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Abstract

In regions of frequent low-energetic explosive eruptions such as cinder cone fields, ejecta cone forming eruptions
are the prime hazard whether from roof collapse or as a hazard to aircraft safety. So, observations and data for ejecta
constructs and construct-forming eruptions are systematically reviewed here to help gain insights into key processes
involved. Numerical modelling and experiments are developed and complemented by novel analogue granular pile
drainage experiments focusing on laboratory ‘cinder cones’. Our review shows that the vertical elevation growth rate
of cinder cones can be more than 100 m in the first week for intense cone-building eruptions. Ejecta construct grain
size is most frequently centred around 10-40 mm, sometimes less. Plinian-style eruption columns, albeit with material
substantially coarser than in full-blown plinian eruptions, are commonly observed during the cone-building phase. We
show that these observations are not consistent with the classic, no-drag, ballistic model of cone growth and are more
consistent with a new model where cones grow by accumulation of clasts falling from an eruption jet column. We also
show that cone growth can be equivalently approached either as due to fallout from the margins of a jet or as
accumulation obtained by tracking the paths of single particles in the drag case. Numerical experiments are carried
out and compare well with morphometric data for ejecta constructs that preserve their primary depositional slope
through welding. In the laboratory experiments, granular piles are built up to form a cone and then drained centrally
to produce a crater. We explore how the granular pile nature of cones controls crater development and cone
geometry. We report and rationalise a close match between experimental and natural cinder cones. Experiments also
indicate that an increasing fraction of fine cohesive material accounts for inner crater slopes varying from 45° for
cinder cones with little fine ash to near-vertical for ejecta cones rich in fine ash. This could be used in rapid hazard
evaluation at little-known, cone-like, pyroclast-dominated volcanoes and in analyses of ejecta constructs on other
planets.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Occurrence and significance of pyroclastic
ejecta constructs

Pyroclastic ejecta constructs, the most frequent
type of which are cinder cones or scoria cones, are
the most common volcanic landform on Earth.
They have also been documented on the Moon
(McGetchin and Head, 1973; Vespermann and
Schmincke, 2000; Spudis, 2000), Venus (e.g.
Guest et al., 1992) and Mars (Wilson and Head,
1994; Fagents et al., 2002). Cinder cone fields
make up 2% of all listed volcanic areas in the
Catalogue of Volcanoes (Simkin and Siebert,
1994) and each of these fields can contain up to
hundreds of cinder cones (Settle, 1979) and up to
a thousand vents (Connor and Conway, 2000).
Whereas many cinder and scoria cones are mined
for important raw materials worldwide (Heiken,
2003), the main reason for studying cone-forming
eruptions is the potential threat such eruptions
pose to human populations and local activities.
For example, Vesuvius has had a dozen cone-
forming explosive eruptions since 1631 (Arrighi
et al., 2001), and while Vesuvius is currently in
its longest repose period since 1631, the recur-
rence of such eruptions is anticipated within
some decades and will pose considerable hazards
both on the ground (600000 people living at Ve-
suvius’ foot) and for air traffic (it will challenge
the Toulouse Volcanic Ash Advisory Centre,
which has not had to deal with severe volcanic
crises yet).

Several large cities (e.g. Auckland, NZ; Port-
land, OR, USA; Mexico City; e.g. Cas and
Wright, 1987) and a key astronomical observatory
(Mauna Kea, Hawaii; Porter, 1972) are at least
partly built on dormant cinder cone fields. A
cinder cone north of Lake Tahoe has been used
for sewage disposal, posing local pollution prob-
lems (Matthews and Franks, 1971). The storage
of low- and medium-grade nuclear waste within a
cinder cone field at Yucca Mountain, Nevada
(Yucca Mountain Project/YMP, 2002) has been
adopted by the US Government in July 2002, de-
spite the reservations of many Earth scientists
concerning the long-term geological stability and

safety of the site (Connor et al., 2000). All these
cinder cone fields were active less than 100 ka
ago or much more recently, and few geologists
would question that they may erupt again (e.g.
Connor and Conway, 2000; Siebe, 2000), the lat-
est example at the time of writing being the cone-
growing episode on Nyamuragira volcano in Au-
gust 2002 (Tedesco and Durieux, personal com-
munication).

1.2. Specific illustrations of hazards from cone-
forming eruptions

Injuries of individuals during these eruptions
are common, e.g. in the case of the 1986 Pacaya
(Guatemala) eruption, where single 25 cm sized
bombs flew to distances of 3 km from the vent,
crashed into houses in the town of Calderas
(north of Pacaya) and injured 12 people (SEAN,
1986). In the case of cone growth near human
settlements, the 1973 Eldfell eruption on Heimaey
Island (Iceland) demonstrated vulnerability to
such eruptions (Thorarinsson et al., 1973; Self et
al., 1974). The whole island population had to be
evacuated and more than one-third of the houses
collapsed due to ejecta loading on roofs, an expe-
rience which was shared by the Mexican popula-
tion during the eruptive episodes of Paricutin
(Mexico) in the 1940s (Foshag and Gonzalez,
1956; Luhr and Simkin, 1993), and Xitle (Mexico)
in archaelogical times (Siebe, 2000).

A recent cinder cone-building episode at Etna
(Ttaly) produced a thick grey ash plume (tracked
for hundreds of kilometres on satellite imagery)
on 19th July, 2001, before the cone started to
grow visibly on the 25th July (Behncke, 2001;
Behncke and Neri, 2002). Ash fallout led to
closure of Catania airport on several days. Simi-
larly, during the October 1983 Miyake-jima erup-
tion (Japan), the local airport had to be closed
for 4-5 days (McClelland et al., 1989, pp. 283—
287). As the above are but a few examples taken
from among many, there is concern that even
mildly to moderately explosive cinder cone erup-
tions can create significant hazards for the hu-
man population and for the economy on the
ground, including airport operations, and for air
traffic.
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1.3. Review of some key features of ejecta
constructs

Exactly how ejecta constructs erupt and grow is
thus crucial for hazard assessment and industrial
exploitation of volcanic ejecta. Here we use the
term pyroclastic ejecta constructs to include spat-
ter cones, littoral cones (or pseudocones associated
with rootless craters), tuff ‘cones’ (e.g. Cas and
Wright, 1987) and ultraproximal cones (those
forming the near-vent continuation of plinian-
sheet fall deposits; Ernst, 1996; Fierstein et al.,
1997).

Most of these are typically thought to be char-
acterised by monogenetic eruptions, i.e. through a
single vent, or one or a few focal points along a
fissure (e.g. Cas and Wright, 1987). However,
phases of cinder/scoria cone-building activity
also occur at stratovolcano and caldera complexes
(e.g. DiVito et al., 1987; McClelland et al., 1989)
and even in submarine environments (Mclnnes et
al., 2001), although these have not been studied
systematically.

The material of cinder cones consists of welded
and/or unwelded scoria lapilli and loose coarse
ash (e.g. Macdonald, 1972). Typically, numerous
blocks and bombs amount to a characteristic but
volumetrically minor fraction of the construct. A
key point is that the median particle size of the
material normally is in the range 1-4 cm (see Ta-
ble 1) instead of 10 cm or more as reported in the
classic cinder cone growth modelling of McGetch-
in et al. (1974).

A further key feature, often overlooked, is
that 50% of the ejected volume or more may be
deposited as a widespread ash blanket beyond
the cone itself. Two striking examples of this
are Cinder Cone (Lassen Peak National Park,
CA, USA; Heiken, 1978) and Paricutin (see
Wood, 1980 and references therein, for a review).
Examples where ash blankets extend tens of kilo-
metres beyond the cinder cone include Cerro Ne-
gro (Nicaragua; McKnight and Williams, 1997;
Hill et al., 1998; Connor et al., 2001), Fuego
(Guatemala; Bonis and Salazar, 1973; Rose et
al., 1978) and Xitle volcano (Mexico City; Siebe,
2000).

1.4. Previous modelling work on ejecta construct
growth and its limitations

Most of the modelling work on ejecta construct
growth has focused on cinder cones and on the
role of ballistic ejection (e.g. Chouet et al., 1974;
McGetchin et al., 1974; Dehn, 1987; Bemis,
1995; Bemis and Bonar, 1997). This is often
termed Strombolian activity (Jaupart and Verg-
niolle, 1997; Vergniolle and Mangan, 2000).

A key assumption of these models is a typical
particle size of 10 cm in diameter (McGetchin et
al., 1974). Indeed, particles smaller than this size
are normally thought of as unable to follow bal-
listic trajectories (Sparks et al., 1997). From the
above and from median-size data in Table 1, it is
clear that the (no-drag) ballistic model only ap-
plies to late-stage weak-intensity events and/or to
rare coarse-grained cinder cone eruptions (e.g.
Etna NE Crater 1973; McGetchin et al., 1974)
as most cinder cones are much more fine-grained
(see Table 1). We agree that grain-size data for
cinder cones may be affected by impact breakage
to some extent (McGetchin et al., 1974; Self et al.,
1974), but the effect of breakage on grain-size
distribution has not been quantified to unambigu-
ously show this.

The ballistic ejection model can hardly account
for the formation of an ash blanket extending
beyond the cone. To account for such cone-asso-
ciated ash blankets, two new dispersal models
have recently been developed (Parfitt and Wilson,
1999; Connor et al., 2001), based on the concept
that cone-forming eruptions can generate ash-
clouds as well as widespread ash fall deposits as
in plinian-style eruptions. The Parfitt and Wilson
(1999) and Connor et al. (2001) models, however,
do not focus on aspects related to cone growth,
which are the central themes of the present paper.

There is also photographic documentation and
field data for some classic cinder/scoria cone erup-
tions (e.g. Paricutin 1943; Heimaey 1973; Pagan
1981; Miyake-jima 1983; Oshima 1986; Lonqui-
may 1989; Fogo 1995; Etna 2001; see Table 1),
unambiguously demonstrating that at least in the
initial phase of activity, which may last for days
to weeks, a plinian-style ash-rich column extend-



Table 1

Properties of ejecta cones and their cone-building eruptions

Cone Area Eruption ~ Median Average Cone Cone Max. Eruption Max. ballistic
date grain size sorting height/time diameter plume height  velocity ejection height
(m) (km) (ms™) (m)
Anak Krakatau ! Indonesia 1979 fine ash 150 m/2 d 2 150-170 500
Ardoukobal ! Djibouti 1978 0.3 70
Beerenberg ! Jan Mayen 1984 ash 1
Cerro Negro 2 Nicaragua 1995 0.7 mm 1-2 100-120 ? 400 4
Cinder Cone/Lassen Peak *  California n.h. 0.8-3 mm 1.4 unknown unknown unknown
Cone I/Tolbachik ¢ Kamchatka 1975 >2 mm ’ 85 m/18 h 438 6-8 200 400
125 m/67 h 600
135 m/81 h 700
145 m/91 h 750
165 m/118 h 900
Eldfell/Heimaey $ Iceland 1973 6 mm 1.1 120 m/68 h’ 5-7.3° 150 10 400 °
160 m/130 h
180 m/168 h
Cone del Lago/Etna ! Ttaly 2001 50 m/2 d, 100 m/4 d = 250 0.2 12 300 12
NE crater/Etna'3 Italy 1969/70 1 cm (bulk) ~4 40-50 m 200 yes 51 400
(unknown
altitude) 12
10 cm (ballistic) ~1.5
Fogo * Cape Verde 1994 ? 120 m/84 h 2-5 unknown 600
Galiarte®* Azores n.h. 0-0.5 km/25 cm+ small
0.5-1 km/ <25 cm
1-1.3 km/< 10 cm
1.3-2 km/ <5 cm
2-3 km/<2.5 cm
>3 km/<1cm
Galunggung ° Java 1982 ash 70-80 m 200 16
Hekla '© Iceland 1970 100 m 15
Kaalkoppie 7 Marion Isl. 1980 lapilli and ash 6 m
Kapoho/Kilauea '® Hawaii 1966 ? 30 m/3 d no plume
50 m/4 d
Kliuchevskoi ! Kamchatka 1980 20 m/1d 5
Lathrop Wells " Nevada n.h. 1 cm 1.2 unknown unknown unknown
Long Island 2 Papua New 1973 ash and cinder 10
Guinea
Miharayama/Izu-Oshima 2! Japan 1986 2-8.2 cm ¥ 40 m 16 500
Miyake-jima ! Japan 1983 ash 10
Monte Nuovo/Campi Italy 1538 4-64 mm ~1-2 65 m/l d 4-5 unknown unknown
Flegrei
Murara/Nyamuragira ' Zaire 1976/77 lapilli 150 m/25 d 500-600
Navidad Cone Lonquimay »* Chile 1988 0.3-3 mm > 50 m/1 d 80 5.5-6 300 unknown
60 m/3 d 150
100 m/4 d 250
110 m/5 d 250
180 m /6 d 250
>200 m/10 d 300

4!
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Table 1 (Continued).

Cone Area Eruption  Median Average Cone Cone Max. Eruption Max. ballistic
date grain size sorting height/time diameter plume height velocity ejection height
(m) (km) (ms™) (m)
North Pagan > Mariana 1981 ash and lapilli 80 m/13 d 13
Islands
Pacaya ¢ Guatemala 1987 6-10 cm
Pacaya' Guatemala 1981 15 m/6 d 0.3 100
Paricutin®’ Mexico 1943 ? 6m/2 h >25 200 500
8 m/6 h
11 m/10 h
25 m/12 h
30 m/15 h 70
44 m/2d
106 m/7 d
148 m/28 d ~ 400
Rothenberg/Eifel 2 Germany n.h. 4 mm 2 unknown unknown unknown
64 mm 0.5
Serra Gorda 3 Azores n.h. 0-3 km/4cm+ ~1 ~200 m unknown unknown
3-6 km/ <4 cm
>6 km/<2 cm
Sierra Negra ! Galapagos 1979 5-10 mm
Songeong Api ! Indonesia 1985 ash 12
Stromboli® Italy 1973 22-25 mm ¥ no plume 2.5-75 %
Teneguia I/La Palma * Canary 1971 lapilli and bombs 150 m/120 h no plume unknown 400
Islands
180 m/168 h
Tinakula 3! Solomon 1971 cinder 15m 0.3
Islands
Ulawun 2 Papua New 1973 ash and bombs 2
Guinea
Veniaminoff ! Alaska 1983 ash 150 m/7d 500 6 250

A lot of these eruptions are coincident with a plume. Their growth is given as cone height after hours (h) or days (d). Where known, the diameter has been given
to test Wood’s equation. The maximum ballistic ejection height can be used as an estimate of ejection velocity. n.h. =non-Holocene. References are from: ! McClel-
land et al., 1989; 2 Hill et al., 1998; 3 Global Volcanism Network, 1995b; 4 Global Volcanism Network, 1995a; 5 Heiken, 1978; ¢ Tokarev, 1983; 7 Budnikov et
al., 1983; 8 Self et al., 1974;  Global Volcanism Network, 1973; ' Blackburn et al., 1976; !! Pfeiffer, 2001; '> Behncke, 2001, 3 SEAN, 1988; 4 Global Volca-
nism Network, 1995¢c; '3 Suradjat and Siswowidjo, 1984; '® Thorarinsson et al., 1973; !7 Verwoerd et al., 1981; '® Richter et al., 1970; ' Wohletz, 1986; 2 Cooke,
1975; 2! Earthquake Research Institute (ERI), 1988; 2> DiVito et al., 1987; * SEAN, 1988; >* Global Volcanism Network, 1989; 2> Banks et al., 1983; 2° SEAN,
1986; 27 Foshag and Gonzalez, 1956; 2® Houghton and Schmincke, 1989; 2 Chouet et al., 1974; 3 SEAN, 1974; 3' Thompson, 1973, 32 Self, 1976, 3 Sumner,

1998.
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ing vertically up to 20 km above the vent is com-
monly generated (Table 1). When observations
are made at night, it becomes clear, however,
that much of the mass is distributed in a lava
fountain (Parfitt, 1998; Sumner, 1998; Parfitt
and Wilson, 1999) as well as within the jet (i.e.
momentum-dominated), lowermost region of the
eruption column. This is in contrast to full-blown
plinian columns, where ca. 90% of the particles
are finer than 1 mm (Sparks et al., 1997) and
are thus carried to the very top of the column
and into an umbrella cloud, due to the vigorous
re-entrainment of the falling particles (see Ernst et
al., 1996).

There is also a considerable amount of confu-
sion in the use of terms in reports of ejecta-con-
struct building activity and descriptions of depos-
its produced. Most of the terms (see below) are
routinely used interchangeably without much
thought given to defining what is meant. This re-
sults in insufficiently clear descriptions. Such de-
scriptions are potentially invaluable to advance
our understanding of how eruptions work but
cannot be used because of their ambiguous na-
ture. The above review of ejecta construct activity
and deposits demonstrates that vigorous cinder
cone-forming eruptions are not dominantly strom-
bolian in dynamic character (i.e. strombolian-style)
but simultaneously hawaiian (lava fountain) and
subplinian (eruption column; see also discussion
about the 1783 Asama eruption by Yasui et al.,
1997; Yasui and Koyaguchi, 1998). By strombo-
lian-style, we mean weak-intensity, strongly inter-
mittent activity observed to be associated with
bursting of large gas bubbles extending across
much of the vent, and producing ballistic em-
placement of clasts >10 cm (Blackburn et al.,
1976). Realising the ambiguity in the use of the
term ‘strombolian’, in some instances the term vio-
lent strombolian has been used instead to account
for eruptions which, being accompanied by a sus-
tained eruption column, are thus subplinian in dy-
namical character (i.e. subplinian-style) but for
which the deposit dispersal is too moderate to
speak of subplinian eruptions (see Walker, 1973;
see also Arrighi et al., 2001). Part of the confusion
arose because the eruptions were classified based
on their deposits, which means that an eruption

can be classified as strombolian even when it has
been observed to have been hawaiian (Parfitt and
Wilson, 1999; E. Parfitt, personal communica-
tion) or subplinian (this paper) in character. The
hawaiian-style Kilauea lki and Pu'u’O’o erup-
tions, for example, produced deposits with a dis-
persal area suggesting strombolian events. If the
cones had not been directly observed to have re-
sulted from deposition by lava fountains, their
formation may have been incorrectly attributed
to intermittent strombolian explosions (E. Parfitt,
personal communication). In the low explosivity
range, dynamic style is thus not necessarily indi-
cated by deposition, i.e. cinder cone-forming
events are not necessarily tied to strombolian-style
eruptions, as defined above. They can be associ-
ated with ashclouds tracked by satellites to be at
least up to 400 km long and 200 km wide (e.g.
Etna in July 2001; Behncke and Neri, 2002), and
with small-volume pyroclastic flows (PF) (e.g. a
4 km long PF at the Sangeang Api 30 July 1985
eruption; McClelland et al., 1989, pp. 217-218; or
PFs of 0.5 km length during the 24 Sept. 1986 NE
Crater eruption of Etna, during the strombolian
termed activity of Ulawun in 1975-Cooke, 1975,
and during Cerro Negro eruptions).

In classic examples (e.g. Paricutin, Lonquimay,
Tolbachik), a key visual observation by ground
observers is that cones grow at a rapid rate in
the first few days of activity by fallout from the
margin of an eruption column followed by coeval
mass redistribution by grain flow avalanching on
the growing cone (e.g. Luhr and Simkin, 1993 and
references therein). Several cones have been docu-
mented to have grown by around /60 m in eleva-
tion in less than 6 days of activity (Table 1). Most
of the material ejected is fine-grained and hardly
any of it could be thought of as ballistic-size ma-
terial. In our view, impact breakage cannot ac-
count for a significant part of the grain-size dis-
tribution in most cases. We want to quantify the
contribution of impact breakage to airfall grain-
size distributions in future work.

Spatter mounds and ramparts and some ejecta
cones are also observed to be produced wholly or
partly by hawaiian lava fountains (and/or the low-
er region of eruption columns which may include
a lava fountain). Latest modelling of lava foun-
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taining eruptions concluded that these eruptions
can be considered, in dynamical terms, as plinian
eruptions for which most of the material is coarse-
grained and only a small fraction of the erupted
mass partitions into the gas-rich buoyant plume
forming above a lava fountain (Parfitt and Wilson,
1995, 1999; Yasui et al., 1997; Yasui and Koya-
guchi, 1998), itself reaching up to 2 km above the
vent (e.g. Sumner, 1998).

Construction of a thick pile of ejecta around
the vent is not limited to hawaiian, strombolian
and subplinian-style events but also extends to
full-blown plinian eruptions. In plinian eruptions
where ultraproximal deposits are preserved (e.g.
Tarawera 1886, Quizapu 1932, Novarupta 1912;
Ernst, 1996; Fierstein et al., 1997), the plinian
sheet of fallout is seen to evolve laterally into a
cone of ejecta surrounding the vent. The 1912
Novarupta (Alaska) ultra-proximal cone, for ex-
ample, has a maximum height reaching up to 250
m and a diameter of ca. 1 km (Fierstein et al.,
1997). Cone-forming deposits such as this have
been interpreted to be the result of ballistic ejec-
tion which took place from the side of the vent
while plinian activity was ongoing through the
same vent (Fierstein et al., 1997). We find it diffi-
cult to reconcile this with the fact that the ejecta
are much finer-grained, on average, than what is
expected from intermittent ballistic ejection and
deposition (Ernst, 1996). A much simpler expla-
nation, consistent with the detailed field data
collected by Fierstein et al. (1997), for the origin
of such cones is fallout and/or ejection from the
margins of the lowermost region of the plinian
column. This region of a plinian column is mo-
mentum-driven and characterised by extreme
marginal shear resulting in the impulsive growth
of large eddies at the eruption jet margin. The
centreline velocity also decreases much more rap-
idly in this initial jet region (as 1/Z, over a short
height range of a few kilometres at most) than
elsewhere in the column (where the centreline ve-
locity may actually accelerate and then decrease at
a much more gradual rate, scaling approximately
as 1/Z'3; see Ernst et al., 1996; Sparks et al.,
1997).

In sum, we argue that alternative models for
the growth of cinder cones or scoria cones, ultra-

proximal ejecta cones associated with plinian
eruptions, and spatter cones from intense lava
fountains are needed which can account for the
subplinian character, for the role of the eruption
jet column, for the associated column fallout (and
avalanching), and the rapid initial growth.

1.5. Observations and data on cinder cone
geometry and aspect ratio; types and geometry of
pyroclastic constructs

Here we account quantitatively for the ejecta
constructs described above by reviewing the types
and geometry of constructs to enable comparisons
between new experiments and modelling predic-
tions in later sections of the paper.

Wood (1980), who considerably extended the
classic study of Porter (1972), is the primary
source for the geometry of cones. These authors
found the outer slope of recently erupted cones to
be overwhelmingly at the angle of repose for loose
granular material, although depending slightly on
grain size. This repose angle is ca. 30-33°. Older
cones are often compacted, subsided or eroded.
These secondary processes reduce the outer slope
angle and can increase the crater rim diameter
(e.g. Sohn and Park, 2003). The record of this
evolution was used effectively to semi-quantita-
tively date older cinder cones (Wood, 1980). The
inner crater slope of young cones, in particular,
was found to be about 10-15° steeper than the
outer slope, but this key observation was never
accounted for.

1.5.1. Cinder cones

Characteristic cinder cone morphology and tec-
tonic emplacement have been described previously
(Porter, 1972; Settle, 1979; Wood, 1980; Hasena-
ka and Carmichael, 1985; Carn, 2000; Ferreira,
2000). Whereas non-eroded cinder cones exter-
nally show a linear or slightly convex shape,
eroded cones tend to display concave slopes
(Dohrenwend et al., 1986). Characteristic (i.e.
mean values) geometrical aspect ratios defined us-
ing crater width (W), base diameter (W,,) and
crater-rim to cone-base height (H,,) (see Fig. 1)
are mostly constant on recently erupted, non-
eroded cones (Porter, 1972; Wood, 1980):
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Wer 0.4 and 2~ 0,18 (1)
co co

Similar Porter and Wood (PW) ratios have
been confirmed, for fresh cones, by recent studies
at Lamonggan (Indonesia; Carn, 2000), the Mi-
choacan-Guajuanato field (Mexico; Hasenaka
and Carmichael, 1985) and Sao Miguel Island
(Azores; Ferreira, 2000). Statistically, the PW ra-
tios appear to be mean values with reasonably
narrow standard deviations based on measure-
ments of a relatively large number of cones, albeit
from a comparatively small number of cone fields
(the bulk of the data is from Mauna Kea in Ha-
waii, from the San Francisco Volcanic Field of
Arizona, and from the Lamonggan volcanic field
of Indonesia). The morphological ratios have
been used to provide insights into the history of
extraterrestrial volcanoes (Wood, 1977) or for
hazard prediction, e.g. in the case of Cerro Negro
(Nicaragua), in order to decide whether large-
scale plinian eruptions and the associated hazards
are to be expected (McKnight and Williams,
1997).

Cinder cone fields occur in both relatively flat
areas and on the flanks of composite or shield
volcanoes and are consequently divided into plat-
form and volcano cone fields (Settle, 1979). The
PW ratios (once again, we stress that they are
mean values) above, however, are constant irre-
spective of setting (Wood, 1980), although we feel
that this should be further scrutinised in future by
collecting datasets (including age and meteorolog-
ical constraints) from tropical and subtropical set-
tings for which fewer data are available. Bemis
(1995), for example, studied numerous cones
from Guatemala and measured the morphological
ratios there, suggesting that even the mean of
these ratios may not always be constant. How-
ever, at this point, little else can be added about
this without additional data as the ages of the
well-preserved cones examined by Bemis are cur-
rently unknown.

Egs. 1 are valid for cones that have reached the
angle of repose, i.e. for which small additions of
mass can produce avalanching at any point. That
it is so has been observed in the field by McGetch-
in et al. (1974). We are not aware of any fresh
cinder cone, which, after eruption, would not

Wer

Wco

B ]

Fig. 1. Generic sketch illustrating the basic geometry of ejec-
ta constructs made up of loose granular material. The basic
geometry is often (near-)conical as illustrated here. Most
characteristic ejecta cones exhibit a crater reaching down to
their baseline. Crater diameter W,., cone diameter W, and
cone height H, can be used to calculate the cone volume by
subtracting the volume of the top cone and the crater (in-
verse) cone from the big cone.

have been found at the angle of repose. During
eruptions, we are not aware of any cinder cone
which would not have reached the angle of repose
early on in the cone-building eruption.

Using Egs. 1, a key deduction (not previously
made in the correct form), which is important e.g.
for comparing magnitudes of diverse cone-build-
ing eruptions, is that the volume of a cinder cone
is entirely defined if cone height H.,, is known
(Fig. 1). For ejecta cones for which the crater is
centred below the summit of the large completed
cone that is obtained by prolonging the outer sur-
face upward, cone height H., and cone volume V'
are related as:

1 2 3
V =nH} =
e (tanzcbx + tan?@; + tand)xtan@i>

Weo—W. W2 3Wa(Weo— W)
H3 co cr cr cr co cr
o (( 2, ) a2 T A2,

=11.5H3, (2)

where @ is the cone’s outer slope angle and @; is
the internal crater slope angle (Fig. 1). Eq. 2, as
illustrated in Fig. 1, can be readily deduced by
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subtracting the volumes of the inverse crater cone
and the top cone from the volume of the whole
cone formed by the base diameter and a pointed
top with a slope @.

The same result can also be obtained by inte-
grating the volume of the deposit ring over rota-
tion angle. In the case of non-negligible vent radii
compared to cone base diameter (e.g. tuff cones),
the integration method provides a more accurate
estimate of the deposit volume more easily.

Hasenaka and Carmichael (1985) presented a
formula which did not subtract the crater inverse
cone in their calculations of cinder cone volume,
i.e. they implicitly assumed that the crater of a
cinder cone is always filled with material. This is
a valid assumption mostly for old cinder cones
where the crater becomes filled through secondary
processes (see e.g. Rothenberg; Houghton and
Schmincke, 1989). However, in the case of Pari-
cutin for example, where the crater geometry was
documented over several years of activity, a close
correlation between W, and the height of ash
columns at the corresponding time suggests that
the crater is enlarged both by landsliding and
slumping in the vent during quiet periods, and
by erosion or remobilisation of material on the
inner crater surface due to explosive activity in
the crater (Wood, 1980). Here, we also carried
out analogue laboratory experiments (see new ex-
periments hereafter) which suggest that during
eruptions most cinder cones have an inverted
cone-shaped crater extending down to the cone
baseline. In our experiments, the crater only
forms by downward drainage of a granular pile
and not by forceful erosion from explosive activ-
ity. However, the fact that W /W, at Paricutin
remained near-constant over several years, irre-
spective of whether crater enlargement occurred
by drainage during quiet periods or erosion dur-
ing explosive phases, suggests that controls on
crater and cone geometry and static stability are
identical irrespective of crater formation mecha-
nism.

In sum, to determine deposit volumes during
cone-formation the crater volume should be sub-
tracted from the volume of the truncated cone
(i.e. with trapezoidal vertical cross-section) as-
sumed by Hasenaka and Carmichael (1985), in

order to improve on their estimations of cone
volumes.

1.5.2. Pseudocones

Pseudocones (with pseudocraters) are small cop-
ies of their large counterparts, cinder cones. The
pseudocones described in the classic study for
Lake Myvatn, Iceland (Rittmann, 1938) are all
built from lapilli-sized basaltic tephra particles.
A majority exhibits the typical ratios of cinder
cones (W /Weo =0.4), e.g. Kleifarholar and Gei-
tey. Pseudocone deposits do not differ much geo-
metrically from cinder cone deposits, so in the
present paper, their growth, sedimentation and
avalanching dynamics is proposed to be identical
to processes in cinder cones.

1.5.3. Spatter ‘cones’

The growth of spatter cones, ramparts or horni-
tos can in some cases be closely related to the
growth of cinder cones (e.g. Macdonald, 1972).
Typical examples include the Kapoho phase of
Kilauea (Richter et al., 1970), the eruptions of
Piton de la Fournaise, La Réunion (Montaggioni
et al., 1972; Krafft and Gerente, 1977) or the
eruption of Miharayama, Japan 1986-1987
(ERI, 1988). Rittmann (1938) already reported
the remnants of spatter cones inside the eroded
structures of pseudocones. These accounts of
spatter cone eruptions suggest that the initial
growth of a spatter cone is often overprinted by
the subsequent growth of what appears to be a
cinder cone. At Pu'u’O’o (Neal et al., 1987; Wolfe
et al., 1988), Kilauea Iki (e.g. Parfitt and Wilson,
1999) and on Lanzarote (Carracedo et al., 1992),
however, Parfitt argues that although the main
vent constructs appear as cinder cones, they are
in fact hawaiian spatter cones (Parfitt, personal
communication; see below). When examined in
detail by Parfitt (1998; personal communication,
2002) they appeared to be dominated on the sur-
face by large, deformed and strongly welded
clasts. Parfitt concludes that they are not cinder
cones at all. One should also consider, however,
that later-stage activity from a cinder cone-build-
ing eruption may (again) produce spatter for a
short period (as gas content and eruption rate
decrease or temperature increases in the conduit).
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The surface deposition of spatter, in effect, could
readily cover up the dominant cinder cone nature
of at least some constructs. Clearly, this brief dis-
cussion indicates that more detailed and system-
atic field work on cinder and spatter cones is
needed.

With the exception of the early cones or ram-
parts these cones were reported not to exhibit
typical spatter cone slopes (which we document
quantitatively hereafter for the first time), but typ-
ical constant-gradient cinder cone slopes. Whereas
these spatter-cinder cones can eventually grow to
heights typical of cinder cones, pure spatter cones
appear to grow only up to heights of 20-30 m (cf.
examples on Mt Etna; Green and Short, 1971; or
Piton de la Fournaise; Lénat et al., 2001), and
generally less than 10 m (Cas and Wright, 1987).

The outer slopes of pure spatter cones can be
near-vertical close to the vent. When they grow
larger than a few metres, they exhibit slopes con-
trolled by rapidly decreasing construct height with
increasing distance from vent. These slopes are
investigated here by digitising the slopes presented
on photographs from the initial Pu'u’O’o ‘cone’
(USGS slide set on Volcanoes in eruption) and
three Etna spatter ‘cones’ (Green and Short,
1971) (Fig. 2), i.e. four examples of the largest
spatter constructs. A best fit by simple functions
is presented in section 2 (illustrating that pure
spatter ‘cones’ are clearly not conical in geometry,
unlike cinder cones). The importance of spatter
cone slopes for our numerical modelling will be-
come clear in section 2.

1.5.4. Ultraproximal cones

Ultraproximal (plinian) cones build up around
the vent during plinian (Ernst, 1996) or subplinian
eruptions (e.g. 1783 Asama; Yasui and Koyagu-
chi, 1998). We argue that these coeval near-vent
constructs of plinian events also form by fallout
from the momentum-driven or jet region of the
eruption column. Typical examples of ultraprox-
imal cones include the deposits of 1886 Tarawera
(New Zealand; Walker et al., 1984), 1912 Novar-
upta (Alaska; Fierstein et al., 1997) and 1932
Quizapu (Chile; Hildreth and Drake, 1992) erup-
tions.

Their internal crater slopes are usually very

steep and do not resemble a typical redistribution
by avalanching, but rather collapse structures as
documented for collapse calderas (e.g. Marti et
al., 1994; Roche et al., 2000; Walter and Troll,
2001). The crater width is usually much wider
than that typical for recently erupted cinder
cones. There is only a small fraction of the cone
ejecta which is in the ballistic range in terms of
grain size. Therefore there must be an alternative
model to the strombolian-style ballistic ejection
model (see Fierstein et al., 1997) accounting for
the formation of such cones.

We emphasise that if deposition from the low-
ermost region of eruption columns is responsible
for the formation of such cones, they should al-
ways form during plinian eruptions. They may
not have been described previously, apart from
the examples already mentioned and for which
preservation is unusually continuous and com-
plete, because most fall deposits will typically be
buried by pyroclastic density currents, thick intra-
caldera fill or inaccessible in a lake or the sea
flooding the crater, or dismissed as a proximal
accumulation of ballistically emplaced ejecta
(Ernst, 1996).

1.5.5. Tuff cones

Tuff cones have been described in detail by
Sheridan and Wohletz (1983), Wohletz and Sher-
idan (1983), Wohletz (1986), Houghton and
Schmincke (1989), Sohn (1996), Vespermann and
Schmincke (2000) and Sohn and Park (2003).
They are believed to grow in monogenetic hydro-
volcanic eruptions such as those observed on
Surtsey (Iceland) in 1963 (Thorarinsson, 1964).
Their internal crater slopes of up to 45° result in
ratios of Hc/W,=0.2-0.5 (Vespermann and
Schmincke, 2000), which scatter around the char-
acteristic cinder cone value. The phreatomagmatic
nature of fragmentation and deposition of base
surges contributing to tuff cone growth lead to a
grain-size distribution skewed towards the fines
(Sheridan, 1971).

Considering initial phreatomagmatic phases at
apparent cinder cones such as Eldfell (Global Vol-
canism Network, 1973), Tolbachik (Budnikov et
al., 1983) or Monte Nuovo (DiVito et al., 1987),
the difference between tuff cones and cinder cones
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Fig. 2. Geometrical data for ejecta mounds for which clast fusing preserves the primary deposition slope. Four spatter cone
slopes have been digitised from photos available on the web (Behncke, 2001; Etna III), Green and Short, (1971; plate 125A;
Etna I/IT) and the USGS slide set (Pu’'u’O’0). To quantify the slopes of these constructs, simple functions have been approxi-
mated to the digitised slope trends. The dotted curve represents a f{(x) = A4/xe®* type of curve, corresponding to predicted ballistic
deposition trends (see text), whereas the dashed line is a curve of type f(x)=(4/x—B/x*)e™xP, corresponding to the prediction
for fallout from the margins of an eruptive jet. This jet fallout curve appears to most closely account for digitised data for spat-

ter mound slopes (see also discussions in text).

partly blurs. Drilling near Eldfell and Surtsey has
revealed that the basal sequence of phreatomag-
matic-initiated cinder cones and surtseyan tuff
cones is nearly identical (Tomasson, 1967): explo-
sion-breccia overlain by base surge deposits
(Houghton and Schmincke, 1989; Houghton et
al., 1999). We realise that there are other typical
tuff cone examples, e.g. Diamond Head, Hawaii
(outer slope 20°/inner crater slope 25-30°) or Cer-
ro Colorado, Mexico, where the inner crater
slopes are near-vertical (Wohletz and Sheridan,
1983) and which differ substantially from those

of cinder cones. However, a large number of
tuff cones seem to form by similar deposition pro-
cesses as cinder cones, even if their craters are
much larger. Sohn (1996) already proposed that
tuff cone building eruptions are dominated by in-
ertia-driven jet activity.

Following the review we account for the obser-
vations by a numerical and a laboratory study for
the deposition in and outside the crater. First we
compare the classic strombolian no-drag model of
ballistic ejection (McGetchin et al., 1974) with a
numerical model of construct growth by fallout
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from a turbulent jet. In a similar treatment to that
adapted by Parfitt (1998) and by Parfitt and Wil-
son (1999), a jet is regarded here as a reasonable
approximation for the lava fountain and lower-
most region of a fairly coarse-grained eruption
column, from which most of the clasts are too
coarse to partition into the plume region. For
loose granular ejecta constructs, we show how
the shape of the cones is controlled by avalanch-
ing processes. A series of laboratory experiments
documents a most remarkable similarity between
the shape of pyroclastic cones and granular piles,
and we briefly discuss its physical meaning. Wider
implications for volcanic hazards and future work
needed are also briefly considered.

2. Numerical modelling of cone growth
2.1. General

In this section, we develop numerical models
which predict how the supply to growing ejecta
constructs is expected to be distributed, prior
to redistribution by surface avalanching, follow-
ing physical models of either ballistic ejection
or jet fallout sedimentation, or a combination
which is explored by incorporating the effect of
gas drag on clast transport. Ballistic ejection
is initially developed according to the classic mod-
el of a strombolian event of McGetchin et al.
(1974).

Hereafter we demonstrate that at least some
cinder cone eruptions (probably the initial phase
of most) can be accounted for by the fallout from
the margins of a sustained jet, which typically
transfers the mass from the conduit to an erup-
tion column as in plinian-style events. In the past
transient jets have been associated with ‘strombo-
lian’ eruptions which are strongly intermittent
(Chouet et al., 1974; Vergniolle et al., 1996; Verg-
niolle and Mangan, 2000), but sedimentation from
either transient or steady jets to account for ejecta
constructs has not been studied.

In all jet fall models (except for the ballistic
models with drag), we assume that all particles
are accelerated by the same initial process stem-
ming from the conduit and possess the same sim-

ilar initial velocity verup as the fluid erupted from
the conduit independently of particle size, which,
following Chouet et al. (1974), corresponds to a
small particle (or dynamic equilibrium) approxi-
mation (valid for particles <10 cm). Investiga-
tions of Knudsen and Katz (1958) suggested
that the velocity profile across a rigid-walled con-
duit system is nearly flat at the huge Reynolds
numbers involved in explosive volcanic eruptions.
This motivated our simplifying assumption of a
constant velocity across the conduit.

Typical particle (fluid) velocities are thought to
be in the range from 10 to 200 ms™!, spanning the
range suggested in Table 1, depending on water
content (Cas and Wright, 1987).

In order to account for the volume of the ac-
cumulating deposits, fallout models are dependent
on particle volumes and thus on their grain size.
Grain-size distributions in deposit descriptions are
given either by a log-normal distribution (i.e. by
median grain size and Inman sorting) or by par-
ticle weighting data. Both kinds of data were used
here as input for modelling (see Table 1 and Fig.

3).

2.2. Ballistic ejection model ( McGetchin et al.,
1974)

McGetchin et al. (1974), Chouet et al. (1974)
and Head and Wilson (1989) presented a model
of particles ejected by lava fountains at an angle
up to 30° from the vertical and travelling along
ballistic trajectories. Clasts are emplaced where
they land, and accumulate over time. The inte-
grated volume of all these particles makes up
the cone volume. Following deposition, the par-
ticles on the slopes undergo avalanching once the
pile has built up beyond the angle of repose and
this process determines the ultimate shape of the
cone.

In more recent calculations, deposition model-
ling has been developed further by accounting for
drag forces on the particles during flight (Dehn,
1987; Bemis and Bonar, 1997). Here we also com-
pare a model without drag forces to one with drag
forces. Both ballistic models are computed mainly
for comparisons with data and with the new jet
fallout predictions developed in section 2.3, and
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Fig. 3. Grain-size distributions (GSD) of typical ejecta con-
structs. The curves are either following published grain-size
distributions [Heimaey (Self et al., 1974), Monte Nuovo
(DiVito et al., 1987) and Stromboli (photoballistics; Chouet
et al., 1974)] or log-normal distributions if only median grain
size and Inman sorting are published [Etna NE crater
(McGetchin et al., 1974); Cerro Negro (Hill et al., 1998) and
Lassen Cinder Cone (Heiken, 1978)]. The curves comprise all
the grain-size distributions given in Table 1, but only the ex-
treme values of three different scale orders of grain sizes are
illustrated (note x-axis scale varies). These grain-size distribu-
tions are used as generic distributions in the numerical ex-
periments discussed in the paper.

to provide insights. As it turns out, we will show
that this comparison is helpful, as it appears that
one can successfully model cone growth by using
a (ballistic) trajectory model accounting for drag
(especially for particles of ‘intermediate’ sizes, in
the 1-10 cm range) or by using a model focusing
on fallout from the margins of an eruption jet.
The two approaches appear to be two equivalent
descriptions of the same process.

Let us consider first the problem of ballistic

emplacement without drag. Assuming radial sym-
metry the problem can be formulated in two di-
mensions. The ballistic trajectories without drag
forces are simply described in r and z coordinates
by:

r=vt (3A)
and
z= vzt—% g’ (3B)

where v, and v, are the velocity components of the
initial velocity veryp of the particles in the direc-
tions of radius and height respectively, g is grav-
itational acceleration and ¢ time. Modelling a bal-
listic ejecta-dominated eruption requires a defined
set of particles being ejected in a certain time.

In our model, the angle of ejection defines the r
and z components of the initial velocity (assumed
constant). The distribution of ejection angles has
been investigated by Chouet et al. (1974). Follow-
ing their investigations, which give a maximum
angle of ejection (measured relative to the vertical
direction) of 30° and an angle of maximum ejec-
tion — i.e. where most of the material is ejected —
of 6°, we assume a Gaussian distribution with a
median ejection angle (@) of 6° and a standard
deviation o of 9.3° to enable an analytical descrip-
tion of the problem hereafter. Note that in a later
section, we re-examine the interpretation of the
gjection angle distribution measurements of
Chouet et al. (1974) and suggest that these data
may also be interpreted as consistent with the jet
fallout model.

In the purely ballistic case (i.e. negligible gas
drag on the particles), the static description of
the resulting deposit (i.e. the deposit shape; a de-
scription focusing on predicting mass accumula-
tion at any distance normalised to the maximum
mass accumulation) is grain-size-independent.
This is because purely gravitational acceleration
is independent of particle weight (which, assuming
a constant density, is equivalent to size) and thus
smaller clasts, which need a longer time to build
up a large deposit, require longer observation
times of the model predictions to build up the
same volume than larger clasts. Following Egs.
3A,B and inserting the Gaussian distribution of
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ejection angles, the range of the clasts ry and the
probability of a clast landing there, P(ry), can be
expressed as a function of ejection angle « as:

21}grup .

ro = cosasina (4A)
R N t)

P(ro)—mo_\,xp[ 702 } (4B)

The simulation of this set of equations leads to
a deposition trend as in Fig. 4. The closest em-
pirical approximation to the resulting sedimenta-
tion trend Sy, (x) by a simple function is a recip-
rocal curve, i.e.:

Span(x) zg (5)

where A is a factor which is physically related to
clast weight (i.e. also diameter, shape and poros-
ity), gravity and eruption velocity — assuming the
latter two define the statistical distribution of ejec-
tion angles. The correlation coefficient of the
modelled ballistic curve in Fig. 4 to the simple
reciprocal function is ~0.99 and shows that de-
position by purely ballistic ejection (i.e. no drag)
is well approximated by a reciprocal curve.

This result changes significantly once the drag
exerted by gas on the clasts is accounted for. Drag
changes both Eq. 3A and Eq. 3B because the re-
sistance to air changes the velocity vector:

—

7(: (Vr) by VY = =&V + V:)% (6)
v

where ¢ is the drag coefficient, which is given by
(&= 3pir/16ppdy) following Melnik (1996). So the
effect of clast size (here represented by its diame-
ter dp,) on the normalised sedimentation trend
starts to be important. Integrating Eq. 6 numeri-
cally for every time step (stepwise integration by
calculating the average of upper and lower Dar-
boux sum; e.g. Kestelman, 1960) results in the
grain-size-dependent drag model. Fig. 4 illustrates
typical predictions of normalised sedimentation
trends for two contrasting input grain-size distri-
butions with Inman sorting of 1 (chosen as this
value appears typical for cinder cone deposits; see
Table 1 and Fig. 3). Increasingly coarse grain-size

distributions show a shift of the deposit nearer to
vent as an effect of the higher resistance to gas
drag ({ tends to 0). In contrast to the no-drag (C
tends to 1) case, the predictions accounting for
gas drag are not well represented by a simple
reciprocal curve. For small particles (d<<1 cm),
the best approximation is a power law close to
Alx, whereas for larger clasts the best approxima-
tion is a function of the form:

A
Shall = eB (7)

There is now an exponential factor in the func-
tion stemming from the large drag. The correla-
tion coefficient is ~0.98. Hereafter in the paper,
we will use these approximation curves as repre-
sentative of the theoretical curves in comparisons
with field data.

2.3. Sustained jets

A no-wind model for the deposition from tur-
bulent, pressure-adjusted, momentum-driven jets
(and pure buoyant plumes) has been presented
by Ernst et al. (1996). We assume that the jet is
fully developed directly at the vent, which is rea-
sonable if vent size (ry) is small compared to the
extent of the deposit we are modelling.

The equations given for the sedimentation by
Ernst et al. (1996) assume a well-mixed, dilute,
simple jet expansion and a top-hat velocity pro-
file, i.e. constant across the jet. After accounting
for the effect of particle re-entrainment into the
jet, their equation 28 for the deposition from a
sustained jet can be written as:

Sjet(x) =

Iv—E.D- 2
1JJ/X ED;/20x e_Jj(x—,,,)(f)gjq)j/(zaj) (8A)
Jj/rl—éjd?j/2ajrf r

where ¢; is the entrainment coefficient, @, is the
particle re-entrainment coefficient, & is a geomet-
rical factor which depends only on ¢; (see Ernst et
al., 1996), and r| is the minimum distance corre-
sponding to the lowermost height where jet flow
applies (r; is assumed to be equal to ry). Eq. 8A
also assumes full sedimentation by the jet. Some
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Fig. 4. Predictions of a typical ballistic experiment: The tri-
angles represent the numerical ballistic growth results with-
out drag (200000 particles have been erupted here). The
boundary conditions for the experiments are described in the
text. Reciprocal-type curves fit the no-drag ballistic curves
best (dotted line, see text). When considering the drag forces
on ballistic particles, the grain-size distribution becomes deci-
sive. Numerical experiments were thus conducted with log-
normal grain-size distribution with characteristic Inman sort-
ing of 1 and various median grain sizes. These median grain
sizes and the symbols used for plotting them are shown in
the legend. Clast distributions of the order of 1 cm and
smaller, here represented by 1 mm, notably diverge from
coarser distributions, here represented by 10 cm. This is also
reflected by the best-fit curves to the numerical experiments
which are a power law for median grain size of 1 cm and
smaller (dashed line, see legend) and a simple function of the
type fix)=A/xeB* for bigger particles (dashed lines, see
legend).

of the particles might be lost to a plume above the
jet region. This model description is thus appro-
priate for plinian-style sedimentation where most
of the particles would be coarse enough to fall off
the margins of the jet region in the lowermost
region of an eruption column. J;, the constant in
Eq. 8A, is calculated from Ernst et al. (1996) as:

Ji= 0.267-1(4)_ (8B)

406]»2\/M0

Here, v;(d) represents the terminal fall velocity of
a particle of diameter d. Expressions to estimate
the terminal fall velocity of volcanic clasts can be
found in Bonadonna et al. (1998). It depends on

particle Reynolds number (or drag coefficient)
which in turn depends on particle diameter.

The results are shown in Figs. 5 and 6. For the
contrasting grain-size distributions illustrated in
Fig. 3 and a constant eruption velocity of 50 m
s~!, all the deposition trends from the assumed
grain-size distributions are similar (Fig. 5). Mass
accumulation decreases approximately exponen-
tially with increasing distance from vent. How-
ever, in another series of numerical experiments
with a given grain-size distribution and contrast-
ing eruption velocities, this seemingly consistent
pattern changes once the eruption velocity is in-
creased to values significantly above 50 m s!
(Fig. 6b) for grain-size distributions skewed to-
wards the fines. Near-vent re-entrainment of fine
particles becomes so intense that maximum sedi-
mentation which previously occurred at the posi-
tion closest to the vent (Figs. 5 and 6a) is now
shifted towards further from the vent (Fig. 6b).
This style of fallout from the jet margin only oc-
curs at very large discharge rates. Those have
been measured at volcanoes like Eldfell (Black-
burn et al.,, 1976) and Etna (Cas and Wright,
1987) (see Table 1 for example). However, these
volcanoes were reported to have erupted domi-
nantly fairly coarse clasts (see Fig. 5). Thus, the
upper graph of Fig. 6 may be representative of the
commonly observed sedimentation trend. It is
possible, however, that eruptions at high rates
and emitting mostly fine clasts (e.g. Lassen
Cone; Cerro Negro 1995) contain enough coarse
(fluidal) clasts depositing close to the vent (within
10 m or so on either side of the position of max-
imum deposition) which can weld and preserve
the near-vent primary deposition profile. In this
case, the vent rim profile is expected to be con-
trolled by eruption velocity and this informa-
tion could be extracted from accurate measure-
ments of the geometry of the near-vent rim using
Fig. 6.

2.4. Spatter cone deposits — frozen deposition
trends

One way to evaluate the various model predic-
tions against suitable field data is to look at spat-
ter cones. Falling spatter clasts, in contrast to
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Fig. 5. Predictions of numerical experiments on ejecta con-
struct growth by jet fallout for an eruption velocity of 50 m
sl and a vent radius of 1 m. The jet fallout for various
grain-size distributions differs mainly in the distribution to-
wards higher distances for a larger proportion of finer par-
ticles. There is a similar general trend, a near-exponential de-
crease (following Eq. 8) with increasing distance from source.
There is only moderate divergence from the overall trend for
the 1995 Cerro Negro eruption (curve annotated as grain-
size distribution ‘F T’), for which the concave curvature be-
comes convex for the near-vent deposit. At higher eruption
velocities this leads to a decisive diversion from the overall
trend depicted here at low velocities (Fig. 6b).

cinders, are large and partially molten and retain
enough heat to fuse with each other where they
land. Secondary flowage is minimal and limited
by the constraints of viscous flow and visco-plas-
tic deformation. Observations from photographs
suggest that this only affects the near-summit re-
gion of the cones.

Here the digitised slopes of the four spatter

cones we have examined (see Fig. 2) have been
approximated empirically by simple functions.
The predictions of ballistic models with and with-
out drag, and those from the jet fallout model
may thus be evaluated against the spatter mound
data (Fig. 2). Fig. 2 shows that the jet fallout
prediction (from a simplified version of Eq. 8A
without re-entrainment, as re-entrainment of large
spatter clasts is unlikely here) approximates the
data much more closely (correlation coefficient
R?>~0.98) than the ballistic prediction without
drag (Egs. 5 and 7; R*>~0.73-0.77). The ballistic
model with drag is closer to the data trends
(R*>~0.96), but the jet model provides a slightly
better approximation for spatter mound deposits
than the ballistic models. This finding is in agree-
ment with the jet dispersal model of Parfitt and
Wilson (1999). The significance of the deviation
by 0.02 in the correlation coefficient between the
two best-fit models, i.e. for jet and ballistic with
drag, however, is doubtful and we will treat the
two values as equally good.

Intuitively, the convergence of the ballistic pre-
dictions with drag and those of the jet fallout
model is to be expected as the jet fallout model
is a drag-dominated end-member description with
negligible lateral ejection. Figs. 2 and 6a also sug-
gest that the amount of lateral ejection in spatter
eruptions is small and does not amount to more
than the lateral displacement from vent expected
if a clast falls directly from the margins of a con-
ical jet which expands linearly with height (e.g.
radial displacement expected at the top of a 50 m
or 500 m high lava jet, and corresponding to the
furthest dispersal in no wind achieved by a clast,
is ~5 and 50 m, respectively).

The slopes of spatter cones — which as stated
earlier are assumed here to have frozen states of
the sedimentation process — compare more fa-
vourably to the sedimentation trends predicted
by a sustained jet model than a purely ballistic
model.

3. Limitations of the jet fallout model

The jet fallout model that we have presented is
only a first-order model. It has some limitations.
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Fig. 6. Predictions of numerical experiments on ejecta construct growth by jet fallout. (a) The upper graph illustrates expected de-
position trends for coarse-grained and medium-grained eruptions. As an example, the values for ‘C II’, i.e. the Etna NE crater,
have been selected to illustrate the predicted near-vent eruption thickening at higher eruption velocities. All the curves are overall
monotonically concave, in contrast to (panel b) fine units such as that of grain-size distribution ‘F I’ (modelled after Cerro Negro
eruption 1995). At low eruption velocities the curve is like that predicted for coarse-grained eruptions. However, when eruption
velocity exceeds a threshold value between 50 and 100 m s™!, the curvature changes from concave to convex beyond the rim. At
the same time, the distance to the point of maximum sedimentation increases for increasing eruption velocities.

Here we briefly discuss some of the assumptions moderately explosive events such as those we are
of the model and their expected limitations. considering. The assumption that the flow is di-
We assumed that the jet flow rapidly adjusts to lute is not valid at the vent. However, we envisage

atmospheric pressure. This is only reasonable for that due to the extreme shear, impulsive growth
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of eddies at the jet margins and rapid mixing with
surrounding air the jet flow will become almost
instantly dilute there. Hence this assumption is a
reasonable one to make initially.

Further, it has been implicitly assumed that
flow density, which is initially higher than atmo-
spheric density, becomes rapidly close to that of
surrounding air to within a few percent. This jus-
tifies the use of the Boussinesq approximation (see
Sparks et al., 1997) in the derivation of the jet
Egs. 8A,B. The fact that pyroclastic flows stem-
ming from high-density contrasts are only rarely
and even then only episodically generated during
cone-forming eruptions supports our suggestion
that density contrasts are rather small.

A further assumption is that jet flow and par-
ticle fallout are unaffected by crosswinds. This
assumption is only valid in the region of the jet
flow where the characteristic velocity is larger
than typical crosswind velocity at that level.
Many eruption jets are powerful, with velocities
higher than 30 m s~! over much of their height so
that jet flow is not substantially influenced by
winds. Particle fallout will not be much influenced
by crosswinds in two situations: (1) if particles
fall from relatively low heights so that there is
little time for advection by wind over significant
distances — we are focussing on the case where the
bulk of the particles fall from an eruption jet
which is a few tens of metres to a few kilometres
in height, so that an effect of wind is expected but
is less strong than in the case where one considers
fallout from much higher up in an eruption col-
umn; (2) if particles are relatively large and
coarse, of the order of 1 cm or more, the effect
of crosswinds will be moderate — a median size of
1-4 cm is the characteristic size for many ejecta
cones so it seems that there will be an effect of
winds but that it may be moderate. Thus, in sum-
mary, it is clear that we presented only a first-
order model.

4. Effect of early spatter mound phase or pit crater
formation on cinder cone morphometry

A morphological cause of deviation from the
constant PW ratios of cinder cones (0.4) needs

to be briefly discussed, which is related to typical
spatter cone phases and which accounts for the
natural variability in reported values of cone as-
pect ratios. Avalanching in ejecta cones can take
place toward the internal cone base until the vent
is blocked or the eruption stops. If, however, the
ejecta cone is built on top of a spatter mound the
avalanching baseline is elevated. Because a spatter
mound is welded, it does not allow internal drain-
age towards the cone base, but elevates the vent,
often filled with a small lava lake, at the top of
the welded spatter mound. This can change the
PW width ratio of Eqgs. 1 significantly (Fig. 7a).
The height of the internal spatter mound, Hgpatter,
can be estimated if baseline elevation is the cause
of divergence between measured ratios of W, to
We and the constant 0.4 ratio of Eqgs. 1. Using
the method of similar triangles (Fig. 7a), we note
that:

3 WC[
H patter = Heo <1 _W) ¥

Because spatter mounds usually do not appear
to grow beyond a height of 30 m, the relative
effect on ejecta cones much higher than 30 m
(e.g. cinder cones such as Paricutin can reach
heights up to 400-500 m) should be small. This
seems to be the case in the studies of Wood (1980)
and Carn (2000). In the study of Bemis (1995)
cones with strong deviations are also found for
large crater heights. Examples in Table 1, where
an underlying spatter mound may affect the as-
pect ratio significantly, may include the Navidad
Cone at Lonquimay (Chile; Global Volcanism
Network, 1989) and Kapoho (Hawaii, from visual
observations; Richter et al., 1970). Spatter cones
can only account for a smaller ratio of W, to W,
than 0.4. Similarly, as illustrated in Fig. 7b, cinder
cones developed above a deep pit crater are ex-
pected to have (W /W,,) values larger than 0.4,
i.e. a wide crater, which seems to be fairly typical
for the beginning stages of the Laghetto cone
during the Etna 2001 eruption (Calvari and Pin-
kerton, 2002; Pfeiffer, 2001) and a good explana-
tion for the variation in Bemis’ study (1999),
where maars are relatively frequent in the survey
area.
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Fig. 7. Sketches illustrating possible causes of deviation from the 0.4 widths aspect ratio in freshly erupted ejecta constructs (here
sketched as a cinder cone for simplicity). (a) Effect of an underlying spatter mound. The inner crater avalanching is elevated by
the presence of an underlying spatter mound which grew in the opening phase of eruption. The method of similar triangles can
be used to determine the height of the spatter cone from these apparently overly high cinder cones. (b) Effect of a pit crater on
the ejecta cone aspect ratio. Equally, the presence or development of a pit crater can account for deviations from the 0.4 aspect

ratio value. See text for details.

5. Grain pile laboratory experiments to model
ejecta cone slope and crater formation

5.1. Motivation

The jet model can only account for formation
of a crater rim offset from the vent for high erup-
tion velocities and a fine-grained erupted size dis-
tribution (Fig. 6). In this case, the point of max-
imum sedimentation (PMS) is not at the vent and
the crater rim of an ejecta cone may correspond
to the PMS. Rim growth is clearly observed to
occur during cone growth rather than post-erup-
tion (Wood, 1980; Magus’kin et al., 1983; Tokar-
ev, 1983).

On the one hand, the vent-offset crater rim
could be accounted for using a jet model with
rising velocities at the vent, because from Fig. 6
it can be clearly seen that crater rim radius is de-
pendent on eruption velocity. However, at least
two lines of evidence may not be in favour of
this hypothesis: (1) this appears inconsistent
with aspect ratios for many hundreds of young
cinder cones — if changing eruption velocity was
the primary control on rim position, one would
expect a much larger range of aspect ratios than
has been reported (e.g. Wood (1980)). Note, how-
ever, that Bemis (1995), on the basis of morpho-
metric measurements of cones in Guatemala, ar-
gues that such a large range of aspect ratios does
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indeed exist in at least some cone fields; (2) ob-
servations of normal grading in ash blankets as-
sociated with at least some cinder cones suggest
decreasing rather than increasing eruption inten-
sity with time, or eruption intensity decreasing
within each explosive pulse contributing to cone
growth during strongly intermittent phases. How-
ever, to our knowledge, there has not been a sys-
tematic study of grading in cinder cones so that
one should be cautious of ruling some factors out
prematurely.

On the other hand, once loose tephra is depos-
ited, avalanching typically follows immediately.
Slumping in the crater is frequently observed dur-
ing cinder cone eruptions as a syn-depositional
process (Verwoerd et al., 1981; McClelland et
al., 1989), and may be expected to play the pri-
mary role in controlling the position of the crater
rim. For eruptions where the PMS is always at
the vent edge, i.e. for which low-velocity jet fall-
out or ballistic ejection with drag may account for
deposition, surface grain flow avalanching ap-
pears to be the only mechanism which can ac-
count for the development of a large vent-offset
crater rim with 0.4 width ratio, steep inner crater
slope and crater rim position where it is observed.

For more intense eruptions, an expectation may
be that repeated explosions keep clearing the vent
and inner crater slopes at intervals (as suggested
by Wood, 1980), forcing the uppermost material
at the surface to remain in motion, as it would in
an experiment where material is drained centrally
from a conical pile made up of loose (low-cohe-
sion) granular material. Such experiments, illus-
trating cone pile drainage with concentric ava-
lanching, are presented next, following a brief
review of the relevant granular pile mechanics.
The laboratory experiments, developed with vol-
canic cones in mind, complement the numerical
modelling and experiments, and further explore
controls on ejecta cone geometry and aspect ra-
tios.

5.2. Review of grain pile mechanics
A grain pile builds up continuously until its

slopes reach the angle of repose. If further grains
are piled on top, avalanching will control the

growth process. The angle of repose is a material
constant, but is rather loosely used as pointed out
by Miller and Byrne (1966): as either (1) the angle
at which a single grain starts to tumble down a
tilted layer, a dynamic definition, or (2) the angle
at which a grain pile is at rest (Van Burkalow,
1945), a static definition. In microscopic terms
these angles correspond loosely to the angle of
internal friction and the maximum angle of stabil-
ity (Oda and Iwashita, 1997). Rock material re-
acts in a different way to static and dynamic fric-
tion. It is easier to overcome dynamic than static
friction, i.e. it is easier to keep a system moving
than to initiate first motion. If a system is not
moving, any force must first overcome its static
friction. A geological analogue behaviour is ob-
served during earthquakes. Since static friction is
not always overcome, large stresses can build up
along seismogenic zones, that will more easily
break the material than get it into motion. The
initial fracturing process reduces the static fric-
tion, however. Further movement along the initial
fracture can then occur against its lower dynamic
friction, which allows a build-up of stresses to
produce aftershocks (typically less intense than
the initial earthquake).

Further insights are gained from work in gran-
ular flow mechanics related to the development of
agricultural storage containers. Here, even the
static angle of repose is considered an ambiguous
term and thus a distinction is made between the
emptying (or ‘concave’) angle of repose which de-
velops on granular material drained through an
underlying gate — while a crater is forming inside
the container — and the filling (or ‘convex’) angle
of repose, i.e. the slope of the pile growing on a
flat ground surface underneath the gate (Kammel,
1997).

Thus, the three different angles under consider-
ation here are the dynamic angle of repose, and
the emptying and filling angles for formations at
rest. Generally, the emptying angle is steeper than
the filling angle (Kammel, 1997). We anticipate
that cinder cones at rest might exhibit these two
different slopes: the filling angle on the outer
slope and the emptying angle inside the crater.

All three angles of repose have been investi-
gated for sand piles. By its tectosilicate nature
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(and thus roughly similar density to that of vol-
canic glass, e.g. as in scoria), loose granular na-
ture, angular shape and moderate sorting, natural
sand can serve as a useful analogue for pyroclasts
and/or ash making up ejecta cones. Whereas Mill-
er and Byrne (1966, and references therein) made
the experimental investigation of the dynamic an-
gle of repose, Van Burkalow (1945) investigated
the filling angle by looking at angles of sand piles
at rest. The emptying angle is the common angle
observed in the so-called draining crater method
(Brown and Richards, 1970), where a sand con-
tainer is emptied through a hole at the container’s
base. The remaining crater after drainage is be-
lieved to be at the angle of repose, and equal to
the emptying angle (at rest). For sand, the filling
angle was observed to be 34° (Bagnold, 1941) and
should, for spherical particles, lie at ~30° (Bar-
abasi et al., 1999). For cinder cones the ratios of
equation 1 of Wood (1980) imply a similar angle
of ~31°.

5.3. Experimental setup

In order to test the hypothesis that cinder cones
are shaped by the same forces as small-scale
grain piles, we conducted laboratory experiments.
The setup (Fig. 8) consisted of a flat, square,
wooden board (400 mm X400 mm) with a 10
mm diameter, circular outlet located at its centre
and initially plugged by a sponge cork attached to
a 1 m long string. At some low height (30-120
mm), which was adjusted for a given run as a
function of the size of the cone to be built above
the centre of the flat board, a large plastic funnel
with a long and narrow neck filled with fine,
dense angular, and low-cohesion (dry rather
than moist) grains, and initially closed at its lower
outlet was placed, held firmly in position by a
support system.

The granular material in the funnel was then
allowed to flow downwards and to accumulate
grains over the flat board. This arrangement pro-
duced a steady supply of grains to the board
(steady supply is imposed by the high frictional
resistance of the long narrow neck walls to sand
flow, which buffers flow rate to a constant value),
and formed a conical grain pile within a few tens

Funnel filled

a l with grains

Rapid stream of
grains

Grainpile

\ [ ] | Wooden board

b Grainpile
being drained

| Wooden board

Drainage pile

Fig. 8. Sketch of the experimental setup used to investigate
processes involved in cone and crater development and con-
trols on ejecta cone aspect ratios. (a) The setup consists of a
wooden planar board with a central drainage orifice which is
initially plugged by a sponge cork. The board serves as a
baseline for the growth of a granular pile supplied by a
steady flux of grains from a long and narrow funnel (not to
scale). The arrangement is such that the pile’s apex is located
above the drainage orifice. (b) Whereas the first part of the
experiments allows one to examine processes involved in pile
growth, the second part allows the examination of crater de-
velopment. The drainage orifice is then quickly opened up to
form an inner crater to the pile. The drainage products are
evacuated underneath the drainage orifice.

of seconds (Fig. 8a). After the grain pile had ap-
parently come to rest, the board was gently
tapped to ensure that it was indeed at rest and
thus that its slope lay at the filling angle. The
narrow outlet in the board (outlet centred below
the cone apex) was then quickly opened up (Fig.
8b), allowing the granular material to drain
through the outlet and resulting in formation of
a central depression of inversely conical geometry
and inner slope steeper than the outer slope of the
initial cone. Beyond a well-defined circular rim,
the geometry of the initial cone remained unaf-
fected by crater formation. After the inner crater
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slope had reached a state of apparent rest, the
board was again gently tapped to ensure that it
indeed had reached its equilibrium slope.

Materials used as a source of grains were either
sand (~ 0.5 mm median grain size and rounded),
sugar (~1 mm median grain size and cornered),
flour (<100 um) or mixtures of various propor-
tions of these to evaluate a possible dependence of
the results on the system’s mechanical scale. To
examine dependence of the results on system size
(i.e. height of cone or volume of material used),
piles of varied base diameters were allowed to
develop in successive experiments (Table 2). After
each run, the height of the crater rim above the
cone base (H,,), the distance r., from the central
hole to the crater rim and the distance r., from
the central hole to the outermost grains within the
pile were measured (Table 2).

Scaling aspects (illustrated by the case of sand
piles) are considered next and followed by a pre-
sentation of the key observations and data from
the new experiments.

5.4. Scaling considerations

Our laboratory model is typically a sand pile
with a base of the order of 0.1 m radius (Table
2). Volcanic cinder cones possess a base radius of
the order of 100 m, so the geometrical scaling is
about 1:1000. In order to obtain a correct me-
chanical scaling of our laboratory model, the dy-
namic similarity between our laboratory model
and cinder cones is also required. The fundamen-
tal dynamical relationship of relevance here ex-
presses how shear strength 7, i.e. the resistance
to shear of the medium, and applied shear stress,
o, are related (Coulomb, 1773):

T =c+ otan®y (10)

where ¢ is cohesion and the second term is the
friction term, which is a product of o, stress,
and &, the filling angle. Stress o on each grain
arises from the other grains pressing on it from a
higher potential energy level. In the presence of
gravity the energy of a particle at rest is defined
by its weight. Since avalanching is equivalent to
the state that this force overcomes the friction, we
need to find the most likely point where this oc-

curs. That is clearly the case where the loading by
the other grains is at a maximum. This is calcu-
lated as the product of material bulk density (par-
ticle density p,, multiplied by the average particle
volume fraction ¢, which is related to voidage and
packing arrangement), gravity g and the length
scale, which is given by #/, the pile thickness
(also directly proportional to cone diameter):

o= pppgh (11)

For a pile of grains of roughly the same size
(moderate sorting), particle volume fraction in the
pile, ¢, is in the range between 2/3 and 3/4 (e.g.
Allen, 1985), and will be roughly in the same
range in natural cones.

With /i being scaled 1:1000, ¢ being scaled ap-
proximately 1:1, and p, being scaled about 2:1
(for average sand particle density of 2700 kg
m~> and pyroclasts averaging half of this), we
model a stress of 1:500, since gravity is the
same for the lab model and cinder cones. Rocks
and sand share a common range of filling angles
(25°-40°; Handin, 1966), so that the friction term
translates directly into shear strength with the
same scaling. Cohesion has been measured for
natural cinders at about 200 kPa (Bowman et

Table 2
The cone and crater forming experiments for sand and sugar
cones listed in the table are illustrated in Fig. 12

Material Feo (cm) rer (cm)
Sand 6.2 2.9
Sand 13.5 6.5
Sand 14.1 6.4
Sand 21.2 8.0
Sand 22.5 9.9
Sugar 8.5 3.8
Sugar 8.7 3.8
Sugar 11.9 5.3
Sugar 14.9 6.5
Sugar 15.4 6.5
Sugar 16.0 7.5
Sugar 19.4 9.4
Sugar 20.9 9.5
Sugar 224 9.6
Sugar 254 10.4

The vent radius ry of the experiment was 0.5 cm, which has
to be and is not yet subtracted from the cone radius (r)
and crater radius data (r.;) to coincide with the values in the
figure.
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al., 1998). So an analogue laboratory granular
material would be adequate if its cohesion is in
the range of up to 400 Pa (i.e. if the ¢ term in Eq.
10 is about an order of magnitude less than the
otan@; term in both the ejecta and experimental
cones). Dry sand or dry sugar have cohesion val-
ues of this order (Handin, 1966) and are thus
suitable analogue materials for loose pyroclasts
in cinder cones.

5.5. Observations, data and basic interpretation

In the experiments using sugar or sand, the pro-
cesses observed are very similar. While the pile is
growing, the grains build up on top of the existing
slopes until the dynamic angle of repose is ex-
ceeded, which is very early on in the experiments.
Then the grains either roll down individually or
move down as part of surface grain flows involv-
ing many particles, and spreading symmetrically
downwards from the top of the pile (axisymmetric
grain flow occurs only when grain supply flux ex-
ceeds a threshold value). The axisymmetry is bro-
ken if the funnel is not held sufficiently firmly or
exactly positioned above the top of the growing
pile, and data from these experiments were dis-
carded. The avalanching is best visible in experi-
ments using a mixture of sugar and sand, because
the sugar particles are larger than the sand par-
ticles. Spontaneous stratification quickly develops.
The sugar grains are transported preferentially to
the top and front of the surface grain flows and
wave after wave the fronts of the surface flows
are readily visualised. Under the steady flow
conditions imposed by the funnel source, the sur-
face grain flows follow each other in equal time
steps.

Once the outlet centred below the pile’s apex is
opened up, the grains drain through the under-
lying opening, until the forces of static friction
overcome the decreasing dynamic forces of ava-
lanching (see Fig. 9). Finally, the emptying angle
is reached. On the steeper slope of the rapidly
developing inner crater, the surface grain flows
move faster than during the pile-building stage
and segregation is more extensive. The sand and
sugar avalanches appear to form separately, from
the pre-established spontaneously stratified alter-
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Fig. 9. Sketches illustrating the inter-particle forces active in
the experiment. The wall friction effect of hopper drainage
experiments is not an important effect because a free surface
to the cone develops. The cone slopes are stabilised by the
chaining friction force between grains. Slope chaining devel-
ops because particles cannot roll one over another once the
angle of repose is reached. Circular chaining exists, because
the finite size of the particles does not allow them to occupy
the same space once they move towards each other.

nating strata of sugar and sand grains. Segrega-
tion is enhanced on the steep slope of the inner
crater by rapid granular flow, where grain—grain
collisional effects become important relative to the
grain—grain friction effects (in contrast to the pile
build-up stage). If pure sand or pure sugar is
used, grain flow avalanching does not occur
from alternating strata and thus seems to be
more continuous. The constructs produced in
the experiments, however, share a constant geom-
etry irrespective of whether sugar, sand or a mix-
ture of the two is used. A conical pile-crater as-
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Fig. 10. The similarity between (a) a drained sugar pile, created by the grain pile experiments (see text) and (b) a real cinder
cone (here SP crater, Arizona) is readily visible. A more quantitative comparison is shown in Fig. 11.

sembly grown in a typical experiment is presented
in Fig. 10a.

The outer slope angle was observed to be 28°—
30° for pure sieved sand (relatively fine-grained),
33° for sugar (relatively coarse-grained) and 28°—
32° for mixtures of the two. The inner crater angle
was in the range 42°-46° for all the experiments
with only sand and/or sugar. All angles were mea-
sured using a protractor. The resulting radii of
crater rim r, and cone base r,, are presented in
Table 2 and illustrated in Fig. 11. The ratio of r¢,
over r,, for sugar and sand is remarkably con-
stant. The best linear fit through the data passing
through the origin for the pure sugar and pure
sand experiments shown in Fig. 11 is given as:

Fa = kreo (12)

where k=0.43 for pure sugar and k=0.42 for
pure sand.

Spontaneous stratification, which was observed
during the sand/sugar-mix experiments does also
occur in natural cinders of different sizes, as has
been shown by Bemis and Bonar (1997). The re-
sults obtained for the spontaneously stratified
sand-sugar piles thus add the insight that having
grains of different sizes and densities in the labo-
ratory cinder cones does not appear to affect the
crater-and-cone overall aspect ratios noticeably.

Another series of experiments was then carried
out to gain insight into the control on cone aspect

ratios of increasing cohesiveness within the depos-
ited material. The experiments were developed
with volcanic cones with increasing amounts of
fine (typically also wet) ash in mind. In this series
of experiments, much finer, cohesive particles of
flour were added to either sand or sugar, in in-
creasing amounts for successive runs.

Typical grain pile assemblies grown for mix-
tures of flour, sand and sugar are shown in Fig.
12. The more flour is added to the starting sand/
sugar mixture, the steeper the outer slope and
inner slope become (Fig. 12). While the pile is
forming, the particles are either rolling down in-
dividually or moving in bulk as part of surface
grain flows. Flour particles which are cohesively
clumped together as well as the largest sand par-
ticles tend to roll down to the front of the flows,
whereas small individual flour particles fall in be-
tween the (bigger) sand particles (kinetic sieving
effect) and move as part of surface grain flows.

Once the crater is drained, however, the small
flour particles stick together and tend to prevent
surface grain flow motion. Instead of this, large
blocks loosen up from the crater walls along seg-
ments of concentric fractures (with spacing depen-
dent on cohesion, i.e. flour amount) and slide
down. During sliding, the blocks fragment into
smaller blocks, which then slump or roll down
and disappear through the hole at the base of
the experimental crater. Blocks successively loos-
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Fig. 11. Comparison of widths aspect ratios for experimental
and cinder cones. Assuming vent size is negligible, the differ-
ence r—ry is half the distance W, measured in a cinder
cone (Fig. 1) and r,,—ry is half the distance W, (Fig. 1)
measured for cinder cones. The ratios for truncated and
drained cones produced in the experiment with sand (m) and
sugar (O) overlap closely the characteristic ratios for cinder
cones (dashed line) found by Wood (1980). Even the best lin-
ear fit (thin line) through the origin is close to the cinder
cone trend. The error made in measuring the cones in on the
order of 1 mm, i.e. smaller than the symbols used.

en up along adjacent segments of the same con-
centric fault until the entire volume bound by two
subparallel concentric faults has been sampled.
Then motion along the next concentric fracture
accelerates and new concentric fractures grow so
that concentric volumes are repeatedly sampled in
quick succession, thereby widening the crater.
This happens until a metastable angle or state is
reached, i.e. metastable because gentle tipping of
the board can easily refracture the crater rim and
result in an additional slide or series of slides.

5.6. Physical analysis

In the terminology of granular mechanics the
emptying angle is identical to the angle of the
upper boundary of a stagnant zone or discharge
angle @ in a cylindrical hopper. Tiiziin and Ned-
derman (1982) proposed that this boundary coin-

cides with an internal failure zone, which opens
up between the directions of main stress (Oda and
Iwashita, 1997). The typical angle is:

Dy = 4502 (13)
2

where @, is the angle of wall friction of the hop-

per. Tiizlin (1979) observed angles up to 45° if the

edge effects created by the hopper wall friction are

weak (e.g. in large-diameter hoppers). In our ex-

(o

Fig. 12. Photographs of granular constructs grown in experi-
ments, from mixtures of sand and sugar with increasing
amounts of added flour (a: 0%, b: 15% and c: 30% flour,
respectively, from top to bottom). The crater steepens and
becomes smaller with increasing amounts of fine high-cohe-
sion particles such as flour. The outer angle of the construct
also gradually becomes steeper when increasing amounts of
flour are added. During construct growth for runs with in-
creasing amounts of flour, particle motion also evolves from
loose grain avalanching controlling inner crater slope to
slumping of walls and falling grains (ratholing).
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periments, there are no large edge effects as in
hoppers because the grain pile is not laterally lim-
ited by any vertical rigid boundaries. In the limit
case where edge effects are small and can be ne-
glected (wall friction angle of 0°) an inner crater
slope at 45° is predicted by Eq. 13 and appears
very close to inner crater slopes we measured in
our pile drainage experiments.

There is also another way of thinking about
this problem. Coulomb calculated the angle of a
stable fracture in a layer behaving as a brittle
solid, in his so-called method of wedges (Coulomb,
1773) as:

1
@4 = arctan (tan@f + \/Ecos@f) (14)

For a filling angle @ (i.e. the external slope of
a cone of loose granular material) near 30° this
gives a stable fracture surface at 45°. A stable
fracture can only be created along a stable sur-
face. This requires that the slope surface of the
crater inverse cone is stable. Stability can be pro-
vided by the increasing degree of grain—grain fric-
tion which is inevitable as the particles approach
the drainhole. This effect, illustrated in Fig. 9, is
sometimes referred to as circular chaining. Circu-
lar chaining develops in addition to the support of
grains along the cone outer surface caused by
static friction at the angle of repose (called slope
chaining in Fig. 9), thus creating a 3D-support for
the inner crater slope which contrasts with the
2D-support on the cone external slope. The devel-
opment of 3D-support in this context has the
same final result as would result from grain—grain
‘interlocking’ that can be achieved by compaction
or cementation in another context, for example
during the formation of a solid. This is probably
why Coulomb’s analysis, which was developed for
isotropic brittle solids, appears to apply here.

In contrast to isotropic solids, however, where
cohesion plays a minor role, because the shear
strength is dominated by the main stress field,
inter-particle cohesion can become the dominant
effect in granular piles and prevent movement ini-
tiated by the macroscopic stress field. In the series
of experiments where increasing amounts of flour
are added, resistance to motion is increased be-
cause of the small size and cohesive nature of

the flour grains. In granular materials cohesion
is created by chemical or electrical bonding. In
the case of flour within the mixture, the internal
slope collapses concentrically rather than radially
and downward by continuous surface grain flows.
This effect is often termed ratholing in granular
mechanics and stabilizes slopes higher than the
angle of repose because the material has a sub-
stantial yield strength.

6. Comparison between laboratory and volcanic
cones

Fig. 10b shows a typical cinder cone (SP crater
in Arizona). It closely resembles the experimen-
tally grown pile-crater assembly of the sugar and
sand experiments (Fig. 10a). Quantitatively, the
ratio of W, to W,, for cinder and laboratory
cones is remarkably similar (Fig. 11 and Table
2). The error made in modelling the cinder cone
slopes by the experiments is ~ 5% (0.42 for sand
and sugar compared to 0.4 for cinder cones), if we
assume that the 0.4 cinder cone width ratio is
known exactly (however, the errors of measure-
ments of cinder cone ratios are much larger
than the difference between our laboratory mea-
surements and the 0.4 value taken as representa-
tive for cinder cones; see Wood, 1980). The differ-
ence in laboratory and volcanic cone ratios is
sufficiently small to conclude that the angles of
repose for emptying and filling are also funda-
mental controls on cinder cone geometry and
that surface grain flow avalanching is the primary
control on cinder cone geometry during cone
growth.

The observed crater slopes in the experiments
with added flour are strikingly analogous to the
steep slopes in collapsed tuff cones such as Cerro
Colorado, New Mexico, or the inner crater slopes
of ultraproximal cones, i.e. cones built by finer
particles originating from either hydroclastic or
dry-plinian fragmentation. Instead of continuous
surface downward motion of loose grains, sliding
of blocks occurs and tends to plug up the vent.
The metastability of the inner crater slopes be-
comes important in hazard analysis because piling
material at the crater edge which can later fail,
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collapse, slide/slump into the vent and plug it,
may lead to a premature end of the ongoing phase
of activity and/or to the development of overpres-
sure, which may subsequently lead to powerful
and hazardous vent-clearing events preceded by
little warning.

Some of the above-mentioned effects may ac-
count for the gradual vent plugging on January
5-6 1989 during the cone-forming eruption at
Lonquimay (Chile), following phreatomagmatic
phases erupting fine cohesive ash and then a de-
crease in eruption rate (i.e. moving into a phase
where vent clearing is not a continuous process) —
followed by a vent-clearing phase which produced
renewed eruption column activity after a gap of
some hours; and then again a vent-clearing phase
accompanied by increasing seismic activity and
strong shocks on January 8th 1989 (Global Vol-
canism Network, 1989). We suspect that cycles of
vent plugging and violent clearing phases follow-
ing inner cone failure are common, but this has
not been reported or studied systematically.

7. Wider implications for field data collection
strategies and hazard assessment

Whereas McGetchin et al. (1974) emphasised
the ballistic model of volcanic cone growth and
the intermittent nature of such eruptions, we have
emphasised an eruption jet fallout model of cone
growth. In practice, it is likely that both ap-
proaches have value. Cone-forming eruptions are
more intense in their opening phase than depicted
by McGetchin and coworkers, but an intermittent
style of activity does tend to gradually become
dominant in later stages. Cone growth by ballistic
emplacement will be much slower than we have
considered here but may go on for months or
even years. We expect both mechanisms to signifi-
cantly contribute to cone growth.

There is a need for modelling how long cone
growth activity spends in one phase or the other.
Unfortunately, despite frequent cone-forming
eruptions, intermittency has not been studied sys-
tematically or quantified in any useful way for
modelling. Further progress in cone growth mod-
elling requires that such data be collected in fu-

ture for a number of eruptions so that variability
and controls on intermittency can be documented
quantitatively and compared with new theoretical
models. Time intervals between vent collapse and
vent-clearing episodes need to be systematically
measured and reported so that modelling of col-
lapse—vent-clearing cycles can be considered with
improved hazard assessment in mind in future.

Equally, the total erupted grain-size distribu-
tion for eruptions that build up ejecta cones has
not been reconstructed (with one exception: see
Parfitt, 1998). Here we have had to use proxy
grain-size distributions based on analyses of very
few samples which are not necessarily representa-
tive of a whole cone or a whole cone-plus-ash-
blanket erupted. Again, there is a need for these
data to be collected in future. In addition to al-
lowing us to learn about the relationship between
conduit flow and fragmentation processes and the
particle sizes produced, the increasing realisation
that cone-forming eruptions can be more hazard-
ous than commonly realised justifies efforts to de-
velop forward models of ejecta dispersal for cone-
forming eruptions, as well as models of associated
hazards and risks. Finally, the geometry of tuff
constructs does not appear to have been quanti-
fied. Tuff constructs have readily been classified as
cones, although, from theoretical insights, one
would expect them to divert from true conical
geometry. The slopes of tuff constructs need to
be photographed and digitised in future and com-
pared with model predictions for the growth of
these constructs. More generally, quantitative
data on thickness or grain size of beds in tuff
rings or tuff cones collected at increasing distances
from vent, are virtually non-existent, and cur-
rently there is no suitable dataset to enable com-
parison with theoretical models of deposition
from pyroclastic density currents. This will be
the subject of follow-up studies.

8. Closing statements and conclusions

Not all pyroclastic ejecta ‘cones’ actually have a
true conical geometry. A systematic review of py-
roclastic ejecta constructs and their deposit fea-
tures, and of observations of eruptions that
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form the near-vent constructs, makes a compel-
ling case that many constructs appear to form
rather quickly, during events that are more in-
tense and hazardous than has been commonly
realised.

Numerical experiments, based on a first-order
model of fallout from the margins of an eruption
jet, suggest that both cinder cones and ultraprox-
imal plinian cones can be accounted for by the
model. The results are consistent with the view,
suggested by Parfitt and Wilson (1999), that ha-
waiian lava fountains can be thought of as plinian
columns with a grain-size distribution so coarse
that particles cannot transfer their heat fast
enough to entrained air to generate a strong
buoyant plume into which the particles could be
partitioned.

In a plinian column, over 90% of the particles
are finer than 1 mm so that heat is efficiently
transferred to entrained air, forming a powerful
buoyant plume into which almost all the particles
are partitioned. The low proportion of particles
that do not make it to the plume falls from the
eruption jet and builds up an ultraproximal ejecta
cone that merges laterally into the plinian sheet of
fallout accounting for most of the erupted volume
of plinian deposits. In many ‘strombolian’ or ‘vio-
lent strombolian’ eruptions, both a ‘hawaiian’
lava fountain and eruption jet, and buoyant
plume region coexist, but a greater proportion
of the erupted particles fall out from the lava
fountain and eruption column jet region than in
plinian eruptions, thus resulting in the formation
of thick cones and of thinner, albeit extensive, fine
ash blankets which are often overlooked due to
their poor preservation potential and inconspicu-
ous nature.

Bonadonna et al. (1998) suggested that plinian
fall deposits are expected to show four segments
on diagrams of log (thickness) versus square root
of the enclosed isopach areas. These segments
have been related to fallout of large clasts from
the vertical eruption plume and of large, inter-
mediate and small particles from the umbrella
cloud corresponding to three distinct Reynolds
number settling regimes. Such diagrams are im-
portant in volume estimation of deposits and
also because the slope of each segment contains

information on key dynamical parameters. Here,
we now anticipate the existence of a fifth segment,
an ultraproximal segment. Deposits correspond-
ing to the column fallout segments have been
noted in some studies but dismissed as being the
result of ballistic accumulation (e.g. Fierstein and
Hildreth, 1992; Hildreth and Drake, 1992). Here
we propose that the most proximal segment cor-
responds to eruption jet fallout and the develop-
ment of an ejecta cone around the vent.

In cinder cone- and ultraproximal plinian cone-
forming eruptions, the numerical experiments do
not allow us to test the model predictions directly
because the primary dispersal of mass is immedi-
ately modified by surface grain flows. The model
principles were, however, successfully tested by
comparison with data for some of the largest
spatter mounds not overlain by loose covers of
cinder, suggesting that these and other near-vent
constructs can be accounted for by either the jet
column fallout model or a ballistic model with
drag. The two descriptions are found to be essen-
tially mathematically equivalent and to represent
two ways of thinking about the same process. The
numerical experiments on ejecta construct growth
failed to account for the aspect ratios of cinder
cones but novel analogue experiments reproduced
the ratios surprisingly well, allowing a simple ex-
planation to be derived for them.
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