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AIRFALL AND INTRUSIVE PYROCLASTIC DEPOSITS

7Tbg_te:gf'teghralwwasﬁintroduced by Thorarinsson in 1941 to include

all ejecta blown through the air by explosive volcanic eruptionms. Def;ned
in this way, the term 1s synonymous with airborne pyroclastic ejecta and
excludes fragmental debris produced and inid down under water or beneath
the earth's surface, as in many volcanic pipes.

Pyroclastic ejecta and the deposits theé form have been classified
in many ways and many interpretations have been given to individual'terms.“
A brief history has been presented elsewhere (Wentworth and Williams, 1932).
Some classifications are based on the modes of origin and deposition of
the ejecta; others emphasized'the chemical and fhysical composition of
the ejecta. It seems best, however, to use particie-size as the prime
basis of subdivision, and to use the same size-limits as those employed
in the classification of sediments and sedimentary rocks. Accordingly,
Fisher's (1961) terminology and classification are reproduced as Tables 1 .

and 2.



Tablevl.

Terminology and érain-size limits for epiclastic
and pyroclastic fragments

' : . Wentworth and
a;::emlx Epiclastic fragments Pyroclastic fragments williams (1932)
<4256 Boulders (and '"blocks'| Coarse Blocks 256 =~
' and
" Bombs Blocks
4 64 Cobbles Fine o and 64 T
. Bombs
4 32 4 : 321
Pebbles Lapilli Lap1114
- 4 b
I : 2T
2 Coarse ash
41716 | Sand Coarse 1/161-
Ash
Fine ash
Ssile _ .
<+1/256 Fine 1/2564— .
Clay
Table 2. Classification of epiclastic and pyroclastic rocks
Predominant
grain size Pyroclastic Epiclastic¥*
(mm)
Breccia
T 256 and Volcanic breccia
Agglomerate
—t 64
Lapillituff
and Volcanic conglomerate
£ 2 Lapillistone
S 116 Coarse Volcanic sandstone
S Tuft ~ Volcanic siltst
- 1/256 Fine olcanic siltstone
Volcanic claystone

*Add adjective "tuffaceous" to rocks containing pyroclastic material

2 mm. in size (Modified from Fisher, 1961).




PYROCLASTIC EJECTA

Bombs

Bombs are clots of magma that measure more than 64 mm. in
p@x}gupid;mgnsiqp_qu;ane;pattly_Ot-entitoly.plasticwwhenferupted.-'--~
Some are of astounding size. For instance, bombs measuring 18 meters
in circumference and welghing 200,000 kg. were blown 600 meters from
the crater during an eruption of tﬁe Japanese volcano Aoaih in 1935.

The shapes of most bombs éte determined chiefly by the character
of the magma, particularly its degree of fluidity immediately before ex-
plosive discharge. Magma within'a vent may already be fiow-banded,'marked
by vesicular lafers, or contain clusters of phenocrysts and xenoliths;-if
so, the shapes of the erupted clots will Be affected by these internal
structures, tending to break along surfaces of leagt resistance.
Accessory factors that govern the shapes of bombs include the length
and velocity of fligﬁt thfough ﬁhe air, the‘amount of air-resistance,
the rate of cooling, rate of expansion of contained vesicles, and defor-
mation on impact. Contrary to a widespread belief; bombs seldom rotate
fast enough to modify their forms in flight.

Magma is generally hurled from a vent as rounded blebs or as
ribbons that vary in wi&th along their length, though some ejects,
particularly those ripped from the incandescent linings of the conduits,
have platy and leaflife forms. If small clots of very fluid magma are
Blown out at low velocities, surface tension may mold them into

spheroidal bombs, but these are rare and virtually restricted to basaltic

ejecta, most spheroidal fragments being smaller, of the size of lapilli

(see page 9 ). Less fluid clots of magma usually produce almond- and

spindle-shaped (bipolar) bombs such as typify eruptions of the volcano
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Stromboli. A few bombs of this kind already have these shapes on eruption,
but most of them result from the tearing apart of ribbons of irregular
width, either during flight or upon impact. Surface tension tends td
drav the thicker parts of the ribbons into spherical forms, and these,
because of :héir liquid cores, tend to rotate more slowly than the
thinner, more nearly solid parts; hence, many bombs have 'twisted ears'.
Occasionally. one side of a bomb differs in surface-texture from the
other, qwing tﬁzthe effects of air resigtﬁnce during fligﬁt. For
instance, the under side of a falling bohb‘may develop a smooth, glassy
skin, while the upper side is marked by ribs and flutings and by smaller
vesicles and fewer unburst blisters. Air-drag may also cause the ears
of falling bowbs to bend backward. Equatorial flanges may bé produced
during flight.

Ribbon bombs and thin parts of them that break to produce

cylindrical bombs are usually fluted along their length, and most of

their vesicles are elongaﬁed in the same direction. Bombs that are
extremely‘viscous or almost completely solid when erupted, as were
most of those blown from Paricutin volcano, Mexico, are angular or
subangular, with irregularly cracked crusts, and some of them shatter
when they land. On the other hand, extremely fluid bombs hurled only
to nodéra:e heights, so that they chill only slightly during flight,

may flatten or even splash when they land, and adhere to adjacent

fragments. Such ejecta are referred to as cow-dung or pancake bombs,

and 1f their plastic skins anneal to each other they prodpce welded
accumulations known as agglutinate or Schweisschlacken.

Cored bombs are those which have a nucleus of previously
consolidated material. The nuclei may be connate, i.e. fragments of

material laid down during earlier eruptions of the same volcano, but,
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more commounly, they are accidental, ie; fragments torn from the sub-volcanic
basement, whatever its nature. Many included fragments are metamorphosed;
-for instance, fragments of Paleozoic sandstone in cored basaltic bombs in
the San Francisco volcanic field, Arizona, are partly vitrified, and some

orthoclase crystals in the associated Pre-Cambrian pluconic fragments are

converted to sanidine (Brndy and Webb, 1943). Fragments of impure diatomite

coated with basalt and blown from Pacaya volcano, Guatemala, in 1963, are
largely changed to pumiceous glass, trid&nite, and cordierite. Cores
that are sufficiently reheated may develop banding parallel to that of
the enclosing shell.

The distribution of cored bombs in & volcanic field is usually
quite irregular; indeed only a few pyroclastic cones within a large cluster
may contain them. Once the walls of an eruptive conduit become lined with
plastic magma, the chance of discharging cored boq% with accidental nuclei
is greatly diminished; hence, such bombs are usually most plentiful among
the early ejecta of a given vent.

Breadcrust bombs (Brotkrustenbomben; bombes en crolite de pain).

These are characterized by a quickly chilled crust of dense glass fissured
by continued expansion of vesicles in the still molten core. The dense
glassy crust generally increases in thickness with the size of the bombs.
Phenocrysts are more or less equally distributed throughout, but micro-
lites tend to increase in abundance inward. The more fluid the core and
the greater the internal expansion, the more do the breadcrust-cracks
gape; narrow, steep-sided cracks typify bombs that were extremely viscous
or almost solid when erupted.

Breadcrust bombs are commonest among the ejecta of volcanoes that
discharge rela;ively cool, viscous magmas of siliceous (rhyolitic and

dacitic) composition; they are not uncommon among ejecta of intermediate
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composition, but are quite exceptional among baseltic ejecsa. And becauae'
rapid ;hilling of the crusts is esssntial to their formation, they are
much more plentiful among the deposits of airborme ejecta than among fhose
of pyroclastic flows in which all the ejecta remain %Feloped by hot geses
for long periods. |
Among glass-rich bombs drastically chilled by falling into

water or on to snow and ice, cracking may not be restricted to the
crusts but may penetrate almost if not coﬁpletely to the‘éenters, 80
that the bombs become aggregétes of crude éoqes loosely held together
at their apices. Bombs of this type were to be see§ among the 1915
ejecta of Lassen Peak, California, and kmong the initial ejecta of
the 1947 eruptions of ﬂekla, Iceland, where they fell on to snow.

. Vegicles in bombs tend to be spheroidai and to increase in
size inward from the crust, snd in bombs thaf are roughly_ellipadidal
the vesicles are generally arranged concentrically, parallel to the
crust. Phenocrysts and microliths may.also be alined in this manner.
In ribbon bombs, however, the vesicles are usually tubular, and
elongated along the length. Tubular, sub-parallelivesicles may also
be seen in spheroidal breadcrust bombs erupted by Vulcano. Thege were
probably pre-~formed by reheating, softening and rise of a glass-rich

plug temporarily sealing the conduit (Bernauer, 1931).

Blocks

Blocks are erupted fragments of solid rock measuring more
than 64 mm. in maximum dimension. Those consisting of rocks formed
by previous eruptions of the same volcano are called 'accessory or

cognate'; those.derived from the coarse-grained margins of underlying
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magma chambers are called 'plutonic cogggte'; and those ceonsisting of
igneous, metamorphic, or sedimentary rocks torn from the sub-volcanic
floor are called 'ac;idental'. |
Bloaks and smaller fragments of solid rocks make up all of

the ejecta of steam—blast'(phreatic) eruptions, and they gen9g9{1y4 o

" constitute a_lirgé pafﬁ ofitﬁgiejﬁékg-of phreatomagmatic eruptions.
In other types of eruption, however, their number is extremely
variable, and more often than mot they are absent.

Blocks weighing up to 14 tonms (14,000 kg.) were blown out
during the 1924 steam-blast eruptions'of Kil;uea, and one pf them,
weighing 8,000 kg., landed approximately 1,100 m. from the vent.

Vesuvius is known to discharge blocks weighing betveen 2,000 and
3,000 kg. for distances of 100 to 200 meters. And during the 1968
eruptions of Arenal volcano, Costa Rica, inclined blasts blew bombs
and blocks large enough to produce impact pits nofe than a meter in
diameter at distances of approximately 5 km. from the vents.

Accidental blocks are usually most abundant during the initial
stages of growth of a volcano, as they were at Paricutin volcano, Mexico,-
in 1943; however, they may be discharged in great quantities during late
stages of growth, as exemplified by the Somma-Vesuvius volcano. Much
depends on the depths of the explosion-foci, i.e. the levels at which
explosions take place. Coarse vent-breccias outside the calderas of
Mull, Scotland, contain abundant accidental blocks of gneiss torn from
‘the sub-volcanic, Pre-Cambrian basement, whereas those within the calderas
are devoid of them. The gneissic floor beneath the calderas was too deeply
buried and the explosion-level was too shallow to bring up accidenfal fragments.

Accessory blocks tend to be most abundant when volcanic conduits

are reopened after a long interval of quiet. An instructive example is to
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be seen in the explosion-vent of Ben Hiant on Ardnamurchan, Scotland,
where the vent-filling consists of thin bede of very fine tuff that
altern;Ce with massive beds of coars@, unsorted ejecta (Richey, 1938).
Each of the fifty or more pairs of beds, averaging spproximately 8 m.
thick, tepresénta the products of_#_aingle explosive cycle. The ccarse
ejecta contain only a few accidental ftaggenta, composed chiefly of .
accessory trachyte blocks in a matrix of trachyte tuff; the finer ejecta,
on the other hand, carry abundant 3raina.6f quartz, mica,jéarnet,.and
microcline derived from the Pre-Cambrian basement, mixed with accidental
chips of Tertiary basalt, accessory chips of.vent-trachyte, and g;assy
par;icles of fresh trachytic magma. Each outburst was initiated by
shattering of a plug of solid trachyte,. followed by dischargé of
frothing'trachytic magma, hurled out as glass-dust along with comminuted
schist-debris abraded from the conduit wails. |

Pluténic cognate blocks tend to be erupted most‘commonly during

late stages of catastrophic eruptions leading to the formation of

calderas, though they may be blown out at any stage of activity. They
are plentiful among the ejecta laid down during the eruptions of Vesuvius-
in 79 A.D., and among those laid down immediately prior to the collapses
that formed the calderas of Crater Lake, Oregon, and Shikotsu, Japan,
At such tineé, the level of the magma in the feeding chambers is lowered
so far that some of the slowly solidified, coarse-grained roof-rocks
'backfire' into the partially evacuated chambers to be ejected along
. with liquid magma.

Blocks are almost invarisbly angular, and most of them are
roughly equidimensional. Many blocks, howwever, are slabby or platf.
particularly if they are fragments of banded lava or of sedimentary

and schistose rocks. And in many volcanic pipes (diatremes), accidental
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blocks derived from great depths may b; 80 abraded during fluidization
and upward transport that they resemble rounded and polished, waterworn
.pebbles and cobbles. |

Blocks may-be partly or thoroughly metamorphosed prior to

eruptidn. If they are only slightly reheated, they may have parrow,

---- -~ steep-sided, surficial cracks ; ' Aii they consist of reheated
glassy volcanic rocks, particularly obsidians, they may develop shellg
of pumice, such as thoge to be seen anoné,the 18834ejecta‘of Krakatoa.
Brun (1911 ) was so impressed by thia phenomenon that he was mislead
into thinking that reheating of glassf rocks'(Lebendige Cesteine) was
a principal cause of vo;canic eruptions. Even holocrystalline blocks
may be partly converted to glass prior to eruption, as are many cognate
plutonic blocks blown from the Mount Mazama (Crater Lake) volcano in
Oregon.

Among examples of more intensely metamofphoaed blocks, it
must suffice to mention a few. Blocks of hypersthene granulite were
hurled out by the steam-blast eruptions of Kilauea in 1924; these were
formed by thermal metamorphism of olivine basalts. Among accidental
blocks periodically blcwn from Vesuvius, those derived from shallow,
Tertiary sedimentary rocks are at most slightly fritted or weakly
indurated, whereas those derived from underlying Cretaceous limestones
are largely converted to marbles, and those derived from still deeper
Triassic dolomites forming the roof of the magma chamber are entirely
‘converted to calc-silicate metamorphic rocks of bewildering variety

(Rittmann, 1933 ).

Lapilli

The term lapilli or 'rapilli' was adopted from the Italian

name for gravel-like cindery fragments around Vesuvius. Wentworth and
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Williams (1932) suggested that the size-limits of lapilli be placed at
4 to 32 mm., but it now seems bet®er to extend the size-limits from 2

to 64 mm. (Fisher, 1961). Some lapilli are juvenile (essential), coi;

siat;ns‘of fresh magmatic ejecta; others consiat of already solidifged
‘rocks, whether accessory or nccid;ntal. ‘Their shapes are subject to
essentially the same controls as those of bombs and blocks.

Einely spun glass threads, known as 'Pele's halr' are nbtmally
a product of explosions from gas-rich, éxfremely fluid baéaltic-lava-
lakes or of basaltic lava-fountains auch'aé characterize the inftial
phases of most Hawalian eruptions. Liquid dfoplets may be drawn into
thrgéds up to 2 meters or more in length that are carried aloft by up-
drafts and are then drifted afar by winds, sometimes for disiances 6f'
10 to 15 kilometers. Other liquid droplets, measuring a few millimeters
across, chill quickly to dense or vesicular glsss-beads with pendant
thréads and smooth, greenigh skins; these are known as 'fele's tears'. .

Crystal-lapilli. Aggregates of crystals and individual

phenocrysts of lapilli-size are occasionally blown from volcanoes,
either alone or, more commonly, encased in a jacket of quickly chillea
glass. Examples of such lépilli are the showers o6f leucite and augite
crystals discharged by Vesuvius, the anorthite-lapilli of Miyake-Sima,
the anorthoclase-lapilli of Mount Erebus in Antarctica, and the olivine-
clots erupted by many basaltic volcanoes. During the 1963 activity of
Pacaya volcano, Guatemala, showers of euhedral calcic plagioclase
Acryatals, qostly 1 to 2 cm. long, were erupted, each coated by a thin
film of basaltic glass.

Lapilli in explosion~pipes. Spheroidal and ovoid lapilli

are present in a few explosion-pipes (diatremes). Some pipes in
Missourl contain such lapilli, from less than a millimeter to more

than 3 cm. across, most of which have a phenocryst or a foreign lithic
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fragmént as a nucleus (Rust, 1937)." No matter what the shapes of the
_nuclei, all the lapilli are oval in outline, and usually the igneous
envelope surrounding each nucleus shows a concentric alinement“of its
lﬁth—shaped crystals. Apparently, the nuclei were blown into spaces
cloude& with a spray of liquid magma andlggppgpgeq_tgrgq;g;e_gs"thgy__ -
'héEé“Béinépéoatéd: “ﬁoée;;é;;r;wing to rapid chilling, each pellet was
essentially solid when it came to rest.

Similar lapilli are to bé seeﬁ'in some of the Eimberlite pipes
in the Missouri Breaks, south of the Bearpaq Mountains, Montana (Hearn,
1968). There, however, the lapilli are clustered in the upper parts of
massive, unstratified, intrusive bodies of kimberlite injected'into'well-
bedded airfall deposits of kimberlite tuff. The lspiili show a crudely
concentric arrangement of phenocrysts around their nuclei, and some are
characterized by an equatorial flange, which aiso suggests rotation
during flight; nevertheless, they must have forme& underground, pre-
sumably by dischatge‘of effervescing liquid into spaces opened by
temporary withdrawal of rising magma.

Accretionary lapilli (volcanic piaoliteé, mud balls). Thece

are spheroidal, concestrically layered pellets generally composed of
vitric ash and dust of siliceous composition, though some consist of
basaltic material and oﬁhers are composed of'fine lithic ash and dust,
such as those that fell during the steam-blast eruptions of Kileau in
1790 and 1924. Most accretionary lapilli measure between 2 and 10 mm.
'in diameter, but some are described as being as large as a hen's egg,
and a few that fell during the eruptions of Mt. Pelé in 1902 measured
as much as 15 cm. across. They are formed chiefly through accretion
of ash and dust by condensed moisture in eruption-clouds. First,

structureléss nuclei of relatively coarse particles form in the cloud;
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then, as these fall, concentric shells of progresaively finer ash are added,
ranging in thickness from 0.5 to 0.02 mm., and in grain-size from 0.1 to
0.001 mm. (Moore and Peck, 1962). These successive shells reflect the
increasing temperature and diminishing humidity of the eruption cloud at‘
lower levels. Accretionary lapilli of this type usually fall within a few
kilometers of the eruptive vent; théy are rare at distances of mﬁre than 20 km.

Accrgtionafy lapilli coqposed of b;saltic ash are almost invariablj
products of'ph;eatomagmatic efuptions - a;companieq by unusually
véluﬁinous vapor'columna, i.e. of magmatic eruptions through watersoaked
ground. They are common, for example, in basaltic ash cones built along
and close to the shores of oceanic volcanoes, and in those built By exrup~
tioﬁs through floodplains, e.g..the Quaternary.cones of the Menon Buttes;
near the margin of the Snake River plains in Idaho. At this locality,
spheroid#l lapilli form beds ranging up to 2 m. in thickness. Individual
lapilli vary frqm a few millimeters to approximately 3 cm. in diameter,
and each has a large crystal or small rock-chip as a nucleus. But none
of them shows the deliéate concentric banding seen in accretionary lapilli
composed of siliceous vitric ash, and none showé a comparable diminution
in the size of the constituent particles outward from the nucleus. They
consist, on the contrary, of unsorted, irregular fragments of basaltic
glass and broken crystals of olivine of coarse-ash size, with little or
no debris of fine-ash size.

Accretionary lapilli may also form when light rains fall on
‘fine ash hot enough to cause rapid evaporation. Gentle winds may roll
the moist, nucleated pellets, enabling them to pick up more ash, as
rolling anvballs increase in volume,

No matter how accretionary lapilli form nor what their compo-

sition, they only accumulate on land or in shallow water; those that
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sink through deaep water disaggregate and are lost from the geologic record.
Ash

Incoherent_pyroclastic ejecta (tephra) that measure less than

0.25 mn. and 4 mn. being classed as "coarse ash' while smaller particles
are clessed as 'fine ash'. Distinctions between ashes may also be based
on their mode of origin, precisely as in the case of lapilli, 'juvenile

or essential ash' being derived from fresh magma (Magmaglasasche),

'accessory ash' (Lava-asche) from previously consolidated volcanic

material belonging to the same eruptivé center, and 'accidental ash'
from sub-volcanic basement-rocks of any type. Further separation can

be made into 'vitric', 'crystal', and 'lithic ashes' according to the

predominance of glass fragments, crystals, or rock ftagneﬁts.

Vitric ash is genera;ly typified by curved, crescentié, and
crudely triangﬁlar shards of glass, many of which have concave outlines
produced by the shattering of puniceoul'fragmenta with roughly spherical
vesicles. But in other vitric ashes the particles are almost flat
plates formed by fragmentation of bubble-walls that originally enclosed
large, lens-shaped vesicles, and in still other vitric ashes the
particles are formed by comminution of fibrous pumice (Ross, 1928).

Indeed, consistent differences in the shapes of shards in beds of

~vitric ash may be used as a basii for stratigraphic correlation

(Swineford and Fry, 1946).
The texture of vitric ashes and of rocks derived from them
is termed vitroclastic (Bogenstruktur), and in most deposits laid dowm

by airfalls, the glassy particles are neither deformed nor welded
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Exceptionally, however, hot vitric ashes that accumulate
rapidly close to an eruptive vent, may remain sufficiently plastic to
beconé welded, while the glassy parﬁicles are flattened by the overlying
load. In vitric ash-flow deposits, on the other hand, welding and
deformation of g;asa—aharda is widespread (see page 75 ). Moreover,
phenocrysts in most airfall vitric ashes are unbroken whereas most of
those in deposits of vitric ash-flows are broken.

Glaasy basaltic ash is commoniy'ptoduced when voluminous,
fast-moving lava flows enter the sea (Moo;é and Ault, 1965). Sudden .
contact of water with incandescent lava resﬁits in violent steam
exp;osions that blow out molten ejecta as fine spray and clots in

sufficient amount to build littoral cones ranging to more than 80

meters in height. Appioximately fifty cones of this kind are to be
seen along the shores of Mauna Loa and Kilauea. Almoét all of them
were built on aa flows, because the&e allow water to comé,in contact
with abundent incandescent surfaces, but a few ash cones, including
those built in five days during the 1868 eruption of Mauna Loa,
developed on pahoehoe flows where steam was trapped bemeath lava
crusts at or below sea level (Fisher, 1968). Cones of glassy basaltic
ash and scoria may also be formed where lava spreads over ponds and
wet ground, as in Iceland. |
Fine ash is occasionally produced by miniature explosions

from the surfaces of moving flows. Perret witnessed myriads
'of minute bubbles bursting on the surface of a viscous flow from
Etna; preducing a spray of reddish ash that rose in clouds and

vortex rings.
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Scoria, cinders and pumice

In the foregoing pages, distinctions between various kinds of
pyroclastic ejecta were drawm largely on the basis of the sizes of the

fragments; consideration must now be given to: long—established and

~still widely used terms applied to pyroclaatic ejecta more on the basis
of texture and compoaition than ol size.

More than a century ago, Scrope (;862)‘qrqte that the "v;sicplar A
ejecta of the heavier ferruginous lavas are called 'scoriae' from their
resemblance to the cinders or slags of iron furnaces. The scoriae of
the feldspathic lavas, which have an inferior specific gra&ity, are
usually still more vesiéular or filameﬁ:ous, and have a vitreous fracture.
They are called ‘pumice’.”

| In English and American literature, the terms ‘pcoria' and
'cinders' have come to be synonymous, corresponding to the German
'Schlacken' and the French 'scories'. .It should be noted, however,
that the French term 'cendres' and the Italian term 'ceneri' are
usually applied to ejecta finer than saﬁd and sometimes to those as
fine as dust.

Most scoria are within the size-range of lapilli, though some
are larger.. They are generally brownish or black, and are markedly
vesicular, the specific gravity of typical Hawaiian specimens raanging
from 0.47 to 2.1, and the porosity from 31 to 82 per cent (Wentworth
-and Macdonald, 1953). The content of crystals in their glassy matrices
varies widely. Some scoria-fragments duplicate the surface features
and shapes of bombs, but most have the 1rtegular forms and textﬁreé
that one associates with cinders and clinkers. Unl;ke spatter,
scoria are alréady golid, at least superficially, when they land from

flight. Most are of andesitic or basaltic compositiom..
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Some writers apply.the term 'scoria' to the frothy topes of lava .
flows, and a few restrict the term to such occurrences. It seems preferable,
however, to call these frothy tops ‘'scoriaceous', an adjective that may
also be applied to cinder-like ejecta smaller than lapilli (e.g. scoriaceous
ash). |

Thread-lace scoria (reticulite) is produced by such extreme

vesiculation of fluid basalt that the walls of the vesicles burst at the

- thinnest points, leaving only retracted th?eads of glass connecting the

‘ solid angles of contiguous polyhedromns. o . The delicate net-
work of threads is so open that the average porosity approximates 98

per cent, and the bulk specific gravity is only 0.043 (Wentvo;th, 1938);
Nevertheless, thtead-laée scoria is soon saturated when immersed in water
and sinks because of free interconmection between>the vesicles (Macdonald,
1967). The characteristic mode of occurrence is as thin crusts on gas-

rich pahoehoe flows (laves en échaudés) close to the eruptive vent, but

scoria of this type.may also be of pyfoélastic origin.

Distinction between pumice and scoria has always been rather
arbitrary, though Scrope's suggestion that it be bésed mainly on cumpo—A
'.sition hae generally been followed. To most geologists, the term 'pumice’
refers to vesicular, light-colored ejecta of intermediate and siliceous
composition. Vesicle-walls are-generally intact, and the vesicles
themselves are so numerous that pumice floats on water for proionged
periods (page 31 ). The bulk specific gravity of scoria, as noted
already,.may be less than 1, though it is usually much more, whereas
that'of pumice is rarely more. Phenocrysts vary in amount from nil
to approximately 50 per cent.

The textures of pumice depend on many factors; including the

extent to which vesicles nucleate in the magma prior to and dufing
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eruption, the exteat to which they éxpand or coalesce prior to solidification
of the magma, and the extent to uhich the magma flowe before it solidifies
(Ewart, 1963). In some kinds of pumice, the vesicles are tubular and sub-

. p#rallel, and these may be so numarous aﬁ to give the fragments a fibrous

rggggpgé;wipAq;hg;Akgndq,Aﬁhe_vesiclea.are'apptoximatelyAapherical;lin‘stilt T
others they are extremely. irregular. . Moreover, the size of the vesicles and
the thickness of the vesicle-walls vary widely.

- Changes mny.be noted in ihe oiie,’nunber; and aﬁape of puuiée-
vesicles not only.within ejecta of_different eruptive cycleé, but within
those of individual cycles. For instance, there is a progressive decrease
in vesiculation with time. refleéting a progressive loss of volitiles; |
in each of the ﬁén éruptive cycles that préduced the foungerATaupopumice-
deposits of New Zealand (Ewart, 1963). Mbqt of the pumice that fell from
the air_prior to the eruption of the glowing avala%?es of pumice from
Mount Mazama (Crater Lake)'Oregon, is characterizea by roughly spherical
vesicles, but at leaét onetlayef 1s.r1ch in fibrous pumice. Murai (1963)
says that stretched, tubular vesicles are characteristic of the fine—
grained pumice in glowing-avalaﬁ?e deposits of Krakatoan type (see page 54 ),
because vesiculation begins within the eruptive conduit or even in the
underlying magma chamber; most of the gas-emission takes place before
discharge, and the vesiélea are drawn out by.flovnge of the rising magma.

-1. . : And Evart points out that around Lake Taupo, the later pumice of a given
shower tends to have better developed flow-structure than the earlier
bumice. Notm#lly, magma in the upper part of a conduit immediately
prior to an eruption is cooler and richer in gas than that at lower'
levels; consequently, the initiai blasts are usually more violent than

. those which follow, and the pumice of the initial deposits therefore

tends to be strongly inflated and largely shattered into minute shards.
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The crusts of many dark, glass-rich lava flows of intermediate
and sil}ceoua composition are pale-cqlo:ed or whicish. and‘strongly vegicu-
lated. Some volcanologists describe thesge crusts as ‘pumice'’, but it ;eema
ptefet;blé to call them 'pumiceous', reserving the term 'pumice' for

pyroclastic ejecta of the type just discussed.

PYROCLASTIC ROCKS

Compaction and cementation convert loose fragmg?tal éjecta into
ﬁyroclastic rocks, a preferred classification‘of which is given in Table 2,
page 2 . In the notes that follow, rocks formed by aubaetial’erﬁptions
are discussed first and in order‘of diminishing-coarseness; intrusive
pytoclaatié roéké are discussed later. it must be emphasized at the outset
that while 1t may be éasy to classify a single hand-specimen on~the basis
of the size, shape, and composition of its constituents, a pyroclastic
deposit may exhibit a bewildering admixture of rock-types, and in many

instances, knowledge of field-relationships is an obvious pre-requisite

to proper naming of a rock or of a deposit,

Agglomerates and agglutinates. Few terms in volcanological

literature are interpreted in more ways than 'agglomerate'. Indeed,
the tendency has been to apply the term to any heterogeneous accumulation

of coarse volcanic debris, no matter how it was formed. It'segms desirable
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to restrict the term to pyroclastic depcsits composed chiefly of bombs,
-1.e. coarse, subangular and rounded ejecta blown out while partly or
entirely in a plastic condition. On this baaig; almost all agglomerates

" are of intermediate or basaltic composition, and instead of being

- heterogeneous are usually ionoittholégic.4'Ths'matrix’Betﬁean'the'boﬁbi"“ o

generally consists of scoriaceous fragments, but these may be mingled -
with accessory and accidenfal ejecta. And because iggloﬁcrateo result
from rapid accumulation close to the erupﬁive venté. they'éxhibit little,

if any sorting or stratification. Those that‘occhpy volcanic conduits

may be referred to as 'vent-agg;omeratea'.
Eruption of extremely fluid basaltic bombs (cow-dung bombé)‘
produces agglutinate (Schweisschlacken) 1f the fragments remein plastic

enough on the outside after landing to anneal to one another. When

discharge takes place from a small vent, an agglutinate-cdne develops;
4_ when it takes place fron elongate fissures, agglutinate-ramparts develop,

and when simultaneous eruptibnl take place from a closely spaced,

anastamosing network of fissures, extensive agglutinate-fields develop,
as in North Jan Mayen (Hawkins and Roberts, 1963).” If thick piles of
agglutinate accumulate on steep slopes, they may slide downslope as
'rootless flows'. | |
Although the term agglutinate is normally restricted to
welded basaltic spatter, hot and plaétic ejecta of intermediate and
‘siliceoua composition may fall clecse enough to their vents to become
firmly welded and even to flow doﬁnslope. The textures of such wéided
airfall ejecta closely resemble and may be indistinguishable from those
thaf characterize the vastly more extensive weslded ejecta laid down by
glowving avalanches (see pages 75-78), Most airfall iel&ed ejecta, however,

exhibit a 'mantle bedding' that conforms to the underlying surface, whereas
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the layering in welded ejecta of glowing avalanches is only exceptionally
controlled by underlying surfaces. Even layers of mantle-bedded ejecta a
few>metere thick may bé intensely welded, a§ ray bé aee; in the Zavaritsky
caldera in the Kurile Islands (Gorshkov in Cook, 1966). |

No airfall welded ejecta are befter known than those in the
Phlegraean Fields, nehr Naples, and in othet'Italian volcanic fiélda;
where they are referred to as ‘gigémo'(»nitmn, 1962; Goftini, 1963').
"These are characterized by flattened, flamelike ciots of d;nse, black
6bsidian and lighter colored clots of pumice in a welded matrix of ash.
The obsidian clots are thought to be fragments blown from the de-gassed,
but hot surficial parts of a lava lake, while che punice clots represent
fragments that were somewhat richer in géa, while the fine, ashy matrix
fepresenté the live, upwelling, foaming magma responsible for the ex-

plosions.

ﬂreccias and Tuff-breccias

Pyroclastic rocks resulting from subaerial eruptions and
- consisting cﬁiefly of angular blocks blown out while solid are
classed as 'volcanic breccias'; those occupying conduits are called
'vent breccias', and those with an abundant matrix of ash-size fragments
are called 'tuff-brecciae’'. The composition of these coarse deposits is
extremely variable, but those consisting of accessory ejecta of inter-
'Qediate and siliceous»compositicn are probably the most abundant. Some
copsiat entirely or almbst entirely of accidental, non-volcanic debris.
Breccias and tuff-breccias originate in a great many ways.

Some result from explosive shattering of plugs that seal conduits dur;ng
periods of ﬁuieacence; some represent the init{al products of new vents;

while others are depoaits of glowing avala%%es discharged from the flanks
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of steep-sided domes of Pelaan type, nnﬁ still others are products of
_ahott-lived steam-blast eruptions in which only solid fragments are
ejected. None are more widespread than those laid dowm by bloéky

. mﬁdflowa (lahars). .

- Many breccias and tuff-breccias of pyroclastic origin are

difficult to distinguish from autoclastic %iow breccias produced by
differedtial movenents within lava flows that are almost, if not
completely lolid, If auto-brecgiafion céntiuuea long enodgh, flows
may be converted to masses of angulaflblocks in a finely comminuted
m;trix deceptively like ash. Usually, however, microacopiq study of
the matrix and transitions from éuto—b:ecciated into non-brecciated
material provide an answer. |

No matter how breccias and tuff-breccias, whether by airfalls
cloge to eruptive vents, by glowing avalances, ﬁr by lahars, they
accumulate rapidly, and hence are poorly sorted an& poorly stratified

or dnstratified‘

Lapillituffs and Lapillistones

Pyroclastic rocks in which lapilli are decidedly tﬁe main
constituents are called_lapillistoﬁes (Fisher, 1966), while the more
abundant ones in which lapilli and finer constituents are present in
roughly equal amounts are called lapillituffs. Both may consist entirely
of essential, accessory, or accidental ejecta} on the other hand, they

wmay consist of mixtures in all proportioms.

Tuffs

Tuffs are lithified ashes, and are commonly subdivided into

vitric, crystal, and lithic types according to the predoﬁinance of
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glass particles, phenocrysts, and rock frahments. With rare exéeptions,
tuffs produced from the deposits of qahfalla are unwelded, because most
ash is cool or cold when it lands from long flight through the air; |
however, airfall ashes that fall close to their eruptive vents may remaiﬁ

hot and plastic enough to anneal together, producing welded tuffs, as

described already.

Tuffs of airfall-origin are generally much more widespread,
better sorted and more distinctly stratified than are coafger pyroclastic
rocks. How they differ from tuffe formed By:pyroclastié'flows (glowing

avalanches) 1s discussed in the sequel.

STRUCTURES IN AIRFALL TEPHRA DEPOSITS

Bedding and Sorting. The deposits of airfalls, unlike those

of pyroclastic flows, are generally well-bedded and well-sorted except
élose to the source, where they accumulate rapidly from turbulent cloude,
and near the margins of extensive sheets, where the ejecta are extremely
fine—-grained. -

Bedding generally becomes more pronounced as the degree of
sorting improves.A It depends on many factors, in addition to distance
from‘the vent. Variations in the strength and duration of eruptions
and in the length of quiet intervals, as weli as changes in the
directions of eruptions and in the direection and velocity of winds
play a part. Even rain may be influential. For insfance, during the
1963-1965 eruptions of Irazu, Costa Rica, much accessory, lithic ash
was discharged, along with subordinate scoria and bombs of basaltic
_andesite. The fine ejecta accumulated on the upper slopes qf the

volcano in layers measﬁring a few millimeters to a few centimeters in
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thickness. Ejecta that fell during the wet season could be distinguished
easily from those that fell during the dry season, because downward per-
cqlating rainvater removed the fineat particles and deposited ;hem along
- less permeable horizons (Murata et al., 1966). It should also be noted

that unusually fine beﬂding‘is to be seen in ‘littoral_coneqfAof_bgéa;tgc i

ejecéa cﬁat are sometimes built where lava flows enter the sea (page 14),
and also in nearshore gonea'of basaltic ash built where rising magma
comes in contact with copious grouﬂdwater‘to prodice phre#tomagmatic
eruptions. In both cases, voluminbué diacharge of water vapor and
resultant eruption-rains must influence the fall of ejecta and acceatuate
the layering of the.deﬁoaits.

Wichin.the products of a single eruption or of a brief eruptive

cycle, bedding tends to show 'normal gradin&' from coarse material below

to finer material above. But within a thick succession of deposits,
represenéing several eruptions or a long eruptive cycle, the average
size of the ejecta may increase upward, reflecting diminishihg gas-

pressure of the erupting magma. 'Reversed graded bedding', as noted

earlier, may also be seen in waterlaid deposits of ﬁumiceous ash owing
to the fact that finer particles tend to sink faster than larger, more
vegicular fragments.

Airfall deposits usually exhibit 'mantle bedding' except where

they éccumulate on rugged topography, the layers being draped over the
pre-existing surface, as if 'ducoed' from above. But where ejecta
#ccumulate on steep slopes or against cliffs, they are subject to
repeated slides, particularly during and after heavy rains, and hence

mantle beddiﬁg is usually lacking. ‘Cuspate bedding' is developed where

layers of ejecta are slightly domed above buried trudks,'bushes, and other

objects (Wentworth, 1938).
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‘Cross bedding' may result from éhanges in the strength and
direction of winds during an eruption, from chenges in the directions
of diachgrgé. and from the fall of ejecta from closely'spaced vents
érupting eimul;aneously or at approximately the same time.

Channeling. Loose pyroclastic ejecta may be rapidly channeled
by ercsion and be completely stripped within a short time. This is
particularly. thé case among pumiceous ejgctd that accumulate on steep
" slopes in regions marked by long and heavy rains. The mountainous
region near Guatemala City provides a graﬁhic"illustratidn, for within
a few kilometers the number of Recent airfall-pumice layers mantling
the slopes may vary from zero to six, wﬁile the intervening vglleya '
are deeply filled with flac-topped deposits of inwashed pumice (Williams,
1960). On the other hand, in regions of relativeiy low relief and
moderate or little rainfall, such as the Taupo region, New Zealand,
and the area northeast of Crater Lake, Oregon, ash~ and pumice-blankets
may persist for thousands of years wiﬁh-Little modification.

Bomb-sags. When heavy bombs or blocks land on unconsclidated,
bedded ash, particularly if it 1s dry, they dent thé bedding to form
" pits or bomb-sags. During the 1968 eruption of Arenal volcano, Costa
Rica, impact pits measuring a meter across were formed at a distance

of 5 km, o=y, If the bombs or blocks are

subsequently buried by ash, the bedding is either unaffected or is

gently arched above them. Coarse ejecta do not produce sags if they

fall in deep water, but, other things being equal, they produce sags

of increasing_size as the depth of shallow water diminishes. Thus,

an upward increase in the size of bomb-sags among ejecta blown out by
steam-blast eruptioms through Laguna San Pedro, in aoutﬁeastérn Guatemala,

testifies to prbgressivg emptying of a crater lake (Williams, McBirney

and Dengo, 1964).
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Fused Tuffs. Airfall and fluviatile pumiceous beds, particularly

.1f they contain abundant groundwater, may be extensively fused by intrusions

or by being buried under a lava'flow. For instance, a Tertiary rhyolite

- flow in southern Nevada poured down a valley cut in well-bedded and

massive tuffe erupted from the same vent (Christiansen and Lipman, 1966),

The tuffs were fused and converted to dense glass, locally to a depth of
75 m., or more beneath the lava, and the fused zone is everywhere parallel
to the sides of the valley, cnttiné the bedding at high aﬂgles. Fusion
was brought about partly by conduétiﬁn of heat from the lava but chiefly
by lowering of the melting temperatures of the tuff as groundwater was
converted to superheated steam. 'The fused tuffs and lavé then éooléd

as a unit so thﬂt locally the basal vitrophyre liés at the base of

the flow and elsewhere well within the zone of fused tuff.

DISPERSAL OF TEPHRA BY WINDS

The distribution of airborne ash depends largely on the direction
of winds at intermediate énd high altitu&es, between approximately 4,500
and 13,000 meters. And because upper-air winds generally trend more or less
east-west, the distribution of Recent ash is predominantly east or sest of
the eruptive-vents, particularly within the tropics (Eaton, 1964:‘:r kt high
altitudes, the ash is carried by laminar flow, but at lower altitudes,
particularly in the vicinity of the vents, much of it is distributed by
turbulent flow and the directions of dispersal are considerably more
variable. The following example illustrates these points.

Ihe culminating outburst of Mount Mazama prior to the collapse

which produced the Crater Lake caldera, Oregon, approximately 6,600 years

ago, began with showers of airborne ash and pumice, the average size of
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the ejecta increasing as activity continued until the airfalls were
finally followed by glowing avalanches of pumicé and scoria. For the
first 100 km. from Crater Lake the thickness of the airfall-deposits "
diminisghes tapidly to 15 ¢m.; farther away, the thickness diminishes
much more gradgally. Around Hounf Rainier, 450 km. from Crater Lake,
the thickness is 5 cm., and in southern British Columbia, 1000 km. from
the source, it is still 5 mm. Recent calculations (Williams and Goles,
-1968) indicate whereas approximately 12 km3. of ash fell ﬁithin the
15 cm.~isopach, between 16 and 24 km3. of'fiqer ejecta fell beyond that
line. Close to the source and close to the ground, the ash was transported
by turbulent flow; farther away and at higher elevations, transport was
-mainly by large-~scale, fapid laminar flow. Hence, the relati#ely abiupt
diminution in the rate at which the deposits thin'beyopd the 15 cm.~-isopach.
The total area within which Maiama ash has been recognized_exceeds 1 million
kmz. The content of crystals and rock chips within the ejecta aecteases
rapidly away from the source; vhile that of pumiceous particles and glass
shards shows a corresponding increase until only vitric dust is to be
found near the limits of the fall, |

Between 1900 and 1960, according to Eaton, 33 measured ash-
colums rose to heights of more than 6 km., 17 rose more than 9 km.,
and several rose more than 20 kﬁ. In equatorial regions, clouds generally
travel faster in the upper atmosphere than they do at higﬁer latitudes.
During the catastrophic eruptions of Krakatoa in 1883, fine ash rose to
heights of more than 50 km.; one margin of the recognizéble ash-fall lay
2,500 km. west of the volcano, and the total area within which recognizable
ash fell was approximately 827,000 kmz. Much impalpable dust remained in

the upper atmosphere for several years, causing brilliant sunsets all over
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the world. The dust-clouds encircled the globe in 13% days, and at altitudes

"of 30 to 50 km. their average velocity was 2 km. per minute.

Lgas'than 12 hours after the 1875 eruption of Rudloff Crater
in the Askja caldera.llceland, rhyolitic ash began to fall in Norwgy.
1,300Akm.Aavay;.10.hoursul§teriie—beganuto—fa11~1n48tockholm3*1;900‘km;* -
awvay. Qah frém the 1912 eruption in fhe Valley of Ten Thousand Smokes,
Alaska, covered more than 100,000 kmz. to a dépth 6f more than 6 mﬁ;.
and 2,600'km2. to ﬁ-depth of more than a ﬁefer. 'ﬁ;ps showing the
distributions of ashfall deposits from Quizapu voicano, Chile, from
Icelandié volcanoes, Crater Lake, and some Japanese volcgndes are
presented in figures 1 to 7.

Basaltic ash is generaily much less widespréad than siliceous
ash. However, ash from Vesuvius has been recognized in Stcily and along
the Dalmatian coast, approximately 350 km. away. No Hawaiian eruptions
have produced beds of basaltic ash more than 0.3 m. thick at distances
of 8 to 16 knm. ftqm the sources; indeed, no historic eruptions on the
island have discharged ejecta with so much as a tenth of this volume
(HEntwo;ch; 1938).

Factors that control the erosion and redistribution of ash
by running wéﬁer and wind are too numerous to discuss in detail. They
include the lithologic character and coarseness of the ejecta, amount
and fate of rainfall, extent of mass-transfer by slides, amount and
kind of vegetation as these influgnce the raté of runoff, nature of
the underlying topography, strength and direction of winds, and the
volqne and velocity of streams. For a keén analysis of these subjects,

the reader should consult Segerstrom's erosion=studies at the

" Paricutin volcano, Mexico (1950).
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EOLIAN DIFFERENTIATION OF TEPHRA

Deposits of airborne pyroclhstic ejecta generally exhibit lateral,
and, not uncommonly, vertical variatione in the nature and size of their
~ constituent fragments. Vertical variations may be caused in many ways,
e.g. they may reflect an—increaaingl§ basic composition of the ejecta ~ ~
during a singie eruptive cycle, as a;'Vesuvius in 79 A.D.; they may
reflect diminishing gaé pressure as activity proceéas, the~fragnenté
of ash and pﬁmicé tending to increase in size upwgrd; or an upward
diminution in the number and size of lithic fragments in a given layer
may reflect the opening of a new eruptive conduit.

Lateral variations, on the otﬁer hand, reflect variations in
the settling velocities of fragménts, for normally the largest and
héaviest fragments fall nearest the vent while progressively smaller
and lighter fragments fall at increasing distances. Not only do fresh
magmatic ejecta tend to diminiah in size away from the source, but the
proportion of a&mixed crystals and of lithic fragments also tends to
diminish, until at the outermos£ limits §f an ashfall-deposit most
of the ejecta consist of glass dust. These, however, are only generalities.
How soon ejecta land from flight depends to some extent on their shapes;
moreover, extremely vesicular fragments of large size may fall at the
same time as much smaller fragments of dense glass devoid of vesicles.

The degree of sorting of ejecta is largely a function of wind
velocities, i.e. time, as well as distance of>transport, and 1it is also
influenced by the nature of wind-motion, whether turbulent or laminar.
Wentworth (1938) says that sorting is most effective among ejecta of
sand- and fine gravel-size, and least effective among bombs aﬁd lapilli,

on the one hand; and extremely fine ash, on the other.
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Sorting by size is very much more pronounced among deposits of>
airfall ejecta than it is among those of glowing avalanches (ash- and
pumice-flows), as illustrated in figutéa 12 & 13, The subject has been
discussed by Fisher (1964, 1966), Murai (1961), Kuno (1941) and by |
Kuno et al. (1964). | |

Early settling of crystals and lithic fragments mear an eruptive
vent and of gléssy, vesicular fragments at greater distances has been
observed during many eruptions. For instance, Koto (1916-1917) noted
that whereas more than three-—quarters of.tﬁeuandesitic'dsh erupted
from Sakurajima volcano, Kyusyu, in 1914, was wmade up of sand- and
silt-sized particles of hypersthene, plégioclase,(and glass, the ejecta
that fell to a thickneés of 0.007 to 0.008 mm. on Tokyo, 1,000 km. awaj,
contained only a single chip of hypersthene and énly 8% plagioclase, the
reméinder consisting of glass dust.

Ash that fell close to the source during the 1902 eruption of
the Soufriere of St. Vincent was unuaﬁélly rich in crystals. Crystals
of pyroxene, plagioclase, and magnetite made up 45% of the bombs and
73% of the juvenile ash finer than 2 mm. (Hay, 1959). Yet the ash that
fell on Jamaica, 1,600 km. away, consisted entirely of particles of
glass-dust averaging 0.02 mm. in diameter. Ash-fall layers deposited
during the 1941 eruptions of Gunung Smeru, Java, show a decrease ffom
15% to 8% in heavy minerals and an increase from 40X to 50X in glassy
particles as they are traced from 11 to 39 km. away from the volcano
(Baak, 1949). However, the proportions 6f the various kinds of mafic
minerals remained essentially the same within this interval. Some of
the elder iayers of ash related to the Mount Lamington volcano, Papua,
show a marked decrease in their content of heavy mineraie away from

their source, but other layers exhibit no significant variatioﬁs.
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Study of the ash blown frém Quizepu volcano in the Chilean
Andes in 1932 shows that eolian differentiation of ejecta may lgad to
variations in composition compafable wich,thoae'that result from
" magmatic differentiation by crystal-settling in volcanic reservoirs.
"_Ebg_g;pp;;onhhggap_op;}pril lO,at_ﬁhé,m,,;and.reached.its~maximum~ -
intensity a few hours later. The ash-front traveled eastward across
Argentin; at an average raté of 69lkﬁ. an hour, moving at.hurricane 
speed at first and then less rapidly. Suéceesivelﬁositioné of the ash-
front are depicted in figure 1 ;. After 34 hoﬁts, fine ash fell on
Rio Ae Janeiro, 1,350 km. from the source. The Sierra dg Cordoba, east
of the Andes, acted as a wind ahgdow, and turbulent air oﬁ its lee éide
caused a local thickening of thévlayer of ash (figure 1 b).

The ejecta generally became finér away from the volcanﬁ, but
exceptions were common, chiefly because of variations in wind velocity
and in tﬁe Qesiculatity of the pumiceous particles. For example, ash
that fell in Olguita, 780 kﬁ. aw;y, wﬁs better sorted and its average
grade-size was less than that which fell approximately two days earlier
on Buenos Aires, 1,120 km., away. Moreover, fine pumice that fell on
Buenos Aires was heavier (Sp. Gr. - 0.633) than that which fell only
250 km. from the volcanq. Extremely vesicular, coarse pumice fell side
by side with much smaller fragments of comminufed pumice poor in vesicles.

Crystals mixed with the pumiceous particles tended to diminish
as the time of transport increased, and mafic crystals tended to fall
before plagioclase crystals of thé same size. Accordingly, the buik
chemical composition of the ejecta varied laterally. Coarse ejecta
thaf fell near the volcano had the composition of quartz diorite, with
a silica percentage of approximately 64, whereas glaéa-rich dust that

stayed in suspension a day or more had a granitic composition, with a
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silica percentage of approximately 70. The content of other oxides in the
ejecta glso varied with distance from the source, ip much the same way as
they do in magmas differentiated by érystal-settling. Similarly, ande;itic
ash blown for long distances during the eruption of Krakatoa in 1883 had
ailica—percent#ges of 68.5 to'69.4, whereas that which fell close to the
gsource had silica-percentages of 60.1 to 66.3 (von Wolff, 1914). On the
other hand, crystal-rich ashes blown for long distances may be less
.giliceous than rglatively crystal-poor bémﬁs and lapilli fhat fall close
to the vent, as was the case during some of fhe eruptions of Mont Pele
in 1902. Clearly, a single sample of ash maf be far from representing

the composition of the magma from which it was derived.

OCEANIC DISPERSAL OF PUMICE AND ASH

Fine glass dust may float for long periods on fresh water,
but tends to coagulate and settle rapidly in brackish water or in the
sea. Coarse glass-ash Also settles rapidly, particularly if the particles
contain few or no vesicles. But fragments of pumice, especially if they
are large, can float for tremendous distances and for very long periods.
‘This is why pumice and ash deposits laid down in lakes usually exhibit
reverse graded bedding.

A graphic illustration of the efficacy of ocean currents to
disperse pumice was provided by the eruption of Barcena volcano in the
Mexican Revillagigedo Islands in 1952 (Richards, 1958’. Abundant lumps
-of trachyte pumice reached Hawaii after 264 days, with a mean drift-rate
of 800 m. an hour. Some lumps reached Johnston Island, 6,100 km. from
Barcena, in 225 days, including a few hundred kilograms of rounded pieces

measuring up to 7.5 cm. in diameter. Other lumps reached Wake Island and
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the Mzarshall ialands in 560 days, hﬁving traveled almost 9,000 km. Most
.of the fragments that landed on Wake Island wefe of walnut- to potato-size,
but at least one fragment measured 19 cm. in length. Dense rafts of
Barcena pumice were seen close to the Western Caroline Islands, all of
~_them encrusted with ‘?5!'!8¢1e-_ and many that _landed on the Marshall
Islands had corals attached to them, -
Rhyolitic or rhyodacitic pumice erupted in the South Sandwich
Islands, Antérctica, in March 1962 was also dispersed widely by ocean
currents (Gass et al., 1963; Suthériand, 1965). Soon after the eruptiom,
a 'raft' of floating pumice co§ered more than 5,000 kmz., approximately
a fortieth of tﬁis area being co&ered to a depth of more than Slmetérs.
The total volumé of the raft was 0.6 km3. Strandings were first
reported on the coast of Tasmapia, 13,000'km. from the source in late
December, 1963, or early January, 1964. During January, 1965, pumice-
gravel was washed on to the south coast of Western Australia. One
" pumice-raft traVeled'13,000 km..at anvaverage rate of 30 km. a day.
Larger lumps, being more responsive to the winds, traveled much
faster than smaller ones, but the average drift-raﬁe of even fine
pumice forming the tail of the raft was between 10 and 12 km. a day.
| During the great eruption of Cosequina volcano, Nicaragua, in
1835, airborne ash and éumice fell on Jamaic# and Bogota, covering an
area 2,500 km. across, and floating pumice‘covered the Pacific Ocean for
a distance of 250 km., interfering greatly with the navigation of ships
(Williams, 1952a). : |
| Well over a century ago, the great naturalists, Bates and Darwin,
one'uorking in the Amazon Basin and the other on oceanic islands, indepen-

dently reached the éonclusion that floating pumice may be a potent means
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of dispersal of many animals and plants, and our own studies in the
Galﬁpagos archipelago (McBirney and w1111ama,;:~.) lend support to
their opinions. Lumps of pum;ce that lie on river banks and beaches
before‘being washed into the sea may carry with them, émbedded in soil,
sediment, and organic debris not ohly the eggs of insects and seeds of
plants but the young of both, and somé of these undoubtedly survive
transport to distant islands. Copious volumes of pumice erupted during
Late Tertiary anq Quaternary times by voicénoes in Centrai-Amarica~and
the Andes must have been carried during the space of a few months to the
Galibagos archipelago by the westward-flowing ﬁumboldt and El Niﬁo'
currents, and it seems certain that the islands were populated 1ﬁ'part
by this means.. '

‘Within the tropics, winds and ocean currents generally trend
in approximately east-west directions, d%hus, Neeb'# stﬁdy (1943) of
Quaternary ash deposits on the sea-floor in the East Indie# shows that
the distribution-pattern reflects local wind directiogs at high altitudes
as clearly as does the distribution of ash on la;::Vqé;bmarine ash-
patterns 40 not seem to have been modified much by ocean currents.
.Outside éhe tropics, however, the directions of winds and ocean currents
are much more Qariable, and hence the distribution of both subaerial
and submarine deposits of ash and pumice generally varies much more,
as figure 10 exemplifies.

At least 27 beds of altered rhyolitic ash (bentonite) of
Ordovician age covered the sea-fioor over an area of between 750,000
and 100,000 km?.~in what is now the Upper Mississippi Valley (Eaton, 1964;&q,\§r
The ejecta seem to have been blown from volcanoces in the southern part of

the Appalachians, and their aggregate volume probably exceeds 300 km3.
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Onc.oheet haa‘a volume of 96 km3

+3 this 18, perhaps, the most voluminous
airfall deposit on record (Bowen, 1967). Colossal deposits of Late
Cretaceous and Early Tertiary siliceous ash accumulated in ahailow geas

. on the present site of the High Plains of the United States and Canada

during eruptions in the Rocky Mountains to the east, but how much of this

_;;ﬁ }eiiifr;mAtﬁ; air and how much was washed into the seas and further
redistributed cannot be told. In view of the foregoing, it seem surprising
that so little tuffaceous material'has been recognizesjaiskhe Paleozoic
quartzite-carbonate marine ﬂeposits bf the Cogdilleran region despite

prolonged volcanic activity in the adjacacent Pacific coastal belt.

VOLUMES OF AIRFALL TEPHRA

The volume of pyroclastic material erupted during historic
times grgatly exceeds that of lava flows. Sapper (1927) éstimated that
between 1500 and 1914, 64 kn3, of lava and 328 km3. of tephra were
discharged on t§ the earth's sﬁrface. Continental and island-arc
volcanoes, particularly those in orogenié belts -- e.g. the Circum~
Pacific belt -- spe normally much more explosive than oceanic volcanoes,
and have contributed 95 per cent or more of all the pyroclastic deposits
laid down during historic times. Rittmann (1962) employed an 'explosion
index' (E) to denote the pefcentage of tephra among the total erupted
material in various volcanic fields. Using Sapper's figures for the
period 1500 to 1914, he found, for example, tﬁat E in volcanic island
arcs is generally between 90 and 95 and may reach 99, as in the East

Indies; in the Andes, Central America and the Alaskan-Aleutian Chain,

E again exceeds 90. But E for volcances in the Atlantic and Indian
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Oceans, though extremely variable, averages oﬂly 16, and for mid-Pacific"
volcanoes, characterized by relatively quiet effusions of lava, E drops
to 3 o£ less. E for contiueptal voléanoes in anorogenic belts has
1nterpediate values, approximating 40.

It is important to'no:e; however, that the explosivity of
individual volcanoes and of volcanic groups may vary with time. For
instance, basaltic shield volcanoes of Hawaiian type are rarely explosive
~ during the mature stage of growth, when édpioug eruptiona~6f fluid lava
take plhce at short intervals, as at Mauna Loa and Kilamea. During late
stages of growth, however, they become much m;re explosive, building
clusters of cinder cones around the summit, as on Mauna Kea. And manyv
of the most explosive eruptions of continental and island-arclvolcanbea
take place during the closing stages of growth, immediately prior to
caldera-formation on large composite cones built chiefiy of lava flows.
On the other hand, during single eruptive episodes in Che.history of
many vqléanoes, activity almost invariably begins with explosive erup- .
tions, building'cinder- and pumice-cones, and generally diminishes in
intensity and virtually ends while relatively gaswpoor lavas continue
. to be discharged.

Tephra of basaltic-composition are generally much less
voluminous than are those of intermediate and siliceous composition.
There are 132 basaltic cinder cones on Mauna Kea, but their total
volume is only 2 km3., and the largest has a volume of no more than
_b.l km3; Ejecta blown from these cones cover approximately 8,000 kmz.,
but their total volume may not exceed 12 km3. (Wentworth, 1938). During
the first four years of its activity, Paricutin volcano, Mexico, erupted

3

0.66 km~. of tephra and 0.33 km. of lava, almost all of the cinder cone
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with'a voluna'of approximately 0.25‘km3., being built within the fisgst yeaf.
_On the other hand, the catastrophic gruption of Tamboro, in the East Indies,
in 1815, is said to have discharged 150 km3. or more of basaltic ejecta.

‘ Tﬁia estimate is certainly excessive, and.probébly most of the ejecta

did not fall from the air but were laid down by glowing avalanches.

One of thefmost voluminous exploaive eruptions of andesitic
magma'ddting historic times was that of Coseguina, Nicaragua, in 1835.
It is often quqted thﬁt 50 km3. of.ejeeté‘were diacharged'during these
short-lived er;ptions, but recent'qthdies suggest that the volume did
not exceed 10 km3., and much of this was deposited by glowing avalanches
(Wwilliams, 1952). A Recent deposit of andesitic pumice in the Upper
Yukon basin, apparently the product of a single eruptibn, cerrs more
than 350,000 km2. and has a volume of at least 40 km (Capps, 1915:
figure 5).

* But most of the major tephra deposits ofvthe world are of
dacitic to thyolitic'compqéitiod, and the most voluminous of these
are related to caldéras.' The caldera of Coatepeque, in El1 Salvador,
is surrdunded by the deposits of 18 successive pumice-falls. one of
which has a volume of 32 km3., and all together have a volume of
73 km3. (Meygr, 1964). The Quaternary sheets of rhyolitic pumice
bordering Lake Taupo, New Zealand, have an aggregate volume of 16 to

20 kn°.

And airfall-pumice blown from the Mount Mazama (Crater Lake)
volcano, Oregon, prior to the glowing avalanches of pumice and scoria,
has a volume of between 16 and 24'km3., even though it was probably
laid down within a few months or years. Caldera-forming eruptions‘are,

however, relatively rare. Far more commonly, the volumes of siliceous

-ash discharged ¢uf1ng & single eruptive episode in the history of a
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large composite volcano measure only a small fraction of a oubic ﬁilometet.
The greatest eguption of this kind in Iceland, for example, was that of
Oraefajokull in 1362, which blew outAZ kma. of pumiceous ash. The eruétion
of Rudloff crater, in Askja, Iceland, in 1875, laid down 0.5 km3. of
rhyolitic aah.v Approximately'cheAsaue volume of rhyolitic ash was laid
down during the 1104 eruption of Hekla, but the total volume of siliceous
tephra.diecharged by this and many other historic eruptions of Hekla is

.only a little more than 1 kma. (Thorarinésbn, 1967).

INTRUSIVE TUFFS AND BRECCIAS

Explosive eruptions mdy take place at.shallow depths when -
rising magma cbmea in contact with unconsolidated, wet sediments or
watersoaked ground; they may also take place both near the surface and
at much greater depths when rising gases fluidize the overlying rocks
and drill volcanic pipes (diatremes) either to the surface or to levels.
not far below. Some of the fragmented material is expelled from the
pipes, and some remains undeiground where it shoﬁslintrusive contacts

with the wall-rocks.

a.  Peperites

Scrope introduced the term peperite in 1827 for certain basaltic
tuff and breccias in the Limagne district of central France, noting their
-resemblance to some of the pyroclastic deposits near Naples which are
called 'piperno’ on account of the pepper-like admixture of dark and
light constituents. He noted, moreover, that some Limague peperites

are interstratified with limey lakebeds of Tertiary age, whereas others,
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consisting of basaltic fragments in a calcareous matrix, are completely
. devoid of stratification and grade into bodies of compact basalt. And
he correctly concluded that both the atrgcifie& and unstratified peperites
were formed by eruptions through soft, wet, limey muds on the bottoms

of lakes. Subsequenﬁ studies have amply confirmed Scropes' views, showing

_fhﬁt ﬁﬁe"ﬁaséive peperites' were produced by injection of basaltic
magma into unconsolidated; watersoaked mgds. Steam explosions coupled
with strains set up by drastic chilling of the magma and ﬁy the onwpr&
urge of more magma from below sh#tté:ed the basait into fragments. The
comminuted debris was then injected as a slurry into the soft lakebeds,
and, oceasionally forced its wn& to the surface to pour for shﬁrt distances :
across the laké.floors.
Comparable intrusive peperitesAare associated with basaltic
sills that were injected into unconsolidated, limey marine sediments
in the Coast Ranges of California (Macdonald, 1939), and others
formed among distomaceous lakebeds in Amnam.(Slendei—snd—iacrein..
=839 In New South Wales, irregular stringers of tuff, consisting of
a mixture of chert, limestone, spilitic diabase and keratophyre fragments,
cut across well-bedded submarine cherts and tuffs, and some broke through
to the sea-floor to deposit their load. Disturbances accompanying the
intrusions caused peri&dic slumping and sliding of the unconsolidated
deposits (Benson, 1915).
The magma involved in formation of peperites is, with rare
'exceptions, fluid basalt; however, even viscous rhyolitic magma 1ﬁtruded
into wet sediments at shallow depth may cause peripheral explosions that
forcefully inject fragmented rhyolitic debris into the eurrounding beds,
as may be seen. in the Sutter (Marysville) Buttes, California (Williams,

1929).
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Most peperites fall into the category of 'hyaloclastites'
(Rittmann, 1960) because they involve the comminution of glassy volcanic

rocks; many also fall into the category of 'aquagene tuffs' because tﬁey

originate by decrepitation and explosive shattering of magma in contact
with water. Mbst hyaloclastites énd_aquagene tuffs, however, are not
intrusive but form on the floors of seas or lakes or beneath a cqver:
of melting ice. These more widegptead fragmental deposits are discussed

. on later pages.

b. Intrusive tuffs and breccias in volcanic pipes and related structures.

Subterranean explosions may produce p&toclastic deposits ranging‘
in coarseness from tuffs to breccias andiin composition from éntirely juvenile,
accessory; or accidental to mixtures in any proportion. The fillings of
diamond pipes, for example, are composed of ultramafic debris of ﬁagmatic
origin mingled with accidental fragments of many kinds; other volcanic |
pipes are filled almosf entirely by triturated fragments of wall-rocks,
and still others contain just as much fresh magﬁatic ejecta:

Already solidified rocks within a volcano, particularly within
a conduit, may be shattered by the repeated rise and fall of underlying >~

magma to produce 'intrusion-breccias', and these may be extruded at the

surface by subterranean explosions or by renewed upthrust of magma
(Parsons; 1967). Such remobilized intrusion-breccias become 'intrusive
breccias' (Wright and Bowes, 1963). Rising magma and gases heat and
dilate the roof-rocks, and withdrawal of magma causes rock-bursts from
the roof. The comminuted debris may then be fluidized by rising gases
and be mixed with magmatic clots and spray, forming intrusive tuffs

(tuffisites of Cloos, 1941). In many volcanic pipes, the éontent of
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accidental fragments derived from wall-rocks diminishes inward as that
of magmatic debris increases, and, commonly, accidental fragments close
to the walls have subsided whereas those near the center have risen.
Accidental fragments carried upward from great depths are usually

rounded and polished by'abrﬁsion, whereas those that have only been

transported short distances arerusuaili a;é;iar or suﬁﬁngulaf>ané
tend to be larger.

Tuffs and breccias within Qolcanic pipes are typically
unstratified and poorly sorted. Océaéiqnally, however, well-bedded
deposits may.originate by backfall of g¢jecta into the uppermost parts
. of pipes that broke through to the surface. Well-bedded ejecta formed
in this way may subsequently subside within the pipes, is they did to
depths of more than 1,500 m. in the Kimberlite pipes of north-central

Montana (Hearn, 1968).
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SUBAERIAL PYROCLASTIC FLOWS AND THEIR DEPOSITS

1. Types of Flows

Three eruptions focussed the attention of geologists on the impor-

t&ﬂce of pyféclééiiérflsﬁs; ;;m;iy_thé ;r;;ciéﬂ;_ofwﬁbﬁi Peiéiaﬁa fhé -
Soufriére of St. Vincent in the West Indies in 1902, and the eruption

- ,. . in the Valley of Ten Thousand Smokes, Alhqka, in 1912. The first of these

was related to the rise of a steep-sided dome of viscous lava; the second
issued from the open summit-crater of a largé composite volcano; the third
issued from swarms of fissures not directly related to a pafticular‘volcano.
The deposits léid down during these three eruptions differed |
greatly in texture and composition, but all were laid down by glowing

avalanches of fragmental ejecta that swept rapidly over the ground. Their

distribution, unlike that of airfall pyroclastic deposits, was controlled
chiefly by the @ictates of topography.

Pyroclastic flows discharged from domes are relatively small in
volume, few exceeding a cuBic kilometer;lthose discharged from open craters
may'bé much larger, though few exceed 10 km3. in volume; but many of those
discharged from fissures produce by far the most voluminous of all pyro-
clastic depoéits, commonly exceeding 10 km3.,-and, not uncommonly, exceeding
100 km3.

The pyroclastic flows erupted in the West Indies in 1902 were

called nuées ardentes, Glutwolken, and glowing avalanches. Subsequently,

Japanese volcanoiogists and members of the U, S. Geological Survey began
to use the terms ‘pumice flows' and 'ash flows'. But no particular.name
was given to the deposits of glowing avalanches until 1935, when Marshall,

in describing Plio~Pleistocene rhyolite tuffs that cover 25,000 kmz. of the
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North Island of New Zealand, introduced the name 'ignimbrite' supposing that
the ejecta which produced them were laid down from '"immense clouds or showers
of inténsely heated but generally miﬁute fragments. of volcanic magma": The
fragments were hot and viscous enough to weld together after they reached -
the ground, aﬁd, in his opinion, fheAdepoaits were formed in the same way

as the "indurated sand-flow rocks" of the Valley of Ten Thousand Smokes.
Unfortunately, Marshall's definition of the term 'ignimbrite' was not

. exact and it was-mialeading, because it éﬁggested that the deposits in
question were laid down by "fiery showers' rather than by glowing avalanches.
Moreover, it was not clear whether the term ;as to be applied to a rock-type
or to a deposit formed in a particular way. And because Marshall implied
that welding of the constituent particles was characteristic bf ignimbrites,
many geologists erroneously used the terms 'welded tuff' and 'ignimbrite'
interchangably. It now seems best, in our opinion; to‘extend usage of the
term ignimbrite . to include not only deposits formed in thé way that Marshall
envisaged but all other deposits laid down by glowing avalanches, no matter
what their composition and texture, and no matter whether welded or not.

The context in which the term is used should suffice to indicate if it
refers to a rock-type or a mode of deposition. It may not be possible

to say whether a single specimen or a single outcrop is an ignimbrite or
some oﬁher kind of pyroclastic rock; but, similarly, a single spec'imen or

a single outcrop may not suffice to distinguish a dike from a lava; usually,
however, study of field-relations resolves the doubts.

| Classifications of pyroclastic flows have been proposed by

Lacroix (1930), Escher (1933), MacGregor (1955), Aramaki (1957), and

Murai (1961). Some of these classifications are based partly on criteria

of secondary importance, e.g. the location of eruptive domes and fissures,

and the character of the explosions, whether vertical or lateral, 'directed’
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or not., No rigid classification is. possible; nonetheless, the following
gimplified scheme is recommended, even though more. than one type of flow

may be discharged during a single erdptive cycle.

A. Flows related to domes or the crumbling fronts of lava flows.

1. Merapi type. This type, first named by Escher, forms by non-
explosive disintegration and collapse of the flanks of steep--
-sided domes and summit-spines (e.g. at Merapi, Java, in 1930-
1931, and at Santiaguito, Guatemala, periodically since 1922),
or by break-up of the snouts and marginal levees of viscous
lava flows on steep slopes (e.g. at Ngauruhoe, New Zealand,
and Fuego, Guatemala). Glowing avalanches of this kind have
been called 'Absturzglutwolken'.

2. Pelé type. Form by explosive eruptions immediately before or
during the rise of volcanic domes ('Explosionsglutwolken')
(e.g. at Mont Pelé in 1902-1905 and again in 1929-1932; also
at Hibok Hibok in the Philippines in 1952-1953). '

B. Flows from open craters.

1. Asamg type. Intermediate between those of,Peléan‘type and
those described below.

2. St. Vincent type. Crystal-rich, sand-like pyroclastic flows
produced by backfall of ejecta from the margins of vertical
eruption-columns (e.g. at the Soufridre of St. Vincent in 1902).

3. Krakatoa type. Glass-rich, pumiceous flows discharged from
the summit-craters of large composite cones following pumice-
and ash-falls (e.g. at Krakatoa in 1883, at Komagatake in 1929,
and at Mount Mazama (Crater Lake, Oregon) about 6,600 years ago).

C. Flows discharged from fissures.

1. Valley of Ten Thousand Smokes type. Eruptions issue from swarms
of narrow, sub-parallel or irregularly oriented, linear fissures
(e.g. in Alaska in 1912).

2. Valles type. Eruptions of siliceous, pumiceous ejecta issue
from arcuate fissures formed by regional arching of the roofs
of large bodies of rising magma. The pyroclastic flows are
almost always preceded by pumice-falls, and the volumes of
ejecta are usually so great that the roofs of the magma-chambers
collapse along the arcuate fissures to produce calderas. Pyro-
clastic flows may issue later from arcuate fissures on the floors
of the calderas (e.g. in the Valles caldera, New Mexico, the Creede
caldera, Colorado, and the Timber Mountain caldera, southern Nevada).
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The foregoing pyroclastic flows have been listed roughly in the
order of increasing volume, increasing gas~content, and diminishing viscosity

of the magmas involved.

A. Flows related to Domes

Merapi-type. Pyroclastic flows of this type issued from time to
time from the fianks of the déme of Mont,Pgié, particularli during-pefiods'
" of relative calm, and flows of Peldan type ;ssued from t{ﬁé'to tiﬁé from
the flanks of the Merapi dome, particularly during périods of rapid growth.
When the name of a volcano is applied to a particular kind of erup;ion{ all
that is implied is that this kind of eruption is characteristic of that
volcane. : | | |

:Pyroclastic flows of Merapi-type (Absturzglutwolken or Glutlawinen)

result from gravity-collapse of the fractured, oversteepened flanks of
domes and unstabie summit—sp#nes. They may be triggered by quakes or
by internal expansion of domes, when.riging magma shatters the solid
carapace. Even heavy rains falling on the cracked, hot crust of a dome
may be a trigger. Avalanches of this kind are often seen when the solid
or nearly solid fronts and margins of viscous lava flows descending the
steep sides of a volcano are shattered by the onward_urge of liquid lava
from above.

Stehn (1936) observed many pyroclastic flows (glowing avalanches)
that were not accompanied by explosions but caused by collapse of part of
the dome of Merapi during its 1933-1935 activity. Their average velocity
was 60 km. an hbur, and on the sceeﬁ, upper parts of the volcano they
traveled twice as fast. They consisted of solid fragments from the outer-

most parts of the dome mixed with glowing effervescing blocks from
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within. Many blocks burst, releasing abundant gas, and many were pulverized

to powder and dust by mutual attrition. Smaller and slower avalanches of

sand-like fragments occasionally intervened between the major flows.
The larger avalanches swept down valleys with a pendulum motion, -

striking one wall and'reboﬁnding to the other, leaving unscorched areas on

" “the bends, and compression of air in front of the avalanches blew trees down

in parallel rows.
Similar pyroclastic flows were observed»during-felatively qhiet
spells during the growth of the dome of Mont Pelé in 1929-1932. Perret

called them 'block and ash flows', to distinguish them from the more

typical, more gas-rich-flows of explosive origin. Not being Subyed'up

by gas as much as the typical flows, they slid rather ﬁhan rdlled, and -

they grooved, scratched, and polished the surfaces over which they swept.
The chaotic, unsorted and unstratifie& deposits left by pyroclastic ‘

flows of Merapi-type are generally less extensive ﬁhan those left by Peléan

flows; they differ aieoliﬁ'contdining'lesa juvenile material in the form

of ash, and correspondingly more angular blocks. Obviously, however,

there are all gradations between them.

B. Peléan Type

Pyroclastic flows of Peldan type are produced by explosions
immediately before, but more commoniy during the rise of volcanic domes.
They range ffom gés-rich to gas—pbor, and the.ejecta they carry vary from
almost wholly lithic to alhost wholly juvenile, depending on the volume
and gas-content of the exploding magma.

- The hi;tory éf Monc.Pelé between 1902 and 1965, énd again between
1929 and 1932,'éﬁows':h§t tﬁe largest, most gae-tich; and most destructive

avalanches usually took place during initial phases of these two eruptive
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episodes. The activity of 1902 began late in April with explosions from
the summit-basin, when a small dome began to grow near the edge of the crater
lake. Eruptions increased in violence until May 4 when a major exploéion
took place, accompanied by tremendous mudflows that rushed down the valley
of the Riviére Blanche on the soﬁthern flank 6f the volcano

For a few days thereafter, clouds obscured the mountaintop. On the morning .
of May 8, glowing avalanches raced down the mountainside at speeds of
approximately 160 km. an hour, utterly dégtroying the t0wﬁ of St. Plerre

and killing all but two of its 30,000 inhaﬁigants. VTo some extent, these
avalanches were caused by ‘directed explosiona' through a notch in the
crater-rim at the.head of the valley of the Riviére Blanche. The notéh

was the surface expreaéion of a radial fissure that continue& down fhe'
‘valley, and the 'directed blast’ of May 8, like hgny of the later avalanches,
was controlled in part by this underlying structure (Jaggar, 1949). It

must be emphasized, however, that gravity was always the principal control.
Most of the ejecta laid down during this first and most violent pyroclastic
flow consisted chiefly of fresh magma in the form of dust, fine cinders,

and small lapilli; lithic debris seems to have been quite subordinate.
Subsequently, however, when the avalanches issued from the flanks of

the growing dome, the deposits became much coarser and included abundant
lithic blocks of great size.

Twenty—-four years of quiet followed the growth of the 1902-1905
dome of Mont Pelé. During August, 1929, tremors were felt on top of the
dome, and fumarole gases became more abundant and more acidis(Perret, 1935);
On September 16, steam-blast eruptions issued from the top of the dome. Then,
there was qulet for a month. On October 14, stronger explosions began,

most of themddirected vertically, the ejecta consisting mainly of fragments
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of the old dome. About mid-NovembeF, strong luminous effects were observed
near the summit, and shortiy theregfter a series of glowing avalanches
" began, attaining their maximum size in mid-December, when some. of them
rivaled in size the great flows of 1902. ' The average speed of the smaller
avalanches ranged from 40.to 70 km. an hour, but many of the larger énes
" ‘traveled more than 120 km. an ﬁoh'r‘.""n?q{l“&;iv'é ‘activity then declined,
and 1t was nof until early January,-i930, that incandescent lava rose
to the surface near the top of the old dome to inigiate growth of the
second dome. . For the next two years, growth of fhe new dome alternated
Qith destructive avalanches from the flanks, all of them pouring through
the V-shaped notch in the crater-rim to empty into the valiey of the
Riviére Blanche. |

That some pyroclastic flows of Peléan type are caused by directed;
léw—angle blasts was clearly demonstrated during the rise of the Hibok Hibok
dome in the Philippines in 1948-1953 (Macdonald and Alcaraz, 1956). Indeed;
the largest glowing avalanches from Hibok Hibok were related to such blasts
from the lowerislopes of the dome., Clouds were often seen rushing down the
mountainsides before uprushing clouds began; moreover, the distribution aqd
impact—-patterns of ejected blocks indicated a considerable horizontal com-
ponent of momentum. Some pyroclastic flows contained abundant pumice,
in addition to solid blocks, showing that much fresh magma was involved;
other flows consisted chiefly of blocks. It seems likely that the hot,
plastic interior of the dome was riddled with branching tongues of more
fluid magma, spreading like distributaries, and that some tongues were
richer in gas than others. Variafions in the deposits of the pyroclastic
floys may therefore have been controlled chiefly by the depths of the
explosion-foci within the dome, and the volumes of exploding magma.

Rapid vesicula;ion inside the dome was the trigger.
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Discussion of the manner in which Peléan pyroclastic flows move
and the reasons for their mobility is deferred until other kinds of pyro-
clastic flows have been described.

Deposits of Peléan-type flows. Deposits of Peléan flows vary

greatly in texture depending on the proportion of solid debris to fresh
magma, and on the rate of vesiculation of the magma both before discharge
and while the flows are in transit. As might be expected, the deposits
_are almost wholly confined to topographié depressions, though fine. ash
from clouds abové the avalanches 1s draped over hill and valley alike.

An individual flow leaves a heterogeneous, uﬂétratified and, for the

most part, unsorted deposit made up of angular blocks, torn from the
solid carapace of the parent dome, subangular, still efferveséing bombs
torn from the plastic interior of the dome, and sand- to dust-sized
debris, some of it derived from fresh, effervescing magma and bursting
bombs, and some being produced by attrition of larger fraghents in their
turbulent descent. But when, as usually happens, flows follow each other
in rapid succession, the deposits as a whole display an ill-defined but
regular bedding determined by an alternation of beds in which the average
. slze of the blocks or the proportion of fine matrix varies (MacGregor,
1938). Some blocks are of ehormous size; one discharged from Hibok Hibok
measured 10 by 8 by 5 meters across. Blocks may éxplode after coming to
rest, revealing their incandescent cores, but rounded, Strombolian bombs
are never present, and breadcrust bombs are relatiﬁely rare because few
ejecta are chilled sufficiently by flight through the air. Impact-pits
are also uncommon, except in deposits of pyroclastic flows produced by
inclined explosions. |

A notable fegture of almost all Peléan deposits, particularly

those in which the proportion of unconsolidated magma was large at the
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time of eruption, is the high degrei of porosity of both the larger fragmehts
_and the sand- and dust-sized macrix.‘ This porosity, as MacGregor noted on
Mpntsetrat; typifies almost comﬁletely crystalline as well as ;itrophyric
fragmeqts. It may be obvious to the naked eye but often a hand-lens or
-even .a.microscope 16 needed to detect it.’ And, generally, the greater
the porosity the more abundant is the interstitial glass. Porosity is
rarely due to the presence of ovoid and spherical vesicles; normally,

it results from the presence of abﬁndant;'minute,“élosely'bpaéed, |
polyonal cavities between crystal;IAchs and prisﬁs of random orientation
that give the rocks a diktytaxitic texture. For this reason, most of the
glass particles in thé fine matrix are not pumiceous or cuspaté, but
irregular splinﬁers attached tolshatCered crystals; in other.words, the

~ matrix rarely shows a typical vitroclastic texture (Bogenstruktur).

Layers and lenses of fine sand- and dusg-sized ash are commonly
interbedded with the coarser debris of Peléan flow-deposits. They consist
chiefly of broken cr}stals”and éhips of glass-rich, diktytaxitic lava,
and, occasionaily, théy contain accretionary lapilli. Some layefs are
produced by settling of fine ejecta from the air after the avalanches
come to rest, and though most of these layers measure less than a meter
in thickness, they may be more than 3 m. thick.  Layers of this kind
usuallf become thicker foward and beyond the'distal ends of the flows.
Othef fine-grained layers result from the combined action of wind-
transport and rainwash working on avalanche deposits during intervals
‘of quiescence.

Peléan flow-deposits are characteristically monolithologic,
conhis;ing of accessory and juvenile debris of uniform composition.

Accidental 1ithic fragments are rare, and most of them are swept up and
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incorporated'bi the flows in transit. Block-rich Pelé;n flows that enter
rivers or are reworkéd by torrents, therefore give rise to essentially
monolichologic,mudflows (lahars), a ﬁeterogeneous,assemﬁlage of blocks
in a lahAr dendting some otﬁet mode of origin.

| peldan pyroclastic flows are almost all oflintermediate or
siliceous composition, andesites and dacites predominating, and invériably
the rocks are rich in glass. ‘If,.as is commonly the case, the rocks contain
hornblende, the.mineral retains its greeﬁ'color in ejecta:that were highly
gas-charged and quickly chilled (ie. in thé 1live, explo&ing magma), whereas
in fragments that were solid or semi-solid wAen erupted, the mingral is
brownish or reddish oxyhornbleqde or is largely replaced by 'opacite'
(MacGregor, 1938). ' '

. The deposits of Peléan flows are never welded. They may,
however, be firmly and quickly indurated by compaﬁtioﬁ and by the tight
interlocking of. irregular particles in the fine matrix. Vithin a few
weeks after one of the pyroclastic flows from Merapi was laid down, the
deposits were so compact that they could not be penetrated with é crowbar
or hand-borer for more than 30 to 40 cms. (Neumann van Padang, 1931).
Charred vegetation is not uncommon in Peldan deposits, and signs of
fumarolic and solfataric activity may be present, though they are usually
much less conspicuous and widespread than they are in most of the pyro-

clastic flow-deposits that remain to be considered.

3. Flows from Open Craters

A. Asama types.

The eruption of Asama in 1783 was one of the greatest volcanic

calamities in recorded Japanese history. An initial dischafge of gas-rich
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magma produced. a pumice fall that was followed by two pyroclastic flows
. 1

of diminishing gas-content and increasing vimcosity, and these were

followed by a gas-poor flow of blocky lava (Aramaki, 1957). Both pyro-

clastic flows issued from the summit-crater, and both display features

composition of the erupted magma remained essentially the same throughout.

The first pyroclastic flow -- the Agatsuma avalanche -~ resembled
Krakatoan flows in ité high content of'gﬁs. Magma~foamed'ovef the crater-
rim and swept downslope, leaving a thin sheet over 20 kmz. in extent. The
ejecta were less vesicular than those of the.preceding pumice-falls, but
more veiscular than those of the’second,pyrocléstic flow -- the Kambara
avalanche. Most of the ejecta were hot and plastic eﬁough to anneal;
even at the snout and along the margins of the flow, where the deposits
are less than 30 cm. thick, théy are compact aﬁd crudely jointed. None,
however, show any flattening of the constituents uﬁder load. Pumiceous
bombs are scattered ﬁhroughout,'including many breadcrust bombs.

The destructive Kambara pyroclastic flow issued a day éfter
the Agatsuma flow. It seems to have been caused by a powerful explosion, -
directed alﬁost vertically. All the juvenile ejecta were much more viscous
than those 19 the first flow, and many fragments were solid.‘ The ejecta .
did not spread widely as did those of the Agatsuma flow, but were confined
to relatively narrow channels, and because they were not buoyed up as much
by abundant gas they had strong erosive power, particularly near their
source, where they '"dug a ditch" between 1 and 2 km. wide, bordered in
places by scarps up to 40 m. high. fhe deposit, most of which 1is only
about a meter thick,'consists of angular to rounded, compact or slightly
vesicular blocks and bombs and a little juvenile ash. Some breadcrust

bombs measure more than 30 m. across, and one may have measured 160 m.
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across before it broke. Like the deposits of Peléan flo%s, but unlike
thoase of the Agatsuma flow, the Kambara deposits are néither welded nor
indura£ed. In their mode of formatién, they resembled the flows on Sé.
Vincent, but their deposits resembled much more closely those of Mont Pelé.

-Ultimately, gas~poor mkgma rose from lower levels in the
eruptive conduit, producing a viscous flow of blocky andesite that
descended slowly from the sﬁmmit-crater. In brief, the Asama activity
of 1783 changed within a few days from high—pressure Vulcénian erupiions
of pumice through pyroclastic flows of dimihishiné gas-content, intermediate

in character between Peldan and Krakatoan flows, to end with the discharge

of dense, blocky lava.

B. St. Vincent Type

The northern end of the West Indian island of St. Vinceﬁt is
occuﬁied by thelsoufriéie volcano. An almost semicircuiar cliff, the
somma-rim of an old caidera, partly encloses the active cone, as Vesuvius
is partly enclosed by Monte Somma. The inner cbne_had been quiescent for
90 years prior to the great eruptions of 1902, and its steep-walled cratef,
which measured 1.7 km. across at the rim, surrounded a lake 160 m; deep,
so that the overall depth of the crater was more than 550 metérs.

Small quakes and subterranean rumblings began early in March,
1901, andbthey grevw in frequency and intensity during the latter part of
April, 1902, precisely when explosive activity began at Mont Pelé, 170 km, .
avay,

The first eruption of the Soufriére took place about noon on
May 6, and the first discharge of the crater lake folloved duriﬁg the

night. Next day, raging, hot mudflows swept down the flanks of the volcano,
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and before noon the crater lake was virtually emptied. An eruption-column

rose, at first 1nte;mittent1y and then continuously, to heights of approxi-

mately 9 km,

The climax‘came just before 2 o.m. of May 7, less than a day
before St. Pierre was wiped out by the first of many glowing avalanches
f:éﬁ Mont PeLe. Ao eeuption—column rose to great heights above the crater,
while a huge 'black cloud“ swept down the mountainsides in "globular,
surging masses", mostly following the valleys of the Rakata and Wallibu
rivers. Within ; few minutes, much of the northern part of the island
lay beneath a pall of ash, and more tﬁan I,SOO\people perished. There-
after much weaker, 1ntermittent explosions took place until activity came
to an end in March, 1903 (Anderson and Flett, 1903; Robson and Tomblin, 1966)

The ejecta of the great eruption of May 7, 1902 were derived from
crystal-rich andesitic magma, and were deposited chiefly by pyroclastic
flows. .Shortly before the flows, eyewitnesses noted that the vertical
eruption-column became darker and grew in height, and that showers of

coarse fragments began to fall, indeed, according to Hay (1959), the

flows originated by 'backfall' of the outer, more slowly rising parts of

the heavily loaded eruption-column. Certainly, the lowermost 365 meters
of the column were dense enough to produce glowing avalanches, for one
swept acrose the somma-rim high above the crater. Once heavy falls begad;
they'obstrocted later upblasts. The paucity of lithic blocks among the

avalanche-deposits, the sorting of the ejecta, and the fact that the

"diameter of the crater was not appreciably enlarged during the eruptionms

indicate that there were no 'base surges' such as accompany vertical
eruption-columns at some other volcanoes (Moore, 1967).
Deposits. The deposits left by the pyroclastic flows of

St. Vincent differ radically from those left on the flanks of Mont Pelé.
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All are typically unstratified or poorly stratified, and poorly sorted,
but those of St. Vincent are characterized by their fine texture and
richness in crystals. Large_bombs aﬁd blocks make.up only 3% to 5% of
the tqtai volume, and few of them measure more than a meter across.
Even lapilli éonstitute only a sméll progortion of the whole. More
than 90Z of the deposits in the Wallibu valley %ﬁs‘df sand~size. The
median diameter of a representative sample is 0.6 mm., and.the sorting
~4 coefficient is 2.9. Crystals make up 45% of the -bombs, which_probably
represent the original magma, but they make up 58% of all the juvenile
ejecta and 73% of the juvenile ash (Hay, 19595. Concentration of.crystals
rela;ive to vitric ash in deposits only a few hundred meters from the
crater-rim denotes that gravity-separation took piace either in the
eruption-column prior to the pyroclastic flows or early in its descent,
or both. Most of the coarse ejecta an& crystals were éoncentrated in
the flows while the fine vitric ash was concentrated in tﬁe overlying
clouds responsible for the accompanying "hot blasts'. The total volume

of the deposits approximates 1.4 km3.; none show signs of welding.

C. Krakatoa-type Pumice Flows

Pumiceous pyroclastic flows that issue from the summit-craters
of iong—established composite volcanoes during late stages in their history
are almost invariably preceded by pumice falls, because upper, gas-rich
levels qf the magma-chambers are expelled at higher pressures than the
underlying, relatively gas-poor levels. Magmas involved in Krakatoan
eruptions are ugually more fluid than those involved in Peléan, St. Vincent
and Asama cfpes of eruption, just discussed; consequently there is a much

higher proportion of pumiceous material among the deposits and correspondingly
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less lithic debris. If enough pumiceous magma is erupted, the roof of

the magma-chamber may collapse to form a caldera, as at Krakatoa in 1883;

commonly, however, as in the first of the three cases now to be discussed,

the ejecta are not voluminous enough to bring about engulfment.

a. Eruption of Komagatake, Hokkaido, in 1929. A particularly

instructive eruption, involving the discharge of pumice falls and flows,
took place at Komagatake in 1929. .It lasted no more thanAé day, but |
the character of the activity andvthé.nature‘and sequence of ejecta
closely resembled those of the much longer-lived and more voluminous
eruptions that produceAcalderas.‘ Many people witnessed the eruﬁtioﬁ,
and several Japénesé geologists studied it.carefully (fsuya,'l930;

KSzu, 1934; Kuno, 1941; Murai, 1960).

The eruption followed 5 years of quiet. No changes were noted
among the adjacent hot springs prior to the outbreak, and the first
recorded shock took ﬁlace 6n1y a feﬁ hours before the first ash began
to fall at 3 a.m. of June 17. By 10 a.m., an imposing eruption-column
rose from the summit-crater. The winds were blowiﬁg southeastward, and
grains of pumice, up to 2 mm. in diameter, began to fall at Shikabe, 11
km. away. An hour later, many falling fragments measured 1 cm. across,
and some measured 5 cm..across. It was not dntil midday that the first
pumicé flow swept down from the summit; the second followed between 2
and 3 p.m., but most of them descended later, the last at 10 p.m. The
iongest flow traveled 6.5 km. down the mountainside, and the fastest
moved at a speed of 15 km. per hour. While the pumice flows pouredl
downslope, the eruption-column continued to rise over the crater, and

showers of pumice continued ﬁo fall to the southeast. By the time of
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the last pumice flow, the deposits of the pumice falls at Shikabe were more.than
a meter thick. Lumps of falling pumice more than 10 cm. across were still fairly
hot when they landed, and glassy, lithic fragments less than half as big were
too hot to handle. Lumps of pumice more than 40 cm. ;cross were red-hot inside,
and some set fire to houses 6.5 km..from the crater. By 11:30 p.m., the
intensity of the eruptions had diminished gfeatly, and by 1:30 a.m. of June 18
they had virtually come to an end. The eruptidn had been brief; yet the total
volume of the pumice falls was 0.4 km3., and. that of the pumice flows'was |
©0.15 kn>. | | |

The pumice deposits. The pumice falls laid down well-sorted and

well-stratified deposits that diminish in thickness away from the sdurce.
The average size of the fgagments also diminishes-in that direction: 2 km.
from the crater it is 30 cm.; 6 km. away if 15.10 cm.

The deposits of the pumice flows, unlike those of the falls, remained
hot for a long time, and they were mantled in places by varicolored sublimates
of sulpﬁur and 1roﬁ- and ammonium—chloridgs from secondary fumaroles. Bétﬁeen
8 and 11 days after the efuptions, temperatures ranging from 450° to 510°C.
were measured at a depth of 40 cm. where fumes stiil rose from the deposité: ‘
and even where no fumes rose, temperatures at 40 cm. depth ranged from 310° |
tb 387°C. A year or so after the eruptions, a temperature of 105°C. was
measured where fumes rose; elsewhere temperatures ranged up to 57°C. Some
secondary fumaroles persisted for 10 years.

The deposits of the pumice flows, unlike those laid down by the
pumice falls, are poorly sorted, and their stratification is irregular and
iﬁdistinct. Except near the top, whefe most of the fragments are coarse,
the deposits consist chiefly of sand-sized pumice. Crystals tend to be

concentrated in the lower parts. The surfaces of the flows, particularly
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near their snouts, are characterized by long, sub-parallel ridges, half

.a meter to a meter high, composed almost entirely of large pumice-lumps,

many of them between 0.5 m. and'3 m. in diameter. These surficial ridges

. and stringers of coarse pumice within the deposits were segregated from

the finer pumice by differential rates of flow, the larger lumps tending
to move faster than the smaller ones. And whereas the deposits of the
pumice falls thicken toﬁard the source, those of the flows thicken

toward their snouts. Near and beyéna the snouts of some fiows, there

are thin deposits of fine vitric’ésh.laid down from the upper, lighter
parts of the clouds thaf accompanied the flows in their descent. Omn the
steep, upper slopes ofvthe volcaﬁo, the flows scarred ana gulliéd the
surfaces over wﬁich they moved and in so doing incorporated much lithic
debris. Petrographically and chemically,':he compositions of the pumice-
fall and pumice-flow deposits are essentially identical: all consist of

pyroxene andesite. None of the ejecta are welded.

Origin of the pumice flows.i The pumice flows of Komagatake

did not.follow the pﬁmice falls, as flows followed falls during the
voluminous eruptioné that preceded formation of suéh calderas as those
of Krakatoa and the Valles; on the contrary, the Komagatake flows swept
down at intervals é;ring late stages of the pumice falls. They did not
begin until the gas-preésure of the magma had diminished enough to
produée abundant large bombs in addition to the lapilli and finer ejecta
typical of the early falls. Ultimately, the coarse pumice and crystals
Qere concentrated in the more slowly rising outer parts of the eruption-
column and began to fall back en masse on to the upper slopes of the

voléano, ﬁroducing a succegsion of pyroclastic flows while the finer

ejeéta, richer in vitric ash, were carried to great heights in the faster-
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rising, inner parts of the eruption-column, to be drifted southeastward by
the prevailing winds and fall in showers. In brief, the Komagatake pumice

flows originated in essentially the same manner as the crystal-rich ash

flows of St. Vincent.

b. Eruption of Krakatoa in 1883. Prior to 1883, the maiﬁ
island of Krakatoa consisted of three coalescing cones, namely Rakaga
at the southern end, Danan in the middle, and Perboewatan at thé northern
end. The initial eruptions issued from Perboewatan on May 20, and were
resumed on June.19. Five days later, a new vent opened at the foot of
Danan. There are no records of activity during July, but on August 11,
when the island was last seen before the final paroxysm, four vents were
mildly active.

All ofbthe deposits laid down before the paroxysm were products
of high-pressure Vulcanian eruptions that hurled ash énd pumice far above
the vents to fall in showers. Consequently, most of the'early deposits
are well-stratified, and generally each individual layer shows a pronounced
gravity sorting ffom coarse materlal at the base to fine dust at the top.
There are; however, a few unstratified layers, up to 8 m. thick, containing
pumice-bombs up to 60 cm. across. In addition, there are two distinctive
layers, one pink and the other smoke-gray in color, that seem to have been
laid down by submaéine eruptions from the flanks of Perboewatan. More
than 95 per cent of all the ejecta discharged before the paroxysm consist
of fresh magma in the form of pumice and vitric ash and included ;tystals;
‘the remainder consist of small lithic chips torn froﬁ the old cones.

The climax came on August 26 and 27, when a series of voluminous
pyroclastic flows was discharged and repeated collapses took place; each
propelling a tidal wave. The largesf wave, which was more than 30 m. high,

drowned more than 36,000 people on the adjacent coasts of Java and Sumatra.
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So loud were the explosions that they were heard in parts of Australia,
3,000 km. away, and barographs and t;de-gage records show that they caused
world-circling air-sea waves. 'Atmospherip-preésure pulses of‘fhe same
ﬁagnitude would require explosions of 100 to 150 megatons (Press and
o ___ Harkrider, 1966). When the paroxysm ended, the Perboewatan and Danan
. cones and half of Rakata had disappeared, and a caldera approximately
5 km. across had taken their place.’
The ejecta discharged dﬁting tﬁe paroxysm were éo voluminoué
and were expelled so rapidly that‘mbs; of them fell en masse, some on
to the islands of the Krakatoa group, but probably more on to the ocean
floor. At the same time, fine éjecta rose to heights of 70 to.80 km.
to be drifted b& winds for vast'distances; | |
The visible pyroclastic flow dépositg are confined mainly to
the remnant part of the Rakaté cone and the southern end of Verlateﬁ
Island, where they are locally more than 80 m. thick. They consist of
a chaotic, unstratified aﬂd unsorted mixture of fresh magmatic ejecta in
the form of andesitic pumice lightly charged with phenocrysts, aﬁd lithic
fragments. Few pumice bombs measure more than a meter across; most measure
less than 0.25 m. Pumice lapilli are much more numerous, but the bulk of
the pumice is of ash-size. Predominant among the lithic debris mingled
with the pumice are anghlar fragments of obsidian, pitchstone, and
porphyritic andesite ripped from the old volcanoes; accompanying these
are a few fragments of sandstone and mudstone torn from the sub-volcanic
.- : 'basement. On Rakata Island, lithic fragments constitute gbout 10 ber
cent of the total ejecta, few measuring more than 0.25 m. across. _On
Verlaten Island, the proportion of lithic fragments increases southward
from about 10 to 30 per cent; several blocks measure 3 m. across, one

measuring 5 by 7 m. across on its exposed face.



60~
The total volume of ejecta is said to have been 18 km3f, but

this is no more than a rough estimate, because the volume of the pyroclastic-

flow d;posits on the ocean floor remﬁins unknown. . It seems certain, ﬁéwever,
that more than 90 per cent of all ghe ejecta was discharged during the
paroxysm of Aﬁgust 26—27.‘ Additional comments on the Krakatoa caldera

are presented elsewhere.

c. Flows of Mount Mazama (Crater Lake), Oregon.. The dacite-~

_ pumice falls that initiated the climactiﬁ'eruptione of Mount Mazama have
already been discussed (page 25 ). They were followed immediately by
voluminous pyroclastic flows, noteworthy bec;use they provide a graphic
illustration of a drastic change 1n'composition during activity. Most of
the flows are composed of dacite pumice, but toward the close'oﬁ activity,
they changed abruptly to hornblende-rich basaltic scoria (McBirney, 1968).
Many flows swept down glacial canyons én the.flanké of>Mount Mazama, one
pouring down the Rogue River canyon for 60 km. Another fiow swept north-
ward acroés the surface of Diamond Lake to empty into the canyon of the
North Umpqua River. Other flows spread widely over the less dissected
east and northeast slopes of the volcanc. Their descent down the steep,
upper élopes was so swift that they swept up and incorporated much coarse
glacial debris. The final flows of basaltic scorila were less voluminous
and did not travel as far as the pumice flows. They were much richer in
crystals and were hotter, some of the scoria being hot and plastic enough
to weld into coherent masses with large-scale columnar jointing.

All of the pyroclastic-flow deposits are poorly sorted, as
typical‘mm‘ (figure 10 ). Lumps of pumice and scoria,
many measuring more than 0.25 m. across, are scattered at random tﬁroughout

the deposits. They show no systematic variation in size with distance from
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the source, in fact the largest bombs, which exceed 3 m. in diameter, are
to be found 33 km. from the source.

' »Dust-sized particles'are‘far more. abundant than in most of the

ﬁumice*fa1i9depssits (figure i? ). They seem-ro have been produced by

internel explosions within the moving flows rather than by mutual attri-

tion of larger fragments, because these show little variation in roundness
from the source to the distal ends of the flows (Murai, 1961). Stratifi-.
cstios'is'excéptienai and at best 1s crude, though there are thin lenses
sndvstringers of fine ash rhat'formed by settliﬁg of dust-swirls during
briefiiﬁ}ls Berween suecessive fiows; | |
d | tirﬁic debrislis more‘abundant than it 1s in the depésits of

the preceding 'p'um.ic'e falls, (15 to 20% as ‘a.gainst 3 to 4%), and it is -
more abdndaﬁr inwtherscoria flows than in‘the pumice flows. Surprisingly,
all.but s few of the lithic fragments measure iess than about 5 cm. across,
ahdvmost are.of sshd- and gravel-size. No sys;emsric variation was detected.
in the sbundan;esor'siZe of the litﬁic debris away froﬁ the source, nor
wererany fragments of pre-Mazama rocks observed. However; as first noted
by Edward Isylor, the final scoria flows contain many plutonic fragments, .
some measurisg a meter or so in diamerer, that range in composition from
gabbros‘to gransdiorites. Host of them are psrtly vitrified and hence
exhibit crude‘bresdcruSt surfsees. They were not derived from a plutonie'
basement, Bur from coarse-grained, solidified parts of the magma chamber
that 'backfired' into the magma when its level sank far enough to cause
‘rock-bursts from the roof.

Cherred logs,and branches and a few upright stuﬁps are present
within the pumice-flow depssits, and sigds of fumarolic activity sre
widespresd, especially among the scoria flows. Narrov,zirregdlar, vertical

cracks mark the passagewnys of the fumarolie gases, and alteration of
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the;r walls, followed by differential erosion, has etched gome'of the
déposits into conspicuous pillars ("fossil fumaroies").

| The total volume of the pumice- and scoria~flow déposits.arbund
Cr#te; Lﬁke is between 24 and 32 km3., and all were laid down rapidly,

probably within a few days.

4. Flows- from Fisgsures

All thé pyroclastic fléws discussed thﬁs far iééued from tﬂe
éummit-craters of long-lived composite cones ‘or from the flaﬁks of sumﬁit-
domes. We turn now to discuss pyroclastic flows erupted from fissures.
Those erupted frombswa;ms of sub-parallel fissures of tectonic origin
are here terméd flows of the 'Valley of.Ten Tﬁougand Smokes type', while
those grdpted from arcuate fissures produced by uparching of broad regions,
whether volc;nic or not, by rising bodies of_siliceous magma areAassigned
to the 'Valles fype'. The latter include by far the most extensive ofrall'
pyroclastic flows, and.their erupgion is generally accompanie& or followed
by large-scale collapses that form calderas. No pyroclastic flows of

fissure-origin have yet been witnessed,

A. Valley of Ten Thousand Smokes Type

Perhaps no eruption surpasses in 1mport#nce in the history of
volcanology the one which took place in 1912 in the Valley of Ten Thousand
Smokes, Alaska. It was the.first efuption in which it could be demonstrateﬁ
that pyroclastic flows of pumice and ash were discharged from fissures, and
it led to the recognition that vast sheets of siliceous volcanic rocks of

all ages, in many parts of the world, formerly regarded as lava flows, are
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in reg;ity qf pyroclastic origin. 'Unfortunately, however, early accounts
of this Alask;n eruption must be drastically revised.

- A long chain of andesitic Qolcanoea runs along the 1éngth of
the Alaska Peninsula, passing through Mouﬁts Katmai, Trident, Mageik,

and Martin. At the head of the Valley of Ten Thousand Smokes, this

Qﬁhesitic chai;_i; bord;fed by a subsidiary, approximately parallel .
chain of rhyolite domeq, including Mount Qerberus,,Falling Mountain,
and the recently formed dope of Nobarupih.‘ During. the gréat eruptions'
of 1912, andesitic magﬁa from the'm31n fissure-system migrated underground
to mingle with fhyolitic and rhyodacific magﬁa in the subs;diary system.
Hybrid magma then foamed to the surface through fissures at the head of
the valley, producing a quick succession of ash~ and ﬁumice-flows.

| Fenner (L923) maintained that activity began with intrusion
of an extensive sill of rhyolitic magma at shailow depths .beneath the
floor of the valley, where it was slowly assimilatéd andesitic debris
in ground méraines. 'Thevhybrid'magﬁa then issued through fissures
on the floor and sides of the valley as "incandescent sand flows“,
and it was thought that gases rising through the hot deposits from
the underlying sill then produced the "Ten Thousand Smokes'.

Immediately befor;:;ruptions, the large cone of Katmai

contained oniyla small summit-crater, and this was occupied, in
Fenner's opinion, by a lake of rhyolitic lava that was rapidly assimi-
latihg its andesitic walls. Soon after the pyroclastic flows inundated
‘the adjacent Valley of Ten Thousand Smokes, so he thought, explosions
from the Katmai crater discharged showers of hybrid pumice having a volume
fof almost 20 cubic kilometers. When activity ended, the top of Kafmai
had vanished, leaving in its place a caldera about 3 km. across and 1,200

‘m. deap. Supposedly, this resulted partly from the explosions, partly
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from internal assimilation of the andesitic‘coné, and partly from collapsé
of the crater floor. _

Recent studies (Curtis, 1968) have led to a radically differént
interpretation of the events of 1912. It is now apparent that no sill of
rhyolite was iﬁjected under the floor of the valley, and that all bﬁt‘#
few of the 'Ten Thousand Smokes' were fed fram the pyroclastic depésits
themselves. Hence, by 1950, only a few fumaroles remained4and these wefe
. concentrated along or near eruptive fissﬁrés at the head éf the valley.
Moreover, examination of the thickness of‘thg bedded ash deposits laid
down after the pyroclastic flows shows that Katmai contributéd little
if anything to their volume. The airfall deposits were laid down almost,
if not entirely by explosions from vents at the head of the vglley. .Gés-
poor rhyolitic magma subsequently rose into the principal vent to build
the dome of Novarupta. Andesitic magma had drained frém the central
conduit of Katmai to mingle with rhyolitic magma in the fiésure system
to the north, and the mixture was expelled on to the valley floor as
pyroclastic flows. It was this drainage of the conduit that caused the
top of Mount Kétmai to founder and form the present caldera. Shortly
. thereafter, andesitic magma returned to the conduit, producing a small
scoria cone on the caldera floor.

The activity just reviewed began on the mofning of June 6,
1912, and was essentially over by midnight of June 8. Earthquakes had
been felt at Katmai village, approximately 30 km. away, for at least
- five days before the eruptions started (Fenner, 1925). And during the
eruptions, severe shocks were felt at Cold Bay, 60 km. away, while at
Iliamna Bay, 170 km. away, ''the earth never ceased to move for 12 hours'.

Few volcanic eruptions have been attended by as much strong seismic



-65~

activity. felt over as wide an area. The ahock@ were preéumably related,

at least in part, to the opening of fissures at the head of the Valley of

~ Ten Thousand Smokes. Part of the dome of Falling Mountain collapsed at

an early stage of the eruptive episode; grabens and fault-scarps were

formed; especially on and near Broken Mountain, and fissures and L

explosion-craters, alined N. 60° E., were produced near Novarupta,
precisely where most of the hottest and longest-lived fumaroles were

concentrated after the.eruptions came to'an end. Available evidence

~ thus combines to indicate that the pyroclastic flows which swept down

the Valiey of Ten Thousand Smokes issued from a swarm of sub-parallel

- fissures trending roughly northeastward across the valleyhead.  They'.

bufied the vallei to a maximum depth of more than 200 ﬁ., and their
to;al volume was approximately 7 km3.

Papers by Curtis (1968) and by Bofdet.gg_gl. (1963) present a
detailed account of the ejécta. It must suffice to.say that the deposits
of some flows consist partly or wholly of whitish, rhyolitic ash and pumice,
whereas those of other flows consist partly or wholly of brownish; andesitic
debris; mosﬁ of the deposits, however, consist of strongly banded, black-
and-white, hybrid pumice, the silica-percentage of the dark bands approxi-
mating 60 while that of the light bands approximates 75. Mingled with the
effervescing magmatic ejecta were many small chips of eolid andesite and
sedimentary rocks.

The deposits are almost completely unsorted, and, except near
the lower end of the valley, whefe they are distinctly bedded, they are
almost completely unstratified. They consist predominantly of pumicgous
particles of the size of sand and dust mingled with lapilli. Pumice-

bombs and lithic blocks are rare, and few measure more than 0.5 m. across.
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Lenses of cross-bedded, fluviatile pumice'separate the flow-deposits
in places; these were laid down rapidly by floods when rivers burst
temporary dams. | |

The degree of compaction of the deposits varies cbﬁsiderably,
even over short distances. Host'of them are only weakly indurated, but
some were hot enough to be slightly welded and developed colgmnar
jointing as chéy cooled. None exhibit disfortion of glass shards or
flattening of pumice-lumps by superincumbént load. Fumarolic incrus-
tations were once conspicuous on the surfaée“of the depdsits but they
were soon removed by erosion. Signs of former fumaroles may still be
seen, however, particularly in the uppef parts of canyon wal;s;‘where‘
irregular, vertical cr#cks are borderea'by altered and discolored ash.‘
Lower down the canyon walls, the signs of fumaroiic action disappear,
indicating clearly that the fﬁmaroles were not fed by an pnderlying
s11l but by the pyroclastic deposits themselves, deriving'most of the
materials thej sublimated at the surface by breakdown of mafic minerald
within the ash.

Trees at the lower end of the valley weré felled by winds,
proof that the pyroclastic flows traveled at hurricane speeds, éven
though the gradient down which they swept for approximately 20 km.
averaged only 1°08'. Their moBility came partly frém gases liberated
by the effervescing, incandescent ejecta, and partly from violent
‘expansion of air entrapped during their turbulent advance.

Pyroclastic flows of Krakatoan type are almost invariably
preceded, as noted already, by voluminous pumice- and ash-falls produced
by high-pressure outbursts of Vulcanian type. But the flows that swept
down the Valley of Ten Thousand Smokes were preceded oniy by minor pumice

falls; on the other hand, they were followed by exceptionally violent
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eruptions of gas-rich, hybrid magma 'from vents at and near Novarupta.

_These were the eruptions wrongly attributed to Mount Katmai. Why they

followed the lower-pressure eruptions that caused the pyroclasiic flows
is ptoblematical. It seems likely, however, that a new batch of gas-

rich magma found its way 1nto the eruptive fissures after the flows had

ceased, and once it was violently expelled, gas—-poor magma rose sluggishly

to build the dome of Novarupta.

B. Valles Type

We come finally to the most widespread of all pyroclastic
flows, those discharged from arcuate fissures. Eruptive fissures may
develop in regions where there hgs been little or no volcanism for long
périods, as in parts of the North Island of New Zealand; they may also
develop in regions where long-continued eruptions from sc#tteted vents
have already laid down thick vo;canic deposits, as in southern Nevada,
Colorado, and ﬁew Mexico, during Tertiary time; or, again, they may
develop on the sites of groups of overlépping cones. All originate
where large bodies of siliceous hagma rise in the crust and dome their
roofs. Once the fissurea open, foaming magma escapes explosively, first
producing ash- and pumice-falls and then ash- and pumice-flows. And,
usually so much magma 1is expelled that the roofs of the magma chambers
collapse along the predisposing arcuat; fissures to produce calderas,
such as that of the Valles,Mounta;ns of New ﬂexico, an account ofAyhich
has been presented elsewhere.

a. Nomenclature. The term 'ignimbrite' was introduced by
Marshall to describe certain pyroclastic flow deposits in New Zealand

which are now known to be of the Valles type. Some geologists still
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restrict the term to such deposits, thougﬁ we advocate that it be applied
to all pyroclastic flow deposits of subaerial origin.

A single pyroclastic flow is commonly termed an 'ash flow',

and its deposits are commonly called 'ash-flow tuffs', though many of
them are much too coarse-gréined'tO’warrant that term. To most European
geologists, these two terms are synonymous with ignimbrite. |

An ash-flow deposit or sequence of deposits that cooled unin-
terruptedly, because it was laid down at once or in rapid‘succeséion,

is referred to as a 'simple cooling unit'. If, on the other hand, an

ash flow was partly cooled before being buried by others, the combined

deposits comprise a 'compound cooling unit'. And a cooling-unit complex
that grades from a single unit near the source into two or more units

away from the source is termed a 'composite sheet' (Smith, 1960a).

When Marshall introduced the term ignimbrite, he had in mind
deposits composed of fine particles that were hot enough to weld together
after coming to rest. - Hence, many wtiéers have erroneously considered

that all ignimbrites are 'welded tuffs', and vice vefsa. Such, however,

is far from being the case; indeed, very few ignimﬁrites are welded
throughout, except close to the eruptive vents, and many are coﬁpletely
unwelded.

Ignimbrites may be mﬁderately compact, nof Because the con-
stituent particles are strongly welded, but mainly because of devitrifi-
cation and deposition of 'vapor-phase minerals', chiefly tridymite and
cristobélite, in pore-spaces. Rocks of this kind are called ‘'sillars’,
a name used in Peru by quarrymen who work them for building purposes
(Fenner, 1948).

b. Extent, thickness, and volume. varoclastic flows of

Valles type are vastly more extensive than all other types. At intervals
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over a epap‘of about 30 million years, from Early Oligocéne to Late
Pliocene,;imé, the northern part of the Great Basin, including most of
Nevada and much of western Utah, was inundated by pyroclastic flows.

They covered more than 200,000 kmz., and theif aggregate volume was

3

more than 50,000 km™. Maﬁy composite sheets once covered more than

S - skooo“kﬁz;"Ebr‘1ﬁ§t3ﬁ6é;‘ﬁﬁé_fiié‘éﬁeefsw;hat make up the 'Needles

Range ignimbrites' combined to cover more than 20,000 kmz., with a.
total volume of more than 4,000 km>. The 'Hiko Sheet' covered 12,800
kmz.'to an average depth of 170 m., its total volume approximating
2,000 k@3. (Cook, 1965). The 'Rainief Mesa ignimbrite' extends 60

to 80 km. ;way from the Timber Mountain caldera which was produced by

2

the eruptiop; its original extent was 8,000 km~. and its volﬁme was

1,140 km3. Even where the pre-volcanic surface was almost flat, with
a maximum relief of 100 m., some individual shéets spread for tens of
kilometers. |

" Other ignimbrite fields of vast extent are those of Plio-
Pleistocene age in New Zealand (25,000 kmz.), of Pleistocene age in
the Yellowstone Plateau (5,000+ kmz.) and in the Lake Toba region of
Sumatra (c..25,000 kmz.), of Mio-Pliocene age in the Sierra Madre
Occidental of Mexico and in the Andes of northern Chile and southern
Peru, and those of Late Cretaceous age in southern Arizona and southern
New Mexico (e.g. the Mogollon Highlands, 25,000 kmz.).

The thickness of individual sheets varies greatly, even if

‘the tOpography of the pre-eruption surface was almost flat. Single
cooling units commonly exceed 100 m. in thickness, and a few exceed
200 meters. The Superior dacite 1gnimbrife of southern Arizoma, which
covers 1,000 qu., is locally almos; 500 m. thick, and prior to compaction

it was probably 700 m. thick (Peterson, 1961). Some single cooling units
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in the San Juan Mountains, Colorado, range from 1,300 to 1,800 m. in
thickgess; before compaction, parts of some of them must have been
approximately 2,500 m. thick. Within the Great Basin, according to
Peterson and Roberts (1961 and 1963), 'welded ash tuffs', in which
phenocrysts ﬁake up between 5 an& 25 per cent of the volume, are usually
less than 30 m. thick, but may be twice or three times that thick,
whereas 'welded lapillituffs', in which the crystal-content is between
25 and 50 per cent, range in thickness ffom 30 m. to 600 ﬁ. Cook (1965),
working in the same area, also concluded-tﬁap crystal-poor sheets tend
to be thinne: than crystal-rich ones, no sheets composed principally

of vitric ash exceeding 150 m. in thickness, and most measuringlless
than 80 m. thick. It should be borne in mind, however, that most |
sheets do not represent individual flows but are gimple or compound
cooling units. In Yellowstone Park, for example, 1ndividual ash-flows
are generally a meter to about 10 m. thick, whereas cooling units may

be more than 300 m. thick (H. R. Blank, oral communication).

c. Composition. Most ignimbrites of Valles type are rhyolitic;
in diminishing order, follow quartz latite, rhyodaéite,_and dacite ignim-
brites. Comendite and other soda rhyolites, trachytes and phonolites
are not uncommon, but andesitic ignimbrites are relatively rare. No
basaltic ignimbrites have been.identified among the'prodﬁcts of fissure
eruptions. A few, however, result from Krakatoan eruptions, as at
Crater Lake, Oregon, and others of intermediate and basic composition
result-from airfalls, e.g. some of the pipernos of the Alban Hills and
Phlegraean Fields, Italy. A few ignimbrites laid down by fissure
eruptions are of hybrid origin, magmas of different compositions
having mingled prior to eruption. Mingling of rhyolitic and andesitic

magmas preceded eruption of the pyroclastic flows in the Valley of Ten
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Thousand Smokes, as discussed already, and mingling of quartz latite and

basaltic andesite preceded discharge of the flows that inundated the Meseta

Central Occidental of Costa Rica during Quaternary times (Williams, 1952 b).

Except in unusually thick cooling units, vertical and lateral

variatione in the proportion and kinds of phenocrysts are not sufficient

to interfere with stratigraphic correlations over wide areas; in many
thick'sheets, however, yertical variations are pronounced., The basal
part ef one 1gninbrite sheet in southern ﬁevada, for exampie, is of
rhyoliﬁic composition (77% SiOZ), eontaining only 1% of phenocrysts,
whereas the upper part is quartz lacite (69% 8102) containing 21% of
phenocrysts (Lipman et al., 1966). Similar vertical variations have
been observed among ignimbrites related to the Creede ealdera; Colorado
(Retté and Steven, 1967) and those of Aso, Japan (Lipman, 1967). Lateral
variations within cooling units may be equaily nronounced,-the content and
size of phenocrysts increasing toward the source, es they do in some of
the Yellowetone.sheete.

| Chemical variations in some ignimbrites result mainly from
differences in groundmass'(glass)‘composition rather than from differ-
ences .in the amount and kind of phenocrysts (Lipman et al., 1966;
Lipman, 1967); on the other hand, the compositions of the glasses in
the dacite pumice and basaltic seoria ignimbrites around Crater Lake
differ much less than do the bulk compositions (McBirney, 1968), and
the glassy groundmasses of some rhyolites and quartz latites in the
Great Basin are notably similar, suggesting that the main reason for
differences in the bulk compositions of these particular tuffs. is the
amount and kind of phenocrysts (Peterson and Roberts, 1963). Crystal-
and lapilli-rich ;gnimbrites in the Great Basin tend to be dacites or

quartz latites, whereas crystal- and lapilli-poor ones tend to be
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rhyolites. In Honduras, however, most cryétal-rich_ignimbrites are
rhyolites, because almost all the phenccrysts cbnsist of quartz and
alkali feldspar; besides, andesitic ignimbrites in Honduras are notably
poor in phenoqrysts of any kind.

The bulk compositidn of an ignimbrite may differ coﬂsiderably
from that of the parent magma, as the youngest sheet around the Aso
caldera indicates (Lipman, 1967). This qheét'exhibits the:usual increase
" in phenocryst.content from the bottom upward, changing from rhyodécite to
_ trachyandesite. However, this normal variafipn was obscured by mixing. of
upwelling batches of magma of different composition, particularly during
waning stages of the eruption, as indic#ted by layering and o;hef hetero-
geneities within single.pumice-lumps. It was obscured further by'mixing
of fragments of varied compositions and by sortiﬁg of phenocrysts from
vitric ash during flowage and deposition of the ejecta at the surface.

To thesé primary variations must be added secondary ones brought about
by volatile transfer of constituents dufing cooling of the ignimbrite,
and groundwater leaching, especially removal of soda from glassy
particles after consolidation. |

d. Sortiﬁg. Ignimbrites of Valles type, in commonbﬁith those
of other types, are poorly stratified and poorly sorted by comparison with
airfall deposits, as may be seeﬁ in figures 12 and | 13 . Characteris-
ticallf, théy are chaotic mixtures of pumice-bombs and lapilli in an ashy
matrix much of which is dust-sized, and generally there is no systematic
variatién in the size of pumice-bombs and lapilli, except near the distal
ends of long flows where diminishing turbulence permits-many of them to
settle accofding to size. Glass-shards may become finer toward the top

of an ignimbrite sheet .(Rast, 1962), but this is unusual, and is probably
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caused by settling of vitric dust from clouds after a flow has come to rest.

Sorting 18 most clearly revealed by variations in the amount and size of

crystals and lithic fragments. Some of this sorting reflects/downward

increase in the content of crystals in the magma prior to eruption, and

some reflects the fact thht initial flows tend to incorporate more

accidental fragments from the walls of the eruptive fissures and sweep
up more fragments from the surfaces over which they rush. Part of .the
aorting;.héwever,.takes place during tran;it and-depositioﬁ.

| Studieé of pumice-flow deposits of Krakatoan type around Towada
caldgra, Japan, show that lithic fragments generally diminish in size and
number away from the source. Close to the caldera-rim, such ffagments may
conatitute half the total volume. Five kilometers frbm theArim, their
maximum size is 150 mm;; 25 km. away it is 50 mm.; and 50 km. away it
is 10 mm. (Ishikawa et al., 1957). Similar vafiations have been noted
in a Tertiary ignimbrite of Valles type that covefs 3,000 kmz. in Central
Oregon. Lithic blocks in_this‘ignihbrite measure between 7.5 cm. and
1.25 n. ﬁear the source, but less than 2.5 cm. near the Snout. Pﬁmice—
bombs diminish in size in the same direction; so does the content of
feld;par, pyroxene, and magnetite crystals (Fisher, 196%;. Even glass
particles iq an extensive sheet of ignimbrite may diminiéh in size toward
the margins and distal end.

Lithic blocks of enormous size may be incorporated in ignimbrites

close to their.source when these areas have been uparched enough by rising

'magma before the eruptions to cause gravity slides on the flanks. An

example is to be seen in the Bull Valley area of southwestern Utah
(H. R. Blank, oral communication).
e. Phenocrysts. The content of phenocrysts in ignimbrites

ranges from less than 1 to approximately 50 per cent, and, as noted
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already, it may vary greatly, both vertically and laterally, within a single
cooling unit. The composition of the phenocrysts may also vary within the
saﬁe ignimbrite, as it does in one of'the Picture Corge ignimbrites ok
Centtal.Oregon, in which plagioclase becomes more caicic and7clinopyroxene
becomes less ferriferous upwétd,'while magnetite increases in amount in
the same direction (Fisher,'196é3.

. Phenocrysts in ignimbrites, unlike those in most lava flows,
are generally broken, owing to explosive‘impacts-within the eruptive vent
and subsequently, during tutbulent flow at the surface. The more the
phenocrysts, the more they are shattered, until all may be reduced to
splinters. This is particularly true of quartz phenocrysts because they
split readily along conchoidal fractures. Moreover, shattering of quartz
phenocrysts usually continues after the ignimbrites have come to rest,
ow;ng to strains set up by compaction of the deposits and cooling of the
glassy matrix. ' The phenocrysts become slightly dismembered along con- -
choidal fractures, permittihg narrow lanes of glass to penetrate between
the separate parts. It should be noted, however, that in 1gnimbrites
that contain pumice bombs and lenticular or flamelike clots of obsidian,
the phenocrysts in the matrix are invariably more shattered than those in
the bombs and clots, where many retain euhedral forms. If biotite flakes
are ptésent, they are commonly'bent or even crumpled} particularly where
they lie between other phenocrysts. Such deformation of biotite, which
is extremely rare in lava flows, results chiefly from differential compac-
tion of ignimbrites as they cool andllose gas.

Phenoctysts in the densely welded patts‘of ignimbrites tend to

be fresh, whereas those in the more porous, overlying parts, which-have

been subjected to the 1nfluence of fumarolic gases, are generally altered or
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mantled by overgrowths. For example; sanidine or anorthoclase phenocryste'
may exhibi; their mantles ofISOdavsanidine, sanidine phenocrysts may unmix
to.produce drfpto-perthites ("modnstones"),‘browﬂ biotite may bééome
.reddish, andlgreen hornblende becomes russet oxyhornblende in the 'vapor-
phase zone L-“_If&ait_erégiwz‘ proceeds far enough, the mafic minerals may
be completely replaced by iron ore. And while magnetite may be plentiful

in the dehéely welded pgrt of an igniﬁbri;e. making it strongly magnetic,

it is largely replaced by hematite in the po;ous, overlying part, making

that part much less magnetic.

‘f. Welding. The term 'welded tuff' was introduced in 1935

- by Mansfield and Ross. The degreé of welding ranges from incipiént

annealing of glass shards to thofdugh welding in which the shards are
intensely deformed and porosity is reduced.almos; to zero. Indeed, in

some welded tuffs all traces of original vitroclastic \textures are

" obliterated, so that in hand-specimens and under the microscope, the

rocks resemble delicatély banded obsidians. Even thin sheets of airfall
btuff, like part 6£vthe w1neglass tuff on the walls of Crater Lake, may
simulate obsidian flows. But if is especially in tﬁe basal parts of
ignimbrite-sheets laid down on wet ground, that welding is most thorough,

owing to the development of abundant superheated steam. Not only may

‘the pyroclastic texture disappear entirely, but the glass-particles, and,

locallf, even xenol;;hic inclusions, are thoroughly homogenized, changing
to massive, perlitic glass (McBirney, 1968 b).-

| Color changes accompany welding. As glass shards become more
tightly appressed, and light-colored pumice-lumps become increasingly
flattened bf load-pressure, the ignimbrite becomes darker, the larger
fragments darkening more rapidly than the finer matrix,.sbme of them

becoming flamelikg clots of black obsidian.
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Some of the Ordovician ignimbrites of Snowdonia, Wales, ghoﬁ a
systematic relationship between the size of the glass shards and the degree
of wéiding, the most strongly welded tuffs bging.thosp.composed of the
smallest shards (Rast, 1962). This, however, is far from being a general
rulé, because much depends on the degree to which the fine p&rticies.have
been cooled in flight before being incorpo;ated into a pyroclastic flow.

Ignimbrites tend to be more welded toward theig soﬁrée, an& 1n:
a‘sequence of flows erupted'in quick succession, the laﬁgr and hpfter ones
ténd to be more ﬁelded than the earlier ones, even though they contaiﬁ
less gas. Indeed, as noted already, airfali tuffs with flattened,
flamelike clots, may be.hot enough to become firmly welded and.éven to

move downslope for short distances, producing what Rittmann has called

'rheoignimbrites’.

The degree of welding depends on many factérs, most of which
also coﬁtrol the degree of artificial sintering (Guest and Rogers, 1967).
It depends primarily_on the viscosity.of the glassy particles, which is
controlled in turn by their bulk composition, the nature and amount of
their contained gases, and particularly by their tempe;ature at the
fime the ignimbrite comes to resﬁ, for viscosity varies exponentially
with temperature. The degrée of welding is also influenced by the rate
of cooling and crystallization, by the thickness of the deposit (1.e. the
pressure applied), and by particle-size. Under low pfessures, the smaller
particles tend to weld more readily than do the la;ger ones, but.at high
pressures the welding rate is independent of particle-size.

The minimum temperature for incipient welding of the rhyolite
tuff of the Valles caldera was estimated by.Smiﬁh (1960) to be below 535°C.
He found that the degree of welding was controlled principally by temperature,

water-vapor pressure, and load. Deformational welding to form black glass
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tgkeq,placés.in 50 hours below 635°é. at a load of 40 kg./cmz., 20 atm. of
.watet-vapo: pressure. For ignimbrites 30 m. or less in thickness, Smith
thought that temperaturés’of more than 735°C. mﬁst have obtained to produce

- denielvaelded facies.

most ignimbrites is thought to be betiween 50 and 60 per cent, but by
cbmpagtiﬁn the porosity ié'reduced,bf any amount down almost to zero.
Assum}ng_ag init;al porosity of 50%, one can make a rough estimate of
the 6rigina1 thickness of a givenvshéet by adding'the thickness of its
unwelded part. to 1% times the tﬁicknesa of zones of partial welding and
twice tﬁe fhi;kngss of the zone §f dense wglding (Smith,.196Q).l Soﬁe
effects of comp;ction on porosigy are illustrated in figure 14 .
Under load; éutaxitic textures develop by‘flattening of glass shards
and pumicgfclots, and many shards are bent and buckled between adjacent
phenocryéts;
High 'strand lines’ aﬁd maréinal fault-scarps testify to
"compactiﬁn of the 1gnimbrites laid down in the Valley of Ten Thousand
Smokes, and the fairly regular aownward increase in.the flattening of
included pumice-lumps in most ignimbrites provides another graphic
illustration of compaction. Peterson (1961) studied the flattening
ratios éf éumice*lumps in an ignimbrite near'Superior, Arizona, the
maximﬁm thi;kness of whiﬁh is now 600 m., the average being 150 m;,
Fragments ;n the upper parts are approximately equidimensional and
;how little'preferred orientation; Lower down, they become ovoid;”
then fhey become thin sﬁreaks and stretched lenses; lower still, they
may'be represented by mere coatings on horizontal parting planes; finally,

they disappear. Local reversals in the flattening trend denote that the

~ g. Compaction durigg,welding.d;Ihe_initial_bulk,porosity-oiﬁ»FWA..
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material was laid down in several pulses;, but the fairly regular downward
increase in flattening shows that intervals between pulses Qere br;ef.
Inde;d, the flattening ra;ios are so ﬁearlyAconsistent that they can be
used to determine where isolated outcfops belong in'the sequence, and
abruﬁt changes in the ratios can be used to detect faults and calculate’

their throws.

h.  Other zonal-features.. In addition to the variations just
described, several others may be observed in vertiéal sections of ignim-
brites of the Valles type, chief among‘whichvare variations in the degree
of welding. 1In a typical sheet, the basal‘gn& topmost parts are non-
welded and pass inward through zones of partial welding intova,denseiy
welded core which, if sufficieatly welded and thick enough.'may cdntain'
an innermost zone characterized by lithophysae. Transitions from non-
welded to partly welded tuff are marked by the firsf recognizable
deformation of glass shards and by flattening of pumice;lumps, and commonly
it coincides with a changé from grayish to brownish colors (Lipman and
Christiansen, 1964)._ '

Zoning due to variations in the degree of welding is least
pronounced and may be lacking in ignimbrites laid down at low temperatures.
No simple rules can be applied; some thick sheets are noh-ﬁelded throughout
while others only a few meters thick may be strongly welded except for a
thin layer at the top. It is generally true, however, that in a given
sheet the thickness of the strongly welded zone increases in proportion
to the total thickness.

Superposed on the vertical zonation produced by differences in
the amount of welding are zones of devitrification, vapor-phase cryétalli—
zation, and fumaroli; alteration (Smith, 1960). Boundaries between glassy

and devitrified zones are commonly sharp. The principal textures formed
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by devitrificgtion are pectinate, axiolitic and spherulitic. Each glass
~shard and pumice fragment usually‘behaves 88 a separate unit during
devitrification, fibers of cristobalite and alkali feldspar growing
1nward perpendicular to the margins; not uncommonly, however, particu-

larly in densely welded tuffs, fibrous intergrowths may cross shard-

bpundaries at- random. In ancient ignimbrites, these intergrowths are
generaliy-replaced by microgranular and micrographic intergrowths of
quaftz and alkali feldspar (micro-.and cr&pto—felsite). Séhérulitic
and axiolitic intergrowths tend té.ép:ead outward from shard-boundaries
from the sides of phenécrysts across the matrix of vitric dust,,aﬁd they
are commonly loéalized in bands hlong parting planes. Lithophfsae
deQeiop'only by'aevitrification'of the mosf densely wélded t;ffs while
they are still hot, and these are also loéalizgd by parting planes.
Gases released during déviﬁrification, if'confineq in small openings,
forée thé walls apart to produce spheroidal and ovoid cavities or
they crack fhe-walls; pushing them aside to produce star-shaped cavities
that may be filled later with chalcedony deposited from percolatiﬁg
groundwater! as in so-called "thunder eggs" (Staples, 1965).
Vapor-phase crystallization results from deposition of
tridymite, alkali feldspar (usually sanidine), hematite and other
lesg commoﬁ minerals 1n'pore—spaces by fumatélic gases. It is,
conséquently, most pronounced in poorly welded or unwelded zones
that overlie the most densely welded zone. Fumarolic alteration is
ﬁlso most pronounced in these zones, and many ignimbrites have reddish
or brownish tops that reflect near-surface sublimation of magnetitg{

hematite, etc. by fumarolic gases.
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i. Recognition of individual flow-units. Whether the boundaries

between successive flows are distinct or obscure depends largely on the
time-intervals between them; if the flows form part of a single cooling
unit, particularly if all are strongly welded, it may prove difficult or

impossible to detect -the boundaries. Helpful criteria include the

_f‘onawi_x;g' :

1. The most obvious breaks between fIOqunits are thogel
produced'by‘weatherihé or erosion. However, ero;ional breaks do not
pecessarily sigﬁify long time-intervals; thick layers of fluviatile
ash an& pumice may accumulate rapidly on eroéion—surfaces, even within
.a féw hours, as they did between successive flows in the Valley of Ten
Thousand Smokes., |

2, Crystals and lithic fragments may be concentrated at the
base of a unit, along with debris swept up from the consolidated top of
an underlying unit.

3. layers of airfall tuff may separate flow-units. These
may be formed by settling of fine dust on the surface of a flow or
they may be formed by showers of ash preceding discharge of a flow;
in either case, they may c&ntain accretionary lapilli.

| 4, Reversals in porosity- and welding trends, and in the
flattening fatios of pumice-lumps may indicate breaks.

5. Changes in the composition or grade-sizes of the ejecta
may also denote breaks.

6. The abrupt upward termination of 'fumarolic pipes' and
the'presence of reddish and brownish 'fumarolic tops’.

7. Changes in joint-patterns.' A cooling unit that contains

many flow-units may behave, however, in much the same way as a single
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flow of basaltic lava, developing an upper and a lower colonnade of
columns of different.sizes separated by a median zone (entablature)
in which jointing is irregular or obécure.‘ It should also be noted
that an earlier, already soiidiiied ignimbrite-sheet may be reheated
by lgter ones, so that all cool tpggther.and jointing extends unin;
terruptedly from one.sheet to another.

8. 1In exceptional instances, flow-units may be distinguished

by a magnetic reversal, provided, of course, that the loQEr sheet. was |
not feheated abéve its Curle point by the overlying sheet.

j. Modes of eruption, flow and debosition. Eruption. Backfall

of ejecta from the sides of vertical eruption-columns undoubtedly initiates -
somé pyroclastic flows of Valles type, as they initiate flows of St. Vincent
type. The scarcity of airfall-interbeds in many ignimbrite fields suggests,
however, that most of the ejecta are not blown high above the eruptive
vents and sorted in flight; instead, foaming magma burs;s'into an expanding
cloud of incandescent\clots‘and spray that begins at once to rush downslope
like a 'base surge'.

Several estimates have been made of the water-vapor pressures
that develop during differentiaﬁion and crystallization of the sourcé—
magmas of ignimbrites. Lipman (1966), for example, calculated that the
source-magmas of some rhyolitic ignimbrites in Nevada may have developed
pressures of 500 to 1,200 bars; others have calculated ptéssures of as -
much as 5,000 bars. But if exception be made of the great eruption of
ﬁezymianny volcano, Kamchatka, for which Gorshkov calculated a pressure
of 1,000 atmospheres, even the most violent explosive eruptions that
have been studied involve pressures of no more than about 450 atmﬁépheres,

and, of course, most eruptions involve much lower pressures. By analogy
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with the dispersal of ejecta in explosive eruptions that have been witnessed,

it seems probable that the magma which issues from fissures to form ignim-

brites does so at gas-pressures of less than 100 atmosphetes./

Not much is known about the depths at which vesiculation begins

.An various kinds of magma. ?er}aké;(}9§6) says that rhyolitic and dacitic

magmas retain their water content to depths corresponding to pressures
of less than 15 atmospheres.(= 50 m.), and he quotes Nasedkin to the
effect that release of water takeé placé'gradually in the:femperature-
rangé of softening of basaltic melcé but abruptly in granitic melts.
Volarovich and Chepurin (1944), from heating experiments on obsidian,
concluded that pumice may form at the surface at temperatures below
870°C., but at depths of 16 to 20 m. (= 5 atm.), it férms oniy at about
950°C{; aﬁd'at depths of 40 to 50 m. (= 12 to 15 atm.), the pumice-making
temperature rises to 1000°c. Strict applicatién of these experimental
results to natural magmas is, however, unwarrante&. Cook (19¢3) noted
the pre;ence of vitrbclasﬁic textures and shattered phenocrysts in the
dike-feeder of a Tertiary ignimbrite near Tonopah, Nevada, at a depth
of approximately 500 m. below the eruption-surface.

2. Flow. Pyroclastic flows travel almost wholly by tur-
bulent rather than by laminar movement. They behave as fluidized systems,
the solid and liquid frégments being envelopéd in hot, expanding gases.
As the gas—-content diminishes and slopes become steeper, gravity plays

an increasing role.in propulsion until it becomes the dominant factor

.in many flows of Pelean type and in all of Merapil type. On the contrary,

as the gas-content increases, flows travel vast distances over extremely
gentle gradients.
The amazing mobility of pyroclastic flows is due to their _

fluidized state. This results partly from what Perret called the
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"self-explosive, gas-generating.propertiea'of fragments in transit', and
partly from the violent expansion of air engulfed by the flows. Gas is
added to the flows continually as vésiclea burst and bombs shatter b&
inte;nal explosion or by impact, and some is added by diffusion from
incéndescent,‘glassy particles. 'Evgn a small amount released at high
pressure and high temperature may be adequate to cause extensive fluidi-
zation, but whether or not gas-emission can be maintained.sufficiently
to permit flows to travel for great distances over gentlelslopep remains
a debatable problem. In McTaggart's opinion (1960), mobility must be
maintained by envelopment and expansion of air. "The hot, ever-
diminishing avalanche engulfs, rolls over, draws in, and momentarily
entraps cool air. In this way, the front part of the mass ié consténtly
fluidized by fresh supplies of air that on heating, expand progressively
and explosively as they rise through the avalanche'. ‘It is enough to
pour hot ashes and cinders from a shovel to be reminded df the mechanism!
Indraft of air toward a glowing avalanthe is indicatgd by the nearly
vertical sides of overlying clouds. Moreover, eyewitnesses speak of
Peléan avalanches as "rolling down in globular, surging masses''.

Perret (193 5 described the moré active ones as rolling rather than
sliding over the ground, and Lacroix (1904) noted that in the low,
frontal parts of avalanches, volutions rolled over one another in the
direction of advance. Finch (1935), examining the effects of a "down-
ward blast' from Lassen Peak, California, in 1915, also concluded that
there was a vortex-like circulation within the frontal part, many

short cylinders, whose axes were not parallel, rotating on horizontal
axes, with intervening areas of less turbulence. This complex intérnal

motion, it seemed to him, explained why some trees within the 'Devastated
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Area"reta;nedvtheir limbs while adjacent ones were snapped off near the
‘base. Damage done in St. Pierre during the destructive avalanche of 1902
also denoted great vgtiations of internal velocity. Boiler plate was

punctqred_by fiying fragﬁents, and heavy monuments were overthrown,

__indicating local yg@gé@;igg of 150 m./sec. (Perret, 1935).  Forward-

springiﬁg’jets‘have been observed at the fronts of avalanches where

they maggﬂéh-ébrupt descent. These, in McTaggart's opinion, result-
from'suddén.cqmp:ession and then eﬁpansion of'air'trappedAand heated
by'tﬁe oyerri&ing debris. In part, fhey resemble the "air explosions”

at Niagara Falls wheré plunging water encloses and compresses air until

it bursts out in jets‘of,spray. ‘Sudden release of large volumes of gas

at hiéh pressure by the smashing of big bombs of pumicé mighﬁ also produce
forwafd4Spring;ng jets.

_McTaggaft's conclusion that gas exsolved from the liquid and
solid patticles could not.maintain the mobility of glowing avalanches
was questioned by B;dwn (1§62),'who pointed out that although an indi-
vidual parciclé cannot support its own weight by exsolving gas for more
than a fractidﬁ of a second, the effect of gas emission in a bed of
fine.pa:ficles is cumulative. 1If data for industrial applications of
fluidization'gge applied, the time for deflation of the exsolved gases
is fquﬁd to be much longer. When McTaggart (1962) reconsidered the
problemjih terms of empirical data on industrial fluidization processes
he concluded that'the time necessary to deflate a turbulent ggég is
greatly exfended if particle-sizeé are small and, even if no gas were
exsolved from the particles after they left the vent, times of the '
order of 15 minutes would be required for a bed 100 feet thick to
become de-gassed. He suggested that the initial gas-soiid mixture

would lose gas upward and at the same time deposit particles at the
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base as it moves forward. Entrapped air would add to the time necessary for
deflation, increasing the distance the nuee would travel.

0'Keefe and Camerop (1962).pointed out that in addition to the
inertial force of upward streaming gas, viscous resistance of gas becomes
an importantAfactor when particleé are small and closely spaced. Since
the space between particles is narrow and gas immediately adjoining the
particles is at rest with respect to the solid, there are steep velocity
gradients in the adjacent gas layer. Viédosity of the gas then becomes
a.significén; factor in supporting small particles.

According to Leva's (1959) form of‘the Poiseuille equation fqr

flow through capillary tubes,

(1)

where p 1s pressure, u viscosity, u, the average velocity, L the length
of the passage and Dy the diameter of the tube. It can also be shown

that the weight of the column of material that must be supported is
L(ps—pf)(l-e) g = A p (2)

where g is the acceleration of gravity (ps~p£f) the density of the solid
less the t{"yaut effect of the gas, and e the fraction of ghe volume
occupied by voids. ps(l-e) is then the average density of the aggregaté
fluid-solid mixture.

Equating these two equations for Ap and substituting for pf u,

the rate of flow G in grams per second per cm2 gives

2
_l-e D, pflps- £) g

=33 - @

m



_form of the equation (3) has been given by Leva (1959), who shows that for
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This equation does not take into account irregularities of the

_passages bgtween particles and the difference between the actual path-length

and L in equation (1). Moreover, the diameter oOf particles is more useful

than the highly irregular diameter of the passage Dt' A directly applicable

a wide range of densities, flow rates, particles sizes, and fluid viscosi-

ties for both gases and liquids, the minimum flow G ¢ required to maintain

£
a fluidized bed is

,
< ¢ D of(ps-pf) g
G =C.p (4)

']

where C is a constant that varies with the'Reynolds number R:

c « r0-63 (5)
where
R = GD ‘ (6)
P
"B

The empirical equation in cgs units, if buoyant effects are neglected,

becomes

4

1.82 0.9
6, =1.00x103 D (efoese) (N

mf .

u 0.88

The effective particle diameter Dp is close to the lower limit of the
size-range because small particles between larger ones govern the space
;hrough which gases can move.

Application of this equ#tion to EEéEE depends on the source of
gases which are assumed to fluidize the solid particles. O'Keefe and
Caméron assumed that water vapor to the amount of (0.1 percent by weight)
is exsolved from the glasé fragments and calculated fhat the duration of
fluidization of.a'bed 100 m. thick by this watef vapor would bé almost

an hour. Their estimate assumes that the only gas available is that
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exsolved during transport. It is likely, however, that the magma already
contains a large proportion of gas at the time of eruption and entraps
air at the front of the turbulent cloud. |

.vFluidization can be greatly prolonged by slow diffusion of
this gas throﬁgh a mass of pérticies,small enough to have an important
particle-particle interaction. Eden et al. (L967) estimate that. for
particles in the range of 40 microns with a spacing of less tﬁan 10 microns,
- permeability wil; be so low that settliné.ﬁould be greatlf retarded even
without emlssion of gases. This is esseﬁtiélly the concept suggested by
HcTaggart (1962), when he questioned the importance of exsolved gasés in

certain historic nuees ardentes.

In large igniﬁbrites, mobility is probably produced by a
combination of all of these factors —-- entrapped‘atmospheric gaseé;
water vapor exsolved during trénSport, and retarded defla;ion of the
initially gas—rich eruptive cloud. Their relative importance is impossible

to evaluate without observational data on large ignimbrite eruptioﬁs.

Thermal Relations

The most complete study of the thermodynamics of nuees is
Boyd's (1961) work on the rhyolites of Yellowstone Park. He has shown
that fluidized ignimbrites must have a high thermal efficiency. Com-
bined heat losses through conduction to the ground and radiation from
thé surface could not amount to much more than 5°C. per hour. By far
the greatest cooling effect is that which results from exsolution of
water vapor and adiabatic expansion of the gas-liquid system. Boyd
concluded that the Yellowstone tuff would be cooled by an amount that
is a direct function of the initial water content, and if water contenfs

of less than 4 percent are assumed, enough heat would be retained to
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Produce i:tonaly'welded'tocks7evenbio hours after the magma issued from
.;ﬁsAvent;‘ ; i
“Laminar flow ﬁay take pléqe near-the fronts of ignimbfite

sheets during penultimate_stéges of advance (Walker and Swanson, 1968);

.1t may also take place on steep slopes @qjgngrqp after welding of ﬁhe

.depoaits. .During the turbulent étége of advance, there is no alinement
of th? ?gmice-lumpa, }ichié frégmégté,'apd phenocrysts; subsequently,
howeyéf, wheii laminar £low ﬁegins;.a lineation hay'develos'parallel to
the main direc;ion of movement, aﬁd just before fiow ceases this may
be rotgted at right angles. An exaﬁplé 15 to be seen in ome of the
Yellowstone 1gn§mbpites,'where siender bombs, ten times ;s long'as ﬁide,'
are alined pe?pendicular to‘the’hain direction of flow (H. R; Blank, Jf.,
oral communication); Laminar flow is alsé,indicated by overturned iso-

clinal agd asymmetric folds and 'ramp structures' with axes parallel to

thg st;}ke-of the bapding.' Secondary laminar flowage following welding
is wel}fdeveloﬁed ip.sodaegich, trachytic ignimbrites on Grand Cénary.

Islandv.

Pyroclastic Flow o~ Ignimbrite
Layer

Fig? 9. Diagrammatic {llustration of a moving pyroclastic flow and its g::ually

. thickening ignimbrite deposit. Particles along line “a” were deposited the

" . portion of the flow that has reached station .A. Particles along line “b” were

ted from the portion of the flow that has reached station B and 50 on throug
innumerable theoretical lines parailel to the base of the deposit d ted

innumerable theorctical turbulent “fronts™ that follow the leading edge of the
pyroclastic flow, : .

From R¥-Fisher (§66<) . - .



-89-

(Schmincke and Swanspn, 1967), where the lower parts of some cooling units
are intricately folded and apparently were mobile enough to flow an unknown
distance carrying their upper parts passively with them. In additioﬁ;
1mbr;cafed discs of flattened pumice lapilli that diﬁ 25° to 35° upslope
are to be fouﬁd in the basal’few-me:ers of some ignimbrites. These discs
were probably rotated from a horizontal position duriﬁg secondary downslope
movement following compaction and welding.

3. Deposition. Pyroclastic fibwe lay down debris all along
their paths, as basal parts lose gas by ﬁpﬁard escape and lose velocity
by frictional drag along the ground. And asAgases rise within the flows,
the upper parts become increasingly fluidized, turbulent, and ;bbile,'so
that they tend to travel farther and faster than the lower pérts. Each
part of a flow therefore tends to override the part below, and each in
‘turn becomes the basal part of minimum velocity, wheré it ceases to be
fluidized and so drops its load, fragments of all sizes d?opping together.
Other things being equal, a thick flow tends to travel farthef and faster
than a thin one, and a flow composed mainly of fine particles tends té
travel farther and faster than one made up mainly of coarser fragments.

Reference to Fisher's diagram, reproduced here as figure 17,,
shows that the thickness of the deposits laid down by a pyroclastic
flow at a particular point increases continually as the flow moves past.
Particles along line 'a' were laid down by the part of the flow that has
reached point A; particles along line 'b' were laid down by the part that
has reached point B, and so forth. The flow itself is thicker at B than
at A because it has not traveled as far; and the depositskat B are thicker

than at A because more of the flow has moved beyond B. Time-planes thus

cross depositional planes. Particles along line 'a' were laid down first
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-at poiqt_C, then B, then A; hence the deposits along this line are not
synchronous. :Ihe.time-plénes parallel the interface between the flow
'1tse1f and its deposits; |

Diminufion'in the content of litﬁic fragments and crystals and

in the size of glass shards and'pumice-lumps toward the fronts and sides

in those directions, doubtless because of loss of gas. However, thg_fact_
that guch sorting is ﬁeve: pronounced and.commonly:too obscure to detect
suggeéts consfanf re-vitalizing of the fronts and sides of flows by entrap-
ment, heating, and eipansion of co§1 éir, in.the manner advocated by
McTaggart. |

k. Origin of ignimbrite-magmas of Valles Type. There seems to

be general agreement concerning the origin of magmas involved in the
formation of pyroclastic flows related to volcanic domes and those related .
to eruptions from the open craters of long-establiéhed volcanicvcones.
These magmas appear to haVe evolved chiefly by crystal-differentiation,
gas-transfer, and reactioﬁ with wall~-rocks in near-surface teser#pirs.
There 18 much less agreement concerning cﬁe origin of the vastly more
volum{nous magmas involved in the formation of'pyroclastic flows of
Valles tyée. Sucﬁ flows are relatively rare within eugeosynclinal belts,
and their erﬁption rarely coincides in time with.orogenic deformation of
those‘\.\."ﬁ\eir maximum distribution is outside eugeosynclinal belts
(Westerveld, 1963); the same holds true for most of the world's ring-
dike complexes, of which more than 300 are known (Elston et al., 1968).
The immense volumes of ignimbrites of rhyolitic to dacitic

composition, and the scarcity of associated andesites and basalts cast

doubt on the view that the parent magmas were derived by crystal-
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differentiation of more basic melts. The éompositiohal—range of most
ignimbrites of Valles type corresponds with that of the granite-quart;
monzonitg—gtanodicrite-tonalite calc-alkaline suite, these béing the
dominant plutonic rocks of orogenic belts.

Plutonic rocks of fhis type do not occur on truly oceanic
islands, and ignimbrites are extremely rare there, being restricted to
alkaline types; Taken together these fa;ts“shgges; that voluminous
fgnimbrites of Valles type are derived from magmas produced by anatexis
of sialic rocks within the crust. The céméositionsvof the ignimbrites
are restricted to a relatively small range with respect to Q, Or, and
Ab, the principal constituents, and thié range corresponds clpsely witﬂ
that of the eutectic péints in granitic'systeﬁs and in experimentally '
formed anatectic melts at water-vapor pressures 6f 2,000 bars (Winkler, 1965).

If ignimbrite-magmas originate by fractional melting of crustal
rocks, such as éhales, graywackes, schists and gneisses, the initial
liquids would be those most nearly rﬁyélitic in composition, and, as
melting continued the liquids would tend to change to quartz latitic,
and dacitic compositions. A fractionated liquid cblumn might thus
develop, increasingly silicic and alkalic upward. Neither xenoérysts
nor xenoliths would be likely to survive in such a column. However,
no ignimbrite-field shows a regular upward successién from rhyolites to
dacites; henﬁe, it seems probable that if the parent magmas originate
by anatexis, they rise to various levels in the crust to occupy large
reservoirs within which they fhen undergo differentiation by crystal-
settling, gas-ﬁtansfer, and wall-rock contamination. The fact that
many ignimﬁrite fiélds contain large collapse-calderas suggesfs that

these proximal feeding chambers lie at depths of only a.few'kilometers.
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Many calculations have been mﬁde of the depths at which ignimbrite-
magmas crystallize, but all are open to serious doubt. As Lipman says (1966),
if water pressures in 1gnimbrite-magﬁas are generally less than load pressures,.

precise values for the temperature, depth, and water content of the magmas

over, that the depths at which anatexis and crystallization take place
are markedly different. |

The composition of glasses and:theirvcqexisting'ctystals in
certain ignimbrifes in Nevada led Scott (1965) to conclude that eutectic
crystallization of the parent magﬁa took plaée under water-vapor pressures
of approximately 3,000 to 5,000 bars (equivalent to depthslof 11 to 17.5
km.). If the magma was saturated with water during crystallization, he
estimated that its temperature would have been 650°C, to 680°C. Lipman
et al. (1966), in their work on ignimbrites in southern Nevada, assumed
that an.equilibrium water-vapor pressure of 600 bars was effective during
the formation of phenocrysts as well as duriﬁg anatectic differéntiation,
and concluded that the top of the magma-chamber lay at a depth of
approximately 2 km.

Ignimbrites are common in many ring complexes, and generally
they were erupted from ring-fractures tapping the upper, silicic parts
of plutonicAcupolas. Field studies suggest that the tops of such

cupolas lie at depths of approximately 4 to 6 kms.



.Bibllography o

Andaraan, Tampest*and J. S. Flett, 1903, Report on the eruptions of the
.Soufriére in St. Vincent in 1902. Phil. Trans. Roy. Soc. London,
PCO 1, set. A’ _2__0_2) 353"5530 .

‘Aramaki, Shigeo, 1957 The l783 activity of Asama volcano. Jap. Jour.
Geol. and Geog., 27, 189-229, 1956, and 28, 11-33. '

Tttt ‘---Baak-4J~~Am, 1949, A comparative study on Recent ashes of the Java

volcanoes, Smeru, Kelut, and Merapi. Meded. ‘alg. Proefstn. ~ ~
Landb.; Buitenzorg, 83, 1-60. -

;Bénsaa, W. N., 1915, The geology and petrology of the Great Serpentine
Belt of New South Wales. Proc. Linn. Soc., N.S.W., 40, 564~577
and 603-611. o - . .

'Bernauer, F., 1931, Zur Kenntnia.de; Brotkrustenbomben von Vulcano.
Neues Jahrb. fir ilin. usw., 64, 629-648.

Bordet, P., G. Harinelli, M. Mittempergher, and H. Tazieff, 1963,
‘Contribution 3 1'étude volcanologique du Katmai et de la Vallée
des dix mille Fumées, Alaska. Mem. Soc. Belge de Gé&ol., Ser. 8,
No. 7, 7-70.

‘Bowven, R. L., 1967, Volcanic events of the Middle Ordovician in eastern
North America. Trans. Amer. Geophys. Union, 48, 226.

Boyd, F; R., 1961, Welded tuffs and flows in the rhyolite plateau of
Yellowstone Park Wyoming. Bull Geol, Soc. Amer., 72, 387-426.

Brady, L. F. and R W. Webb 1943 Cored bombs from Arizona and
- 'California volcanic cones, Jour. Geol., 51, 398-410.

Brown, M. C., 1962, Nudes ardentes and fluidization: a discussion.
Together with a reply by K. C. McTaggart. Amer. Jour. Sci.,
260, 467-476. :

vBtﬁn, A., 1911, Recherches sur 1l'exhalaisous volcaniques. Paris.

Capps, 8. R., 1915, An ancient volcanic eruption in the Upper Yukon
Basin, U.S. Geol. Surv. Prof. Paper 95 D, 59-64.

Christiansen, R. L. and P. W. Lipman, 1966, Emplacement and thermal
history of a rhyolite lava flow near Fortymile Canyon, Southern
Nevada. Bull. Geol. Soc. Amer., 77, 671-684.

_Cloos, Hans, 1941, Bav und TAtigkeit von Tuffschloten. Geol. Rundschau,
32 705~ 800.~



Bibliography (continued)

Cook, E. F., 1965, Stratigraphy of Tertiéry volcanic rocks in eastern
Nevada. Report 11, Nevada Bureau of Mines. '

s 1963, Ignimbrites of the Great Basin, U.S.A. Bull. Vole.,
25, 89-9%6. ‘

A , 1966, Tufflavas and ignimbrites -- a survey of Soviet Studies.
Elsevier Pub. Co., N.Y. 212 pp.

Cook, H. E., 1968, Ignimbrite flows, plugs, and dikés in the southern
part of the Hot Creek Range, Nye Co., Nevada. Ceol. Soc. Amer.,
Memoir 116, 107-152,

Curtis, G. H., 1968, The stratigraphy of the ejectamenta of the 1912 .
eruption of Mt. Katmai and Novarupta, Alaska. Geol. Soc. Amer.,
Memoir 116, 153-210.

Eaton, G. P., 1963, Volcanic ash deposits as a guide to atmospheric
circulation in the geologic past. Jour. Geophys. Research, 68,
521-528. ’

» 1964, Windborne volcanic ash: a possible index to
polar wandering. Jour. Geol., 72, 1--35.

Eden, H. F., ilcConnell, R. K., and Allen, R. V., 1967, iechanics of
ash flows. Trans. Amer. Geophys. Union, 48, 228,

Elston, W. E. et al., 1968, Progress report on the Hogollon Plateau
volcanic province, S. w. New Mexico. Quart. Colo. School liines,
63, 261-237.

Escher, B. G., 1933, On a classification of central eruptions according
to gas pressure of the magma and viscosity of the lava. Leldsche
Geol. ilededel., 6, 45-49.

Ewart, A., 1963, Petrology and éetrogenesis of the Quaternary pumice
ash in the Taupo area, New Zealand. Jour. Petrology, 4, 392-431.

Fenner, C. N., 1923, The origin and mode of emplacement of the great
tuff deposit of the Valley of Ten Thousand Smokes. Nat. Geog.
Soc., Contrib. Technical Papers, Katmai Series, No. 1.

, 1925, Earth movements accompanying the Katmai eruption.
Jour. Geol., 33, 116-139 and 193-223. .

» 1948, Incandescent tuff flows in southern Peru, Bull.
Geol Soc. Amer., 59, 879-893.

Finch, R. H., 1935, On the mechanics of nuées ardentes. Jour. Geol.,
43, 545-550.




Bibliography (continued)

Fishér; R. V., 1961; Proposed classification of volcaniclastic sediments
and rocks. Bull. Geol. Soc. Amer., 72, 1409-1414.

, 1966a, Mechanism of deposition from pyroclastic flows.

Amer. Jour. Sci., 264, 350-363.

, 1966b, Textural comparison of John Day volcanic siltstone

with loess and volcanic ash. Jour. Sed. Pet., 36, 706-718.

—, 1968 Puu Hou littoral cones, Hawaill.---Geol. Rundschau, - - -

37, 837-864.

‘Gass, I. G., P. G. Harris, and M. W. Holdgate, 1263, Pumice eruptions

in the area of the South Sandwich Islands. Geol. Mag., 100, 321-
330. o

“Gilbert, C. M., 1938, Welded tuff in eastern California. Bull. Geol.

Soc. Amer., 49, 1829-1862.

Gottini, Violetta, 1963, Sur 1'origine des roches pipernoides de 1la
région phlégréénne. Bull. Volc., 25, 263-276.

Guest, J. E. and P. S. Rogers;‘1967, The sintering of glass and its
relationship to welding in ignimbrites. Proc. Geol. Soc. London,
Volcanic Studies Group meeting, 174-177.

Hawkins, T. R. W. and B. Roberts, 1963, Agglutinate in North Jan layen.
Geol. Mag., 100, 156-163. .

Hay, R. L., 1959, Formation of the crystal-rich glowing avalanche
deposits of St. Vincent, B.W.I. Jour. Geol., 67, 540-562.

Hearn, B. C., Jr., 1968, Diatremes with kimberlitic affinities in
north-central Montana. Science, 159, 622-625.

Ishikawa, T., 4. Minato, H. Kuno, T. Matsumoto and K. Yagi, 1957,
Welded tuffs and deposits of pumice flow and nude ardente in
Japan. Proc. Internat. Geol. Congress, 20th Session, Mexico.
Seccion 1-Vulcanologia del Cenozoico, 137-150.

Jaggar, T. A., 1949, Steam blast volcanic eiuptions. Fourth Spec.
Rep. Hawaiian Volcano Observatory.

Koto, B., 1916-1917, The great eruption of Sakura-jima, 1914, Jour.
Coll. Sci., Imp. Univ. Tokyo, 38, 1-237.

" KBzu, S., 1934, The great activity of Komagatakd in Hokkaido in 1929.

Tschermak's min. v. pet. ifitt., 45, 133-174.

Kuno, Hisashi, 1941, Characteristics of deposits formed by pumice flows
and those by ejected pumice. Bull. Earthquake Res. Inst., 19, 1l44-
148.



Bibliography (continued)

Kuno, Hisashi et al., 1964, Sorting of puﬁice and lithic fragments as a

key to eruptive and emplacement mechanism. Jap. Jour. Geol. and
Geog., 35, 223-238.

Lacroix, Alfred, 1904, La Montague Pelée et ses éruptiomns. Paris,
Maison et Ge.

s 1930, Remarques sur les matériaux de projection des
volcans et sur la gendse des roches pyroclastiques gu'ils
constituent. Soc. G€ol. Fince, Centennaire Jubilee vol.,
431-472. * ,

Larsson, Walter, 1936, Vulkanische Asche vom Ausbruch des chilenischen
Vulkans Quizap@l (1932) in Argentina-gesammelt. Eine Studie iiber
3olische Differentiation. Bull. Geol. Inst. Upsala, 26, 27-52.

‘Leva, M., 1959, Fluidization. New York, McGraw-Hill.

Lipman, P. W., 1966, Water pressures during differentiation and crys-
tallization of some ash-flow magmas from southern Nevada. Amer.:
Jour. Seci., 264, 810-826.

Lipman, P. W., 1967, Mineral and chemical variations within an ash-flow
sheet from Aso caldera, southwestern Japan. Contr. Mineral. and
Petrol., 16, 300-327.

Lipman, P. W. and R. L. Christiansen, 1964, Zonal features of an ash-,
flow sheet in the Piapi Canyon formation, southern Nevada. U. S.
Geol. Surv. Prof. Paper 501-B, 74-78.

Lipman, P. W., R. L. Christiansen and J. T. 0'Connor, 1966, A composi~-
tionally zoned ash-flow sheet in southern Nevada. U. S. Geol.
Surv. Prof. Paper 524-F.

liacdonald, G. A., 1939, An intrusive pépérite at San Pedro Hill,
Calif. Univ. Calif. Pub. Bull. Dept. Geol. Sci., 24, 329-338.

, 1967, Forms and structures of extrusive basaltic
rocks. In Basalts: the Poldervaart Treatise, 1, 1-61.
(contains full bibliography)

Macdonald, G. A. and Arturo Alcaraz, 1956, Nuées ardentes of the 1948-
1953 eruption of Hibok Hibok. Bull. Volc., 18, 169-178.

MacGregor, A. G., 1938, The volcanic history and petrology of llontserrat.
- Phil. Trans. Roy. Soc. London, Ser. B, No. 557, 229, 1-90. :

» 1952, Eruptive mechanisms: Mt. Pelde, the Soufridre
of St. Vincent, and the Valley of Ten Thousand Smokes. Bull. Volc.,
12, 49-74.




Bibliography (continued)

MacGregof, A. G., 1955, Classifications of nude ardente eruptions. Bull..
Volc- » ;é_g 7-10- ’

- Marshall, Patrick, 1935, Acid rocks of the Taupo-Rotorua volcanic district.

Trans. Roy. Soc. New Zealand, 64, 1-44.

McBirney, A,FR., 1968a, Compositional variations of the climactic eruption
of Mount Mazama. Andesite Conference Guidebook, Bull. 62, Oregon State
--- -- Dept. Geol. and Hin. Industries, §3f56.

» 1968b, Second additional theory of origin of fiamme in
ignimbrites. Nature, 217, 938,

Meyer, Joaéhim, 1964, Stratigraphie der Bimskiese und aschen des Coatepeque-
Vulkans in westlichen El Salvador (liittelamerika). Neues Jahrb.
fGr Geol. v. Pal., 119, 215-246. '

Hoore; J. G., 1967, Base surge in recent volcanic eruptions. Bull., Volc.,
30, 337-363.

iMoore, J. G. and W. U. Ault 1965 Historic littoral cones in Hawaii
Pacific Science, 19, 3-11.

Hoore, J. G. and Dallas Peck, 1962, Accretionary lapilli in volcanic
rocks of the western continental United States. Jour. Geol., 70,
182-193.

‘Murai, Isamu, 1960, Pumice-flow deposits of Komagatake. Bull. Earthquake

Res. Inst., 38, 451-466.

» 1961, A study of the textural characteristics of pyroclastic
flow deposits in Japan. Bull. Earthquake Res. Inst., 39, 133-248.

s 1963, Pyroclastic flow deposits on various volcanoes in
Japan. Bull. Vole., 26, 337-351.

Murata, K. J., C. Dondoli and R. Saenz, 1966, The 1963-1965 eruption of
Irazd volcano, Costa Rica, Bull. Volc., 29, 765-796.

" Neeb, G. A.; 1943, The composition and distribution of the samples;

in the Snellius Expedition, 5, Pt. 3, Leyden.

Neumann van Padang, M., 1931, Der Ausbruch des Merapl (Mittel Java)
im Jahre 1930. Zeitschr. ftir Vulk., 14 135-148.

- 0'Keefe, J. A. and W. S. Cameron, 1962, Evidence from the moon's surface

features for the production of lunar granites. Icarus, 1, 271-285,

Parsons, W. H., 1967, llanner of emplacement of pyroclastic andesitic
breccias. Bull. Vole., 30, 177-187.



Bibliography (continued)

Perlaki, E., 1966, Pumice and scoria: their notion, criteria, structure,
and genesis. Acta Geologica Hung., 10, 13-29.

Perret, F. A., 1935 The eruption of Mt. Pelee, 1929 1932. Carnegile-
Instit. Washington Pub. 458.

Peterson, D. W., 1961, Flattening ratios of pumice fragments in an ash-
flow sheet near Superior Arizona. U. S. Geol, Surv. Prof. Paper
424-D, 82-84. '

Peterson, D. and R. J. Roberts, 1963, Pelation between the crystal
content and the chemical composition of welded tuffq. Bull.
Volc., 26, 113-122.

Press, Frank and David Harkrider, 1966, Air-sea waves from the eiplosion
of Krakatoa. Science, 154, 1325-1327.

Rast, N., 1962, Textural evidence for the origin of ignimbrites. L'pool
and lanch. Geol. Jour., 3, 97-103.

Reck, Hamns, 1915, Physiographische Studie iiber Vulkanische Bomben.
Zeitschr. fliir Vulk., ErganZungsband.

Richards, Adrian, 1958, Transpacific distribution of floating pumice
from Isla San Benedicto, Mexico. Deep-Sea Research, 5, 29-35.

Richey, J. E., 1938, The rhythmic eruptions of Ben Hiant, Ardnamurchan.
Bull. Volec., 3, 3-21.

Rittmann, Alfred, 1933, Die geologisch.Bedingte Evolution und Differen-
tiation des Somma-Vesuvmagmas. Zeitschr. fur Vulk., 15, 8-94.

» 1960, Vulkane und ihre T3tigkeit. Stuttgart.

s 1962, Volcanoes and their activity. John Wiley
and Sons, N.Y.

Robson, G. R. and J. F. Tomblin, 1966, The Soufridre of St. Vincent.
In Catalogue of Active Volcanoes of the World, Pt. 20, 44-51.

Ross, C. S. and R. L. Smith, 1961, Ash-flow tuffs: their origin,
geologic relations and identification. U.S. Geol. Surv. Prof.
Paper 366. (Full bibliography).

Rust, G. W., 1937, Preliminary notes on explosive volcanism in
southeastern Missouri. Jour. Geol., 45, 48-75.

Schmincke, H. U. and D. A. Swanson, 1967, Laminar viscous flowage struc-
-+ tures in ash~flow tuffs from Gran Canaria, Canary Islands. Jour. Geol.,
75, 641-664,



'Bibliography (continued)

Scott, R. B., 1965, Tertiary geoloéy and ignimbrite petrology of the Grant
Range, east-central Nevada. Ph.D. thesis, Rice University.

Scrope, G. P., 1862, Volcanoes. 2nd ed., Londpn.

Segerétrom, Kenneth, 1950, CLrosion studies at Paricutin. U. S. Geol.
Surv. Bull. 965 A.

= -~ -Smith, R. L., 1960a, Ash _flows._ Bull. Geol. Soc. Amer., 71, 795~ 842
(FUll bibliography) e

» 1960b, Zones and zonal variations in welded ash flows.‘
U S. Geol. Surv. Prof. Paper 354—F, 149-159.

Smith, R. L,, I. Friedman and W. D. Long, 1958, Welded tuffs, expetimental
I. Trans. Amer. Geophys. Union, 39, 532-533.

Smith, R. L..and R. A. Bailey, 1966, The Bandelier Tuff: a study of
ash-flow eruption cycles from zoned magma chambers. . Bull. Volec.,
29, 83-104.

Staples, L. W., 1965, Origin and history of the thunder egg. The Ore
Bin: Oregon Dept. Geol. and Min. Industries, 27, 195-204.

Stehn, Ch. E., 1936, Beobachtungen an Glﬁ;wolken wihrend der erh8hten
T4tigkeit des Vulkans lierapi in Mittel-Java in den Jahren 1933-
1935. Handel. v.h. 79€ Red. —Ind Natuurvet Congres, Batavia,
647-656. .

Sutherland, F. L., 1965, Dispersal of pumice, supposedly from the
March 1962 South Sandwich Islands eruption, on southern Australian
shores. Nature, 207, 1332-1335.

Swineford, A. and J. C. Frye, 1946, Petrographic comparison of Pliocene
and Pleistocene volcanic ash from western Kansas. Univ. Kansas
Pub., State Geol. Surv. Kansas, Bull. 64, 1-32.

Thorarinsson, Sigurdur, 1967a, The eruption of Hekla, 1947--1948. Soc.
Sci. Island, Reykjavik 1, 1-170.

Tsuya, Hiromichi, 1930, The eruption of Komagatake, Hokkaido, in 1929.
Bull. Earthquake Res. Inst., 8, 238-270.

Wentworth, C. K., 1938, Ash formations of the Island of Hawaii. Third
Spec. Rep., Hawaiian Volcano Observatory.

Wentworth, C. K. and G. A. Macdonald, 1953, Structures and forms of
_basaltic rocks in Hawaii. U. S. Geol. Surv., Bull. 994.

Wenfworth, C. K. and Howel Williams, 1932, The classification and ter-
minology of the pyroclastic rocks. Nat. Research Council, Bull.
" 89, 19-53.



Bibliography (continued)

Westerveld, J., 1963, The tectonic causes'of ignimbrite and pumicé tuff

deposition and of subsequent basalto-andesite volcanism. Bull.
Volc. 25, 67-88.

williams, Howel, 1929, Geology of the Marysville Buttes, California.
Univ. Calif. Publ. Bull. Dept. Geol. S§Q., 18, 103-220.

s 1952a, The great eruption of Caseguina, Nicaragua,
in 1835. Univ. Calif. Publ. Geol. Sci., 29, 21-46.

» 1952b, Volcanic history of the Meseta Central Occiden- : o
tal, Costa Rica. Univ. Calif. Pub. Geol. Sci., 29, 145-180.

» 1960, Volcanic history of the Guatemalan Highlapds.' .
Univ. Calif. Pub. Geol. Sci., 38, 1-86.

Williams, Howel, A. R. !cBirney, and Gabriel Dengo, 1964, Geologic

reconnaissance of southeastern Guatemala. Univ. Calif. Pubs.
Geol. Sci., 50, 1-56. .

Williams, Howel and Gordon Goles, 1968, Volume of the Mazama ash-fall

and the origin of. the Crater Lake caldera. Bull. 62, Oregon State
Dept. Geol. and Min. Industries, 37-41.

Winkler, H. G. TF., 1965, Petrogenesis of metamorphic rocks. Springer-
Verlag, N. Y., 206-207.

Wolff, F. von, 1914, Der Vulkanismus, Bd. 1., Stuttgart.

wfight, A. E. and D. R. Bowes, 1963, Classification of volcanic breccias:

a discussion of Fisher's 1960 paper. Bull. Geol. Soc. Amer., 74,
79-86.

NASA — MSC



