CHAPTER FIVE

Lhree types of pyroclastic
deposits and their eruption:

Initzal statement

Pyvroclastic deposits form directiv from the {rag-
menation of magma and rock by explosive volcanic
acuvity. They can be grouped into three genetic
types according 1o their mode of transport and
depositon:

{alls
flows
surges

I this mrroductory chaprer on pyroclastic rocks
we set out the differences between these three basic
tvpes of deposii. We also describe the eruption stvie
and the deposits of different kinds of pvroclastic
falls. flows and surges., hased on studies of (Quazer-
nary volcanoes. Recent work on pyroclastic deposits
from modern volcanic successions has largelv

an mtroduction

concentrated on their genesis. and here we relate
the deposits to the physical processes controlling
their formation. transportation and deposition.
Aceretionary fapilli receive special mention. since
these can be Imporiant indicators of certain vpes of
eruption and process. and for distinguishing pvre-
clastuc deposits from other volcaniclastic sedirments.

5.1 Introduction
Three basic tvpes of pyroclastic depostt have been
distinguished 1n the Heratare:

pyrociastic fall deposirs
pyroclasuce flow deposits
pyroclastic surge deposits

These types can all be formed by any of the
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94 THEREE TYPES OF PYROCLASTIC DEPOSITS

pyroclasne explosive eruption mechanisms intro-
duced mm Chaprer 3 [magimatic. phreatomagmatic
cs of the

and phreaiics. The essential characiersiic
menn pyroclastic depost rvnes are infuaiv sum

- beiore thetr more dewiled descrip-

martsed her
tor and discussion in the later sections below . and
i subsequent Chapters {Chs 6-90 The componenis

fennd in pyroclastic deposts have been desoribed
iy Chaprer 3 The approach and methods used 1o
studv and analvse modern pyroclastic deposiis are
descrtbed and discussed in Appendis b Particularly
relevant to this chapter s the  discussion on
grainsize disirbution in Appendix 1.

y{b)

] ST PYROCLASTIC FALL DEPOSTTS:
BEFINTTION

) A fall depostt is fommed afler material has been

explosively ejected Irom a veni, producing an

. erupton column. which s @ buovant plume of

. tephra and gas nsing high into the atmosphere. The

’ peometry and size of a deposit reflects the eruption

] column height. and the velocity and direction of
Figure 5.2 Seve pyroclgsne

¥ ng the bedded sequence manting erosional

; Mills and valiovs wre ol oio ofder massive pumicecus

'; YO flow  deposits of  the  Oruame gmmb
20000 vems BRI near Lake laups, Me aaland
atmospheric winds (G P L. Walker 1973h. L

f Wilson e af 19785 As the plume expands.

peroclasts fall back 1o Earth, under the snfluence of
gravity. at varving distances downwind from the
source. depending on their sive and density <or
terminal fall velocity: Ch. 6) so forming eruption
plume dertved foll deposis. The largest fragments
will be explosively ejected on ballistc trajectories.
and these are unatfecied by the wind and are called
ballistic clasis. Other fine-grained pyvroclasic (afl
deposits are generated w part from ash elutriated
cut of the wop of moving pyvroclasue flows forming
ash-cloud devived fall deposis: examples of this ivpe
Figure 5.1 Goometo refatonsi of pyroclaste .1.1111 dcp(a.jir can be more ‘v(‘;Iunnanniﬁ
of pyrogieste deposi overlyig e same y and may be further dispersed than those of ash
VoOWnghe e of 1880 from eruption columans ‘Section >.2).
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Figure 5.3 (s} M

O, Dlot often uysaed o show arains
characienstics  of  unconsolidated  modern nyroclasuc

deposits. The grainsize distnbution of = sample s firsy
determined by mechan oo Cumulative
curves of the distibution are ther drawn on arithmetic
probability paper and the twe mman !%21 p%’aw*‘-
median dizmeter and graphic
zasure of sorimg,
arg contodrs io
within these 99% ¢

analysis {4

1ers of

m

L Walker 1871 Broken bn
ihe field of pyvracisstic How anal
analyses) (atter G P L Watker 1971

AUETINAY COriGours Hels
ased on about 8O0
P L Watker o af

19801 thi Exampie of an M i, pio ) the samiplos are
fram the progucts of one large Mesican cruption. This

produced  purmizesus  pyroc sotall, surge and ilow
deposits. The pyroclastic flow deposits led the Fio
Caliente gnimbrite {ahter 4 v Wiight 1

are o

3T

Figure 54 Two pyrociastc {all deposits. (@) Scong fall
deposit on Santorini, Note planar stratification and ¢ &
deqraded top of the denosit which 1s 5 palasessol. Rule
30cem long. b Close-up, srowme good sorung (or s
pyroclastic deposit) of a pumice-fal dencsit from the Lower
Bandelier Tuff, New Mexico (Ch. 6)
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96 THREE TYPES OF PYROCLASTIC DEPOSITS

Fall deposite show mande bedding: that 15, thev
jocally mainain & uniform thickness while draping
all but the <rcepcw1 wpography (Figs 31 & 20
Although pyroclasiic de ptm{\ are generally poorty
{all deposiis are
values are novmaliv . :
acolian fracuonaton during i
thev show planar internal stratification or laminaton
swhich has been called shower bedding: e S das
due v vanatons i eruption column behaviour. but

i

2 & 4y because of
SPOTT. DOMCILNeS

aever  cross-stranfication  or hedforms showiny
erosion or runation of the underlving layvers. Near
1o the vent. some air-fall deposits are weided. or
pass o agglutmated spatrer (Ch 3+ Carbonised
wood v generallv lacking but. when found.
usualhy restricted o near-vent deposits.

S PYROCLASTIC FLOW DEPQSITS:
DEFINITHON

These are the deposis feft by surface flows of

pyrochastic debris which rravel ag o high particle
concentragon gas-sobd dispersion. Thev are grav-
iy controlled, hot :md. in some mstances. mav be
pardy Huidised (Ch. 75, As a general rule. deposits
are topographically cnm_mﬂcd filling vallevs and
depressions (Figs 5.1, 5 & 6. However. certain
‘wiolent” pumiceous pyvroclastic Hows emplaced at
extremely high velocities are known 1 form &
topography mantling pyroclasie flow facies. We
will discuss this special facies in Chapter 7.
Internally, pyroclastic flow deposits are generally
massive and poorly sorted (o = 200 but some-
tmes show grading of lareer clasts known as coarse-
tasl grading (Fig. 5,65 Poor sorting in flow deposits
s artributed o high parucie concentration, and not
W turhittence. with the dominani flow mechanisms
probablyv bemg laminar or plug flow . or both (Ch.
71 The superposition of a number of (ow unirs

ceach flow unit bemg regarded as the deposit of 2

stngle perociastic How can give the appearance of

mternal siratfication teg. Fieo S 16a. below s
however. 3 diffuse favermg s oceasionallv ohserved
within individual How units. and 1s due o miernal
shearing durineg ransport. Peroctastic fow deposits
sometmes contan fossid Jumarole pipes’ or gas

segregation papes ez, Figo 3 15¢ belows {rom
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pyrocigstic fall depostt
2Com thick J mojor highways
. approximate imit of

. fall deposit cortour intervgl 500 metres

&% pyrociastic flow geposirs

Figure 8.5 [minbution of
the TH74  erupton of
pvroctaste flow deposits il canys

leowewar 5

of l1n w wano. Their dis mbm 101

ar 0K Davies

which the fine-ash fraciion has been Jost by gus
streaming through the moving pyroclastic Aow. or
after the flow came 1o rest (O J0N Wilson 1980
Cho 710 Such gas stresming produces pipes and
other pods enriched in heavier crestals. hithies or
larger vesicular fragments. which are fmporiam
features that distinguish these primary pyroctauic
mass-flow deposits of pvroclastic debris from epi
clastic flows of volcanic matenal.

Pyroclastic flows are emplaced ai high wmpera-
tures i Table 5015, Evidence for a high emplacemen
lemperature is ;1%3(3 very ymportant i distiinguishing
pvroclastic How deposits [rony epiclaste debris flow
deposits, This evidence would include the presence
of:

far carbomised wood.

e pink coloravon due 1o thermal osodation of
ron. or dark coloration due o crvsiallisaton
of finely-disseminated microlites of magnetite
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Figure 5.6 Pyrociasto flow deposits 3 Biling a valley on the lower stopes of Fuego after the 1974 eruption (Fig. 555 Note
the poor serting and the arge lava blocks showing overall reverse grading. The new channe! cut through these deposits is
approxmnately 40 m deep. and this was incised in two wel seasons (after Vessell & Davies 19817 {b) Pumiceous pyrociasuc
llowe depost fignmbrier ponded over & steeply dipping pumice-fall deposit The purice-tall deposiv mantles {ormer
topography and is internally stratitied, Trs @ called e Granadilia pumice. and the pyrociastic flow was erupted later m the
eruption on Teneriie. A voungar, thin purmice-fall deposit overlies the flat top of the pyroclastic flow deposit and ths s
capped by & palsnosol iphotograph by J. A Wollfl o) and (@) Thick deposit of & singte purmice flow which choked o large valiey
cut mte older volcanics at Micoud, St Lucia, Lesser Antilles. O s 1o.the right of scale figures

Tabie 5.1 Some m

sured smplacement temperatures of pyroclastic flow deposis

Depose Temperature Methoo SOUTCE
.

Komagatake 1929 390 direct measurement Koz (1934)

pvroclaste flow deposs {12 days after eruption:

M 51 Helens 19871 3007850 chrect measuremen: Banks and Hoblitt (1981
pumeca-flows depos fnear vent 7508501

Vesuvils Al 79 400 palasomannels & mnfraer 0N Kent eral 11987

anirrhinie spectrum of carbonised woord

Upper Bandeher grimbiote ER0.-800 WEING axpanmenis St and Baley (1866,

Bl
Ch. &

Prehstonn Wy Stk
tdock- and asi-Tlow dex

Hobhits and Ke
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tor other iron or manganese oxide minerafs:,
which mav be oxidised 10 haemariie, producing
the pink colour.
‘ol a zoneist of welded wiff and
rdr o thermal remanent magnerisn -
& Kellogg 19795,

TRM: Hoblin

Carbonsed wood & common m pyroctastic Hows
erupred from volcanves in tropical or wooded
lemperate areas. bur 15 absent or scarce 1 those
grupied from voleanoes in drv olimaies,

Although the wrm ignimbrite” s widelv used for
the deposit of anv peroclastic flow . we reserve it for
the deposiis of pumiceous pyroclastic fows see
Secnon 342 and Ch. 7o

313 PYROCLASTICSURGE DEPOSITS:
DEFINITION

A surge wransports pyroclasts along the suriuce as
an expanded, tarbulent. fow particle concentration
gas-solid dispersion. Depuosits mantle 1opography
but are also ropographicallv conuolled. and they
iend o accumulate, or are thickest in depressions
(Irg. 5.1, Characteristicallv, they show unidirec-
vonal sedimentary bediorms: fow angle
strattfication. dune-forms. climbing  dune-forms.
pinch and swell structures. and chute and pool
strucrures have all been described. Deposits are
often enriched tn denser lithics and crvstals, Indi
vidual faminae are generally well sorred. bur core
samples incor pmdimg a number of laminae can bhe
poorly sorted (Fig. 537 They can contain smali gas
segregaltion pipes, pmd ua:cd by gases escaping {rom
preceding fow deposiis. and carbonised wood,

(M course, surges are 1 tvpe of How. hut the erm
pyroclastic flow has rradivionatly been associated
with the high concentration flows. and 1t 18 appro-
priate 1o classifv the fundamentaliy different rvpes
of deposits produced by flows and surges separately.
even though there mav essentially be a spectrum
ssee Cho 7 for further discussion on the distnction.
and the debate surrounding this),

Cross-

L

5.2 Erupuons producing pyroclastic falls

Upward  transport of pyroclasts high imo the
Larth's atmosphere mav occur in two wavs:

moerupiion columns accompanying  explosjve
eruptions
in ash clouds accompanving pyroctastic fows

PLOSIVE ERUPTION COLUAMNS

The eruption columns produced by explosive
erupiens may ke many forms (Fies 5.7 & 81 and
therr energenies and dvnamics have been discussed
recenthy by Seide (197800 L. Wilson or ol (1978,
Sparks and L. Wilson (19821 and Sparks (19867
The height re: uhcd by an eruption column. wgerher
with the ammospheric wind veloeire profile rwhich
may vary with hetght, e.g. Flg. 13,285 controls the
dispersal of pvroctasts (Fig, 5,81, Observed eruption
columns  have af[ained heights between X and
A5 km Table .20 L0 Wilson o1 wi. 19785 [’lumc
height 15 a functon ol vent radius, gas exis velo
gas content of the eruption producis ;:n'u.i The
efhciency of conversion of thermal energy during
the entramment of cool atmospheric air (L.
et ad 19785 In all highly explosive erupiions. the
thermal energy released is completely domman
over the inital kinetic energy released from decom-
pression und expansion of the gas phase. The sivie
of explosive acuvity is alse iImportant in controlling
the characrer of the erypuon column, Discreie
mstantaneous explosions produce ransient plumes.
whereas prolonged reiease of fragmenied magma
a steady state eruption forms a long-term. main-

Wilson

tined plume. I discrete explosions occur in rapid
succession twilun seconds w0 g foew minutesi g
mainiained plume mav alse fonm,

Erupuon columns can be divided inio three parts
toparks & L. Wilson 1976, Sparks 194861

sl an el gas throst part. due o rapd decom
pression of the gas phase.

ihe an upper mmrcii(m plume which iy driven by
the release of thermal energy irom juvenile

particles. In this region buovaney is domina!

and the wop 18 defined by the level of nenral
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Figure 5.7 Two expiosive erupion columns a0 The "t
umibrells” or ‘mushroom’ ove Lassern Peak, northers
Calfionus, m the eruphon of May 1815 Fvewitness

B kmphotograph courtesy of Loomis Museun
b Above Mt St Helens on 22 July 1980 This
convectve column mushrooming out, and @
cloud of ash rismg from s pyrociaste liow wihich moved
towards the photographer Column heigh! s about 15 km
(after J. W, Vallance i Christiansen & Pererson 19817

i

buovancy, My, where the column bulk density
cquals that of the surrounding atmosphere
and

e an wmbrella region falso called a downwind
piumei, where the column spreads radially or
downwind, or both, w form an umbrelia
cloud. The umbrella <loud extends from
height 1, 1o height Hop. the level 1o which the
column continues 1o rise due w its momentum
{Sparks 19861

The height of the initial gas thrust phase varies
with the sivle of the acuvity (Ch. 65, In mosi
eruption columns. the lower gas thrust part makes
up less than 10% of the towl column height (L.
Wilson er al. 19781, For discrete explosions (strom-
bolian and vulcanian cruptions: Ch. 6 this ranges
from a few tens of metres to a fow hundred metres

ERUPTIONS PRODUCING PYROCLASTIC FALLS 99

(E. Blackburn er al. 1976, Self e al. 15793, For
maintained eruption columns the range is from a
few hundred metres 10 a few kilometres in some
cruptions (1.5-4.5 km for nital gas velocities of
H00-600 m s L. Wilson 1976, Sparks & L.
Wilson 19761, Rupid deceleration of the gas thrust
phase occurs between these heights, above which
particles are incorporated into an eruption column
driven by convection. A maintained convecting
eruption column could reach heights of grearer than
40 km during some large explosive «plinian erup-
tons L. Wilson er al. 19781 A convecting plume
will rise until it reaches @ fevel in the atmosphere
iHyi with the same density. and then it will
mushroom, spreading radiailv or larerally. or both.
downwind (Figs 3.8 & 91 In eruption columns that
form from discrete explosions, convective recovery
oniv takes columns 1o heights of a {ew lstometres.,
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unless explosions occur n guick successuin.
which case a mamtained plume forms.
L. Wilson o af. (19787 amd Serle (1978 have

in

independently shown that the maximum height of

an eruption column 1 Is proporbonal o the
fourth root of the rate of release of energyv. and
hence the fourth root of the mass eruption rate. For
mantained erupiron columns the

predicied from

height can by

Hoow 820 S

fafter Morton of af. 1956, L. Wilson o al. 19781,

where Ho- s the bewght of the column in metres and
£3 s the sseady rate of refesse of energy i watts, O
is related 1o the eruption condilons ar vent by

(= Bomr sl - 8,00

i which B.ov. s oand 8 are. respectivelv. the bulk
density, veloosty, spectfie heat and semperature of
the erupting fuwd. 8, s the remperaure 0 which
the eruption products ultimarely cool o270 Koin
most he radius and /s
etficiency factor idiscussed belows

Canlye. venl dn

The bulic den-
sitv. Pois relared o the density of the magmauc gas.

s
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Figure 5.8 [avelopment of the erupucn cofume, downwind piurmne and dispersst of pyrook ; UITON

Iy ahowirg
isochron map showing maximiam downwing extent of the edy
ahserved on satelite vhotograpns). On the

v overtical growth and | nsion of the plums. (B
e of the plume carmed by the ast-moving wind layer (as
st an average wing speed profie measared at Spokdne &7 1800 h i3 given,
Cireular wind diagram shows average direcstions to which wind was blowmg at ditferent altiuds 30 MEeasl 1
Spokans ar 1600 h (o) lsopachs of the 18 May pyroclastic fall deposit Note the sirdall der
300 km dowrwnnd: fhe significance of thes will be discussed in Chapter ©. {Ahe

cand w

widary uckening ¢«
ra-Woicick: &t & 16

Table 8.2 Some data on ohserved erupbion columns

Erupnion A P VOIMETnG Plur Diuratin:
sl i
{kroii
tieids 1047 R
Hekls 1970 : s
soufners 1902 11 G010 SR
Bezymmnny 1856 2300000 (SR

sl
FHaimaey 197
Maauruhos 1474 iy
a Mana 1907 120 000
Halans

May 1980
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& Mans (f
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IRRLEEERIN
P07 and ]
ferghts 10 1en eruptions are ph.
Wiisan et af 18780

fune

1{--(*‘ from Tabie &1 (Afwer |

o, the density of the pyroclasts., g,. and the werght

fracuens of gas and pvroclasts, N and

i
i

If it 15 assumed that the predominant gas s waier
and thar the crupung fluid 1 ot sumospheric
pressure. then for 8 = 1200 K, o, s 018 kg m "
The thermai pmpcmcx of magma are domunaied by

the solid phase for gas coments of & few per cent by

weight, and the value ol 5. the speaific heat. 15 1aken
as 1o 107 PR K

The masimum height nf the eruption column,
M. can also be expressed funciion of the
volume discharge rate of mamma (Sparks 19861 Fig.
LAY

Ihpo== 5 77301 4 %"'kim)_\'[{l — Uja'E:‘ Y
1 7 [

where ¢ is the volume discharge rate m cubic
merres
per second. s i*'x the specific heat. @ 0 the il
wmperature of the erupting material. €, 45 the
atmospheric ic}}lpci&.ﬂiit? at sea devel, o gy the
magma density and #s the ravo of the vertcal
gradient of the absolute temperatare o the japse
rate.

Figure 5.9 depices theorencal curves showing the
relationships berween maintained eruption column

height and volumetric erupuon or discharge rae of
magina calcuiated from bauations 3.0 3 3 wgether
with the hieighis of some observed eruption columns
iTable 5 b The caleuiatons comcide well with
recorded colummn heights, The efficiency facror. )7,
measures ihe efficiency of conversion of hem 1o
poteniial or kinence energy. and curves with values
of F/o= 16007 and 0.3 are used m Figure 59 F 1«
maindv controtled by the degree of fragmenaton of
the magma i the explosive event. Fere we are onlv
considering  magmatc eruplions. not the special
case of explosions generated by magma-waser
interaction fwinch will he discussed below . In
erupnions which generate @ higher proporion of
ashi-sized erecta. wirtually all of the magmatic hew
can be converted 1o mechancal enerev. Manv
plingan deposits have a subsantal proporton of
fine-gramed parncles. and Sparks and L. Wikkon
(19825 esumated at least 70% ethciency in the
conversing of heat in selected plinlan columns, On
the other hand, strombolian eruptions produce a
compiratively much higher proportion of coarse
debris (hecause of g lower degree of fragmenianion:
Ch. 6. and columns are hikelv 1o be much less
efficient 1in the conversion of heat. Conseguently.
observed erupnon columns from this tvpe ol
acuvity sbould fiv a theorencal carve with a jow /-
value. and tns secems 1o be the case for the 1973
Heimaey eruption m leeland (g 5.9

The maximum theoreucal heighe expecied for a
stable maintained eruplion plume s about 33 kim
L Wilson e gl 19785 This corresponds 1o an
inial gas velociy of 700w &7 terearer muzzle
velocnies are unbikelv o occur on Farth: McGewchin
& Ullvich 1973, 1 Wilson 19765 which leads 1o 2
volume eruption rate of 1.1 » 10°m® 5

Eguation 5.1 strictly applies (o the vertical rise of
an eruption column nta a still asmosphere with no
wind. This should be broadlv applicable o muost
large explosive eruptions. where upward velooities
of @ particle-rich plume are likely 10 be much
greater over much of nis helghe thap the ransverse
wind velocity, For strong winds and moderaie 1o
small eruption columns the efiect of wind on
column  height can be significans. and this ¢
diseussed by Sertle (19787, A standard atmosphere

with & vertical decrease 1n femperature [environ-
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mental lapse rater of 6 3°C k™! 13 aiso used i the
calculanons of the theoretical curves i Figure 5.9,
However. substantial depantures from standard
aunosphere cart occur. and the scatrer m the data
from observed eruptions m Figure 5.9 mav partly
reflect varauons w verucal aimospheric rempera-
tire gradients (I Wilson e of. 19780, These effects
have again been lustrared by Sertde (19781

To estimate the rise height of 2 plume generated
from a discrete explosion. another equation must be
used;

Hypo= 13707 (A3

Morton o1 af. 19565 This has the same lorm as
Eguation 5.1, but ¢ is the ol energy released in
joules.

During phreatomagmatic eruptions. a greai deal
of heat. that in normal magmatic eruptions would
be used to drive a convective plume. is used instead

m the conversion of water to steam ithe hear of

vaporsaton of water 18 380 cal ¢ ' (] cal = 418 |
at atmospheric pressure and 298 K (L. Wilson o
al. 1978, Self & Sparks 1978, The thermal energy
used n vaporisation can only be recovered by
condensation of the steam. Censequently. eruption
column heights should be lower in 2 phrestomag-
MAatc erupiion than in a magmatic cruption with
the same volumetric rate of discharge. Sparks and
L. Wilson (1982 indicated that the effects of sicam
in controlling column height are probably small
except where the mass of steam Is comparable with
the mass of ash.

3.2.2 ASHCLOUDS ACCOMPANYING
PYROCLASTIC FLOWS

Puring pyroclastic flow-formung eruptons. much
of the explosivelv ejected fragmented magma par-
tcles may fail 1o be included in the resulting
pyvroclasue flow deposit. FHav (19399 first showed
that an enrichment of crvstals ook place in @ small
basaltic andesite pyvroctastic flow from the 1902
eruption of Soulriére, St Vincent. and he atiribured
this to the selecuve loss of vitric ash. Lipman ( 1967
found @ similar enrichment in crvstals in a pu-
miceous thvolitic ignimbrite crupred from Aso
catders, Jupan. Since these studies. (v, P L. Walker
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19721 and Sparks and Walker 119771 have demon-
strated thar enrichment of crystals s a tvpical
feature of ignimbrites. and musi be accounted for
by substantial volumetric losses of the vitric com-
ponent of the original magma which is deposited in
assoctated air-fall ash deposits. Much of this ash i
clutriated owr of the moving pumice flows by gas
streaming through and un. our of the flows. The
ash rises above the pumice Hows in an upper
wirbulent ash cloud. which is taken 1o great heighis
by huge convective plumes (Fig. 570y Because the
ash parucles are very fine-grained nearly  all
< L. there may be nearly 100% efficiency of
conversion of heat to convective enerey 1o drive the
plurnes.

The tpes of air-fall ash deposits which result are
vartously termed aver 3 deposis iSparks er al.
197350 co-tgmimbrire ash-fall deposiis (ihis iy our
preferred term: Sparks & Walker 1977, and wimie
av-fall ash deposizs 11V Wright er of. 19805, What
15 significant here is that these deposits can be very
extensive, and can have volumes whick are com-
parzble with those of ignimbrites. 1t s now thought
that manv of the extensive large ash lavers found in
deep sea cores are of this tvpe te.g. Ninkovich e af.
1978, Sparks & Huang 19807, We will describe co-
waimbrite ash-fall deposits in more dersil in
Chapter 8. but will first consider other tvpes of
deposits from ash clouds associated with pvroctastic
flows (Section 3.6.2).

As o hmal comment on eruptions producing
pyroclastic falls, the high plumes generated. par-
neularly  during  plinman-type  and  wgnimbrire-
forming eruptions. must penetrate the level of the
rropopause 1 the atmosphere (at heights of <26 1o
18 km. depending oo latitude and season: and
contribute fine ash and gaseous species 1o siraros-
pheric dust veils. Some climatologists have there-
fore thought thar volcanic eruptions might promote
periods of chimatic cooling. The topic is bevond the
seope ol this book, but two critical reviews. by
Rampino e ol {1979 and Self o7 @/, (19815, have
suggested thay voleanic dust veils are only likelv o
cause short-tesm 1< 10 vearss very minor tempera-
ture fuctuaiions in the order of =70.3%, and are
unhkely o irigger ice ages or glaciatons. or even
munor  fluctuations . the 10-300 vear range.
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Rampino et of. (1979 even suggested that i may be
climanie variations (Jeading 1o siress changes in the
Barth’s crust) that augment volcanic erupnons
rather than vice versa.

5.3 Pyroclastic fall deposits: types and
description

The descripuon and interpretation of pyroclastc
fall deposits can be approached in a number of
wavs. The most useful for the volcanologist working
on modern pyroclastic deposits has been  the
quantitative scheme of G, P L. Walker (1973hs.
and we will use this as a basis for a derailed
description of pyroclastic fall deposits and their
explosive mechanisms i Chapter 6. This is a
genetic scheme and divides explosive magmatic
eruptions from open vents into two groups, The
first represents a specirum of increasing dispersal
and fragmentation: hawaiian, strombolian. sub-
plinian. plinian and ulraplinian. Phreatomagmatic
eruptions constitute the second group, for which
two o rypes have been described: surtsevan and
phreatoplinian. These two 1ypes have extremelv
high degrees of fragmemation, and are. respectively,
generally basic 1o intermediate. and acidic in
compaosition aithough air-fail 1vpe and COMPOSIION
cannot be considered i murtuallv exclusive terms.,
Vuleantan air-fall deposits generated by explosion
from closed vents are also defined in the scheme.
However. before discussing this scheme and the
resultant deposits (Ch. 67, are there any simpler
divisions we can use that soll retzin S0me genetic
considerations 1o distinguish modern pyroclasuc
fall deposits in the field? Three vpes of pyvroclastic
fall deposiis can be distinguished on broad litho-
logical and genetie grounds:
tar scona-iall deposits.
s pumice-all deposis,
i ash-fall deposits,

Scorta-fall deposits are  composed Jargeby of

vesiculated basalt 10 hasalic andesire magma {1
Sdar These are the deposits chara

hawaiian and suwombolian explosive activity (Ch.
6j. Near the vent thev are associated with lava

eristic of

spatter cones and scoria cones. They can be VETY
coarse-gramed. with the predominant grain size
=04 mm, and contain large bailistic bombs. in-
cluding irregularly shaped bombs and spatter
fragments (Ch. 31, Away from the cones. scoria fall
deposits are finer-grained and usually S m thick.

Pumice-fall deposits (Fig. S.4b) are composed
largely of vesiculated high vIscosisy magmas {ande-
site 10 thyolite. phonolite and trachvier. They form
widelv dispersed sheets. and are the sub-plinian,
phintanand vhraplinian deposits in Walker's scheme
1Ch. 61 Deposits of one eruption are rarelv =10 m
thick. but very close to the vent deposits as thick as
25 mare kaown. Ar vent. the predominant grainsize
may be 64 mm. and the deposits contain large
lithic and pumice blocks and bombs.

Ash-fall deposits can be formed bv a whole
specirum of pyrociastic processes. Phreatomagmaric
eruptions characieristically form finc-grained de-
posits and these often contain acereuonary lapill
{Secuon 5.8 Co-tgnimbrite ash-fal] deposits can
be very extensive examples. They mav also contain
accretionary {apilli caused by rain flushing, and
would be difficult 1o distinguish from silicic phrea-
tomagmatic (phreatoplinian) ash-fall deposits i the
absence of field criteria (Ch. 61, Dense-clast pyvro-
clastic flows mav produce equivalent Hthic ash-fall
deposits, Vulcanian eruptions tvpically produce
ash-tall deposits which may range from dense jithic-
rich 16 scortaceous types. Close 10 the venl. these
deposits may contain abundant ballistic biocks and
bormbs, Phreatic eruptions produce lithic ash-fall
deposits. and ballistic blocks may be very abundant
around the vent. As well as these, pumice and
scoria fall deposits have ash-fall deposits as ther
chistal equivalenis, and their character depends on
downwind aeolian fractionation processes. Alr-fall
ash deposits range in thickness from <1 mm near
vent, to =1 m thick more than 100 km away for co-
ignimbrite ash-fall deposits  and phreatoplinian
deposits.

An alternavive non-genetic approach uses hitho-
logical descriptions based on dominan: gramnsize
and component tvpes. as shown in Tahles 125 & 7.
For example. in this case most purmice-ai] deposits
would be pumice lapilli deposits. Most of the
voarser near-veni equivalents of the deposits dis-
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cussed above would then be calied volcanic breccias.
We will discuss the use of these wo terms in
Chapter 12.

5.4 Pyroclastic flow-forming eruptions

Pyroclastic flows (Fig. 5105 are potenually the
most destructive of all volcanic phenomena, due 1o

the large distances that some wpes are capable of

travelling and 1o their high temperature. Serious
loss of life has been caused by several small historic
pyroclastic flows. Small historic flows have been
observed o move up to abour 20 km from vent at
speeds as high as 60 m 57" (], G. Moore & Melson
1969, . K. Davies o «f. 19784, However. feld
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studies of older Quaternary deposits suggest that
the farger fiows {forming ignimbrites) have travelled
distances of >100 km from vent, and theoretical
apalysis based on measurements of the heights of
mountains chimbed bv pyroclastic flows sugeests
that average speeds of =100 m 57! are common
(Ch. 71.

Pyroclastic flows are generated by a number of
understand of observed modern eruptions. these
can be split initally into rwe main tvpes:

lava-dome or lava-flow collapse
eruption column collapse

Figure 510 Two pyroclastic flows (s} Towering ash cloud 4000 m above a pyroclastic fow moving down the Fiviers

Bianche from Mt Peles durs
7 August st Mt 5t Helens
19871

Ny an aruption in December 1902 aiter La Croix 19041 b1 Pumicecus pyrociaatio fow erupiad on
i 1880, This flow travelied at speeds in excess of 30 m s~ (Afer 0w Lipran in Bowley si @
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{a) Gravitotional dome collapse

pyrecloshic fiow. R

ash-cleud

{¢) Londslide triggering
axpiosive collapse
of cryptodome

(d} Discrete expiosions
interrupred column
coligpse

Figure 5,11 Mg

DU hves

{e} Continuous gos strecming
interrupted cofumn collapse

(F1 Upwelling at vent
‘instantaneous coltapse”

(g} Vertical explosion from
dome eruption column coltapse

{h} Continuous eruption
column coliapse

b,
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541 LAVA-DOME OR LAVA-FLOW
COLLAPSE

This mechanism wpicaliy operates on steep-sided
andesitic volcanic cones, but also oceurs during the
eruption of silicic domes not related 10 maior
edifices.  Fragmenial Hows of broken lava are
generated when an unstable, activelv growing lava-
dome or lava-flow collapses from the summit or
high on the flanks of the volcano. Collapse mav be
simply gravitational {which 1 noi sirictv PTG
clasncl. or could be an explosively directed blast
(Figs 5 1{a & bl However. pressure release within
@ dome due 1o an ininal gravitavonal collapse could
fead 1o explosive collapse so, in some cases. both
processes may have occurred. Explosions could
also be triggered by contact of the growing dome
with ground water, Such an eruption could there-
fore be considered 1o be phreatomagmatic. This
also leads 1o the possibility that phreatic explosions
could generate pyreclastic Hows conmming no
juvemle fragments (e.g, Sheridan 19805, It is
therefore mmportant o realise that different proces-
ses may have occurred at about the same time. and
the relauve importance of each is, perhaps. difficult
1o distinguish.

These tvpes of pyrociastic fow we will term
block and ash flows, but other terms in use are kava
debris flows, hot avalanche deposits (P, W, Francis
et al. 19741 and nuees ardentes (see Ch. 125, Block
and ash-flows are small-volume pyroclastic flows.
and cven the deposits of many separate fHows or
flow unns accumulated during the same erupion
tvpieally have volumes <1 km’

[xamples of historic eruptions during which
explostve lava-dome or lava-flow collapse  was
observed are the eruptions of Mt Pelée. Marinique
in 1902 and 1929-32 (La Cromx 1904, Perret 1937 ..
Merapi, Indonesia in 1942-3 (van Bemmelen
19495 the erupuons of Hibok-Hibok. Philippines
93 ‘MacDonald & Alcaraz 19365, Mi
Lamington, Papua New Guinea (19510 (G, A,
Tavlor 1938). and Santiaguito. Guatemala (1973,
{Rose et al. 1978 Historic examples where simple
gravitational collepse of 4 dome occurred are the
erupuions of Merapi in 1930 and 1942- 3 'Neumann
van Padang 1933, van Bemmclen 19490 and
Santiaguito in 1967 (Stoiber & Rose 19697,
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Here we must also ask whether the 1980 eruption
of Mt St Helens should be considered 16 be anether
example of an explosive dome collapse. The ex-
plosive eruption of 18 Mav was initsted when a
giant Jandshde. rigeered by an earthiquake. re-
teased the confining pressure on u rising daciue
dome (o crvprodome: Ch. 45 which was inrruded
high o the north lank of the voleano fChristiansen
& Pererson 198100 A large rockslide avalanched.
and was quickly followed by an explosive direcied
Blast (Fig. 51100 also see Fig, 106 Explosions
were generaled by flashing of superheated ground
water as well as release of magmatic gases when the
dome and 1ts hvdrothermal svstem were exposed
and depressurised by the landslide. The avaianche
formed o yelavively “hor and drv’ volcaniclastic
debris flow consisting almost entirely of older
volcanic rocks with little juvenile material (=] %:
Voight er af. 19810 At the tme of emplacement
much of the deposit was as hot as 100°C. and it i«
perhaps debatable whether 1t should be rermed a
peroclastic fow deposit. What to call the deposit of
the blast has again been somewhai debarable. but i
has been widely regarded as a pyroclasuc surge
{Section 5,65 and. more recently, as a pyroclastic
Hlow Section 7.125. Although the eruption was an
explosive dome  collapse. the eruption and  irs
deposits seem 0 be more complicated than those
generating the block and ash flows that we have
described previousty, The evenis al Mt S1 Helens
also triggered a nine hour dacitic plinian eruption
with pumice flows forming an ignimbrite {Section
550

There may have been several historic eruptions
in which there has been a collapse of 4 sector of the
volcano similar 10 the one observed at Mt S
Helens. The erupiion of Bezvianny in 1956
(rorshkov 1959 produced a directed blast and
pvrociasic flows ias well as a verv high CruUphon
column dispersing ate-fall ashy Fig. 595, and i«
somietimes given as an example of explosive dome
collapse re.g. 1V, Wright o @l 1980 The
agelomeraie flome” of Gorshkoy 11959 mav have
been a similar voleaniclastic debris flow 1o the Mr S
Helens rockslide avalanche. contatming & Jarge
proporuon of non-juvenile material. judging from
the horseshoe-shaped amphithearre that was leit
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after the erupiion. However, these deposits aiso
had a2 substanual amount of rvenile maierial and
were Cidentifiable’ as pyroclastc flow  deposits,
Other erupuons, at Bandai-san, Japan in 1888
‘Nakamura [978), and Sheveiuch. Kamchatka
1964 (Gorshkov & Dubik 19707, seem w0 have
produced sitmilar chaouc deposits, but made entirelv
or almost enurely from non-juvenile fragments.
Therefore. there could be a broad spectrum of
deposits produced by collapses of this kind, ranging
irom recognisable explosively generated block- and
ash-flow deposits (or even other types of pyroclastic
flow deposit, o voleaniclasuce debris How deposits
with no {or very hule) puvenile material. Dis-
ungwshing such deposits, which Iack a lugh
proportion of juvenile fragments, from those formed
by epiclastc debris flows is going 10 be. even in the
late Quaternary record. very difficult. Criteria by
which w identify such hot. dry voleaniclastic
debris-flow deposits have been discussed by 1
(1983 and Siebert (19845

4.2 ERUPTION COLUMN COLLAPSE

In this case. the effecuve density of a vertical ash-
laden erupuen column s greater than that of the
atmosphere, and  gravimational collapse  ocours,
generaung a pvroclastuc flow. All of the historic
examples of this rtvpe have again produced small-
voiume pyroclasuc How deposits. Many of these
were  probably  formed by imerrupred. pardal
column collapse events. Observations suggest that
such small collapses occur when either a short
explosion ejects a dense slug of pvroclasiic {rag-
ments to an altnude of a few bundred metres, past
of which then falis back (Fig. S.ildi or as
overloaded parts of & more maimained verneal
column produced by continuous gas streaming,
collapse (Fig. 5. 11le). Both tvpes of collapse eveni
are commen during vulcaman acuvitv, but pyro-
clastic flows are not alwavs generated 1 such
eruptions, and air-fall deposits may be (he sole
products (Ch. 65, Observed historic eruptions
during which this tvpe of pyroclastic How {ormed
are Mt Lamingion (1951 G AL Tavier 19385,
Mavon., Philippines (119681 (. G. Moore & Melson
19695, Fuego 719745 (1), K. Davies a1 ol 1978a)

and Ngauruhoe (19757 (Narm & Self 19789, Al
produced scoria flows or scorla and ash flows,
These tvpes of pvroclasuce Bows have also been
called nudées ardentes and pvroclastuc avalanches
{Nairn & Self 19785

Some older evewiiness accounts recorded by
Woll (1878 of the eruption of Coropaxi. Ecuador.
1877 suggest that apother mechamsm should be
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197285 All
b flows.
slso been
wealanches

orded by
- lenador,
should be

considered for the eruption of scoria flows. Manv of

the locai people who had observed the eruption
described 11 ax e pan of rice boiling over'. This
sugpesis that these peroclusue fows mav have
onginaied  directly out of the vento and {ormed
without the collapse of an erupnon column. or from
a column so dense that 1 ondy rose a small height
above the veni and mstantaneously collapsed and

Figure 5,12 Development of 2 pumice flov
Mu St Helens on 22 Juy 1980 The s NCE E O NOT
accurately tmed, but # begns at 19.01 b (Pacific Drayhipht
Timel and lasts abowt 45 5 A photoaraph taken a1 18.07 h
above M1 51 Malans 1@ shown i it Photwgraphs
by H GH

srupted from

“bubbled over” (Fig. 5,111

[t thus seems likely that so-called “column
collapse’ that sources pyroclastic Hows can take
ditferent forms. These include variations ranging
from discrete column collapse of high. well main-
tained columns 1o partial collapse evenrs from the
margins of an unsiable, but established, column. to
diserete collapse followed by essentiallv continuous
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founmining of pyroclastic debris. to o more DassIve
boiting over. divectly out of the vent,

It 3¢ pow atso thought that biock and ash fows
mav be produced by collapse of eruplian cohumms
dRrg. 5 bhen Fisher and Heiken 1952 sugpesied
il some of the explosions in the early stages of the
M Pelee 1907 erupton were verticad rather than
directed laterafiv, Collapse of a verneal column. o1
a slug of lava debris our of 1. cenerated block and
ash flows rather than a directed blast dv was

cruptions of this wpe that occurred on s oand
Mav 1902, and led o the destrocnon of S Plerre.
and the deash of 20 660 people.

The deposits of pupiceous pyrockasiie Hows are
wermed ignimbrite. and some of these can b vory
lrge volume deposies 1000 km™s Fresw gmm-
brites have been crupted this century. Those thai
bave are onby small-volume deposits (Cho 8 and
there 15 litfle observational information for these.
The generaliv kpown examples are the Valley of
Fen Thousand Smokes ignimbrie crupled from
Fogmat, Alaska. i 1912 (OO N Fepner 19240,
Curtis 19655, those formed during the crupiions of
Komagatake, Japan. in 1929 cAvamaks & Yamasiks
1963 and those rome M St Helens in 1980, Two
notable. and larger. wgnimbrie-torming eruptons
aecnrred fasl conturys Krakatau. west of fava. in
1983 esell or ol 1951 and Tamboral also in
fndoncsia. in 1815 Jvan Bemmelen 1949, Sell e af
R4,

Spall-volume pumice flows. like scorw Howsare
perhaps momany cases senetmed by inferrupied
cotumn collapse, Nobody hax ve ohserved o large-
volomte emmbrite-lurming eruphion. althoughy s
carly as 1960, R.L. Smah (8960 suggested that
thev coutd he formed Byoan erupten column
collapse mechaniso, but on a arger scale. Sparks
and L. Wilson (19760 and Sparks on ol (1978
presented a theorencal model for ihe formaion of
semmbinites hased on the conimuoeus gravitanonal
collapse of 3 phatan erupton colum ETN R
This models helps o explan many leaiupes ol
tgnpmbrites (Chs ¥ & S and has smce hecome
popular wmong workers n ihis ficid Connmuous
coliapse of plinfan cruption columus from heehis

of several kilometres could account for the large
volwme and wide distribution of some igpmmbries.

The model 1s also appealing because 3 explains why
many gaimbrites are undetlatn by plintan pyro-
clastic fail deposits (Fig, .60, Chs 6 & 81,

Flowever. observations of the MU S Helens 1980
erupricn suggest thar many of the pumiccous
prroclasiic Hows, whch under our definition form
sgnimbrite. were not generated by collapse of u fugh
crupiion column (Rowlev or al. 1981 bui from fow
coiumns. Many pumice flows seemed 1o spread oul
from bulbous inflated masses of pyroclasts as they
apwelled o short distance above the vent, The
sequence of photographs m Figure 507 ol acuvity
on 27 julv ihusmate ths parncularhy well, showinge
the development and msiantancous collapse oi o
fauntais abour 200w hugh, Descrippons such as o
“pot boiking over” were given (Rowley vi ol FOHT
ard there are obvious similarities 1o the evewnness
descriptions given of the Cotopaxi cruption s 877
Drurimg other periods of acuviny. partial gravi-
fational cotlupse of the marging of mantaned
columns was observed. None of the Mt St Helens
pumice flows iravelled very tar. and all are MINOY 13
volume.

These new observations suggest that column
collapse ws the only mechantsm for the generation
of jgnimbrites mav bave been averemphasised m
cecent vears. as suggested above. Tnosome nistances
‘pluttering or “frothung” at the vent mav be more
important. We will develop and expand these ideas
on eruption mechamsms of gnimbrites through
Chapters & and 8.

5.5 Pyroclastic flow deposits: types and
description

Mosi pyroclasuc How deposits are composed of
mere than one How wmi. Bach How upin is usually
regarded as rthe depusit of  single perociasiie How
CFig. 130 one of perhaps several or many
genered during the course of the same eruplion
CSparks of af 19730 Sparks 19760 However, it
cortainle possible that asa pyroclasiic ow advances
i couid sphit into several subflows (RO L Sonth
1964, and observed ai Mo St Helens cach
represenied i the feld by
How unit. In the fleld purnciastic fow unitg may be

a discrere depositiona
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seen 0 be stacked on top of each olher. or be
separated by other pyvroclastic lavers t(fall or surge
depositss or reworked epiclastic deposits.

From the foregoing discussion on pvroclasic
fow [orming cruptions. it appears that three main
[Vpc% uf pvmcizmic ﬂuw dcp()&‘it are rcuwnis‘cd n

block- and ash-flow deposits
scoria-flow deposits
pumice-flow deposits or ignimbrite

531 BLOCK- AND ASH-FLOW DEPOSITS

These are 1opographically contralied. unsoried
deposits having an ash matrix and contaming farge
generally non-vesicular. cognate lithic blocks which
can e\'ceed Smom diamerer (Figs & 142 & 134
some of these blocks contain radialiv arranged
cooling joints which show thev were emplaced as
hot biocks (Fig. 3.15b1. Clasts should be all of the
same magma vpe, and therclore the deposi
should be, or almost be. monolithologic. Individual
flow unms are reverselv graded in many examples
Figs S 1da & 15200 They mav comain gas seygre-
gaton pipes (Figs 315¢ & di. although (hese are
not found o commaonly in block and ash deposts
(Che 71 and carbonised wood. Surface manifes
tanons include the presence of levées. steep flow
{ronts and the presence of farge surface hlocks. ali
of which again indicate a high vield strengrh during
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flow. No welded examples are known 1o we.
althougly Sparks (pers. comm. report: one on the
southern flanks of Mt Pelée.

Homogeneous clast composition. hot blocks and
Zas segregatron pipes are the field oriteria for
disunguishing these pyvroclastic fow deposits from
tvpes of sedimentary debris deposits such as rock
avalanches and debris flows (Ch. 10

25,2 SCORIA-FLOW DEPOSITS

These are wopographically controlicd.  unsorted
deposits with variable amounts of basaliic 1o
andestic ash. vesicular lapilll and scoriaceous ropy
surfaced clasts up 10 1 m in diameter (195 igs 514 &
3.15d- In some circumstances thev mav contain
large non-vesicular cognate lithic clasis ¢ j
Reverse grading of larger clasts within flow unirs i<
commuon. and fine-grained basal lavers are some-
ames jound at the bortom of flow units, Gas
segregation pipes and carbonised wood mav also he
present. The presence of levées, channels and steep
flow-fronts indicates a high vield b sirength during
How. Again. we know of no welded exampl
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Figure 516 continued 1) Fossil fumare oerystal andg
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353 PUMICE-FLOW DEPOSITS OR
HONIMBRITES

Ignimbrites are typically poorly sorted. massive
deposits conraimng variable amounts of ash. roun-
ded pumice fapills and blocks occasionaliv up 1o
F'moan diamerer (Figs 5014 & 160 Wihim fow
unirs. larger pumice fragmenis can be reversely
graded. while hthie clasts can show normal grading.
However, ungraded flow uniis are as common. A
fine-grained basal laver s usuallv found at the

botiom of flow aeus TP 5 16a, The coarser.
smatler-volume deposis uxuzz.ﬁi\' form vallew infills.
while the larger-volume deposize may form large

igrambrite sheets that bury all but high topographic
features. Sometimes they mav show one or mor

Thewr common saimon-
pmk colour. the presence of carbonised wood and o

zomes of welding (Ch, 8

thermal remanent magnetsaton are sl wavs of
disunguishing non-welded igmmbrites {tom  the
deposis of pumiceous mud fows, Alsa. lenimbries
SOTCUMCS  COMAN  gas segregalion pipes (Fig
RIBEGHES

5.6 Ongins of pvroclastic surges

Lois now apparens that dilute. fow particie concen-
ration. turbulent, pyrockistic surges can be gener-
ated o many ditferent wavs. Volcame base surges.
first desersbed from the phremtomagmatic eruptions
of Taal volcano. Philippioes. i 1965 by T, G
Moore e ol (19667 and |, G, Moore (19671, are
ardy ame v of pyroclastye surge. Pyroclastic surges
are known 1o form i three sitvanons. associated
with:

phreatomagmatic and phreatic eruptions
pyrociaste flows
pyroctastic falis

S.600 xl l\(.l,\ \a\m L. ;l 1'> \” i
iiRUl"I‘[('}_\?H

These eruptions can generate a base surge which is
# collar-like, low cloud ¢ \p-md;m{ radiallv 1 all
divections from the locus of @ phreatomagmatic or
phreatic explosion andsor by the collapse of the
phreatemagmane  or  phreanc eruption  column
Trgs 517 & 181 The rerm “hase surge was
origmally applied 1o the radiallv curward moving
basal clouds observed and whmrwmp% ed i nuclenr
explosions (Fig. 217 Ot which TG Moore 71967
iicened similar fearures observed during the Thal
1965 erupnions. and some othey ohserved historic
rupLIOng.

The eruprion of Taal on 2530 Seprember 19675
ool place when water gained  aceese Lo rising
basalnc magma on Eh!g southwest side of Voleano
Istand. Lake Taal ] G, Moore o7 ol 1966, 1. (.
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Moore 19670 Fig. 519 Explosions produced a
series of base surges (Fig. 5195 which spread ow
radiaily with “hurricane velocite'. causme extensive
damage and loss of life. These debris-laden clouds

obliterated and shavtered all trees within T um of

the explosion centre. and sandblasied objects up o
B lom awayv. Initialbv. velocities mayv have been as
bigh as 100 m P (] G. Moore 19675
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Base surges resuli from the explosive interaction
of magma and water and are probabiv m many
ci ‘cold and e’ (Che 710 In the entire area
affected by base surges from the Taal 1963 eruption.

o evidence of charred wood was found on surviving

rrees or 1o the deposits. In the zone where ash was
plastered on 1o objects (Fig. 5.19b: the ash must
have been mixed with water rather than steam 16
have been so sucky. and surges would have had
temperatures below 100°C 71 G Moore 19671
However, some phreatomagmatic eruptions have
produced hot pyroclastic surges. During the phrea-
tomagmatic eruptions forming the LUkinrek maars,
Alaska. in 1977 re g, Fig, 3.18¢1, pvroclastic surges
charred tree branches and wunis (Self er of. 1980
As discussed in Chapter 3. Sheridan and Wohlew
(19817 suggested thai there is a navural division
between wet and dry base surges. depending on the
water @ magma mass vatio in phreaiomagmatc ex-
plosions (Fig. 3,95 With 2 low water - magma mass
ratic “drv and hot” base surges mav be produced.
Base surges are commonly associated with the
formation of small volcanic craters. called varioushy
maars. el rings and wulf cones (Ch. 135 These are
commeon fearures 1n areas of basaltic volcanism. and
without the interaction of ground or surface warer
or sed water. the basalne magma would have
erupted 10 lorm scoria cones and lava flows, There
have been @ number of eruptons of this Ivpe 1 the
20th centurv. For deseripuons and analysis of this
type of activity. the reader i referred 10 Moore
967y and Waters and Fisher 119715 who show
spectacutar photographs of the eruprions of Capel-
inhos i 19378 in the Azores (Fios 5.1% & b and
Taal, Philippines. in 196526, and the papers by
Rienle e af. (19801 and Sell ef of (1980 deseribing
the formation of the Ukinrel maars. Alasks (Fra.
8¢ Maars and maar-like constructional Jand-
forms can be formed by eruptions of other magma
types, including carbonaritic. phonoline and rhyva-
Ittt composidons. For good descriprions of 1he

base-surge deposits assoctated  with  prehistoric
phonolitic and rhvolitic eruptions of this type see
Schmincke er @l 11973 and Sheridan and Updike
(197550 respecuvely,

Base surges are also known 1o be erupted from

major volcanoes, They should be common producs
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Figure 5.18  Phrestomagmatic eruplions producing Hase surg
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of andesitic stratovolcanoes with crater lakes. and
other volcanoes with caldera lakes. Phreaue and

Ruapehu volcano. New Zealund. have been conr
mon this centurv. and base surges were observed in
the eruption of April 1975 (Nawn of of. 19793 The
1979 erupnon of Soufriére, St Vincent. which was
through a crater lake, also produced base surges
{Shepherd & Sigurdsson 19820 The Quill straus-
voleano on 51 Fustatius. also i the Lesser Anuilies.
has a Jong history of phreaiomagmalic acuvity. and
base-suree deposits form an imporiant part of the
pyroclasic succession found 1 ts ning plan, Fhese

vary from baszlic andesiig 10 rhvolite i compos-
tion, and were produced by a number ol eruptions
over the past ~ 30 000 vears as the voloano emerged
from the sea and grew w s presemt form {Roobol,

{attizr G
trad cotumn COlapsing o
surfsce laf

phreatomagmatic eruptions from the crater lake of

Mignre 19

s WWaters B

smith & Wright wenpud. dara). The rhvoline base-
surge depostis form part of o thicker pyrociastic
seguence generated during an ignimbrite-lonming
eruptien. Rhvolitic base-surge deposis are also
known in associanion with phrestopliman phases of
the Aslga. feeland. 1875 eruption and the Minoan
(1470 BC: eruption of SantorinifSelf & Sparks
1978, Cho 6 Phonolitic base surges also were
gvenerated late during the Al 79 crupuon of
Vesuving, when laree smounts of water (rom & deep
aguiter under the voleano gaiped access 10 the
magma chamber, The deposiis are associated with
phreatophnian aic-fall favers (Shendan of af. 1951
e G
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5.6.2 SURGES ASSOCIATED WITH FLOWS

Thin, stratified pumice and ash deposits are often

found associated with pvroclasiic flow deposits of
various kinds. When associated with the bases of

flow uniis. they are called ground surges. and when
associated with the 1ops thev are called ash-cloud
surges. These tvpes have differens mechanisms of

istributonal characteristics of the deposits of the 1965 erupton of Taal in the
directions of major base surge movement i td) were measured i the field from the sand bla
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{b) Thickness of buse surge
deposiis

Lake Taar

e . 'hickness of surge deposits
eoating verticol objects (cm)
suter iimii -determined oy faint
sandbiasting of objects

{d} Distribution of dune bedforms
in base surge deposits

“E dune crests = flow directions

[Geaw wovelenath {md ~ 00— topographic contours {m}

50 Flopa
N0 of rraes

BElngG. 1

e ar

generaton. Compared with base surges thev can be
considered to be ho: and dry,

The term “ground surge” was coined by Sparks
and Watker (19737, but it was used by these authors
W mean any type of pvroclastic surge. More
recently the werm has become used just for those
surges found w the bases of pyroclasie How units.
or associated with some fall depuosits (Section 5 6. 3;
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Fisher 1979, J. V. Wright o7 ol 19800 Crronnd
surges are thought o be the same as the “ash
hurricanes” described be G AL Tavlor (1USE: from
the 1931 Mi Lanmngton eruption. Tavlor observed
these 1o form af the same tme as high concentraton
pyroctasiie flows cor his ponderous ush How nuees

directly from (he crater wWithout an accompanving
vertcal erupton column, or from collapsing erups
tion columns {Fisher 19793

Ground surges are envisaged as precursors o
dense. high concentrapon pyroclasie Hows. pre-
ceding their flow-frons. There are a number ol
wavs in which thev can be generated:

(a0 from g direcied tow concentranon blast.

‘b out of the head of a moving pyrociastc flow or

(¢1 by earlier, smaller collapses of the margins ol a
maintained vertical eruption colums.

The concept of a low concentration blast preced-
ing the main part of a pyroclasiic flow stems largelv
from eariyv ideas on understanding the 8 Mav 1902
eruption of M1t Pelée. which was thought 10 have
heen o directed blast. We have already discussed
this eruption. and how i s now thought o have
generated block and ash flows by collapse of an
eruption column. Fisher ¢ af. {1980 and Fisher
and Heiken 119827 suggesied that 5t Pierre was
destroved by an ash-cloud surge. although Go P L
Walker and McBroome 1 19831 suggested that iwas
by u vickent pyroclasue fow fCh. 71 Several
historic block- and ash-llow deposits produced by
explosive lava-dome collapse have obvious surge

deposits assoctated with them. but again some of

these could be ash-cloud surge deposits, However.
Rose o al. (19771 desenibed o ground surge
produced by explosive collapse divecied owt 0[ the
lava front at Santagutie i Seprember 1973 and
hecause the surge does not mantle the associated
hiocl- and ash-flow deposit. they suggesi thar 10
prohably preceded it The maial explosion of Mi 5t
Fielens was an ohvious directed biast. and its effect
on the forest i s path 15 well known . The deposis
from the miel explosion certamly show some
characteristics of a surge deposit, as we have

alluded to previouslv. and this is how thev have
heen described by ] G. Moore and Sisson f1981
and Hickson o7 al. (1982 However . the stratigr aphe

i« more comphicated than that of normal ground-
surge deposits. and Hoblitteral }‘)‘x‘l have draws
antention e this. 0. PO L Walker (19835 suggested
that the blast was @ high concentrabion pyroclasue
flow emplaced ar very gh veloomes. like some
viotent wenimbrites 1Chs 7 & 8o Like the M Pelée
event. this eveni and tis deposits are the source of
minich debate, Pamice Hows forming ignimbrue did
pot hegin o crupt {or another tour hours after the
minal explosion ar Mt St Helens.

Srudies by O] N Wilson (1980 1981, 1984
and 10N, Wilson and Walker (19821 suggest
thar the flow-heads of some  pyrociasiic Hows

fespectally pumice Howsy may ingest larue volumes
of air. and mav be mnflated and haghly fhundised (Chs
© & 85 At the fromt of the moving flow. basal
friction will cause an overhang which will act as a
fannel for air. i much the same wav oas a
subagueous mass flow meorporates water Allen
1971, Simpson 19725 Cold Liil‘ whcn heated would
rapidly expand. and surges highlv Hwdizsed
pyvrociasts would be jened out oi the head and
upper parts of the ow front g, 130 Ch 7
material eiected at higher positions on the tow-
front would contribute to the ash cloud. This could
also be another mechanism for generating -
buleni.  low  concentraiion  surges continuatly
advancing 1 front of some pyroclasue flows. The
escaping gas and ash gives the flow-head s
‘hiflowing’ or “sprouting’ appearance. as seen. for
example. by Perret (1937, m some Mo Pelee
pyvroclastie Hows erupted during l‘).??‘-?-- 22 This
type of jening ol material from fAow-head
explains some other ladwes .tks(niikti m{h jgnim-
brites. and these will be discussed further
Chapier 7

The third mechanisim we can envisage for (he
generanon of ground surges 15 by repeate 4 minor
colfanse of & maintamed crupuon column before

nator ignimbriie-forming coftapse. This coudd alsao
apply lor some ignimbrite-lormung erupnons, and
Fisher (1979 suggested such o model. Turbulen
nuxing and miake of cold a4 the margms of the
eruption column could overload parts of . and
smabi-sente  collapse  could  generate precursor
SUrgEs,

More recenthy. however. G P Lo Walker ¢t al.
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datound the ndge ane ther.
mam fHow  (After Fisher o s

O sruption
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Blanche st sloyd SUTQES
e dirsction o

AT QPR
1980 Fisher & Feikern

98 1ar and I NO Wilson and Walker 11982,
stggested thar some crysial- and brhic.rich deposirs
al the botioms of some wnimbrite flow unis ure
senerated wihm the How-head These accupy 1he
Same stratieraphic position ag the ground surge. bui
thev are nor deposited from « separate. dilute low-
concentration flow. therefore not by a pyvrociasiic
surge. G PO L Walker o of. H9% 140 suggested that
these deposizs be called  ground lavers. Thev

DRIGING OF FYROCL AT SURC 1Y

deseribed one from the Taupo ignimbrite (Ch. 7,
and suggesied tha SOMme Gther examples of deposis
previoushe called ground surges were deposiied by
this alrernarive mechansm. Towards the vent, the
quite remarkahle ground laver of the Faupo ignim-
Drite passes inio a cuarse-gramed breoeia iy cotitains
blocks =1 min diameter near the ventoand nearly
alwavs facks nrerng) stratfication. On the other
hand. ground SUTEES are never ags coarse-grained.
and have welj developed planar stratfication or low
angle Cross-stratification. Howevey. CrHers to djg-
lnguish the deposits genergied v oall of (hese
ditlerent mechanisms have not been clearty went-
ihed.

Ash-cloud surges are wurbulenr. Jow densiiy
flows generated ip the overriding #as and ash cloyd
as observed ahove historie pyrociastic flows (Fig.
5100 The wwering ash cloyd COMAINS materia
elutriated from 1he wp of the moving pvroclastic
flow. which forms s basal underfiow (Figs 311 &
P35 However, most of the ash rising o the ash
cloud s deposited faer as a fine-grained ash-fal)
deposit. iIn some cases ash-cloud surges could
become detsched from the moving pyroclasic How
and move independenty.

Fisher (]979, discussed the formation of ash-
cloud surges i (he Upper Bandeljer ignimbrire.
Fisher o7 wf. 11980, and Fisher and Heiken (1982,
discussed their formation during the M1 Pelge 1902
eruption. They suggest that block and ash flows
were conbined 1o vallevs, while fullv turbulen;.
dilute high energy ash-clond surges moved down
the mouniain conunually expanding ourwards {Fig,
5201, Crravity SCETCHANOn wirthin individual ash-
cloud surges occuryed as they expanded. resulting
usecondary block: and ash underfiows with high
particle concenirations. which did not travel as far.
Ifru;:mem-dcpiumi ash-cloud surges are thought 1n
bave devastared § Pierre. Burni wood and other
high temperaiure effects in $1 Pierre indicate tha
the flows were hor The deposns onlv had a
Masnum thickness of 1o gy st Pierie . where they
are fne-grained.  and generally massive . hyy
micrnal stratficarion  can be fourdd. However.
GO PO Walker 983 has questioned the ash-
cloud mierpretation of these deposits, and m some
wavs has reverted back 1o older ideas by suggesting
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thev were high-concentrasion blasts similar 1o tha
at M1 5t Helens (Ch. 71, Ash-cloud surges and their
deposits were certainly observed 1o develop at Mt
st Helens 1980, and are described by Rowley er af.
C1981 5.

5.6.3 SURGES ASSOCIATED WITH FALLS

There 1s evidence that some pvroclastc surges,
associated with magmarcally erupred atr-fall de-
posits. are formed by the collapse of an erupton

column {or margins of i) without the generation of

an accompanying pvroclastic flow. Such surges
would again be termed ground surges (Fisher
1979]. Rocbol and Smith (19761 described pre-
historic ‘pumice and crystal ground surge deposits’
inter-bedded with pumice fall deposits on Mt Pelee,
extending up w 2 km away from the vent. and

suggested that thev formed by gravity collapse of

plintan eruption columns. No doubt surges found
interbedded with pumice-fall depasits can be gen-
erated by other mechanisms. For example. small
amounts of external water gainig access o the
erupung magma {from surface ground water or a
deep aguifers could generate hot, dry base surges
{Sheridan & Wohlewz 19815, Sheridan o7 al. 711981
suggesied surge deposits interbedded with the early
erupted purmice-fall deposit of the AL 79 Vesuvius
eruplion {the Pompen pumice of Lirer er 2l 119735
Ch. 6% were formed in this wavy these surges were
generated before the major phreatomagmatic ac-
uvity which produced the wet base surges and
phreatoplmian lavers memtioned previously.

3.7 Pyroclastic surge deposits: tvpes and
descriprions

From the sbove descriprion. pyroclastic surge
deposits can be divided into three types:

base-surge deposits
ground-surge deposits
ash-cloud surge deposits

f-._?. ] BASE-SURGE DEPOSITS

Base surges produce straufied. laminared. some-
times massive deposits contaming juvenile irag-
ments, ranging from vesiculated 1o non-vesiculated
cognate lithic clases. ash. crystals and occasional
accessory lithics. Large hallistic fithics may form
bomb sags close o the vent. Surges produced in
phreatic eruptions are composed almost wrally of
accessory Iithics. plus perhaps minor amounts of
accidental lithics. Juvende fragmenis are usually
less than 10 cm in diameter. due 10 the high degree
of fragmentation caused by the waler-magma
interaction.  Base surges can  accumulate  thick
deposits (2100 m) around some phreatomagmatic
craters (Ch. 135, although thev thin rapidly away
from the vent. Deposits found iy the successions of
stratovolcanoes  are  generallv  thin /<23 cm 1o
<3 mi. Internally. deposits show unidirectional
bedforms, and chimbing dune-forms can be common
(Figs 5. 21a. b & 223 Near vent it mav he difficult

1o distinguish planar-bedded surge deposits from
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Figure 5.23 Some ground surge and ash-cioud surge deposits. lal and ) Ground surge deposits at the base of the Upper
Bandeliar igrembnte. (¢} Ground surge depostt separating two flow units in the Upper Bandeiier ignimbrte. The dark (pink)
stratified surge depositis clearly assocated with the upper darker fow unil and they were emplaced a5 one thermal package.
U Ask-cioud surge deposis betweer two Bow unis of the Upper Handeher ignimbrie  Loce! fleid resiations and the
phictogranh show the thinly laminated surge deposis are assocated with the purrice-nch ton of the lower fiowe amit
{eavernous weathering Fine-graned 1902 ashcloud surge d
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Figure 5.24 {above and facing pagel  Accretionary and cored lapifli. (a)-#f) Associated with differam rhyolitic deposits. {al

Within & rhyolitic ignimbeite from the Devonian Snowy River Volcanics, eastern Victoriz, Austaliz The matrix contams an
abundance of flattened and fragrmented lapilli (bl and o) show exceptional concentrations of seerenonary lapilli from
phreatoplinian air-fall ashes of the Oruanui eruption, Lake Taupo, deposited in a small crater lske nside the scorla core,
Pukeonake, New Zealand. These have been reworked, as shown by the erosion surface in (ol id) Lapill within an gnimbrite
about 500 000 vears BP in New Zealand {photograph by C J N Wilsoni. {e) in gas segregation pipes within the Oruanui
ignimbrnte, New Zealand. (f} From 2 thick concentration of accretionary lapilli within the body of the Oryar gramibte. {g)

Cored lapdll at Koko Crater, Oshu, Hawaii (B Cored lapilli in basalic base surge deposns at Cape Bridpewster voloano,

Victons,

flat-bedded air-fall deposits. Surge deposits usually
show some low-angle truncatons, and therefore
these are kev features 1o ook for feriteria 1w
distinguish  these two 1vpes of deposit in such
ssuanons are discussed further in Ch. 7: U-shaped
erosional channels have also been described (Figs
5.21c & di and their formanon has been discussed
by Fisher 119771

Base-surge deposits ofien show evidence of being
wet and Csucky’ when deposited. Accretionary
lapilis are common (Secuon 585 Deposits mav be

plastered and stuck to vertical or almost vertical
surfaces {Fig. 5.21e;. and lavers often deform
plastically. which can be seen when large bombs
mmpact (Figs 3.21g & hi. or there 15 peneconten-
poraneous shumping {Fig. 32110, Also, vesiculated
taffs with entombed gas cavities may be present.
Note, however, that vesiculated wifs are not sokely
diagnosiic of a base-surge origin as Indicared by
Lorens ¢1974;. and can be found i phreatomag-
matic ash-fall lavers, and not necessarily near the

ventl. They only show that ash was neariv saurated




deposits. {al
S oontaing an
v gl from
ECOTE CORe,
A gmmbne
the: Oruanu
wirotinie. (o
T wOICanD

ol vertical
en deform
e bombs
Sneconter-
esiculated
bw present.
¢ not solely
wheated by
hreatomag-
iy near the
saturated

with water at the nme of deposinon. and that
wrapped air or sieam could not escape. When
basaltic m composition, juventle material 1s usually.
to some extent. hvdrated and aliered to palagonne
tChs 15 & 145 Such depostts can be lithified, bus
should not be confused with welded wudls.
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5.7.2 GROUND-SURGE DEPOSITS

Ground surges produce strarified deposits geperally
less than 1 om thick which are wvpically recogmised
at the base of pvroclastic flow unirs (Frgs .23, b &
ci. 'The deposits are composed of ash. juvenile
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vesiculated fragments, crvsials and lichics in varying
proportions. depending on the consiituents present
in the erupiion column. They are rvpically enriched
m denser components {less well vesiculaled juvenile
fragments, crysials and lithics? compared  with
accompanving pyroclastic flow deposizs (Sparks
19760, Agamn. they show umdirectional bedforms:
carbonised wood and small gas segregation pipes
may be present

573 ASH-CLOUD SURGE DEPOSTTS

The products of ash-cloud surges are siratnfied
deposits generally less than 1 m thick found at the
wp of, and as lateral equivalents o pyrociastic How
units (Figs 3.23d & e They show unidirectional
bediorms and pinch and swell structures. and mav
occur as discrete separated lenses (Fisher 1979
The grainsize and proportions of components
depend on the tvpe of the parent pyrociastic flow.
One would intunively expect such deposits 1o be
enriched in vitric particles. However. those associ-
ated with the Bandelier Tuffs (Fisher 1979 Fig.

5.23dy are enrniched in cryvstals, and this must be

due o further gravity segregation within the ash
cioud. as ash-sized parvicles with o significant
proportion of crystals are elutriated ow of the
parent pumice flow. The ash cloud surges described
by Fisher and Heiken (1982; from the 1902
erupiton of Mt Pelée (Fig. 5.23ei have verv similar
component proporiions (o both their parenr and
secondary block and ash fows. but this is not
surprising because there 1s Hude densiry difference
between dense ash-sized juventie {ragments and
crystals. Ash-cloud surge deposiis again can contain
small gas segregation pipes.

5.8 Accreuionary lapilli

Accrenonary lapith are lapith-sized pellers of ash
commontv exhibinmg a concemiric internal structure
G0 Moore & Peck 1962 Fig. 524 Thev have
been described from pyvroclastc fall. surge and fow
deposits. Thev are believed 1o form by the accrenon
of fine ash around seme nucleus. enher o water
dropier or solid pariicie. This could cecur during

rain flushing . G, Moore & Pecl 1962, G. P |
Watker 1981a) either of the downward plume from
an cruption column or of the accompanying ash
cloud of a pvroclaste flow. However, perhaps more
frequently, theyv form in the steam-rich columns of
phreatomagmanc and phreauc eruprions /Self &
Sparks 1978: the examples shown in FPig. 5245,
perhaps around consensing water droplets. They
can then be transported and deposited by 1al). base
surge or flow processes. Basahic base-surge deposirs
often seem o coniain the varlety called cored or
armoured lapilh, which have a recognisable Hihic
core and a thick fsometimes 1-2 cmo shell of
unstructured ash (Tags 5.24¢ & b Perhaps these
form in the owward-moving hase-suree cloud as
solid fragments pick up a coating of sticky wer ash,
Accretionary lapiili also form by gases streaming up
through pyvroclastic flew deposits, and they occur in
scgregation pipes (G. P L. Walker 19710 Figs
S 24e &1

It 1s important 1o stress that accretonary Lapilli
are nor ndicanve solely of pyroclastic fall deposits,
as often seems (o be assumed by workers in ancient
successions. Thev mav oceur in pyvroclastic fall.
flow or surge deposits. Indeed. stratified deposits
several metres thick, with accretonary lapilli, are
mere kel o be base-surge deposits. Also. some
aceretionary lapilhi can survive a hmped amount of
reworking and redeposition. and can therefore be
found in epiclastic volcanic sediments (Figs 5.24b
& . Furthermore, they can form well azeav from
vents e pyvroclastic flows and their twraling ash
clouds. ag well as in secondary eruption columns
generated  when  pyroctastic flows  interact ex-
plosivelv with surface water into which thev flow
(Chs 8 & 95 They are therefore not indicative of
exclusively near-vent deposizional settings.

5.9 Further reading

Aspects of the geology of pyvroclastue deposits are
fully developed and discussed m our later chaprers,
I Chapter 12 we will present a classificarion, and
in Chaprer 12 and Appendix 11 we consider criteria
that may disnnguish these rocks i ancient volcanic
SUCCESSHMS,



