chapter 2: Contact relationships between PK1, RVK, and PK2 in A154N also

indicate a logical sequence of emplacement: PK1 followed by RVK, followed by PK2.
The PK1 deposit fills approximately 80% of A154N (~5.0 x 106 m3; Table 6.2). Facies
analysis of PK1 (i.e., MVK1 and MVK2; Ch. 4) indicates a progressive vertical change
from massive, poorly sorted, shale-poor volcaniclastic deposits to crudely sorted, finersized, and shale-rich deposits. Facies analysis of the RVK (i.e., SVK; Ch.4) deposits
indicate a gradual change from coarse, massive to poorly-bedded volcaniclastic
kimberlite, to smaller volume, finer, mantle-depleted, shale-enriched, well-bedded
deposits.

Granulometry data show a progressive vertical change in the relative

abundance and types of components within the PK2 unit.

Olivine crystals show

incremental changes in median size, and sorting efficiency from the bottom to the top of

180

PK2 (Fig. 5.8; Table 6.1). Analysis of the cumulative population of components in PK2
show an approximately log-normal distribution of pyroclasts (Fig. 5.8), and can be
described by a power-law equation with a slope (D-value) of 3.3 (Fig. 5.9b; Table 6.1).
The Inman parameters of the entire PK2 deposit are consistent with > 96% of those
observed in pyroclastic flow deposits (Fig. 5.9a; Table 6.1). Pyroclasts in PK2 include
spherical, fine-ash sized pyroclasts, juvenile pyroclasts with relatively few vesicles
(generally < 10%), and are restricted in maximum size (< 5cm) relative to those
produced by eruption of other magma types.
Chapter 3: Quantitative characterization of olivine crystal size distributions

(CSD) using 2D image analysis techniques (Chapter 3) yields characteristic properties
for olivine in intrusive coherent kimberlite at A154N (CK2), including: modal abundance
(44 – 51 %), size range (0.03 – 10 mm diameter), shapes (equant, ellipsoidal, 1:1:1 axial
ratios), sorting efficiency (σ = 2.9 - 3.5), skewness (α = 0.3 – 0.5) and D-values (i.e.,
power-law slopes; ~3.55) (Table 6.1). Characterizing olivine crystal populations can be
accomplished by either manual (Chapter 3) or automatic (Appendix 7.3.2) methods.
While there are advantages and disadvantages to both methods, the automatic method
carries a distinct advantage in successfully reproducing the quality of data obtained
using the manual method in a fraction of the time.
Chapter 4: Contacts between the CK1, PK1 and CK2 deposits at A154N indicate

a logical sequence of emplacement: CK1, followed by PK1, followed by CK2. The
modal abundance of olivine in CK1, CK2, and juvenile pyroclasts deriving from the
eruption of PK1 are shown to be variable (Table 6.1). Sub-types of juvenile pyroclasts
are observed within PK1 (Table 6.1). Textural evidence of exsolved fluid within CK1,
CK2, and the juvenile pyroclasts of PK1 are also variable (Table 6.1). The minimum
geometries of CK1, PK1, and CK2 are found in 3D-models, and used to estimate mass
flux and eruption durations at A154N (Table 6.2). Estimates of mass flux rates are 106 –
106.5 kg s-1, orders of magnitude larger than low-intensity fire-fountain eruptions of
basalt (Table 6.2). The minimum duration of the eruption which formed the A154N pipe
and deposited PK1 is constrained by conduit geometry, and estimates range from a
minimum of ~8 minutes to more than 16 hours (Table 6.2).
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Chapter 5: Pyroclastic deposits of kimberlite at Diavik show a variety of textural,

mineralogical, and morphological types of juvenile pyroclasts (Fig. 6.1). Pyroclasts
from the PK2 deposit in A154N are studied to characterize differences in olivine
componentry from pyroclastic deposits with those in crystallized kimberlite magma
(e.g., CK2, Chapter 3). Olivine crystals in the PK2 deposit of A154N have different size,
shape and distribution properties than olivine crystals in CK2 (Table 6.1). The PK2
deposit comprises abundant ‘free’ olivine crystals (FO) and juvenile pyroclasts of
crystalline kimberlite (JP), with a modal (area%) FO : JP ratio of 6.7 to 1. Juvenile
pyroclasts (JP) within PK2 are shown to contain ~65% modal abundance of olivine
(Table 6.1). Combining the FO : JP ratio with the modal abundance of olivine within
JPs show a modal (area%) olivine to crystalline kimberlite melt ratio of 22 : 1. Olivine
content within multiple-olivine juvenile pyroclasts (M; Chapters 4, 6) shows a positive
correlation with the size of the pyroclast. The total surface area of olivine crystals
within individual juvenile pyroclasts (SAT; Chapter 5) also shows a positive correlation
with the size of the pyroclast. However, the ratio of surface area to volume of crystalline
groundmass shows a negative correlation with the size of the pyroclast.
6.2 Emplacement summary for A154N

The deposits within the A154N kimberlite pipe (~6.1x106 m3) are interpreted to
be the result of five emplacement events (CK1, PK1, RVK, PK2, CK2).


First, a transient, low-volume, gas-charged (i.e. CO2, H2O) fissure eruption of
olivine-poor kimberlite magma emplaced CK1.



Second, a sustained (i.e. high flux, long duration) eruption of variable gas and
olivine content excavated the A154N pipe. The sustained eruption proceeded to
“drill” down into the country rock, efficiently excavating down to >750 m below
surface. Infilling of A154N immediately ensued, filling ~80% (5.0x106 m3) of
the present-day pipe volume with PK1. During the waning stages of eruption,
depositional style progressed from en-masse, vertical collapse of the eruption
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column as a conduit filling density current to fall-out and crude sorting of the
finer size fractions suspended in the upper portion of the column (MVK2;
Chapter 2). The eruption that excavated the A154N pipe and deposited PK1
likely lasted from minutes to hours (Chapter 4), and left a large crater >200 m
deep (Chapter 2).


Third, during the waning stages of eruption, or immediately post-eruption,
coarse, loose volcanic debris began to re-deposit into the open crater from all
sides (RVK). Groundwater ultimately fills the crater with water at the same time
that denudation of the crater walls and sedimentation into the conduit are taking
place. Hot aqueous fluids serpentinize the interior of the volcanic pile and basal
RVK deposits (Chapter 2).

Systematically smaller-volume, finer, mantle-

depleted, and shale-enriched kimberlite continues to deposit into a deepening
crater lake (RVK, Chapter 2).


Fourth, a pyroclastic density current sourced from one of the many adjacent pipes
in the Diavik area inundated the A154N pipe (PK2; Chapter 2). Facies analysis
of the PK2 deposit suggest a pyroclastic origin and hydraulic sorting during enmasse deposition of pyroclastic kimberlite into a deep water column.



Finally, non-eruptive olivine-rich and gas-poor coherent kimberlite dykes (CK2)
were passively emplaced into the interior of PK1 and along the contacts between
PK1 and adjacent country rocks.

This event may have pre-dated the

emplacement of PK2 or significantly post-dated the eruption that formed the
A154N pipe, but the time gap between events cannot be further constrained.
6.3 Implications of this work for kimberlite volcanology

The descriptive data and interpretation of emplacement events at A154N have the
following implications for kimberlite volcanology:
a. Quantification of characteristic properties of olivine crystals in intrusive coherent
kimberlite. Olivine crystals are the dominant component in intrusive coherent kimberlite

rocks, and may have characteristic properties, including modal %, size range, shape
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variability, and population parameters. These characteristic properties can serve as a
baseline in understanding kimberlite eruption style and fragmentation, and in accurately
describing and interpreting deposits of pyroclastic kimberlite.
b. Documentation of component variations in kimberlite magmas in time and space.
Kimberlite magmas are proposed to phase separate during ascent, yielding different phase
proportions (crystals : melt : gas) within and/or between emplacement events (Chapter 4)
that can determine:
i. the emplacement style of kimberlite volcanoes (e.g., passive intrusive vs.
explosive eruption)
ii. degree of melt separation from olivine crystals during eruption
iii. and therefore the amount of primary, preserved crystallized kimberlite melt
around olivine crystals in deposits.
c. Kimberlite pipes can contain deposits from multiple eruptions from spatially-separate
sources.

Coalescing or cross-cutting kimberlite pipes and nested craters are well-

documented at other kimberlite bodies (e.g., Field et al., 1997; Webb et al., 2004).
Individual kimberlite pipes are also shown to contain deposits deriving from multiple
eruption events sourced from the same kimberlite pipe. However, study of the graded
pyroclastic kimberlite (PK2) from A154N shows that kimberlite volcanoes can also act as
receptacles for primary volcanic products from the eruptions of nearby, but spatiallyseparate kimberlite pipes (Chapter 2).
d. Durations of explosive kimberlite eruption are constrained by conduit geometry:
Measured and estimated physical properties of kimberlite magmas may be combined with
3-D models for the geometry of the conduit at the time of eruption to constrain the mass
flux and minimum duration of eruption events at A154N (Chapter 4). Steady-state
assumptions for velocity and magma flux yield minimum total eruption durations of
minutes to hours. The mass flux rates estimated for the A154N kimberlite pipe based on
minimum ascent velocities are orders of magnitude higher than a low-intensity, firefountain eruption of basalt. These estimates can be improved with better constraints on
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the physical properties of kimberlite magma, and provide a baseline for comparison with
other kimberlite volcanoes with well-constrained conduit geometries.
e. Pyroclast properties are tools for estimating eruption style: Observations of primary
pyroclastic products in kimberlite deposits can serve to approximate eruption style.
Eruptions can act to both modify the sizes, shapes and distributions of olivine crystals
and separate melt from olivine. The degree to which olivine breaks reflects the pressure
differential experienced by magma during eruption, and is a proxy for the explosivity or
violence. The efficiency of melt separation reflects the gas content and velocity, and is a
proxy for the power of the eruption. Relative changes in the proportion of these two
parameters may serve as a proxy for the overall intensity of eruption kimberlite (Chapter
5).

6.4 Diamond distributions in volcanic kimberlite deposits

Several factors control the diamond potential and diamond population of a given
kimberlite body. Firstly, kimberlite magma must pass through the diamond stability field
in the mantle and that portion of the mantle must be diamondiferous. Second, the host
magma is caustic to the diamonds (e.g., oxidizing). Processes before, during and after
emplacement can also directly affect the size and distribution of diamonds in kimberlite
bodies. For example, magmatic processes such as magmatic differentiation or gas phase
separation can separate components and/or phases of different size, density, buoyancy, or
viscosity in time and space, possibly leading to grade zonation (Field et al., 2008).
Volcanic processes can affect the distribution of the components in kimberlite volcanoes
(including diamond; Chapman and Boxer, 2004; Porritt, 2008). These processes include
sub-aerial and/or sub-aqueous sorting, en-masse gravitational collapse of a pyroclastic
column, mass wasting of a crater edifice into a volcanic vent, and down-slope grain flows
of kimberlite components into a crater off the slope of the volcanic pile (Scott Smith,
2009b). Physical volcanic processes can also impact diamond sizes. Fragmentation
intensity and style during eruption, gravitational fall, and grain freedom during transport
are likely to control the amount of diamond breakage during kimberlite emplacement.
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The impacts of magmatic and volcanic processes described in Chapters 2 - 5 on diamond
distributions are evaluated below.
6.4.1 Olivine and diamond in intrusive coherent kimberlite
Diamond is subject to the same physical and chemical processes as those
impacting olivine crystals, highlighted in Chapter 3. Thus, the behavior and crystal size
distribution of dominant phases such as olivine has been hinted to be an important proxy
for diamond sizes (Field et al., 2008; Scott Smith, 2009b). A relationship between the
CSDs of olivine and diamond has not been established. However, there are several
factors that likely prevent direct comparison of olivine CSDs with diamond in coherent
kimberlite.
First, diamonds generally derive from eclogitic and peridotitic sources (Meyer
and Boyd, 1972; Sobolev et al., 1976; Creighton et al., 2007). As a result, not all
diamonds in kimberlite will have grown in equilibrium with peridotitic olivine.
Furthermore, the relative proportion of these two mantle rock types within individual
kimberlite bodies is usually poorly known (Creighton et al., 2007).
Second, transport processes modify both olivine and diamond populations.
Olivine crystals commonly show evidence of milling and/or resorption, and/or evidence
of late crystallization on older xenocrysts (Kamenetsky et al., 2007a; Brett et al., 2009)
and locally as new phenocrysts or groundmass crystals (Woolley et al., 1996;
Fedortchouk and Canil, 2004). In addition, it has been shown that diamonds are resorbed
in both reducing and oxidizing conditions and high temperatures in kimberlite melts
(Fedortchouk et al., 2005); the longer ‘free’ diamonds reside as liberated or partially
exposed crystals in the melt, the smaller they become. If such resorbtion is considered
alongside the crystallization of fresh olivine around xenocryst crystal margins and/or as
newly nucleated crystals, the slopes of CSDs for diamond and olivine could be moving in
opposite directions (steeper vs. shallower; +/- in D-values, Fig. 6.1) with added time in
the hot kimberlite magma. Thick olivine overgrowth rims or the presence of large,

188

Figure 6.1: Hypothetical effects of volcanic processes on diamond size distributions: (a)
crystal fragmentation; (b) crystal concentration. Solid lines indicate hypothetical starting,
pre-eruption diamond population; dashed lines indicate post-eruption result of population
modification due to (a) and (b).
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euhedral crystals, therefore, may imply a relatively lower diamond grade. As olivine and
diamond have different hardness and therefore fragmentation tendencies, it is also
unlikely that diamond and olivine would break in the same fashion during transport
through the crust in the kimberlite magma.
Thus, diamond and olivine CSDs in intrusive coherent rocks are unlikely to
imitate each other in size ranges, shapes, or frequency distribution.

However, if

diamonds are free crystals in an emplaced kimberlite melt, diamond CSDs will show
similar shifts in response to volcanic processes (i.e., hydraulic sorting) highlighted for
olivine CSDs in Chapter 3 (Fig. 3.10), and postulated by Field (2008) and Scott Smith
(2009b). Hypothetical shifts in CSDs for diamond are shown in Figure 6.1; concomitant
changes in values are indicated with dollar signs ($).
6.4.2 Distinguishing magma ‘pulses’ or ‘batches’ using juvenile pyroclasts
Olivine contents within juvenile pyroclasts have been used to distinguish between
deposits with distinct diamond grades (Webb et al., 2004). Moreover, mineralogical and
textural diversity in juvenile pyroclasts is believed by some authors to be diagnostic of
multiple eruption phases (Webb, 2006; van Straaten et al., 2008). In some cases, these
observations can be supported by diamond size distributions and mineral chemistry
(Webb et al., 2004; pers. comm., Scott Smith, 2009a). However, the observations of
textural diversity in juvenile pyroclasts within a single pyroclastic deposit (fig. 4.6; fig.
6.6) suggests that mineralogically or texturally heterogeneous pyroclasts need not derive
from distinct magma batches or eruptions separated by time. An implication of these
observations is that using ‘type’ pyroclasts as a discriminator of distinct magma ‘batches’
is not a line of evidence that can stand alone; mineral chemistry, diamond size
distributions, and other textural and mineralogical information must also correlate with
any potential distinctions before any reasonable interpretations can be made.
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6.4.3 Single pipes can contain deposits sourced from multiple pipes
The deposits in A154N suggest that infill of kimberlite pipes can be the result of
multiple eruptions sourced from different kimberlite volcanoes (Chapter 2). Efforts to
identify volcanic sources of economic grade for a given pipe must take the possibility of
‘cross-fertilization’ into account. Cross-fertilization of kimberlite deposits in a single
kimberlite pipe has the following implications on grade evaluation:
a) “Global” grade evaluation of a kimberlite pipe.

Recognition of cross-

fertilization from multiple eruptions can aid in the identification of deposits resulting
from the eruption of discrete ‘phases’ of kimberlite magma (sensu Scott Smith, 2009)
with potentially different diamond populations.

The failure to distinguish deposits

deriving from separate phases of kimberlite may lead to a statistical oversimplification of
the diamond distribution for the entire pipe, and, thus, significant misrepresentations of a
diamond population.
b) Exploration and pipe evaluation. Most initial exploration drilling concentrates
cost expenditures and drillhole density in near-surface environments (<300 m below
surface).

However, cross-fertilized kimberlite deposits may lead to a stratigraphic

succession of kimberlite deposits with variable diamond grades (Deposit A$$ > Deposit
B$$; Deposit B$$ > Deposit A$$; Fig. 6.2). Shallow-level microdiamond or bulk sampling
within such stratigraphy could lead to any of the following scenarios: a) overestimation
of diamond potential, b) underestimation of diamond potential, or c) a fortuitous accurate
representation of diamond populations (Fig. 6.3).

Furthermore, identification of a

‘rootless’, high-grade deposit filling the top of a kimberlite pipe suggests the presence of
an (possibly) un-identified, high-grade source in close proximity.
c) Kimberlite indicator mineral dispersion. The presence and distribution of
kimberlite indicator minerals (KIM) around kimberlite pipes is widely used as an initial
vectoring tool for identifying kimberlite pipes (McClenaghan and Kjarsgaard, 2001; e.g.,
Masun et al., 2004). Moreover, the mineral chemistry of KIM is readily used to identify
the diamond potential of their source kimberlite bodies (e.g., Grütter et al., 2004). In
highly-eroded cratonic terranes, the most recent erosion of kimberlite pipes removes and
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Figure 6.2: Schematic illustration of two cross-fertilizing volcanic eruptions. Eruption
of Volcano A is followed by eruption of Volcano B, creating a stratigraphy of deposits (B
above A) in Volcano A.
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Figure 6.3: Scenarios of true value for fertile (diamond-bearing), and barren (diamondabsent) deposits of kimberlite.
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distributes mostly intra-pipe deposits. This would distribute the contents previously
within the pipe to the immediate surroundings via a variety of transport means (fluvial,
Aeolian, glacial, etc.). If a kimberlite pipe whose primary pipe-forming eruption was a
diamond-bearing, high-grade deposit, has been cross-fertilized by a late, low-grade or
diamond-less deposit of kimberlite, kimberlite indicator mineral trains adjacent to the
pipe would show an unfavorable diamond-carrying capacity (i.e., low-grade). Moreover,
deep craters formed by eruption could also fill with deposits of foreign kimberlite detritus
or non-kimberlite country rock and sediment over time. In either case, the abundances,
distribution and/or chemistry of KIM could misrepresent the true diamond potential of
the kimberlite pipe (e.g., Graham et al., 1999).
d) Kimberlite clusters and cross-fertilization. Kimberlite pipes are known to
occur in clusters, close in space and time (e.g., Kurszlaukis and Barnett, 2003; Nowicki et
al., 2004). Moreover, many kimberlite eruptions have been shown to leave deep craters,
which fill with sedimentary deposits from the collapsing tephra rim, as well as exotic
sediments, and can form long-standing crater lakes (e.g., Edwards and Howkins, 1966).
An implication of these observations is that there may be many kimberlite pipes thatare
subject to cross-fertilization. For example, if a minimum tephra blanket of ~1 km is
superimposed on each known kimberlite in the Diavik kimberlite cluster, virtually every
kimberlite pipe could have been “cross-fertilized” by a neighbouring pipe (Fig. 6.4).
6.4.4 Eruption style, intensity and diamond grade
Analysis in the present study suggests that olivine crystals break during kimberlite
eruptions (Chapter 5).

As discussed above, CSDs of olivine crystals in intrusive,

coherent kimberlite are unlikely to imitate the CSDs of diamonds in the same rocks.
However, olivine and diamond have very similar physical properties. For example,
olivine crystals and diamond possess similar size ranges (~0.02 – 20 mm) and densities
(ρol = 3.30 g cm-3; ρd = 3.45 g cm-3). If diamonds crystals are ‘free’ or ‘liberated’ from
their xenolith hosts in kimberlite magmas that undergo explosive volcanic eruption, the
settling velocities and energy of particle to particle collisions of diamond and olivine
should be similar. Thus, both components may act the same during explosive volcanic
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Figure 6.4: Schematic map showing economic implications of coeval, closely-spaced
kimberlite pipes (red). Hypothetical tephra blankets are represented by yellow circles of
~750m in d. Note the overlapping dispersal blankets, and importantly the potential for
‘cross-fertilization’ from one eruption into an open-crater of an adjacent kimberlite for 4
of 5 kimberlite pipes shown.
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eruption and contribute to primary pyroclastic deposits in the same manner.

For

example, the breaking of diamond crystals would profoundly impact the overall diamond
size distribution (Fig. 6.1), and, therefore, the net value of the deposit.
In addition, kimberlite melt can be separated from olivine crystals and efficiently
removed during kimberlite eruptions. The degree to which melt separates from crystals
during eruption can have a profound effect on concentrating diamond grade.

For

example, if we assume no loss of the solid fraction from eruption to deposit, separating
and elutriating all the melt fraction from olivine crystals during eruption can effectively
double the solid contents (i.e., diamond grade) in a pyroclastic rock relative to the
original magma.
These processes, crystal fragmentation and melt separation, are implied to be the
result of the explosivity and power of the eruption, respectively, and may be
approximately represented by the parameters “D”, and “S” (Chapter 5). Hypothetical
relative-value relationships between crystal population parameters (i.e., D), the
percentage of melt that separates and elutriates (volume subtracting) (i.e., S), and the
percentage of country-rock contamination (volume adding) in deposits of pyroclastic
kimberlite (“C”), are shown in Figure 6.5, with concomitant relative changes in deposit
value indicated by colour shading. Details of methods used to create value functions for
each deposit parameter are included in Appendix 8.7. Linear combinations of each
parameter in Figure 6.5 suggest that the relative contribution to value change by the
maximum amount of fragmentation of diamonds due to eruption from measured
populations (diamond CSD slopes, fig. 6.5) is less significant (2 contours lines) than
elutriation and contamination.

6.5 A comparison of olivine and diamond: olivine CSDs in A154S

To test the hypothesis that olivine crystals and diamonds exhibit similar behavior
in kimberlite eruptions, crystal size distributions from both olivine and diamond in
pyroclastic kimberlite must be collected and compared. However, direct comparison of
the distribution of olivine and diamond crystals in pyroclastic rocks is inherently
problematic: the volume of rock required to collect statistically significant numbers of
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Figure 6.5: Deposit characteristics and relative value scale. Value functions for
measurable properties from pyroclastic deposits of kimberlite are linearly combined to
create relative value scale: log-linear diamond CSD slopes, percentage (%) of separation
and elutriation of melt from crystals, and percentage (%) of country-rock contamination
are shown. Relative changes in deposit values on a $ / unit volume basis are indicated by
colour shading (i.e., dark red = 100% increase, dark blue = 50% decrease).
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crystals (e.g., 600) for each component is drastically different (Vd = 3,000 – 6,000kg; Vol
= 0.5kg). For example, in pyroclastic kimberlite at Diavik, for each diamond crystal
there are approximately 1x106 olivine crystals (Moss, 2009).

This means that a

characteristic CSD for diamond cannot be defined for scales of observation smaller than
several tonnes (i.e., 2-4 m2), while a representative CSD for olivine can be defined within
a thin section. Thus, because olivine is easier to statistically quantify at smaller scales of
observation, it is better suited than diamond CSD data to describe component
distributions within kimberlite pipes. Information learned about component distributions
through olivine CSDs may then be re-applied to estimations of diamond distributions
throughout a deposit of pyroclastic kimberlite.
For example, mean stone sizes (MSS) of a population of diamonds from best-fit
model equations are typically used to describe diamond CSDs for specific deposits of
kimberlite (Chapman and Boxer, 2004). Calculation of a MSS can be accomplished for
global (throughout the entire pipe) or local scales. The degree to which a mean stone size
is consistent throughout the deposit is reflective of the homogeneity in particle
distributions. We can use olivine CSDs collected from multiple scales of observation to
test the hypothesis that a single central value (i.e., median or mean crystal size) can
accurately describe component distributions within volcaniclastic kimberlite at depositscale.
To test this concept, a pilot study assessing the olivine CSDs from one bench
level within the A154S kimberlite pipe at Diavik (see Figs. 1.9, 1.11) was completed in
2008. The A154S kimberlite pipe was chosen as the location of the study because of
potential implications of the study on mining practices at Diavik. The dominant infill of
the A154S kimberlite pipe mainly comprises chaotic, bedded to massive volcaniclastic
kimberlite, with minor variations in componentry and bedding (Graham et al., 1999).
Samples for this study were collected from multiple locations throughout a single bench
horizon (175 m asl; 240 m below present-day surface) of the A154S kimberlite pipe (Fig.
6.6).

In addition, 5 replicate hand samples were collected within a single sample

location, and 10 sample surfaces were cut from a single, large hand sample. This
sampling methodology allows us to test whether a single set of population parameters
(e.g., central value, spread/dispersion of data, symmetry of data) can accurately describe
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Figure 6.6: Plan view map (175 m asl) showing sample locations for A154S olivine CSD
pilot study. Samples were collected from 15 locations around the pit. Replicate hand
samples (n = 5) were collected from within a single, 1 x 1m sample locale (e.g.,
A154SMBS_15). Multiple surfaces were cut from a single hand sample (i.e., serial
sectioning, n = 10).
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Figure 6.7: Olivine crystal size distributions (CSDs) from volcaniclastic kimberlite at
175 m asl bench of A154S as cumulative area % vs. size for olivine crystals measured
from: (a) deposit-scale (15 samples; 100 x 100m area); (b) replicate samples from 1 pit
sample location (1 x 1m area); (c) multiple sample surfaces from a single hand sample
(20 x 20cm); and (d) olivine CSDs from CK1 (black), CK2 (blue), PK2 (green) and A154S
(red; all samples from 175 m asl). Red squares for A154S indicate combined CSD for all
samples from each scale of observation, respectively. Slopes of cumulative area % vs.
size plots indicate spread of data about a central value.
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Figure 6.8: Mean crystal size (carats; 1 ct = 200 mg) of olivine vs. number of olivine
crystals measured from: (a) deposit-scale (15 samples; 100 x 100m area); (b) replicate
samples from 1 pit sample location (1 x 1m area); (c) multiple sample surfaces from a
single hand sample (20 x 20cm);. Uncertainties reflect the total expected standard
deviation due to sample size and experimental error. The geometric mean central value
for all samples is shown as a solid line; geometric mean central values for replicates and
multiple sample surfaces are shown with dashed lines.
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the components of a deposit of volcaniclastic kimberlite at any scale (e.g., 100 x 100 m, 1
x 1 m, or 20 x 20 cm scale). Samples were slabbed and polished, and image analysis was
conducted to obtain olivine crystal size distributions using methods described in Chapter
3. In addition, this test further evaluates ideas on the modification of olivine crystals due
to explosive eruption developed in Chapter 5.
Results from the pilot study are shown in Figure 6.7 and Figure 6.8. Data
collected from each scale of observation are shown for comparison (Fig. 6.7a,b,c). In
Figure 6.7, olivine CSD’s are shown as cumulative area % vs. size plots. On cumulative
area % vs. size plots, data distributions with relatively steep slopes indicate a tight spread
of data around a central value [i.e., sorting efficiency (σ); Chapter 2]. Olivine CSD data
collected at the slab scale (~50 x 70 mm) from CK2 (blue line; Chapter 3), and PK2
(green line; Chapter 2) are shown for comparison. In Figure 6.8, the mean stone size
expressed as carats (cts; 1ct = 200mg) of olivine crystals are shown with uncertainties
from 3 different scales of observation (e.g., 100 x 100m, 1 x 1m, 20 x 20cm).
Uncertainties reflect the total expected standard deviation due to sample size and
experimental error (Fig. 6.8).
Several observations can be made from the results of this study. First, there is a
clear difference in mean size and sorting efficiency of the olivine CSDs in the
volcaniclastic deposits of A154S and the those of CK2 and PK2 of A154N (Fig. 6.7d).
Second, the size distribution of olivines collected at the largest scale of observation (i.e.,
100 x 100m) in the volcaniclastic rocks of A154S exhibit a greater spread of data relative
to the smallest scale of observation (i.e., 20 x 20cm; Fig. 6.7a,c). Third, it is apparent
that samples from 15 locations around A154S have statistically different central values
(i.e., geometric means; Fig. 6.8a).
From these observations, it is clear that at the deposit scale (100 x 100m), the
olivine crystal populations within the volcaniclastic deposits of A154S cannot be defined
by a single mean central value. Only olivine crystal data collected from multiple surfaces
cut from the same hand sample from can be statistically described by a mean of central
values (dashed lines; Fig. 6.8c).
The data in Figure 6.7d represent olivine crystal populations from a diverse suite
of kimberlite bodies. These bodies have been shown to have distinct olivine crystal
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populations (Chapters 4,5; Table 6.1), and are interpreted to result from distinct
emplacement histories. The olivine CSDs in the volcaniclastic rocks at A154S also show
differences in properties (i.e., median size, sorting efficiency, size range) relative to the
olivine CSDs in CK1, CK2 and PK2 (Fig. 6.7d).
The differences among olivine CSDs may be the result of a number of factors.
First, the data derive from two different methods: the manual method was used for CK1,
CK2 and PK2 (Chapters 2,3,4), and the automatic method for A154S. Each method has
limitations (e.g., lower size limit of automatic method, Appendix 7.3.2), and could lead to
a bias in observations. Second, alteration of small olivine crystals is documented in CK1,
and may also impact the olivine population in A154S. Third, the variation may be true
geological variation resulting from different emplacement histories. The paragenesis of
the volcaniclastic rocks in A154S has not been interpreted. However, the differences in
the coarse fraction of the A154S olivines relative to CK1 and CK2 may suggest the crystal
population has been modified by geological process. This observation is consistent with
models for fragmentation of a starting population of olivine crystals shown in Chapter 3,
and interpretations of olivine crystal modification due to explosive eruption discussed in
Chapter 5.

6.6 Limitations of the methods, results and implications within thesis

The significant findings of this thesis have begun to address gaps in our
understanding of volcanic processes in kimberlite volcanoes. However, there are some
limitations to applying the facies analysis approach, methods, and data of this thesis in
future studies.
First, the facies analysis methods and data types presented in this thesis were the
result of a unique opportunity to map and work at an active diamond mine. Data
collection from bench faces in the open pit of a mine was severely limited by the mining
schedule and by the short exposure times of bench faces (e.g., minutes to hours), and
presents a challenge for producing high-quality maps. Moreover, kimberlite is typically a
pervasively altered rock, and the majority of particles are < 5 cm in diameter, preventing
accurate analysis of componentry in deposits using conventional volcanological methods
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at large scales. Thus, componentry analysis of this thesis was typically limited in scale
(e.g., thin section or polished slab). As a result, datasets are precise, but do not cover a
large enough scale to make statistically backed assertions regarding component
distributions at a deposit-scale.
Second, the image analysis techniques presented in Chapter 2 have some intrinsic
limitations. To successfully integrate scales of observations using these methods, rocks
textures must be massive (e.g., Chapter 2,3); heterogeneous rock fabrics may lead to high
normalization errors (σ2N; Chapter 3).

Heterogeneous rock fabrics are a common

occurrence in many kimberlite deposits, thus precluding this methodology.

The

automatic method shown in Chapter 3 was successfully developed for fresh samples of
coherent kimberlite, but most kimberlites are pervasively altered, making crystal and
clast boundaries indistinguishable from the background matrix or groundmass. For both
the manual and automatic methods, the smallest particles in kimberlite rocks are
commonly the most difficult to accurately represent (e.g., shape, number), but make up
an important part of particle size distributions. Moreover, the automatic method is thus
far only applicable to polished slabs, and must be adjusted in order to analyze scanned
images of polished thin sections.
Third, the applicability of interpretations of coherent and pyroclastic deposits of
kimberlite at A154N to other kimberlite deposits is limited by the scope of data collected.
For example, the ‘type’ properties identified for olivine in coherent kimberlite were based
on two dykes from a single kimberlite pipe.

Such limited sampling is unlikely to

characterize the olivine crystal properties of all kimberlite magmas.

More accurate

determination of the characteristic properties of olivine crystals in coherent kimberlite
rocks is necessary before olivine crystals can be relied upon as a metric for gauging
kimberlite eruptions. Moreover, the Fragmentation Index presented in Chapter 5 is based
on two deposits of kimberlite from within a single kimberlite pipe. By comparison, the
fragmentation index of Walker (1973) was based on deposits produced by many magma
types, from many localities around the world. Thus, the ‘type’ properties of olivine
crystals in kimberlite and the Fragmentation Index presented in this thesis may need to be
substantiated or refined by further studies.
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6.7 Areas for future study

6.7.1 Olivine CSDs
Olivine crystals are clearly an important component in kimberlite rocks. This
thesis has shown that olivine crystals possess ‘type’ properties within dykes of coherent
kimberlite at a single kimberlite volcano. Further studies in olivine CSDs may serve as a
vehicle to test hypotheses on the similarity of intrusive coherent kimberlite rocks within a
cluster of kimberlites, in a kimberlite field, or around the world. Olivine CSDs in
coherent kimberlite may also assist in testing hypotheses on the nature of the mantle, and
possibly the relationship between diamond and olivine in kimberlite deposits.
Measurement of olivine CSDs in pyroclastic deposits with juvenile components different
than those described for A154N may also be used to further test ideas on olivine crystal
breaking due to explosive eruption (Chapter 5).
6.7.2 Image analysis and components in kimberlite rocks
This thesis demonstrated the use of image analysis to generate component data for
kimberlite rocks. However, the high degree of alteration, variable colour, and friability
of many kimberlite rocks makes it difficult identifying discrete particles and components.
There is a clear need for the development of a software tool that can rapidly identify
discrete components in all textural varieties of kimberlite rocks (e.g., Appendix 7.3.2).
Such work would further animate studies in kimberlite petrology and volcanology, and
likely be of great interest to kimberlite mine geologists.
6.7.3 Analogue experiments to determine magma properties
In Chapter 4, conduit geometries were combined with inferred properties of
kimberlite magmas to constrain eruption dynamics at the A154N kimberlite pipe. In
Chapter 5, observations of kimberlite pyroclasts together with fluid dynamics concepts
were used to develop ideas for the impact of volumetric properties of gas, liquids and
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solids on kimberlite fragmentation. Concepts developed in dimensionless terms (e.g.,
We#, Chapter 6; Re#, Chapter 4) in fluid dynamics are transferable to kimberlite systems.

However, such dimensionless relationships are only helpful if the assumptions regarding
analogue fluid properties (η, γ; Chapter 5) are correct.
Kimberlite magmas are presumed to have a low viscosity, contain abundant
volatile phases (up to 30%), and can host up to 60% solids content (Price et al., 2000;
Russell et al., 2006; Sparks et al., 2006). This is a combination of physical properties that
is unique with respect to other magma types. As such, kimberlite magmas may exhibit
profoundly different rheological behaviour (e.g., glass transition, coupling and/or phase
separation, viscosity models, shear-thinning behavior, etc.) during ascent and eruption
than other, better-understood magma types. However, few experiments in rheology have
been conducted with kimberlite magmas, largely due to the difficulty of high temperature
experiments involving melts with abundant fluid phases (Blank, 1994; Brooker et al.,
2001b). This indicates the need for creative experimentation to determine the viscosity of
kimberlite melts and better constraints on the gas properties of kimberlite magmas. In
addition, analogue experimentation using low viscosity liquids, gases, and solids could
offer insights on the transport and eruption behaviour of a 3-phase system such as
kimberlite, and further test the ideas presented in Chapters 4 and 5.
6.7.4 Phreatomagmatic eruptions and deposits
Lorenz and co-workers (Lorenz, 1998; Zimanowski, 1998; Kurszlaukis and
Barnett, 2003; Lorenz, 2003) have suggested that the best analogue for kimberlite
volcanoes is contemporary phreatomagmatic10 and/or monogenetic volcanism (maars,
scoria cones, fire-fountaining). However, it remains unproven to what extent--if any-hydrovolcanic processes are involved in kimberlite eruptions. The relatively narrow
confines of a pipe provide thermo-mechanical limitations on what processes can take
place. Eruptive and gravitational movements within a pipe will be dominantly vertical
10

Phreatomagmatic fragmentation: Where the interaction between external water and magma produces
explosive eruption of magmatic ejecta driven by both external and magmatic volatiles. Such eruptions are
thought to occur where the water:magma mass ratios are equal to or slightly greater than 0.3, and are
caused by major increases in the degree of superheating and energy transfer (Cas & Wright, 1987).
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and thermally constrained, while extra-crater volcanic processes can involve lateral and
tractional movements, deposition, and bedding formation (Koyaguchi and Woods, 1996).
The availability of groundwater was likely in nearly all kimberlite emplacements, yet few
kimberlite pipes contain textural features suggesting water – magma interaction was a
dominant mechanism for magma fragmentation.
The A418 kimberlite pipe at Diavik is texturally dominated by fine bedding and
accretionary lapilli, which contrasts greatly with the features observed in A154N. The
A418 pipe displays what Volker Lorenz (personal commentary) believes to be the
greatest abundance of accretionary lapilli he has ever seen in kimberlite. Field study of
the A418 pipe could shed insight into what (if any) analogies can be drawn between
deposits resulting from phreatomagmatic eruptions (e.g., maars) and kimberlites.
Moreover, the apparent difference in pyroclastic products between A154N and A418
make the deposits in A418 an ideal candidate to further test the Fragmentation Index
proposed in Chapter 5.
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7 Appendices
7.1 Organization of appendices

Details of methods and data discussed in each chapter are part of an adjoining
digital appendix found at the back of the thesis, and can be navigated using a directory
therein. The Appendix for each chapter is organized into five categories:
1) General notes, unused datasets, and software macros
2) Digital images
3) Matlab script for figures and numerical modeling
4) Methods
5) Output Data.
In most chapters, general notes, datasets and software macros are included which
were either directly or indirectly used in the chapter. General data include graphic logs,
rock and petrographic descriptions, notes and maps from the open pit, and notes from
interactions with mine geologists at Diavik. Though most data sets which were not
directly of use for the writing of the thesis are generally not included in the Appendix,
there are some supplementary data in some chapters.

However, whole rock

geochemistry, electron microprobe, density and magnetic susceptibility data collected
during this thesis are not included. Drillhole logs completed using Diavik Diamond Mine
Inc. (DDMI) logging template software are not included for proprietary reasons.
Photographic logs of drillholes in A154N were made available for use during this study,
but are not included in the digital appendix for proprietary reasons. Data collected in the
study of three other kimberlite pipes (A154S, A418, A21) at the Diavik property are not
included in the thesis appendix.

Software macros used in the software programs

contributing to this thesis are included when appropriate, to facilitate reproduction of
these datasets in further research. Not every chapter contains data in each subfolder in
the digital appendix. This is because the data presented in each chapter did not always
involve or generate the same kind of output.
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Digital images in the Appendix comprise a combination of photographs from the
open pit at the Diavik mine site, image captures of 3D models developed in VulcanTM and
GoCadTM mining software packages, digital scans of polished slabs and thin sections,
photomicrographs of thin section textures, and manual and computer-generated particle
outlines and tracings. Most images in the digital appendix are not directly used in the
thesis.
Matlab scripts for both figures and numerical modeling are included as .m files,
and can be successfully opened, run and manipulated in MATLABTM computing
software. To facilitate use, all functions (e.g., .m), sub-functions, raw data files (e.g.,
.xls, .dat) and matlab arrays (e.g., .mat) necessary for running a given .m file are found
within the same file folders. Matlab script for Chapter 3 is not included in the Appendix
for proprietary reasons.
Details and descriptions of methodologies used for image analysis, geostatistical
analysis, field mapping, and sampling are recorded in the methods section. In many
cases, the details of methodologies involve the use of computing functions well described
in MATLAB, and the reader is directed to subfolder within each chapter containing
Matlab scripts or to MATLAB and SimulinkTM software utility to find them.
Output data files are mostly .xls files, and most contain particle data (olivine
crystals, etc.) obtained using image analysis methods. Headings are labeled for each data
column. Other output files include manual and computer-traced images.
The following software packages were used in this thesis, and are fully licensed
with either University of British Columbia or Diavik Diamond Mines Inc. (DDMI), and
in accord with copyright protection:
* MSWord, MSExcel
* Adobe IllustratorTM
* CSDCorrectionsTM; CSDSliceTM
* Adobe PhotoshopTM
* MATLAB and SimulinkTM
* ImageJTM ; ScionImageTM
* VulcanTM; GoCadTM

212

7.2 Appendix – Chapter 2

(digital)

7.3 Appendix – Chapter 3

7.3.1 Appendix – Chapter 3: Manual image analysis
Digital image creation and analysis

Our study analyses five oriented samples of kimberlite. To capture the full range of size
distributions for all the olivine crystals in kimberlite, two scales of observation were
necessary. We used scanned images of slabs (~47x77 mm) and thin sections (12.5x28
mm). Slab images were scanned at 600dpi with a desktop scanner, while thin sections
were scanned using a thin section scanner at 4000dpi.

Olivine crystals and other

components (e.g., garnet, granite) in the scanned images were traced manually in Adobe
IllustratorTM using a digital tracing pad. Each component type was assigned a unique
grayscale value (0-255) which could be distinctly recognized by an image analysis
program (Fig. 3.2). These grayscaled images were then analyzed using ImageJTM for
crystal area, maximum axis length of enclosing ellipsoid, minimum axis length of
enclosing ellipsoid, and perimeter length (Fig. 3.2). All raw data from the two scales of
observation are included in Appendix 7.3.3 (digital). Resolution for object identification
in ImageJTM was 11.93 pixels/mm. Pencil tool preferences in Adobe IllustratorTM were
set to maximized the pixilation along the trace allowing for accurate digital portrayal of
the manual trace.
Scale integration

The two different scales of observation were integrated into a single dataset by
normalizing on the basis of area data from the smaller scale of observation into the area
of the larger scale (Fig. 3.3). For example, crystal-size data (area, number) generated for
thin sections is truncated by removing the coarsest fraction (> 1mm), and then normalized
to the area in the polished slab not occupied by crystals measured at the slab scale
(crystals 1.0-15 mm), using the following normalization factor:
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AiN 

 ATSOL 1mm 

 ATS  ATSOL 1mm 

  ASL  ACR  AMX  ASOL 1mm 

(A7.3.1)

where AiN is the area of the slab occupied by olivine crystals within the ith size interval
(e.g., 0.5 < x < 1mm), ATSOL<1 mm is the total area of olivine crystals whose diameter is <1
mm observed at thin section scale, ATS is the area of the thin section, ATSOL>1 mm is the
total area of olivine crystals whose diameter > 1 mm observed at thin section, ASL is the
total area of the slab, ACR is the area occupied by country rock xenoliths and xenocrysts,
AMX is the area occupied by mantle xenoliths or xenocrysts (non-olivine), and ASOL>1 mm is

the total area in the slab scale occupied by olivine crystals whose diameter is > 1 mm.
The normalized values can then used to describe crystal abundances as area % and as
frequency (nA).

Such normalization is only applicable in massive rock fabrics;

normalization of different scales of observation in rocks with organized or heterogeneous
fabric or texture may lead to large uncertainties in crystal populations.
Error calculation

In order to estimate the analytical uncertainty associated with manual tracing of crystals
and subsequent image processing, we performed several experiments. Firstly, duplicate
tracings by different observers were analyzed using the same images (slab + thin section)
from 1 sample to generate raw grain size data (Tables 3.1, 3.2). Second, multiple
acquisitions of data (5x) from the same tracing of a sample were conducted in ImageJTM
to estimate the error caused by changing the threshold parameter of the analyzed image
(Tables 3.1, 3.2). Thresholding is the means by which the image analysis program
separates or segments particles from the background. Individual pixels in a grayscaled
image are marked as “object” pixels if their value is greater than some threshold value
(provided an object is brighter than the background) and as “background” pixels
otherwise. By incrementally changing the threshold value by steps of 5 up to +/- 10
around a default value in ImageJTM (210 on a 0 to 255 scale), the olivine crystal pixilation
could be slightly enhanced or dilated, thereby changing the size and/or number of olivine
crystals measured by ImageJTM. Thirdly, normalization factors (eq. A7.3.1) were varied
(AiN) to assess variance due to necessity of rounding this value to the closest integer.
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Total analytical error in particle areas and frequencies are the summation of uncertainties
due to tracing, thresholding, and normalization (σ2a = σ2th + σ2tr + σ2N), and is found to be
less than the variance due to sampling, such that σ2a < σ2s (e.g., Fig. 3.5a; 3.5b).
Stereological corrections

Data generated from a two dimensional surface do not necessarily reflect the true
sizes of the crystals in three dimensions. They can underestimate crystal size because a
surface that randomly cuts spherical or equant particles is more likely to intersect a
section that does not include the true (e.g., maximum) diameter. This is termed the
‘intersection-probability effect’.

In addition, random planes cut through rocks with

similarly-shaped, but differently-sized populations of crystals are more likely to intersect
larger crystals, therefore creating a bias in crystal size distributions towards coarser
crystals, known as the ‘cut-section effect’. Furthermore, the surfaces of olivine crystals
and other clasts are rarely perfectly smooth which complicates the task of objectively
measuring the maximum diameters of each clast. To account for these complications, we
use a three-step data organization and correction process involving: a) defining
characteristic shapes from raw 2D intersection data, using CSDSliceTM to obtain bestapproximations of 3D ellipse axial ratios; b) organizing crystals in bins (e.g., log0.5, log2)
by area and number, and; c) inserting binned data into CSDCorrectionsTM 1.3 to mitigate
the cut-section and intersection-probability effect and then calculate 3D olivine crystal
populations by applying correction factors for known properties (i.e. crystal shape, modal
%, rock fabric,). The result is a dataset that comprises scale-normalized, scale-truncated,
binned, and stereologically-corrected olivine crystal populations.
Shape assessment. To accurately convert data from 2D intersections into 3D

volumetric estimates, it is necessary to assume something about the nature of crystal
shapes. To determine the best shape approximation, we described data from slabs and
thin sections using common shape parameters: edge ‘roughness’ (P/A), circularity
(4π*area/(P2)), angularity (P/(P of equivalent area circle)), and oblateness (1 – major axis
/ minor axis) (Fig. 3.7). The smallest size fraction from each scale of observation are not
included in this analysis, due to the effect of pixilation on these shape parameters: for thin
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sections, ol > 0.04 mm; for slabs, ol > 0.1 mm. These truncated datasets indicate that the
vast majority of olivine crystals are circular to prolate ellipsoidal in shape, do not have
irregular or concave edges, and have aspect ratios between 1.5:1 and 1:1 (Fig. 3.7).
Olivine crystals show variability in circularity with respect to size: olivine crystal data
collected at the thin section scale (0.01 – 10 mm in diameter) show distinctly more
crystals with angular and less circular geometries than crystal data collected at the slab
scale (0.8– 10 mm) (Fig. 3.7b). Image processing resolution (11.93 pixels/mm) may have
a pronounced effect on circularity values, captured in part by the ‘clustering’ of
circularity vs. size data for the smallest olivine crystals (Fig. 3.7b).

However, 2D

intersections may not give an accurate representation of the true crystal aspect ratios
(3D); better approximations can be obtained using the CSDSliceTM database developed
by Morgan and Jerram (2006). In Morgan and Jerram’s database, a minimum of 10,000
slices are taken through poly-disperse, randomly-oriented model populations created
from over 700 crystal shapes; these data are compiled in a database for comparison with
2D intersection data obtained in real rocks. This comparison showed the best-fit, 3D,
long : int : short aspect ratios to be ~1.5:1:1 for data collected at the thin section scale,
and 1:1:1 for random samples of 4000 crystals from normalized and truncated olivine
crystal populations (Tables 3.1, 3.2, 3.3). We further test the raw data for the effect of
crystal size on the best-estimate for true crystal aspect ratio (Fig. 3.7d): though slightly
variable, best-approximations of true 3D aspect ratios for all size bins do not exceed
1.5:1:1. Correlation coefficients (R2) of best-fit approximations for 3D aspect ratios are
very low (<0.8), and thus these 3D aspect ratios are not considered representative (Tables
3.1, 3.2; 3.3; Fig. 3.6d). However, combined with observations of olivine crystal
morphologies, these results suggest that, although no single shape is representative of
olivine crystal morphologies, smaller olivines are less circular and can have more
irregular external morphologies, and most olivine crystals have an equant geometry. For
our stereological conversions, therefore, we elect to use the best-approximation long : int
: short ratio of 1:1:1.
Applications of spherical conversion coefficients to non-spherical particles always
results in over-estimation of the number of ‘small’ particles and under-estimation of
‘large’ particles. However, using spherical geometry assumptions instead of assuming
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various object shapes with unequal axes lengths also restricts possible errors of
estimating 3D populations from 2D surfaces.
Binning. Olivine crystal size data are sorted into two bin types by diameter: log2

(corresponding to integer φ values), and log0.5 (corresponding to typical diamond sieve
sizes), each capturing the entire observed population of olivine crystals (0.03 – 12 mm or
-3 to +5φ). This allows us to examine normalized, truncated olivine crystal size data in a
classic histogram format (Figs. 3.7a,b), to perform stereological conversions of 2D (area)
data to 3D (volume) (e.g., Table 3.2), and to subsequently examine the effect of bin size
on representations of olivine crystal size data (Fig. 3.8a).
Section-effect corrections. To account for the intersection-probability and cut-

section effects, we stereologically convert binned, 2D crystal data (maximum diameter of
enclosing ellipse) into 3D using a shape assumption in CSDCorrectionsTM. We assume
all olivine crystals are equant and approximately spherical in three dimensions with 3D
aspect ratios of 1:1:1, and apply the following correction to the logarithmically-binned
major axes of olivine crystals:
nV ( LX Y ) 

nA (l X Y )
D

(A7.3.2)

where nV(LX-Y) is the number of crystals per unit volume for a given length scale, nA(lX-Y)
is the number of crystals per unit area for a given length scale, and D is the minimum
diameter of the spheres in a given size interval. This correction is only applied to bins
with diameter > 0.03 mm; for the few crystals smaller than this size, observed crystal
outlines are likely projections of the whole crystal outline, as these diameters are thinner
than a typical thin-section. Using the number densities of crystals per unit volume
obtained by stereological correction above [ nV ( LX Y ) ], we find the population density
by use of the following equation:
N ( LX  Y ) 

nV ( LX Y )
WX  Y

(A7.3.3)

where the population density N (LX-Y) is the number density of crystals per unit volume
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in the size interval, nV ( LX Y ) , divided by the width of the size bin, WX Y . To take into
account the cut-section effect, we use the variation of the Saltikov method in
CSDCorrectionsTM 1.3 for unfolding a population of intersection lengths into their true
lengths by using a function of the intersection lengths. Further corrections involving
volumetric phase abundance (based on modal area %), crystal roundness, and
measurement style (major enclosing ellipse) are employed in CSDCorrectionsTM 1.3 to
generate cumulative crystal size distributions. The resulting logarithmically-binned and
stereologically-corrected data described above are used to construct several types of
CSD's of olivine in coherent kimberlite. The majority of CSD’s published in petrology
literature use ‘classic’ semi-logarithmic ‘CSD diagrams’, in which population density is
defined by size intervals.

We plot the CSDs from the five samples of coherent

kimberlite in a semi-logarithmic classic CSD to allow for comparison with other crystal
populations from igneous rocks (Fig. 3.8a), and bi-logarithmic ln N vs. ln size (Fig.
3.8b) to assess an appropriate model distribution.
Population verification
To verify our calculation of the 3-D CSD from 2-D data, we use two independent
measures of the modal abundance (as %) of olivine crystals: (1) point-counting in thin
sections and (2) integration of the crystal volumes resulting from our CSD calculations.
By comparing these two data types with the initial measured area of crystals (e.g., Table
3.1), we can verify if the scale integration and CSD corrections applied to our initial data
set are in compliance with the measurements initially made by the image analysis
program (i.e., area %). Point-counting is based on the understanding that the fraction of
random or equally spaced points that lie on a phase, Pp is also equal to the volumetric
fraction of the phase, VV, and thus represents a stereologically exact ‘global parameter’.
One thousand evenly-spaced points on two thin sections were point-counted, and the
resulting data are shown in Table A7.1. The volumetric proportion of olivine, VV, is
calculated by integration of the volume of all the crystals in all bin sizes of our olivine
CSD using the following:
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VV    nV ( L) L3dL

(A7.3.4)

0

where σ is the ratio of the crystal volume (assumed spheres) to that of a cube of side L.
Higher order moments need to use shape factors (σ) to account for departures of the
crystal shapes from a cube.

As our data are modeled as spheres with diameters

equivalent to the area measured, we use  /6 for σ. The relative volumetric proportions
of olivine (Vx-y) of different size bins are similar to the relative area % obtained by
normalizing initial observations made in thin sections and slabs to the slab scale (Table
A3.1). These results are also similar to the data obtained by point-counting from a thin
section taken from the same slab (Table A3.1), suggesting that observations of modal
abundance made at the thin section scale approximate larger scales of observation.
Goodness-of-fit tests:
To evaluate the hypothesis that each CSD fits a power-law distribution model, we
first identify the best-fit power law equation and subsequently evaluate how well binned
data from each sample population correspond to the model equations. This evaluation is
accomplished by calculating a weighted least-squares fit to the sample data and root
mean standard error (RMSE) for best-fit lines to the data.
Data are first plotted as log N vs. log L, where Ni is the population density in the
ith bin size, and L is the diameter (mm) of the maximum axis. These linear trends are
fitted using a weighted, linear least squares fit on data with the following modification of
equation (1) to find the slope (D) and intercept (λ) of a straight line:
log NV   D log x  log 

(A7.3.5)
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Errors on each log x, log y data point range from 0.17 to 0.29. We compute slopes (D)
+/-10, and intercepts (λ) +/-10, and plot the covariance ellipse at the 95% confidence
level (Figure 3.8c). This shows the range of model slopes and intercepts (D,λ) that are
fully consistent (at 95% confidence) with the data and their uncertainty. The variance on
the model parameters for samples within a single dyke (e.g., σ2CK4,5p) are smaller than
variance between dykes (σ2pCK1,2,3;

pCK4,5).

The variance in parameters for all samples

(σ2sp) is greater than the variance attributed to analytical methods (σ2ap), such that σ2ap <
σ2sp (e.g., Table 3.3).
We have also computed the root mean standard error (RMSE) as a measure of the
differences (i.e. residuals) between values expected by the best-fit power-law models and
values observed from the olivine crystal populations. The RMSE is a good measure of
accuracy, as it measures the variability expected in the means of samples by repeated
random collection from the same population:

RMSE 

 O  ( M D  OD   M  ) 2 



n
i 1 

n

(A7.3.6)

where n is the number of bins, MD and Mλ the expected model parameter values, and Oλ
and OD the observed parameter values from the iterations. RMSE error estimates for
power-law fits to the CSDs are shown in Table 3.5. An RMSE close to zero means the
model is a good predictor of the observed data; RMSE for all 5 samples in this study
range from 0.16 to 0.31, which accords well with the estimated average uncertainties (σtr
+ σthn) on each data point (0.17-0.29).
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7.3.2 Appendix – Chapter 3: Automatic image analysis methods for crystal size
distributions of olivine in kimberlite11
Introduction
Crystal size distributions (CSDs) are a standard means of describing populations
of crystals within magmatic rocks (Cashman and Marsh, 1988; Higgins, 2000). These
datasets provide a statistical approximation of the occurrence frequencies of specific sizes
of individual grains of the target mineral, and are commonly used for describing or
fingerprinting magmatic rocks. In addition, CSDs are useful for diverse petrogenetic
applications, including assessing nucleation and growth rates of crystals (Cashman and
Marsh, 1988; Cashman, 1990; Peterson, 1990), estimating residence times in magma
chambers (Mangan, 1990; Armienti et al., 1994), identifying the effects of crystal-settling
(Bindeman, 2003), or quantifying pyroclastic fragmentation intensity (Allen and McPhie,
2003; Bindeman, 2005).
Olivine is an essential mineral of crystallized kimberlite magma and usually
comprises up to 50% of the rock (Clement, 1982). Olivine crystals consist of two types:
larger (> 1.0 mm), round to sub-round olivine macrocrysts that are xenocrysts of
disaggregated mantle peridotites (Clement, 1982; Mitchell, 1986; Mitchell, 1995); and
smaller (< 0.5 mm), sub-hedral to euhedral crystals that are understood to be cognate
phenocrysts resulting from crystallization of kimberlite magma (Clement, 1982; Mitchell,
1986; Mitchell, 1995). Given its modal abundance, we suggest that olivine CSDs should
find use as a means of characterising kimberlite, for distinguishing or correlating between
kimberlite bodies, or for linking size distributions of olivine to processes related to
ascent, emplacement and eruption.
Conventional estimations of olivine modal abundances in kimberlite (area %)
typically derive from point counting of rocks and thin sections. An alternative method
involves manual tracing of olivine crystals and subsequent image analysis of the traced
images. These techniques yield reproducible results and have been used effectively for
A version of this chapter has been accepted for publication. Holden, E.J., Moss, S., Russell, J.K.,
Dentith, M.C., 2008. Image Analysis Methods for Crystal Size Distributions of Olivine in Kimberlite.
Computational Geosciences.

11
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coherent (e.g. Clement, 1982) and volcaniclastic kimberlite (Chapter 4; Walters et al.,
2006a) but they are time consuming and can be operator dependent.
Automatic detection of olivine CSDs from kimberlite is not a trivial task.
Kimberlite is highly susceptible to alteration with the result that olivine is commonly
replaced by secondary minerals that are also common to the groundmass (e.g., serpentine
or carbonate). A consequence of this style of replacement is that the original edges of
individual olivine crystals become less distinct and difficult to identify. Moreover, rims
of small olivine crystals often poikolitically enclose spinel and perovskite crystals,
creating complex grain boundaries which are difficult to identify against the groundmass.
Another issue, that transcends the effects of alteration, is that the abundance of olivine in
these rocks guarantees that many grains of olivine are in physical contact. These factors
combine to make it difficult to accurately identify the edges of individual olivine grains
to examine their size and shape distributions.
We developed an automated image analysis technique that is capable of
identifying individual crystal grains of olivine within digital images of kimberlite. This
technique identifies crystal grains by using multiple image cues such as colour, texture
and brightness, combined with a segmentation technique to separate the joined grains to
detect olivine CSD. Then experiments were conducted to demonstrate the utility of the
proposed automated image analysis methods by collecting the requisite data for
determining CSDs for olivine in scanned images of polished kimberlite slab samples
(Figure 2.1a), and comparing these to a parallel set of olivine CSDs for the same samples
using manual tracing of olivine grains (Figure 2.1b).
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Figure A3.1: Images of Sample_1 and Sample_2 of kimberlite from Diavik kimberlite
field: (a,b) Scanned images of polished rock slab (FOV = 41 × 75 mm) represented by
627 × 1,134 pixels; (c,d) Outputs of manually traced crystal edges from the sample
images shown in a and b, respectively.
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The following sections provide: (i) a literature reviews of image analysis methods
used for detection of mineral grains; (ii) an overview of our automatic image analysis
system; (iii) description of the methods we used for producing olivine CSD; (iv)
experimental results from samples analysed using the manual and automatic methods;
and (v) a comparative analysis of the two sets of results. We conclude with a discussion
of possible future developments.
Previous image analysis methods for mineral grain detection
Numerous mineral grain detection methods based on image analysis have been
previously reported. Some of the proposed methods process thin section images from
optical polarising microscopy to identify various mineral grains. Zhou et al. (2004) use a
set of sequential birefringence colour intensity images from various angular rotations of
the polariser in order to identify mineral grains. From the sequential images, they
generate two synthetic images using the maximum intensity of the birefringence colour
and the corresponding rotation angle. The Canny edge detection technique is applied to
both of these synthetic images and these results are combined and processed with a
region growing algorithm and to generate grain boundaries. Some mineralogical systems
are complicated by the effects of twinning within minerals which commonly causes
incorrect segmentation of a mineral grain (Obara et al., 2007; Smith & Beermann, 2007).
For example, Obara et al (2007) were able to more accurately segment individual calcite
grains within optical polarising microscopy images of marble by decreasing the influence
of twining within mineral grains. They then applied the watershed algorithm to define the
individual grains.

While the above example focussed on the detection of grain

boundaries, Ross et al. (1999) developed a system that can identify grain specimen based
on a pattern recognition method called the genetic algorithm. Given microscopic images
from a rotating polariser, they extract colour and texture information using image
analysis techniques, which are then used to learn the mineral grain patterns for the
genetic algorithm. Colour information consists of hue and saturation values as well as
the value that represents the pleochroism using the difference between the maximum and
minimum intensities of the plane light images. Texture information is represented by
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standard properties of local co-occurrence matrix, such as contrast, entropy, energy and
homogeneity.
Automatic detection of mineral grains within images captured from plane or cross
polarised light in microscopy is a difficult task (Ross et al. 1999).

For the plane

polarisation, mineral grains appear as colourless, which make it difficult to segment the
boundaries when two grains are adjoined. For cross polarisation, a mineral grain may
appear in the images with varying colour intensities depending on the mineral type and
crystal lattice orientation. Thus some researchers use scanned images of polished rock
samples to identify mineral grains using reflected light rather than transmitted light, to
classify mineral grains. Marschallinger (1997) use scanned images of polished rock
samples including granite, quartz-syenite and metagabbro to identify minerals using red
green and blue visual colour range responses. Various supervised and unsupervised
learning algorithms were tested, and they showed that the supervised maximum
likelihood method performed superior than the others. Launeau et al. (1994) used multispectral image classification technique by using RGB colours captured from scanners and
CCD cameras as well as multi-element X-maps captured from electron microprobe.
Principle Component Analysis (PCA) was used to de-correlate the spectral images and
classification was performed using a minimum distance to the mean classification method
based on a careful selection of training data.
System overview
The proposed system uses scanned images of rock samples and focuses on
utilising multiple image cues to identify olivine crystals, differing from most systems
mentioned in Section A3.2. Our olivine CSD detection technique identifies the regions
within the image that have olivine characteristics as defined by colour, local texture and
brightness. These regions will be referred as olivine Regions Of Interest (ROI). These
regions are then examined to identify and separate joined crystal grains to build CSDs.
The method consists of 3 seaparate tasks as illustrated in Figure A3.2, including: (i)
olivine ROI detection; (ii) segmentation; and (iii) CSD determination. Note that while
our method is used explicitly for building olivine CSD within kimberlite, the capacity to
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Figure A3.2: Summary of olivine detection system showing the three steps of analysis,
including ROI detection, segmentation of adjoined crystals and data extraction for CSD
determination.
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handle these texturally diverse and complicated rocks ensures that our methods could
easily be applied to other geomaterials.
The ROI detection process combines multiple image cues such as color, texture,
and brightness. Specifically, the process comprises model-based color detection based on
Mahalanobis distance; texture analysis based on standard deviation of local pixel
intensities; and solid foreground object detection based on brightness and shape. These
attributes are combined to determine if an image location is an olivine ROI.
Olivine crystals will commonly show slight shifts in body colour reflecting crystal
orientation, internal cracks, or varying degrees of alteration. The ROI process is made
more flexible in order to deal with such variations by allowing for user specified colour
models. For example, a colour model can be generated by using colour regions selected
from a single kimberlite sample featuring a unique style of alteration or could be selected
from a range of different kimberlite samples. In addition, brightness and texture models
can also be modified to deal with the variations amongst the samples being studied.
In many instances the ROI process is sufficient to identify the individual grains of
olivine. However, the detected ROIs will actually comprise regions where multiple
crystals are in physical contact. At this point the segmentation process is used to separate
adjacent crystals that have been combined into a single ROI into individual particles.
Adjoined shapes that require segmentation are identified by shape analysis. Our
segmentation process is based on a well-known marker-based watershed segmentation
algorithm (Meyer & Beucher, 1990), but is extended to recursively search for crystals of
varying sizes while assuming the existence of edges between the crystals for
segmentation. For each domain of the segmented individual crystals, shape analysis is
applied for validation and identification of shape characteristics such as size, major and
minor axes of the crystals.
CSDs are generated by examining characteristic properties of olivine crystals (e.g.
frequency, area, perimeter). Below we discuss in detail the critical steps involved in our
computer-assisted image analysis of olivine in kimberlite.
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Olivine ROI detection
Olivine crystals are generally brighter than the background and show a different
range of colours than the matrix of the rock. Olivine grains also have a smooth texture
relative to the matrix; this translates to less variations in local pixel intensity than
observed in the background. The olivine ROI detection technique accommodates all of
these characteristics and combines them to recognize each olivine ROI. This process
comprises; colour analysis, texture analysis, grey-scale intensity analysis and then ROI
detection based on the results of the first 3 steps:
Colour analysis
The colour analysis process uses a model-based technique based on Mahalanobis
distance (Manly, 1986). A normalised RGB colour space is used to reduce the effects of
brightness in the RGB colour space. That is:
( r , g , b) 

a,

b, c  ,

where:
a

r
g
b
,b
, and c 
.
r gb
r gb
rgb

(A3.1)

The olivine colour model is generated from a database of sample olivine crystal images,
and is represented by its average colour component, m , where
m  ( a, b, c ) ,
and a covariance matrix (C),

C

Caa
 Cba
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C ab
Cbb
C cb

Cac 
Cbc 

Ccc 

(A3.2)

where Cij  (1 / n )1 (i  i )( j  j ) , i, j  a , b, c  , and n is the number of the olivine
n

colour samples.
The olivine crystal model forms a cluster of the sample population within the
normalised RGB space. Given a colour component, k, the similarity of the colour to the
olivine colour model is measured for each pixel in the image using the Mahalanobis
distance (Manly, 1986), D, using:
D  ( k  m )C 1 ( k  m ) T

(A3.3)
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Texture analysis
Image texture is represented by standard deviation of pixel intensities within the
neighbourhood of each pixel, representing the degree of local intensity variations. In our
implementation, a neighbourhood size of 3x3 is used to determine local textural
characteristics.
Grayscale intensity analysis
A grayscale image of the polished slab is used to enhance the foreground (or
bright) objects.

It performs established grayscale morphological operations such as

‘opening-by-reconstruction’ and ‘closing-by-reconstruction’ (Vincent, 1993) to remove
noise within foreground object regions while retaining the shape of the objects.
ROI detection based on colour, texture and grayscale intensity
Olivine ROI is determined by combining texture, colour and gray intensity
analysis outputs. This process consists of the following two steps. The first step is to
generating likelihood images that represent the confidence level within each analysis
output of matching olivine. And the second step is to combine the three likelihood
images to identify the olivine ROI.
Step 1
Given the expected values and their allowed variation of colour, texture and
grayscale intensity values of olivine, it finds the likelihood of a pixel matching the
expected model. Note that this process is to prepare the outputs from three separate
analyses that have different ranges of output values for an effective classification. For
example, olivine regions are represented as low values within the texture analysis output,
but as high values within the grayscale analysis output.
Therefore, given a set of colour, texture and foreground output values,

H (i, j )  (C (i, j ), T (i, j ), F (i, j )) at an image location (i, j ) , the olivine model,
M  ( m1 , m2 , m3 ,  1 ,  2 ,  3 ) where the colour model is specified using the mean, m1 , and
the standard deviation,  1 ; the texture model is specified using the mean m2 and the
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standard deviation,  2 ; and the brightness model is specified using the mean m3 and the
standard deviation,  3 , their corresponding likelihood image are as follows:
p1 (i, j )  e

 ( ci , j  m1 ) 2 /( 2 12 )

, p 2 (i , j )  e

 ( ti , j  m2 ) 2 /( 2 2 2 )

, and p3 (i, j )  e

 ( f i , j  m3 ) 2 /( 2 32 )

(A3.4)

The likelihood images, p1 , p2 , and p3 consist of pixel values in the range of

[0,1] where each value indicates the likelihood of the existence of olivine at that image
location. Figure A3.3 shows the texture analysis output and its corresponding likelihood
image.
Step 2

This step combines three likelihood images, p1 , p2 , and p3 by averaging with
their associated weights. Thus the matching likelihood P( H (i, j )  M ) is calculated
using a function which is defined as:
P( H (i, j )  M )  1 p1   2 p2   3 p3 ,

(A3.5)

where 1 ,  2 , and  3 represent the significance of the corresponding component and



3

i 1

 i  1.
This final matching likelihood image P( H (i, j )  M ) is then thresholded to

create a binary output, as shown in Figure A3.4.
Segmentation & olivine CSD detection
Segmentation method
The detected olivine ROI comprise, both, individual crystals and crystals that are
in physical contact. Some olivine crystals are merely touching point-to-point in 3D,
while others share crystal boundaries (e.g. olivine in peridotite xenoliths). An example of
adjoined crystals is shown in Figure A3.5 (top row). In order to produce accurate CSDs,
it
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Figure A3.3: (a) Texture analysis output of Sample_1. (b) Texture likelihood image.

Figure A3.4: Combining all of the likelihood images to generate the olivine ROI.
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Figure A3.5: Two examples of segmentation. For both examples (a) and (b), the top row
shows images of joined objects and their corresponding distance transform outputs; the
middle row shows the iterative processes of segmenting the object using our algorithm;
the bottom row shows the segmentation outputs where multiple objects are separated.
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is essential to compensate for this effect by segmenting the crystal clots into the
appropriate individual crystals. Our process separates adjoined crystals by adapting and
extending the marker-based watershed algorithm. It firstly analyses the shape of each of
the isolated regions within the ROI output. An adjoined crystal region is characterised by
its significantly large size and a low solidity, where solidity is determined by an existence
of significant non-olivine regions within the smallest convex shape that contains the
object. This is possible with olivine in particular because of its generally sub-round and
convex morphology.
The watershed algorithm (Meyer & Beucher, 1990) considers a grayscale image
as a topographic surface where pixel intensities represent heights.

Simulating the

flooding of this surface, it separates the image into catchment basins and watershed lines
or dams that separate water in different basins. This algorithm, however, suffers an oversegmentation problem due to its sensitivity to noise and local irregularities of gradients.
A standard extension to deal with this problem is the use of markers as forced minima
that are associated with catchment basins. This is called the marker-controlled watershed
algorithm where markers are specified either automatically or manually. This algorithm
was previously employed in a geoscientific application that segments objects in the
photographic images of rocks and stones (Farfan et al. 2007).

In Farfan et al’s

application, markers are chosen by thresholding of grayscale images.

Such marker

selection is not suitable for our images as a single crystal may have significant variance
in pixel intensities within different areas of the crystal, which will cause the detection of
multiple markers within the crystal. Our algorithm selects markers using the binary
region of adjoined multiple crystals and focuses on recursively segmenting individual
crystals of varying sizes using the distance transform and the watershed algorithm. As
the binary object is used for the segmentation, the algorithm must verify whether the
segmentation is due to adjoining of crystals or due to the shape of an individual crystal.
To deal with this, once the watershed segmentation lines are detected, our algorithm
validates the segmentation by examining the existence of edge pixels adjacent to the
watershed segmentation line, which is the area where multiple crystals are expected to be
adjoined. Our segmentation algorithm consists of the following processes:
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Apply the distance transform



Iteratively threshold the distance transform image to find markers



Apply marker-controlled watershed algorithm



Validate all watershed line using the existence of edges
The distance transform operates generally from a binary image, where for each

pixel, its distance to the nearest background pixel is represented as the pixel intensity in
the transform output. An example of a joined object and its distance transform image are
shown in the top of Figure A3.5. In the distance transform image, the pixel intensities at
the crystal centres are associated with the size of the crystals. Thus, the next step uses the
distance transform output to recursively choose markers to isolate the crystals.
Markers for watershed segmentation are determined by iteratively thresholding
the distance transform image using a threshold value that is gradually reduced from large
to small within its intensity range. For each iteration, detected markers are enforced as
minima and the watershed algorithm finds the segmentation lines as shown in Figure
A3.5 (middle row). Note that the example on the left shows markers of different sizes are
segmented iteratively, while the example on the right is segmented in one iteration as the
sizes of the two adjoining objects are similar.

Each segmentation is confirmed by

examining their local neighbourhood for the existence of edges. If the ratio of the edge
pixels within the neighbourhood is large, the watershed line is validated and used for
segmentation of the object.
CSD determination
Once the segmentation process completes the identification of individual olivine
grains, creation of CSDs allows for shape analysis through validation and identification
of their shapes. The object is validated as an olivine crystal if its size is greater than the
minimal threshold of 10 pixels and if the object has a solid shape. This solidity is
measured by the ratio of the area of the shape and the smallest convex form that contains
the shape.
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For the validated objects, the shape boundaries are modified to accommodate
edge information detected from the grayscale input image. Given a validated binary
object, edge pixels within a 6x6 local neighbourhood along the boundary of the object are
identified, then the gap between the object boundary and the edge contour is filled using
morphological dilation.
Finally, the shape characteristics of the domains, including the areas, major and
minor axes lengths and their orientations, are calculated. The area is the number of
object pixels, which is then converted into the unit of mm2. The major and minor axis
lengths of the bounding ellipse of the object area are calculated using the Eigen method
(Horn, 1993), which are then converted into the unit of mm.
Experimental results
In our experiment, the automatic image analysis as described above to collect data
on olivine from two samples of kimberlite. The samples are from drill hole intersections
of cross-cutting dykes of coherent kimberlite found below the A154N kimberlite pipe at
Diavik in northern Canada (Chapter 4; Graham et al., 1998). Representative samples of
these dykes were collected on the basis of the freshness of olivine crystals (i.e.,
unaltered), and the paucity of country rock xenoliths.

For each of the samples of

kimberlite, digital images of slabs (~45x75 mm) were prepared using a desktop scanner.
The scanned digital images were then processed for modal information on olivine using
both the traditional manual digitisation method and the automated process described
above.

In this paper two sample images used in this experiment are referred as

Sample_1, which was shown earlier in Figure A3.1a and Sample_2 which is shown in
Figure A3.6a.
Manual digitization method
Despite the difficulty in accurately characterizing crystal outlines, the mind’s eye
is remarkably adept at using variations in colour, shape, and texture to differentiate
between crystals and groundmass. The manual digitization method involves the operator
tracing and interpreting boundaries of olivine crystals and other components and
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Figure A3.6: Results of automatic processing of Sample_1 and Sample_2 shown earlier
in Fig. 1a and b, respectively: (a, b) Major and minor axes of individual crystals are
overlaid on Sample_1 and Sample_2, respectively. Major axis is represented by a solid
line and minor axis is shown as a dotted line; (c, d) Object boundaries of individual
crystals are shown in white, being overlaid on Sample_1 and Sample_2, respectively.
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therefore relies on this native skill. Examples of manual tracing are shown in Figure
A3.1b and A3.6b.
Each olivine crystal outline comprises a single closed boundary. Where two
crystals were in contact, each crystal was traced separately. The resulting manually
traced images of olivine crystals were then analyzed to determine the number of crystals
and the size (area), maximum axis length, minimum axis length, perimeter length, and
orientation of each crystal.
Automatic crystal detection method
The automatic detection method requires a pre-processing that creates a colour
model. Generating a colour model is a simple process where a user is required to select
some locations within the input image that has the colour of interest to be searched. Then
given a set of parameters required for the olivine ROI, including M , 1 ,  2 ,  3 as defined
in Section A3.4, the automatic analysis process generates the size and dimensional data
for each of the individual grains within the input image.
The sample images used for this experiment contain olivine crystals and garnets,
which have two distinct colour ranges. Thus, two colour models are generated and used
for the automatic detection, and then these two binary ROI outputs are combined to
generate the final ROI image. The colour models are generated solely from Sample_1
and used for the testing of both Sample_1 and Sample_2. The output of the automatic
detection for Sample_2 is shown in Figure A3.7. Note that Sample_2 contains a few
fragments of altered granite and clinopyroxene, which were detected as olivine in this
process due to their brightness rather than similarity to the olivine colour.
Example outputs of this crystal shape detection process using Sample_1 (Figure
A3.1a) are shown in Figure A3.8: (a) shows the major and minor axes of the bounding
ellipse of crystals, and (b) shows the boundary tracing result.

238

Figure A3.7: CSDs from manual and automatic methods applied to olivine particles in
the histograms of Sample_1 and Sample_2. Crystal sizes are areas in square millimeters.
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Figure A3.8: Regions that are identified by manual methods but not by automatic
method (shown as dark regions) for Sample_1 (a) and Sample_2 (b).
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Comparison of manual vs automatic results
The automatic system was implemented in Matlab and the experiments were
conducted in a 2GHz PC. An expert took approximately 6 hours to manually trace the
boundaries of olivine crystals. Our automatic system took less than 1 minute for each of
the samples.

Below, we discuss the results by comparing the metrics (e.g. area,

perimeter) produced by the two techniques and assessing the consequences of any
differences.
CSD results
Table A3.2 summarises the comparative analysis results between the manual and
automatic processing methods. For each of the samples and processing methods, we
calculated the modal proportion (percent) of olivine ROIs over the entire image
(Area_ratio; Table A3.2) and the number of individual crystals (Number_of_crystals;
Table A3.2).

Recognition rates (Recognition_rate_A, B; Table A3.2) represent the

proportion of the areas within the olivine regions detected from one method that are also
recognized by the result from the other method.
In estimating total olivine abundance, the manual method produced an Area_ratio
of ~45%, which is slightly higher than the value (~38%) from the automatic method.
These differences are also shown in the recognition rates as they show slight
discrepancies between the automatic and manual detection results. The manual method
correctly identifies greater than 85% of the olivine areas that were detected by the
automatic image analysis. Conversely, the automatic image analysis of slab images finds
great than 88% of the olivine areas that were delineated by manual tracing. The two
samples however produced similar results in area ratios and recognition rates. As our
colour model was generated solely from Sample_1, the results indicate that a colour
model generated from one sample can be effectively applied to process other samples
with similar colour characteristics.
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Figure A3.9: Roughness test using 152 closely matched particles from the outputs of the
automatic and manual methods using Sample_1: (a) Plot of the particle sizes from the
automatic method versus the particle sizes from the manual method; (b) Comparison of
estimated and observed perimeters of the particles less than 6 mm in perimeter. Inset plot
shows the distribution for all particles.
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Figure A3.9 shows the size distributions detected from two samples. For both samples,
size distributions from manual and automatic methods are well matched except for the
crystals that are less than 3 mm2. Close examination to the discrepancies in the numbers
of small crystals revealed important differences in their capabilities of manual tracings
and automatic grain detection. There is a significant difference in the frequency of
crystals measured as shown in Table A3.1 (669 vs 655 for sample_1; and 569 vs 640 for
sample_2 in Table A3.1), the number of small crystals (less than 3mm2) showing the most
difference (Fig. A3.9). In addition, from Sample_1, the automatic method detected less
small crystals than the manual method whereas from Sample_2, the automatic method
detected more small crystals than the manual method. Close inspection to these results
revealed the following three facts. Firstly, the automatic method couldn’t detect the
crystals of size less than 0.04 mm2. The automatic method applies local neighbourhood
analysis for texture and foreground object detection, which reduces the small objects
further as boundaries will be smoothed to the background. Further, these small objects
may have been removed due when individual grain domain is validated in the CSD
determination process, by not satisfying the acceptable size limit (< 10 pixels). This step
was necessary to remove noise. Secondly, if a small olivine is just below the actual
surface of the slab, humans can see the ‘projection’ through the thin veil of groundmass
which covers it, despite a subdued colour variation from the background which may
preclude its recognition by the automatic method. Such objects cannot be detected by the
automatic system as the true colour won’t appear on the surface. This implies that the
automatic method is a more accurate representation of the true 2D intersections of
olivine. This was particularly obvious in the manual processing result of Sample_1,
resulting in more small crystals detected than the automatic method. Thirdly, subjectivity
or inconsistency of manual tracing have been observed, which resulted in automatic
method detecting small crystals more than manual tracing in Sample_1, but less for
Sample_2. Our observation of the Sample_2 outputs showed that a human tracer ignored
or missed most crystals less than 1mm2, which were detected in Sample_1.
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Particle shape analysis
Particle shapes from the automatic and manual methods are compared using their
boundary roughness, solidity, and circularity.

For this experiment, we selected 152

particles from Sample_1 that are identified as being closely matched in their locations
and sizes within the outputs from the manual and automatic methods.
Boundary roughness
In the samples, automatic processing detected ~86% of the regions of olivine
previously identified by manual tracing. Conversely, the manual tracing technique
correctly identified ~89% of the regions that the automatically detection method
identified as olivine crystals (Table A3.1).

The regions where manual processing

detected a crystal that was not identified by automatic processing correspond mostly with
crystal edges, as shown in Figure A3.8. Detailed examination of these edges shows that
in many cases, the automatic method produces more accurate tracing of irregular olivine
crystal boundaries than the manual method. This discrepancy is likely due to default
properties (e.g. ‘fidelity’, ‘smoothness’) of the tracing pen in Adobe Illustrator, which can
smooth rough traces drawn by the observer. This consistent over-tracing is demonstrated
in Figure A3.9a where the sizes of the crystals from the manual method are generally
larger than that from the automatic method.
The ‘roughness’ of particle boundaries can be indexed by comparing the
‘observed’ perimeter lengths against the ‘estimated’ perimeter lengths of crystals (Fig.
A3.9b). The estimated perimeter length is the perimeter of the bounding ellipse of the
crystal

that

has

the

perfectly

smooth

boundary,

and

is

calculated

using

( A / 2) 2  ( B / 2) 2
, where A and B are the observed maximum and minimum axis
2
2
lengths, respectively. Crystals from the automatic method have slightly ‘rougher’ or
irregular boundaries than those from the manual method represented by larger perimeter
lengths (Fig. A3.9b). For perimeters <4 mm, some crystals show estimated perimeters
which are slightly shorter than the observed perimeters. This is due to the perimeter
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calculation method that is applied to the image pixels within Matlab. Figure A3.10a
shows this calculation method using a perfectly circular object that fits into the bounding
rectangle of 7 x 7 pixels as an example. Given its radius, r, of 3.5 pixels, the estimated
circle area and perimeter are 39.43 ( r 2 ) and 21.99 ( 2r ) pixels, while the observed area
and perimeters are 37 and 19.31 pixels, respectively.
Solidity
We use solidity to assess the departure of olivine shapes from convex objects (i.e.,
circle, ellipse). Solidity is measured by the ratio of the area of the shape (observed area)
to the area of the bounding ellipse of the shape (measured area) and is shown in Figure
A3.10b. Particles from both methods generally have smaller observed sizes that the
estimated sizes with larger crystal sizes showing greater disparities. This means that the
particles with larger sizes have more concavity or boundary irregularities. Figure A3.10b
confirms this, as similar departures from estimated perimeters are apparent in the
observed perimeter, suggesting that either (a) more detail of olivine crystal boundaries is
observable in larger crystals or (b) larger crystals have more concavity and shape
irregularity than smaller crystals.
Circularity
To assess the circularity of olivine crystals, we compare size and shape attributes
measured in olivine crystals (e.g., area, perimeter, and oblateness) to those of model
shapes (circles, 2:1 ellipse, etc.) in Figure A3.11.

The two methods show general

agreement in olivine circularity over the entire size distribution of olivine (Fig. A3.11a,
b). Note that, in Figure A3.11b, oblateness is measured using 1 – (min. axis length/max.
axis length). In addition, several observations regarding olivine crystals can be made
from the data obtained by both methods. Firstly, no olivine particles exceed a 5:1 ratio.
Second, the majority of olivine crystals appear to be best approximated by circular to 2:1
elliptical aspect ratios.
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Figure A3.10: (a) Discrepancy between the estimated and observed perimeters and areas
for an object with a 7 × 7-pixel bounding box; (b) Solidity test that compares the
estimated and observed areas of the particles less than 1 mm2. Given the maximum and
minimum axis lengths of a particle, A and B, respectively, the estimated area is calculated
using π(A/2)(B/2). Inset plot shows the distribution for all particles.
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Figure A3.11: Circularity test: (a) Plot of area versus perimeter. Solid line represents
their relationship for perfect circles; dash–dot line for the ellipse with the 2:1 axial ratio;
dashed line for the ellipses with 5:1 axial ratio; (b) Plot of area versus oblateness of the
particles. Solid line is for perfect circle (i.e. oblateness = 0); dash–dot line is for the
ellipse with the 2:1 axial ratio (i.e. oblateness = 0.5); dashed line is for the ellipse with
3:1 axial ratio (i.e. oblateness = 0.67).

247

Summary & on-going developments
This paper presented an automatic olivine crystal detection technique to identify
individual crystals using: ROI detection based on a combination of colour, brightness and
texture; and segmentation using an iterative marker-based watershed algorithm and edge
detection. Comparison between the results from manual and automatic methods shows
that the automatic method can reproduce similar total modal % of olivine to that obtained
with manual tracing. In addition, the automated method yields a more precise perimeter
measurement, allowing for a more accurate 2-D shape analysis of olivine crystals.
Furthermore, faster output times for the automatic method could allow for processing of
large sample sets to generate statistically-significant olivine CSDs for kimberlite bodies.
Therefore, the automated method appears to provide a reliable, precise and rapid means
of obtaining olivine crystal size distributions from 2-D slabs.
The automatic method, however, requires further developments in the following
areas. Firstly, the automatic method can only accurately identify olivine crystals down to
a certain size (> 0.4 mm2). Accurate analysis of such small crystals requires finer scales
of observation such as thin section or backscattered electron images where the results can
then be combined to complete a CSD from a slab image. Secondly, the automatic
method needs to be tested with 2-D images from a variety of kimberlite occurrences. The
deviation of the area ratio between the automatic and manual methods is larger than the
geological variance for olivine crystals in coherent kimberlite reported in Chapter 2.
Further replicate sampling from a variety of kimberlite dykes would determine true
geological variance of olivine in coherent kimberlite, and allow for testing of whether
such analytical variance is permissable. Moreover, the successful application of an
olivine colour model generated from one sample to another sample from the same
locality represents a step towards a more automated system. However, to apply the
automatic method with confidence to other kimberlite localities, more colour models for
olivines from other occurrences of crystallized coherent kimberlite are necessary. In
addition, colour models for olivine from kimberlite rocks with greater component
diversity and textural complexity (e.g., pyroclastic kimberlite) must be tested. Lastly, our
automatic method needs to be tested with rocks from varying degrees of alteration and to
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demonstrate the capability to discriminate olivine crystals (fresh and altered) from other
particles (e.g., fresh and altered country rock lithics).
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