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Abstract

Understanding the range of transport styles recorded by kimberlite deposits is key to describing the type and style of
eruptions. Building a clear picture of the processes that shape deposits is essential for selecting exploration targets and
evaluating the grade and value of diamond-bearing kimberlites. Variations in grade reflect differences in the diamond
content of different magma parcels erupted during the lifetime of the kimberlite volcano, sorting during transport of
eruption products, or re-working of diamonds during crater growth, cone collapse and erosion.

The form of the kimberlite volcano is largely determined when the magma arrives near the surface. If magma comes
into contact with external water, transport will be driven by a combination of magmatic gases + steam. From a diamond
exploration perspective, the resulting deep diatremes make the most attractive targets because they survive erosion and
form large geophysical anomalies. If water is too abundant, a tuff cone or tuff ring with no diatreme or a shallow one
will form. On the other hand, if external water is very limited or if the conduit is rapidly sealed by chilled melt, the
transport system will be driven by magmatic gases alone. The result will then be a spatter cone or cinder cone underlain

by a dike, possibly with a related lava flow, but with no diatreme.
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1. Introduction

Transport of kimberlite magma from the mantle to or
near the surface is a complex process that involves
many, often sudden and dramatic, changes in transport
style. The pace and magnitude of changes in the
transport system accelerate as the magma nears the
surface, culminating in eruptions during which multiple
transport events take place simultaneously as well as
single transport events that change significantly from
their point of origin to final deposition. Variations in
diamond grade reflect differences in the diamond
content of different magma batches erupted during the
lifetime of the volcano, sorting during transport of
eruption products, or re-working of diamonds during
crater growth, cone collapse and erosion. This paper sets
out the source and signature of transport events during
the evolution of kimberlite volcanoes with an emphasis
on observations that can be distilled from field data, drill
cores and thin sections. The discussion is weighted
toward transport systems in diatremes and craters
because the full spectrum of kimberlite volcanism is not
covered by existing field data, although some useful
interpretations can be drawn from the few described
examples of surface kimberlite deposits as well as by

comparison with equivalent small-volume volcanic
systems.

2. Deep transport systems control delivery of magma
and diamonds to eruption sites

The initial stages of kimberlite transport involve rise
of magma in narrow dikes (e.g., Dawson and
Hawthorne, 1970). There is compelling evidence that
kimberlite magmas are extracted from their source
region and erupted without significant residence times in
the crust (e.g., Mitchell, 2008). In this respect,
kimberlites have much in common with monogenetic
continental volcanoes, each inferred to record short-
lived eruption of a single magma batch. On the other
hand, careful examination of the volcanic products of
monogenetic eruptions, combined with geochemical
work on single eruption phases, reveals that many so-
called monogenetic volcanoes are in fact composite
landforms that record episodic activity at the same site
over significant time periods. There is a growing body
of evidence that this variation often records ascent of
new, unique magma batches from the mantle (Nemeth et
al., 2003; McClintock et al., 2008a).



Likewise, many single kimberlite volcanoes have
significant variations in diamond grade between
different kimberlite phases, suggesting eruption of
distinct (perhaps unrelated) magma parcels at the same
site. In some kimberlites, different magma batches were
erupted at the same site during short-lived pulses of
activity separated by long periods of volcanic
quiescence. For example, single kimberlite complexes in
the Fort a la Corne field in Canada have been
constructed by at least seven brief episodes of activity
over a period of 5 to 7 million years (Kjarsgaard et al.,
2006, 2008). Persistent re-occupation of the deep
magma transport system by kimberlite melts suggests
that stable, deeply tapping magma pathways are the key
feature of the deep kimberlite transport system.

3. Shallow transport systems shape volcanoes

The deposits described to date indicates that
emplacement of kimberlite involves processes that range
from intrusion of shallow sills, sheets and dikes to
violent eruptions that quarry deep diatremes into hard
rocks. Tuff cones and rings constructed by eruptions of
kimberlite magma have been described from Fort a la
Corne (e.g., Leckie et al., 1997; Zonneveld et al., 2004;
Lefebvre and Kurszlaukis, 2008). Kimberlite scoria
cones and lava flows are rare but the examples described
to date are made up of deposits much like scoria and
lava formed by other mafic to ultramafic magma types
(e.g., Reid et al., 1975; Dawson, 1994). It is unlikely that
the range of kimberlite volcanoes preserved in the rock
record, made up of many diatremes and intrusions and
very few volcanic cones and lavas, is representative of
the range that forms in nature.

3.1 Transport within diatremes

Because of their characteristic geophysical signature
relative to host rocks and excellent preservation
potential in eroded terrains, and thus preserved volume,
diatremes represent the favoured target for diamond
explorers. Understanding the processes that shape
kimberlitic diatremes is essential to accurately evaluate
the grade of diamond deposits and to target high-grade
parts of large or marginally economic kimberlite bodies.
Diatremes form during eruption of the full spectrum of
magma compositions and have been well studied (e.g.,
Hearn, 1968; Lorenz, 1975, 1979, 1986, 2003; White,
1991).

In the absence of significant erosion, diatremes are
overlain by maar craters (Figs. la, 1b). The maars are
surrounded by tephra rims, which are typically rich in
country rock fragments when erupted through hard rocks
(Fig. 1c). Diatremes can range from small pipe-like
bodies tens of metres deep that may merge at depth with
irregular  “budded” dikes to deep funnel-shaped
structures that extend for hundreds to thousands of
metres below the surface (Hawthorne, 1975; Mitchell,
1986; Clement and Reid, 1989). Although some
diatremes have uniform cross-sections and form regular
inverted cone-shaped bodies, many diatremes have very
irregular shapes that reflect local structural controls or
coalescence of two or more adjacent structures. Extreme
examples of diatreme coalescence has produced laterally
extensive “nested” diatreme complexes that are tens of

square kilometres in area (e.g., Coombs Hills,

Antarctica: White and McClintock, 2001; McClintock

and White, 2006; Ross and White, 2006).

Diatremes are problematic to interpret because (i) the
eruptions are not observable in the below-ground part of
the system; and (ii) the deposits that fill diatremes are
often structureless — especially in their lower parts — and
thus contain few sedimentological clues to guide
reconstruction of their formation. Unravelling the
characteristics of the transport system is complex
because they simultaneously act as sites of deposition
and eruption. It follows that deposits in diatremes record
a much better picture of the final stages of diatreme
development than they do of the early stages. Some key
features are:

1.  Non-bedded or very weakly bedded, poorly sorted
volcaniclastic deposits, often with a “well-mixed”
aspect (incorporating country rock fragments from
many stratigraphic levels) that occupy the central
and lower parts of the structure (e.g., Tait et al.,
2006; Fig. 1d). The upper part of the diatreme can
be bedded (e.g., Hearn, 1968).

2. Some diatremes include metre- to tens of metre-
scale megablocks of wall-rock that have subsided
hundreds of metres below their original
stratigraphic position (e.g., Clement and Reid,
1989). Megablocks of syn-eruptive volcaniclastic
deposits originally deposited on the ground surface
(pieces of the tephra rim) are sometimes found as
well in large diatremes (Fig. le). In one example, a
quarter of a tephra rim is now enclosed in vent-
filling rocks, implying that the small edifice
(original radius ~200 m) was “eaten” from below
by a laterally propagating diatreme, and partly
subsided into it (Ross et al., 2008a; Fig. 1f).

3. TIrregular igneous intrusions tangled with diatreme-
filling rocks, mostly preserved in the lower
diatreme and the root zone (White and McClintock,
2001; Fig. 1d). Many dikes and sheets show
features consistent with transport of magma into
and through diatreme fill soon after it formed
(peperite, for example, which implies a wet vent
fill) and some dikes extend right through diatreme
fill to feed lava flows and form scoria cones at the
surface (Fig. 2a).

4. Contacts with wall-rocks vary from sharp to
gradational (brecciated) within single diatremes
and from one diatreme to adjacent ones. The angle
of these contacts is often steep (>60°) but varies
from shallow dips to vertical contacts. Variation in
the dip and nature of wall-rock contacts is strongly
influenced by the strength of country rocks
(Lorenz, 2003; Sohn and Park, 2005) and local
structural controls.

5. Clasts that record multiple cycles of fragmentation
and transport are common (Figs. 2b, 2c, 2d).

6. Juvenile clasts are of wide-ranging but mostly low
vesicularity, as is the case in tephra rims around
maars (Fisher and Schmincke, 1984). This is
generally true of all diatremes of any magma
composition (e.g., Fig. 3). Many diatreme fills
include a subset of moderately to highly vesicular
clasts, but the majority of juvenile clasts are



vesicle-poor (<30% vesicles). We emphasize that
non-vesicular to vesicle-poor juvenile fragments
are not restricted to kimberlitic diatremes.

7.  Welded deposits are rare in diatremes, although
welding is common in some surface deposits that
overly them (e.g., scoria/spatter cones). Measured
and inferred emplacement temperatures in
diatremes are significantly cooler than the
temperature of erupting magma (e.g., Mitchell,
1986; Stasiuk et al., 1999).

The wide range of vesicularity (5% to locally
>75%) in juvenile clasts within single packages of
polymict volcaniclastic rock in diatremes indicates that
magma was fragmented at different points in its
degassing history (Houghton and Wilson, 1989). Rapid
lateral changes in the componentry and grain size of
deposits suggests that discrete, repeated transport events
involving relatively small volumes of debris were more
important than sustained ones.

Steep internal contacts within diatremes indicate that
transport is dominated by sub-vertical movement of
vent-filling debris. The fill of some large diatremes can
be subdivided into a number of discrete phases
distinguished by variation in componentry or diamond
grade (in kimberlites) that are bounded by steep contacts
(e.g., White, 1991; Ross and White, 2006; Brown et al.,
2008a; van Straaten et al., 2008). These different rock
units were emplaced adjacent to each other in stages
rather than during a major, more or less continuous pipe-
filling event (cf. Sparks et al., 2006; Cas et al., 2008).
Studies of diamond mines demonstrate that these distinct
phases describe sub-vertical domains that can be traced
for tens to hundreds of metres downward (e.g., Clement
and Reid, 1989; Kjarsgaard, 2007; Kurszlaukis et al.,
2008; Tait and Brown, 2008). In map view, these cross-
cutting domains have cylindrical to irregular outlines
and sharp to diffuse contacts (Figs. 2e, 2f).

In combination, the characteristics of the polymict,
poorly sorted, non-bedded deposits in diatremes are
inferred to be most consistent with transport by
downward mass movement and upward moving debris
jets (McClintock and White, 2006; Ross and White,
2006; Kurszlaukis et al., 2008; Ross et al., 2008b,
2008c¢). Because eruption bursts are episodic and mostly
happen toward the base of the diatreme, transport of
debris follows a cycle from upward-dominated transport
to downward-dominated transport. Localised transport
styles such as wall-rock collapse sideways and
downward into the vent, slumping and surface fallback
play key roles in the transport system as and
immediately after ejecta moves through it (White, 1996).
The massive, poorly sorted, “well-mixed” deposits so
characteristic of diatremes are the consequence, at least
in part, of repeated disruption and recycling of early-
formed deposits and destruction of sedimentary
structures (White, 1991, 1996; Kurszlaukis and Lorenz,
2008). Slumping and sliding of debris after initial
deposition further obscures original deposit structure to
yield the non-bedded units that comprise the bulk of the
diatreme fill (Houghton and Nairn, 1991).

Fluidisation by gas flow (e.g., Woolsey et al., 1975;
Walters et al., 2006; Gernon et al, 2008a) and
liquefaction by shaking or shearing may be locally

important transport styles, as shown by the presence of
elutriation pipes in some African kimberlites (Gernon at
al., 2008b). But the influence of these processes is
restricted to modification of existing deposits rather than
efficient, substantial transport of large volumes of debris
through and beyond deep diatremes. Not enough gas can
possibly be extracted from metre-scale kimberlite dikes
— like those feeding magma into diatremes — to
completely fluidise a large, cone-shaped pipe (Lorenz
and Kurszlaukis, 2007).

Non-kimberlitic maar-diatreme volcanoes grow over
days, weeks, or perhaps months or years for the larger
ones, through discontinuous, small explosive bursts. We
expect the same slow growth story to hold true for
kimberlitic diatremes; Kurszlaukis and Lorenz (2008)
referred to this as the “machine-gun model”, by
opposition to “big bang models”. As the kimberlite
volcano grows, the diatreme and crater will become
larger than any single vent site within it. Very early in
the volcano development, single shallow eruption bursts
can eject all the debris from the diatreme and effectively
empty it. On the other hand, when the crater is larger
than the active vent, single eruption bursts might be able
to punch through existing deposits and disrupt them but
the diatreme remains mostly full of debris from one
eruption burst to the next. Some eruption bursts may
never escape the confines of the vent with the result that
particle transport remains entirely subterranean
(McClintock and White, 2006; Ross et al., 2008b,
2008c). At this point, the diatreme becomes the key
depocenter for fragmented magma and diamonds,
progressively capturing more and more ejecta as it
Srows.

3.2 Intra-vent and vent-proximal transport of hot, sticky
particles

One clast type characteristic of kimberlite deposits
are round or sub-round ash- to lapilli-sized “pelletal”
clasts (e.g., Mitchell, 1997; Hetman et al., 2004). These
non-vesicular or poorly vesicular juvenile fragments are
often cored by large crystal grains. Tangential alignment
of small minerals sub-parallel to clast margins is
common. Analogous sub-round to round clasts of
congealed magma are described from scoria cones of
olivine- or melilite-nephelinite composition (Bednarz
and Schmincke, 1990; Lorenz and Zimanowski, 2000),
carbonatitic diatremes (Kurszlaukis and Lorenz, 1997),
kamafugitic diatremes (Junqueira-Brod et al., 2005) and
basalt to basaltic-andesite cones and craters (Heiken and
Wohletz, 1985; McClintock et al., 2008b). At each of
these sites, formation of dense, sub-round fragments of
magma is ascribed to low magma viscosity combined
with relatively high ejection speeds. Clasts are shaped
by surface tension effects during transport, shortly after
fragmentation of magma.

Some models that invoke particle acceleration driven
by magmatic degassing suggest that the absence of
vesicles in kimberlitic clasts can be explained by gas
escape during transport (e.g., Cas et al., 2008), but
surface tension forces strong enough to shape melt
droplets will also act to trap gas bubbles. The paucity of
vesicles in pelletal lapilli suggests that gas loss occurred
before the magma was disrupted into droplets, or that



vesicles never formed in the first place. These deposits
argue for transport of liquid to plastic particles as a
spray of magma clots in eruption columns high enough
to allow clasts to mostly cool before falling back around
the vent. Particle concentration must remain low enough
to prevent coalescence of magma fragments during
transport (Freundt, 1998).

On the other hand, if hot, sticky clasts experience
only limited cooling during transport, they will coalesce
and weld in the eruption column and on deposition. An
absence of vesicles combined with thorough welding
indicates magmatic out-gassing and deposition of hot,
fluid clasts. Transport in an eruption column containing
dense clasts is almost always very limited, although
deposits can often flow hundreds of metres or kilometres
from their source as clastogenic (rootless or spatter-fed)
flows (Sumner, 1998). Absence of significant water in
the transport system is implied by the absence of
cooling. These deposits commonly form in proximal
areas during vigorous fire-fountaining activity (e.g.,
Head and Wilson, 1989; Sumner et al., 2005). Although
welded volcaniclastic rocks are common in volcanic
successions worldwide, welded deposits have only been
described for kimberlite deposits comparatively recently
(e.g., Brown et al., 2008b; van Straaten et al., 2008).

4. Reworking

Secondary transport (reworking) of kimberlite takes
place at the surface during and after eruptions. The
degree of reworking will depend on the type of deposits
exposed at the surface, the energy of the sedimentary
environment and the length of time deposits are exposed
to erosion. Craters trap a significant proportion of
reworked debris and accompanying diamonds because
they are often the most significant local depocentre. On
the other hand, cones quickly degrade unless rapidly
buried, and diamonds are redistributed to form local or
far-field placer deposits. Diatremes are relatively
immune to surface erosion and reworking unless
regional tectonics causes much later large-scale uplift.
Transport during reworking is dominated by gravity on
crater and cone slopes and by water and wind on crater
floors and farther afield. Distinguishing reworked from
primary deposits can be problematic but, with the
exception of mass movement during slumping and
sliding, generally contributes to up-grading of deposits
by winnowing out wall-rock clasts and concentrating the
relatively denser diamonds. Judging by alteration of
kimberlite in diatremes, most kimberlite is expected to
be rapidly weathered under surface conditions, leaving
diamonds and other heavy minerals as the only trace of
kimberlite volcanism in the rock record.

5. Driving forces of kimberlite transport systems

Since the 1970s, a divide has developed between the
favoured model for formation of the most common type
of kimberlite volcano, represented by kimberlitic
diatremes, and of diatremes formed by eruption of all
other magma compositions.

5.1 Phreatomagmatic explosions
Phreatomagmatic eruptions produce short-lived,
powerful explosions that fragment magma and wall-

rocks and rapidly accelerate a mixture of debris and
fluids out of the vent. Phreatomagmatism involving a
“normal” (i.e. not excessive) amount of groundwater
forms craters excavated below the original ground
surface (maars), surrounded by thin tephra rims.
Interaction of magma with abundant surface water or
very shallow, water-rich aquifers forms tephra rims
without deep craters (also known as tuff rings when the
tephra is consolidated; Fisher and Schmincke, 1984). In
emergent settings, tuff cones are formed (e.g., the
Surtsey 1963-64 eruption off Iceland; White and
Houghton, 2000).

In shallow vents, the erupted mixture rapidly
expands to form dense to dilute pyroclastic density
currents and convecting plumes. If eruptions are
relatively weak, fall deposition is more dominant than
flow deposition, building steep cones of debris around
vents. Oversteepening leads to frequent cone collapse,
redistributing ejecta and reshaping the inner and outer
cone flanks. Transport of debris — including diamonds, if
applicable — away from vents is limited, and deposits are
mostly poorly sorted. More powerful eruptions are
dominated by density currents (flows and surges) and
pyroclastic fall that spread debris over a wider area,
forming low-profile rings around vents that transition
outward into sheet-like deposits. Debris can be carried
hundreds of metres or kilometres from vent sites.

5.2 Magmatic explosive eruptions

Magmatic eruptions are often more continuous and
transport systems are more stable, dominated by
pyroclastic fall and flow. Variation in the balance
between magma rise speed and bubble rise speed
determines whether transport processes are continuous
or episodic (e.g., Parfitt, 2004). Continuous eruption
styles result in stable transport systems that build cones
close to the vent (scoria cones, spatter cones, etc.) and
blanket more distal areas with moderately to well-sorted
debris. Episodic magmatic eruptions are driven by the
bursting of large bubbles and thus are weak, resulting in
limited transport of mostly coarse debris that piles up
adjacent to vents (strombolian-style activity).

Importantly, wall-rock typically makes up only a
limited proportion (<10%, often <<1%) of magmatic
deposits (e.g., Valentine et al., 1996); because most
fragmentation takes place by bubble-bursting in the
upper part of the conduit as magma rises and
decompresses, energy and transport is directed upward
rather than outward into wall-rocks. From an economic
standpoint, magmatic deposits will have lower dilution
effects from wall-rock than phreatomagmatic deposits.
An exception are deposits formed during intense but
short-lived vent-forming (or widening) eruption phases.

High eruption rates accompanied by limited transport
can lead to formation of spatter-fed (clastogenic) flows
that form where hot ejecta piles up close to vents and
fragments weld together. Although initial particle
transport is very limited, still-hot welded deposits may
be carried hundreds of metres from vents by secondary
transport in spatter-fed lava flows (Sumner, 1998). Lava
flows also form as gas contents of magma begin to fall
(Parfitt, 2004). Both spatter-fed flows and other lavas
produce almost zero sorting of material in the magma



such as megacrysts, and will therefore have diamond
content and distribution that is close to that of the
erupting kimberlite magma.

5.3 The case for phreatomagmatism in kimberlitic
diatremes

Kimberlitic and non-kimberlitic diatremes are
dominated by deposits that point to energetic but
episodic eruptions, multiple cycles of transport,
incremental crater growth and deposition of small
parcels of debris. Although a number of current models
argue that the dominant, or the only, driver of kimberlite
eruptions is violent exsolution of magmatic volatiles
(e.g., Sparks et al., 2006; Wilson and Head, 2007; Cas et
al., 2008; Porritt et al., 2008; Scott Smith, 2008), there is
no physical evidence whatsoever for magmatic volatiles
playing a dominant role in the eruptions that form
diatremes.

Kimberlite clasts in diatremes are typically vesicle-
free or vesicle-poor, just like in non-kimberlitic
diatremes. This “anomaly” — from the point of view of
the magmatic model — is inferred to reflect some unusual
quality of kimberlite melts that allow them to be
accelerated by gases that then efficiently escape the melt
before quenching (e.g., Cas et al., 2008). The validity of
this hypothesis cannot be adequately tested at the
present time. On the other hand, arrested vesiculation
and abundant country rock fragments are hallmarks of
phreatomagmatic eruptions (Houghton and Wilson,
1989; Thordarson et al., 2003). In addition to this
physical evidence, perhaps the most compelling
argument for formation of kimberlitic diatremes by
phreatomagmatic processes is the formation of
extremely similar volcanic landforms, deposits and
structures by magma types of known volatile content
and for which field studies and observations of actual
eruptions have established beyond doubt derive from
explosive magma-water interaction.

In this case, are all kimberlites phreatomagmatic?
The case for phreatomagmatic eruption of kimberlite
magma is often challenged by the assertion that it seems
inherently unlikely that all kimberlite magmas are able
to seek out and interact with external water during the
final stages of their ascent. This idea pre-supposes that
deep diatremes are the only kimberlite volcanoes. In
fact, an expanding body of work describes a more-
complete spectrum of kimberlite volcanoes and eruptive
styles that includes tuff cones and rings, scoria cones
and lava, spatter-fed, clastogenic deposits and a wide
range of intrusions. If kimberlite magma rises to the
surface without coming into contact with water, scoria
cones and lava flows will result. If water is hosted by
sub-surface aquifers, diatremes form, and if magma
comes into contact with surface water tuff rings and
cones develop. In eroded terrains, only the sub-surface
expression of the volcanic edifice survives in the rock
record. In phreatomagmatic systems, this is represented
by dikes and deep diatremes whereas in magmatic
systems dikes provide the only record of volcanism at
that site.

6. Transport shapes diamond distribution

Diamonds are rapidly transported to the surface by
kimberlite (or lamproite) magmas that are channelled by
deep, stable magma pathways. The transport system
changes dramatically when magmas arrive at the
surface, and the mode of diamond transport with it.
During eruptions, the diamond transport system abruptly
changes from one in which diamonds are suspended in
magma (or locked in mantle xenoliths) to one in which
diamonds are part of a mixture of fragmented magma
and wall-rock, and low-density fluids. Depending on the
style of eruption, eruption intensity and the processes
involved in moving debris from fragmentation sites to
depositional sites, diamonds may retain their original
concentration relative to the kimberlite magma, or
become enriched or depleted by size or density sorting.

Sorting is reduced in diatremes, welded spatter
deposits and lava. Sorting is enhanced by expansion of
the transport system above the surface in fall and flow
deposits. Deposits that have experienced limited sorting
such as well-mixed deposits in diatremes or weakly
fragmented spatter likely have fairly homogeneous
diamond grades, whereas better-sorted fall or density
current deposits probably have highly variable diamond
grades. Sorting during extra-vent transport is especially
effective with water, compared to in air. Contrasts in
sorting, and thus diamond grade, can be dramatic. One
example is a situation where well-sorted fall deposits
alternate with non-sorted spatter-fed flows. These
contrasts may also occur in deposits of a single transport
event, such as where a tephra jet cascades down the
flanks of an emergent cone into standing water and
transforms into a strongly sorting subaqueous density
current.

One significant unknown is the role of fragmentation
and transport during eruptions on breaking large
diamonds into smaller pieces. Some of the largest
diamonds found are apparently fragments of even larger
stones (the Cullinan diamond, for example). Many
kimberlite eruptions are powerful enough to fragment
hard wall-rocks; the same eruptions very likely fragment
diamonds, either during initial fragmentation events or
as debris is recycled at the base of the diatreme. In the
light of the exponential increase in diamond value with
size, a comprehensive dataset is urgently required to
address this question. A preliminary prediction is that
for any given original diamond size range, the deposits
of weak eruptions will have suffered less reduction in
diamond grain size by breakage than the deposits of
powerful eruptions.
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Figures

1. Ilustrations of features typical of maar-diatreme volcanoes. (a) A dry Holocene maar: Ubehebe Crater, California
(700 to 800 m-wide, 235 m-deep; Crowe and Fisher, 1973). The dark gray material is the phreatomagmatic tephra, and
the crater cuts deeply into the pre-existing sandstones and conglomerates. (b) A water-filled Quaternary crater: the
Weinfeld maar in the West Eifel volcanic field, Germany (700 m diameter, 90 m deep; Lorenz and Zimanowski, 2008).
(c) A quarry wall in the tephra rim of the Quaternary Pulvermaar (West Eifel), showing the extreme abundance of
country rock fragments in these surge deposits. Juvenile clasts (~20% by volume) are too small to be seen clearly at this
scale. (d) The lower part of diatremes is typically occupied by non-bedded, poorly sorted volcaniclastic deposits such as
these lapilli-tuffs in the Jurassic Coombs Hills complex (Ross, 2005). A narrow dike of basaltic andesite with a zig-zag
pattern cuts the vent fill. (e)-(f) Two photos from Coombs Hills showing that syn-eruptive pyroclastic deposits
originally deposited on the ground surface can end-up as (e) rafts or (f) large remnants of a volcanic edifice slumped
within diatremes. The raft has steeply dipping lapilli-tuff and tuff beds and is surrounded by heterolithic, non-bedded
vent fill. The well-layered tephra ring remnant forms a quarter-circle shape in map view; the sub-vertical exposure (f)
shows a dike of juvenile-rich tuff-breccia invading the tephra ring beds.

2. More features of maar-diatreme volcanoes. (a) In the West Eifel, about two thirds of the ~200 scoria cones had an
“initial maar” phase (Lorenz and Zimanowski, 2008). This example, from the Quaternary Hasenberg scoria cone, shows
the abrupt transition from phreatomagmatic layers (left of dashed line) to black scoria beds. The schematic section from
Lorenz and Zimanowski (2008) shows the approximate location of the photo. (b)-(d) Photos from Coombs Hills and
nearby Allan Hills (Ross and White, 2005) illustrate clasts that record multiple cycles of fragmentation and transport:
(b) a cored bomb consisting of brown sandstone core with a formerly glassy juvenile rim; (c) a fragment of lapilli-tuff
rich in country rock clasts; and (e) a block of fragmented peperite. (e)-(f) Diatremes can contain columnar bodies of
volcaniclastic material with differing properties. In map view, these bodies have elliptical to irregular shapes. The
Coombs Hills photo (e) shows part of a country rock-rich lapilli-tuff zone cross-cutting the heterolithic vent fill
(notebook ~20 cm long). The plot (f) displays the anisometry and shape factors for columnar bodies at Coombs Hills,
based on field mapping with surveying instruments and image analysis (data from Ross, 2005). Anisometry is the ratio
of the axes of the best-fitting ellipse: small values represent elongate objects. The shape factor is the perimeter of a
circle having the same area as the studied object, divided by the object’s perimeter. For a certain anisometry value, the
larger the difference in shape factor between the theoretical ellipse curve and the actual data point is, the more irregular
the feature (e.g., arrow).

3. Most diatremes contain juvenile particles that have variable vesicularities in single depositional units. These
vesicularities tend to be low on average, as illustrated by a photomicrograph of the dominant non-bedded heterolithic
lapilli-tuff at Coombs Hills. Juvenile fragments (J) are accompanied by quartz xenocryts (Q) and siltstone fragments (S)
in a cement of calcite and zeolites (University of Otago catalogue number OU73150). The graph shows the point-
counted vesicularities (130 to 350 points per fragment) of thirty juvenile clasts larger than 0.5 mm in average dimension
from OU73150 (data from Ross, 2005).
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